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The horizontal pattern of mesoscale ( 14 km) variability in salinity was a poor
predictor of mesoscale patterns in chlorophyll a, suspended particul ate matter,
and daily primary productivity in the South San Francisco Bay estuary during
spring 1987. The tidally-averaged salinity distribution varied over weekly time
scales, reflecting inputs of freshwater as well as transport processes. Spatial
distributions of the other quantities aso varied weekly, but not in concert
with the salt field. Spatia patterns of phytoplankton biomass (chlorophyll a)
deviated from the salinity patterns, largely reflecting in situ production
of phytoplankton biomass during the spring bloom. The tidally-averaged
distribution of suspended particulate matter (SPM) was highly dynamic and
responded to (1) the riverine input of suspended sediment during afreshet, (2)
neap-spring variationsin tidally-driven resuspension, and (3) resuspension in
shallowsfollowinga period of wind mixing. Two-dimensional distributions of
primary productivity P', derived from maps of biomass and turbidity (SPM),
also varied weekly, but the spatial variability of P’ was only about half that of
SPM and chlorophyll. Since the magnitude and patterns of spatial variability
differ among nonconservative quantities, at least in part because of loca
sources and sinks, we conclude that the spatial distributions of nonconservative
quantities cannot be predicted from distributionsof conservativetracers, such as
salinity.

Introduction and background

Spatial patterns of estuarine quantities change with time. T hedistribution of conserved
guantities may reflect differences in tidal advection (Dyer & Ramanoorthy, 1969), the
influence of bathymetry (Ingram, 1976), meteorological events (Elliot & Wang, 1978),
varying freshwater flows (Garvine, 1975), or other dynamiceffects(Smith, 1978,1980). In
addition, for nonconservative properties, local insitu sourcesand sinks may contributeto
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the observed distributions (Ulanowicz & Flemer, 1978). Previous measurements of the
patterns of physical parametersin estuaries, such as spatial variability in the salinity and
velocity fields, have been conducted with the aim of evaluating the longitudinal salt flux
(Dronkers & van de Kreeke, 1986), or the dynamic balance (Pritchard, 1952,1956; Dyer,
1973). Accordingly, they havefocused on vertical variability, along and across theestuary.

Other investigators have measured two-dimensional surface distributions of salt, i.e.
Meade (1966) — Connecticut River; Dyer (1973) — Southampton Water; and de Silva
Samarasinghe and Lennon (1987)—Guf St Vincent. However, none of these studies
present simultaneous information on the distribution of non-conservative quantities,
such as chlorophyll aor suspended sediments. Other two-dimensional studiesgivedataon
such non-conservative parameters. Cadee and Hegeman (1974) present temporal seriesof
chlorophyll aand potential primary productivity in the Dutch Wadden Sea over monthly
time scales. Harrison et al. (1983) review data on chlorophyll a, turbidity, and primary
production (and many other biological quantities) for the Strait of Georgia, though few of
the investigations overlap one another or other physical/hydrographic studies. Several
works compare conservative (e.g. physical) and nonconservative properties, but do not
attempt to present afull two-dimensional pattern. Seliger et al. (1981) and Malone et al.
(1986) give accountsof the connection between some physical phenomenaand biological
quantities, including chlorophll a, in different regions of the Chesapeake Bay. Similar
investigations in Narragansett Bay (Farmer et al., 1982), the Bay of Concepcion (Arcos&
Wilson, 1984), and Bahia San Quintin (Millan-Nuifiez et al., 1982) correlate temporal or
spatial seriesof physical quantities, likesalinity or temperature, with thosefor chlorophyl|
aor primary productivity. Duedall et al. (1977) present aparticularly complete account of
variations for a large number of quantities over a wide band of time scales—tidal and
seasona —along asingle transect line near the Hudson River mouth. From studies over a
year at six stations in St Margaret's Bay, Therriault and Platt (1978) concluded that
variations in physical quantities, like salinity, were uncorrelated with biological and
chemical variability.

