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ABSTRACT: We present results of an intensive sampling program designed to measure weekly 
changes in ecosystem respiration (oxygen consumption in the water column and sediments) around the 
1996 spring bloom in South San Francisco Bay, California, USA. Measurements were made at a shal- 
low site (2  m, where mean photic depth was 60% of the water colunln height) and a deep site (15 m, 
mean photic depth was only 20% of the water column). We also estimated phytoplankton primary pro- 
ducbon weekly at both sites to develop estimates of net oxygen flux as the sum of pelagic production 
(PP), pelagic respiration (PR) and benthic respiration (BR). Over the 14 wk period from February 5 to 
May 14, PP ranged from 2 to 210, PR from 9 to 289, and BR from 0.1 to 48 rnrnol O2 m-' d-l, illustrating 
large variability of estuarine oxygen fluxes at the weekly time scale. Pelagic production exceeded total 
respiration at the shallow site, but not at the deep site, demonstrating that the shallow domains are net 
autotrophic but the deep domains are net heterotrophic, even during the period of the spring bloom. If 
we take into account the potential primary production by benthic microalgae, the estuary as a whole is 
net autotrophic during spring, net heterotrophic during the nonbloom seasons, and has a balanced net 
metabolism over a full annual period. The seasonal shift from net autotrophy to heterotrophy during the 
transition from spring to summer was accompanied by a large shift from dominance by pelagic respi- 
ration to dominance by benthic respiration. This suggests that changes in net ecosystem metabolism 
can reflect changes in the pathways of energy flow in shallow coastal ecosystems. 

KEY WORDS: Estuaries . Primary production - Community respiration - Ecosystem metabolism - San 
Francisco Bay 

INTRODUCTION 

What is net ecosystem metabolism (NEM) and why is 
it important? Originally defined as net ecosystem pro- 
duction by Odum (1969), NEM has been defined as the 
difference between gross primary production and total 
system respiration (Smith & Hollibaugh 1997). It is a 
useful index of the trophic condition, or the relative 
importance of external organic matter inputs versus 
internal sources. If NEM is positive, ecosystems are net 

autotrophic and production (P) is greater than respira- 
tion (R),  while net heterotrophic systems have greater 
respiration than production. The balance between net 
autotrophy and net heterotrophy within aquatic sys- 
tems is strongly affected by the nature of exogenous 
inputs. Estuarine systems such as Narragansett Bay 
(Nixon & Pilson 1984) and Chesapeake Bay (Kemp et 
al. 1997), which receive large inorganic nutrient in- 
puts, appear to be net autotrophic while coastal sys- 
tems with organic inputs such as  Georgia Bight (Hop- 
kinson 1985) and Tomales Bay (Smith & Hollibaugh 
1997) appear to be net heterotrophic. The components 
of NEM are dynamic, and most studies have focused 
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on annual or seasonal scales of variability (Nixon & Pil- 
son 1984, Hopkinson 1985, Kemp et al. 1992, Smith & 
Hollibaugh 1997). Previous measurements from a vari- 
ety of estuaries have shown that both production and 
respiration often have short-term variability. There- 
fore, there may be imbalances between production 
and consumption of organic matter on shorter time 
scales. NEM measurements over either daily or weekly 
intervals were highly variable in Roskilde Fjord, Den- 
mark (Jensen et al. 1990), Waquoit Bay, Massachusetts 
(D'Avanzo et al. 1996), and the MERL mesocosms (Ovi- 
att et al. 1986). 

Research from several estuarine systems suggests 
that physical processes are important in regulating 
NEM. In Tomales Bay, coastal upwelling and organic 
matter inputs from the watershed deliver the exoge- 
nous organic matter that sustains net heterotrophy 
(Smith & Hollibaugh 1997). Both of these sources fluc- 
tuate with changes in climate. Similarly in Chesapeake 
Bay, physical processes exert an important control on 
the oxygen budget. During the summer, oxygen 
demand by water column and sediment respiration is 
greater than diffusion across the pycnocline, leading to 
hypoxia and sometimes anoxia (Kemp et al. 1992). A 
third example includes those physical processes which 
promote development of algal blooms-events which, 
by definition, are episodes of net autotrophy. We 
describe here results of a study designed to explore 
how the individual components of net ecosystem 
metabolism change over the course of a large bloom 
event in South San Francisco Bay, California, USA. 
The study was designed to measure the magnitude 
and patterns of variability in the coupled changes of 
primary production, pelagic respiration and benthic 
respiration around the spring bloom-the period of 
dynamic change in the strength of the autotrophic 
source of organic matter. 