I nthis, thefirst of two papers, we present detailed information about two-dimensional
surface patterns of salinity and three non-conservative quantities, chlorophyll a,
suspended particulate matter (SPM), and derived primary productivity, over the neap-
spring time scale in South San Francisco Bay. A companion (following) contribution
(Cloern et al., 1989) emhasi zes changes over thetidal time scale. Herewefocuson spatial
scales of approximately 1-4km; Powell et al. (1986) have discussed aspects of spatial
variability over smaller and larger scales solely in the channel of this estuary. We chose
salinity as a conservative quantity that can be used to indirectly trace patterns of water
circulation. Emphasis was placed on chlorophyll a and turbidity (SPM) distributions
for two reasons. First, these quantities indicate abundance of the important biogenic
(phytoplankton) and abiotic (sediment) particles in the water column. These two seston
components presumably have different mechanisms of spatio-temporal variability and,
perhaps, different scalesof variability. Second, they represent two important components
of variability in the distribution of primary productivity in estuaries (e.g. Cole & Cloern,
1987). Accordingly, from the distributions of phytoplankton biomass (chlorophyll a) and
SPM, theregression model of Coleand Cloern (1987) can beused toestimatethevariability
of primary productivity in two dimensions over thetimeand space scalesconsidered here.

South San Francisco Bay (Figure 1) isashalow, lagoon-type estuary characterized by
extensive shoals bordering a deep (10-15m) longitudinal channel. The tidal regime
is mixed diurnal and semidiurnal; and tidal currents approximate a standing wave
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Figure 1. Map of South San Francisco Bay showing locations of sampling sites. SFO is
San Francisco International Airport. Lower inset indicatesmeantidal current speed and
direction based on previous current meter measurements (Cheng & Gartner, 1985).

(Conomos, 1979; Walters et al ., 1985). Both current meter measurements (Cheng &
Gartner, 1985) and numerical models (Cheng & Casulli, 1982) indicate that tidal circu-
lation is strongly influenced by the bathymetry. Near the channel and north of the San
Mateo Bridge (Figure 1), tidal streamlines lie paralel to isobaths, and the mean speed
scales with depth. Hence, the tidal excursion islarge (approximately 10 km) and aligned
with the deep channel. However, across the shoals the tidal excursion is smaller and
obligueto theisobaths (and the channel).

Theseasonal changein riverineflowsaffectsthesalinity aswell asturbidity and vertical
density stratification, which, along with surfaceirradiance, are the major determinants of
primary productivity (Cloern, 1984; Cole & Cloern, 1987). During the summer-autumn
period of low river discharge, thesalinity of South Bay is uniformly greater than 30 and,
more importantly, the water column iswell mixed. Phytoplankton biomassisusually low
when the water column is unstratified. However, following winter or spring inputs of
freshwater from the Sacramento-San Joaquin Rivers and/or from local streams, the
channel can becomedensity stratified. The degree of stratification is proportional to river
flow, and itisstrongly influenced by variationsin tidal current speed over theneap-spring
cycle (Cloern, 1984). During periods of persistent stratification, usually following a
prolonged neap tide in March or April, phytoplankton biomassincreases rapidly in the
surface layer (Cloern, 1984; Cloern et al., 1985).
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Figure 2. Predicted maximum daily current speed (NOAA Tidal Current Tables, 1987)
at the entrance to San Francisco Bay, February-April 1987.

Previous studies have shown differencesin salinity, SPM, chlorophyll a concentration,
and primary productivity between theshoalsand thechannel (Cloernetal., 1985). Similar
lateral variations have been observed in the Chesapeake Bay (Malone et al., 1986). Prior
measurementsin South San Francisco Bay werecollected without regard totidal phase, so
more extensive sampling was needed to assess the extent to which the observed spatial
variability wasaresponse to tidal redistribution or longer-term processes, including local
insitu growth and losses, and riverine inputs.

Our primary objective in this study was to characterize spatial patterns of the selected
constituents, and to determine stability of the patterns over two time scales (weekly,
hourly). A second objective was to determine the importance of purely physical forcing
(i.e. transport) relative to local source/sink terms (e.g. growth, resuspension) on the
major constituents of particulate matter in estuaries— phytoplankton and sediment. Our
sampling spanned a discrete inflow event and thus alows us to assessthe impact that an
inflowing pulseof riverinefreshwater makeson thedistribution of salinity, chlorophyll a,
SPM, and primary productivity. At certain times and locations 'the physics’ alone
appears to determine spatial and temporal patterns. At other times and places the local
sourcesand sinksareclearly important. Further, these conclusions depend critically upon
the time and space scalesunder consideration.

Sampling design and methods

In this study repeated measurements of surface salinity, chlorophyll a, and SPM were
madewithinagrid of 38 fixed |ocations, over al12 h period (0600 h-1800 h) onfour datesin
1987. Sampling dates (Figure 2) were chosen to coincide with extreme spring tides (26
February, 27 March) and neap tides (9 March, 7 April) around the anticipated period of
the spring phytoplankton bloom (Cloern, 1984). Sampling stations were spaced at about
1-4km intervals in the main body of the South Bay (Figure 1), and were chosen to
represent spatial variability aong the deep channel as well as transverse to the channel
across the subtidal shallows (to the 2 m isobath). Sampling was done continuously from
three (26 February, 9 March) or four (27 March, 7 April) vessals that occupied each site
every 2 hours. At each station, depth profiles of conductivity and temperature were
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Figure 3. Callbrationsof thefluorometer and nephel ometer for measuring chlorophyi 2
and SPM concentrations.

obtained with Seabird CTD’s (model number SBE 9/11), and surface water ssmpleswere
collected with a bucket. Aliquots were later analyzed to determine concentrations of
chlorophyll afrominvivofluorescence(usingaTurner Designs M odel 10) and suspended
particulate matter (SPM) from nephelometry (usingaTurner Designs Model 40).

From selected bucket samples, aliquots were filtered onto pre-weighed 47 mm silver
filters (Selas Plotronics FM-47) then air-dried for approximately amonth and reweighed
to determine seston weight. SPM concentration wascal cul ated after correctingfor thesalt
content retainedinthefilters (Hager & Harmon, 1984). Separatealiquotsfor chlorophyll a
measurement were filtered onto 47 mm glass fiber filters (Gelman G F A/E) then frozen
until analyzed in thelaboratory. Thesefilterswereground with 909, acetone, and chloro-
phyll a concentration determined spectrophotometrically using the method of Strickland
and Parsons (1972) and Lorenzen’s (1967) equations to correct for phaeopigments. The
measured SPM concentrationsfrom al four cruises (n=280) were regressed against rela-
tive turbidity measured with a nephelometer (Figure 3). This highly significant linear
regression (r? =0-92) provided a simple method for estimating SPM concentration from
nephelometer readings of water samples taken at all sites on all sampling circuits. The
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standard error of the estimate for SPM was6.7mg|-". Similarly, the measured chloro-
phyll avaluesfrom thefour cruiseswere pooled and chlorophyll aconcentration regressed
against in vivo fluorescence (Figure 3). This regression was also highly significant (r?=
0-92), alowing estimation of chlorophyll a concentration at al stations and circuits
from measured in vivo fluorescence. The standard error of the estimated chlorophyll a
concentrationwas1.0mgm 2.

From measured chlorophyll a and SPM concentrations at each site, we estimated a
potential daily primary productivity, P, from the empirical function of Cole and Cloern
(1987) based on historical measures of primary productivity with the *C method:

P'=150+0-73[BZ,1,). ey

Here, P’ is productivity in the photic zone (mg C m~2d~!), B is chlorophyll a concen-
tration (mgm™2), Z,isphotic depth estimated from SPM concentration (mg 1"h,and 1,is
surface irradiance (Einst m =% d ) measured at Redwood Creek (Figure 1) with a LiCor
190S quantum sensor, and averaged over the seven-day period preceding each sampling
date. Photic depth Z, (m) was calculated as 4-61/, (i.e. depth of 1%, surface irradiance),
where the light attenuation coefficient, k2, (m™'), is a function of SPM concentration
(Cloern, 1987):

k,=0-77+0-06(SPM). 2)

Resultsand discussion

Figure 4b shows the four sampling dates relative to freshwater discharge from the
Sacrament — San Joaquin River system into the northern reach of San Francisco Bay
(North Bay, Figure 1). Thefirst sampling date (A) occurred before amonth-long period
of heightened flow. The final sampling date (D) occurred at the end of this river flow
event. | n northern California 1987 wasadry year with only 609, of normal rainfall (U.S.
Bureau of Reclamation). In a normal or wet year a series of large freshwater pulses
is common from about December through April. Thus, the results we present here
(asingle-pulse study) characterize one element of a more complex seasonal process con-
sisting of several pulses. However, because the sampling period completely bracketed
a discrete flow event in a dry year, it aso represents a model of the annual cycle of
river-driven variability —from the low discharge period of late autumn, through the
winter—spring period of high inflow, and then returning to the low flow period of
summer—autumn.

Asobserved in earlier studies (Walterset a., 1985), the salinity minimum in the South
Bay channel (Figure 4a) was seen about ten days after the peak in river discharge. The
maximum chlorophyll concentration seen in the South Bay channel (Figure 4a) aso
occurred following this period of high freshwater inflow, in agreement with observations
in other years(Cloern, 1984). Figure 4c shows an earlier, and smaller, pulse of freshwater
into the South Bay from local sources on the east and south shores at Alamedaand Coyote
Creeks (Figure 1). Flow from these local sources was negligible during the four-cruise
sampling period.

Figure 5 shows the patterns of tidally-averaged surface salinity on the four sampling
dates. The averagewascal cul ated from thesix samplingcircuits taken during each day, i.e.
over al2htidal cycle (stations below the San M ateo Bridge were sampled only on thelast
two dates). Notethesiniilarity between cruises A and B, when theisohalines in the eastern
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Figure 4. (a) Mean values for surface chlorophyll a and surface salinity measured at all
channel sites in South San Francisco Bay, north of San Mateo Bridge (see Figure 1),
from February through May 1987. (b) Daily dischargeinto San Francisco Bay from the
Sacramento—San Joaquin River system (California Department of Water Resources,
unpublished data). (c) Daily dischargefrom Alameda Creek+ Coyote Creek into South
San Francisco Bay (U.S. Geological Survey, unpublished data). Sampling dates are
noted with arrows.

portion of the bay paralleled thelongitudinal axisof theestuary, approximately northwest
to southeast. Salinity distributions from these first two cruises differed substantially
from the last two, when the longitudinal isohalines were absent. The third cruise, C,
occurred during the several-week-long period of strongest inflow when peak discharge
(approximately 1100 m®s~") was sufficiently strong to drive freshwater into the central
SouthBay (Imbergeretal., 1977). Thus, thelongitudinal gradient in salinity wasreversed
at the (northern) mouth of the South Bay, leading to a salinity maximum in the
mid-portion of the estuary for cruise C. Only thelast cruise, D, wassignificantly affected
by wind. Figure 6 shows daily averaged wind speeds from nearby San Francisco Inter-
national Airport during the sampling period. Adopting the viewpoint of exploratory data
analysis (Tukey, 1977), we consider wind speedsto be significant if they liein the upper
quartilefor the sampling period. Speedson 7 April fell on the upper quartile boundary;
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Figure5. Contour mapsof near-surface salinity in South San Francisco Bay on thefour
sampling dates. Contoured values are tidally-averaged means of 5-6 salinity measure-
ments taken at each station over 12 h periods.
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Figure6. Mean daily wind speed at San Francisco International Airport (SFOin Figure
1) during the sampling period (from Bay Area Air Pollution Control District). Dashed
lines show quartiles (e.g. 25%, of al valuesfall below the 0.25-quartileline).
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Figure 7. Representative vertical section of salinity during the sampling period. These
datawere collected along transect * C* in mid-South Bay (seeFigurel)on9March 1987.

moreover, cruise D followed three daysof heavy winds. Onthat date strong windsarosein
the early afternoon in the central section of South Bay, mixing that portion of the estuary
(and forcing early cessation of sampling). Accordingly, surface isohalines for cruise D
showed little structure, except south of the San Mateo Bridge. Note also that for thisdry
year, the estuary was well-mixed in thevertical (e.g. Figure 7).

Thesequenceof maps in Figure5 shows that salinity distribution in thisestuary largely
reflects the freshwater inputs. On thefirst two cruises the salinity structureindicated that
the dominant inputs were thelocal sources at the south and east shores of the South Bay
(Coyoteand Alameda Creeks, Figure 4¢), hence, the freshwater over the eastern shoals.
However, between the second and third cruises alarger pulse of freshwater entered the
northwest end of the estuary from North Bay, thus reversing the transverse density (and
pressure) gradient. We speculatethat thisfreshet relaxed adynamical ““ barrier >’ that had
enhanced retention of lesssaline water against the eastern shore (compare Figures 5b and
5¢). Further investigation of lateral transport is in preparation (Huzzey et al., 1988).
Finally, wind effects, as seen on thelast sampling date, mixed theentire central portion of
theestuary (Figure5d).

Figure 8 shows the tidally-averaged maps of surface chlorophyll on the four sampling
days. On the first two dates the longitudinal isopleths of chlorophyll a resembled the
isohalines (Figureb), especialy in theeastern portion of South Bay (wehave removed one
point at Station 12 from Figure8, cruise B, because chlorophyll concentrationsmay have
been contaminated from anearby, accidental sewage discharge into San Francisco Bay on
7 March). However, on the last two sampling dates, the chlorophyll isopleths did not
resemble the simultaneousisohalines. A distinct trend for chlorophyll to be highest inthe
south, lowest to the north, isapparent on cruises C and D, especially D. This north-south
gradient, commonly observed in South San Francisco Bay (Cloernet a., 1985), persisted
from cruiseCto D, despitethefact that little patternin salinity wasapparent. Correl ations
between chlorophyll and salinity on each of the sampling dates confirm this picture.
Figure 9 shows that for the first two dates mean chlorophyll concentration was highly
correlated with mean salinity; however for thelast two dates chlorophyll and salinity were
only weakly correlated or not correlated at al (for consistency, the datain Figure 9 only
include measurements from those stations that were sampled every cruise).

These patterns demonstrate the non-conservative nature of phytoplankton biomass
(chlorophyll) over the observed time scales during this period. Local growth processes,
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Figure8. Contour maps of near-surface chlorophyll a (mgm-2) in South San Francisco
Bay on the four sampling dates. Contoured values are tidally-averaged means of 5-6
measurements taken at each station over 12 h periods.

i.e. net production through a spring bloom, became apparent halfway through the
four-cruise sampling period. Moreover, a simple explanation of the high chlorophyll
concentrations to the south and east, and low chlorophyll to the north and west need
consider only two coupled effects--one due to in situ effects (the east—west gradient),
the other transport (the north—south gradient). Theformer arises since the mean phyto-
plankton growth rate in the channel (toward the western edge of the estuary) isabout five
times lower than in the shoals, because of extremelight limitation in the deep, well-mixed
channel (Cloernet al., 1985). T helatter occurs because low-chlorophyll waters, originat-
ing both from the coastal ocean and the Sacramento-San Joaquin river system, dominate
thenorthern end of the South Bay.

Figure10 showsthepatternsof surfaceturbidity (tidally-averaged SPM concentration)
on thefour sampling dates. Note that on each date, aunique distribution of SPM concen-
tration was observed. Further, none of these patterns matched closely the corresponding
spatial pattern of either salinity or chlorophyll. Comparison of cruise A (a spring tide)
with cruise B (aneap tide) shows that the average near-surface SPM concentration was
morethan three times greater on the spring tide sampling date (Table 1). Comparison of
SPM concentrations during thetwo neap tide cruises, B and D, demonstrates the effect of
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Figure 9. Tidally-averaged chlorophyll a concentration vs. tidally-averaged salinity,
measured at all locations north of San Mateo Bridge (Figure 1), on the four sampling
dates.

wind-driven resuspension: mean SPM concentration was nearly threefold higher on
cruise D (Table 1), following a 6-day period of strong winds. Effects of wind-driven
resuspension were most evident across the broad eastern shalows where mean SPM
concentration exceeded 50 mg 1~ ! (Figure 10d). Sampling on cruise Cfollowed closely the
season's largest intrusion of high-turbidity, low-salinity river water (Figure 5). Highest
SPM concentrationswerefound then in thedeep northwest basin of the South Bay, where
the effect of the freshwater inflow wasfelt most strongly.

The maps in Figure 10 demonstrate that spatial patterns of SPM concentration can
vary markedly over the time scale of weeks. Moreover, the four different patterns
apparently arose from those mechanisms most often thought to increase suspended
sediment concentrationin estuaries: high tidal activity, i.e. springtides; resuspension due
to highwinds; and riverineinputsof turbid water (e.g. Pejrup, 1986; Demerset al., 1987).
It is therefore not surprising that the resulting turbidity patterns bear little relation to
the salinity or chlorophyll distributions because they generally result from different
mechanisms.

Figure 11 shows amap of the daily primary productivity, P', derived from equation 1
and averaged over thetidal cyclefor each samplingdate. M ean productivity washigher on
thelast two sampling dates (the bloom period; Table1). However, thespatial distribution
of productivity showedno consistent rel ation tothedistributionof biomass(chlorophyll a).
At times, variations in P’ reflect the negative correlation with SPM concentration (e.g.
the local P’ minimum over the eastern shoals in association with the very high SPM
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Figure 10. Contour maps of near-surface SPM concentration (mgl~!) in South San

Francisco Bay on thefour sampling dates. Contoured values are tidally-averaged means

of 5-6 measurements taken at each station over 12 h periods.

TABLE 1. Mean values of chlorophyll a, SPM, and derived productivity P' for each

sampling date in 1987. Mean values were calculated from individual measurements at »

sampling sitesover m phasesof thetide (samplingcircuits). Alsoshownfor each quantity

isthe coefficientof spatial variation (CV =mean, for mtidal phases, of 100[SD,/x ], where

SD, =standard deviation among sitesfor circuit; and x,= spatial mean for circuit j).

A B C D

Cruise date 26 Feb 9 March 27 March 7 April
Number of sampling stations 29 29 38 38
Number of sampling circuits 6 6 6 5
Mean chlorophyll (mgm~?) 31 30 50 59
CcVv 509% 699, 489, 42°%,
Mean SPM (mgl!) 286 93 313 256
cv 549, 459, 499 66%,
MeanP'(mgCm~-2d-1) 210 260 360 470
(V) 199, 30%, 339, 219,
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Figure 11. Contour maps of mean photic-zone productivity P' (mgC m 2d-!), derived
from mean chlorophyll a concentration, SPM concentration, daily insolation, and the
regression model of equation 1.

concentration there on 7 April). At other times this influence was not readily apparent.
On any one sampling date, the spatial variability of P’ was considerably less than that
for chlorophyll a concentration. Consider the last cruise, for example. From Figure 8,
chlorophyll varied between 3 and 10 mg m 2 (afactor of 3-3), while P’ varied between 400
and 650 (afactor of 1.6). Similarly, the spatial variability of P’ was much lessthan that of
SPM concentration. | n general, the coefficient of variation for P’ was approximately half
that of either chlorophyll a or SPM (Table 1). This occurs because of an approximate
cancellation of the effects of SPM and biomassin equation 1, such that P’ issimilar in the
(low biomass-low turbidity) channel and (high biomass-high turbidity) shallows.
Measurement of productivity is labour intensive, and difficult to do synoptically over
a grid of sampling locations. Hence, there are few estimates of the two-dimensional
distribution of productionin estuaries. However, spatial patternsin thedistribution of P’
suggest that phytoplankton productivity isrelatively uniform across the larger gradients
of biomassand turbidity in this estuary.

Conclusions

Results of this study demonstrate that the two-dimensional distributions of conservative
and non-conservative quantities can vary significantly over theweekly timescalein coastal
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plain estuaries such as South San Francisco Bay. It is further apparent that different
quantities vary in responseto different forcings. For example, the horizontal distribution
of salinity responds to local and far-field inputs of freshwater and transport processes.
Redistributions of phytoplankton biomass (chlorophyll) can result from these same
processes aswell asfrom local sources or sinks (e.g. net production of biomassduring the
spring bloom as observed here). Similarly, local sources (tide- or wind-induced resuspen-
sion) as well as riverine inputs play an important role in the horizontal distribution of
suspended sediments, and variability in the strength of these sources is obvious over the

1, shows significantly less variability in space than salinity, chlorophyll, or SPM. And
finally, because of theimportance of in situ processes, the spatial distribution of salinity is,
in general, a poor predictor of surface patterns in SPM concentration, phytoplankton
biomass, or productivity.
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