South San Francisco Bay has been a useful natural 
laboratory for studying ecosystem responses to phyto- 
plankton blooms because it has a recurrent period of 
high phytoplankton biomass and production every 
spring (Cloern 1996). We exploited the predictability of 
the spring bloom in this lagoon-type estuary to sample 
before the bloom began and then intensively as phyto- 
plankton biomass grew exponentially, peaked, and 
finally collapsed. Our intent was to follow closely the 
changes in oxygen production and consumption as the 
balance between phytoplankton photosynthesis and 
system respiration changed over the course of the 
spring bloom. T h s  estuary has 2 features which make 
it a useful general site for studying coastal ecosystem 
responses to blooms. First, the spring bloom is a large 
biological response to changing physical dynamics: 
blooms begin on the (predictable) neap-tide periods of 
small tidal energy and weak mixing, and they are con- 

fined to the spring period when freshwater inflow can 
be high enough to establish vertical salinity stratifica- 
tion of the water column (Koseff et al. 1993, Cloern 
1996, Lucas et al. 1998). Second, this estuary has com- 
plex bottom topography typical of coastal plain estuar- 
ies, including broad expanses of subtidal shallows that 
are incised by a deep central channel. The 2 bathyrnet- 
ric domains can have differing ecological and biogeo- 
chemical dynamics, partly because the strength of the 
processes of benthic-pelagic coupling (e.g. benthic 
nutrient regeneration, benthos grazing on phytoplank- 
ton) differs in the shallow and deep domains. One goal 
was to compare oxygen fluxes at shallow and deep 
sites. 

METHODS 

Study design. Specific objectives of this study were 
to (a) measure (or estimate) rates of phytoplankton pri- 
mary production, pelagic respiration, and benthic res- 
piration-the 3 largest components of system metabo- 
lism in this estuary; (b) characterize weekly changes in 
these processes and their balance, around the full 
course of the spring bloom; and (c) compare these 
changing rates of oxygen production/consumption at 
sites representing the 2 bathymetric domains of the 
estuary, i.e. a shoal site (2 m) on the eastern expanse of 
subtidal shallows (Fig. 1, S, or US Geological Survey 
[USGS] Stn SM46) and a deep site (15 m) in the longi- 
tudinal channel (Fig. 1, C, or USGS Stn 29). These 
channel and shoal stations represent long-term moni- 
toring locations by the USGS, as well as the site of pre- 
vious benthic flux measurements (Caffrey et al. 1996). 

Sampling included 2 measurement programs, one to 
document the spring bloom and associated hydro- 
graphic changes, and the second to measure rates of 
oxygen production/respiration as the spring bloom 
developed and collapsed. The 2 programs were closely 
synchronized, although the hydrographic and rate- 
measurement samples were not always taken the same 
day. Hydrographic measurements included sampling 
along a series of fixed channel stations on 13 dates 
between February 1 and May 9, 1996. Vertical profiles 
of salinity and temperature, chlorophyll fluorescence, 
dissolved oxygen (DO), and irradiance (photon flux 
density, photosynthetically active radiation, PAR) were 
measured with a Sea-Bird Electronics SBE-9 CTD 
(conductivity-temperature-depth profiler), Sea Tech 
fluorometer, Sea-Bird Electronics SBE-13 oxygen elec- 
trode, and LiCor Instruments 192s quantum sensor, 
respectively. The fluorometer and oxygen electrode 
were calibrated each day with discrete measurements 
of chlorophyll a (spectrophotometric method, using 
acetone extracts of sample collected onto A E  glass 
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Fig. 1. Map of South San Francisco Bay, showing locations of 
the channel site (C) and shoal site (S) where processes of oxy- 
gen consumption and production were measured around the 

1996 spring bloom 

fiber filters; Lorenzen 1967, Riemann 1978) and DO 
(potentiometnc titration method of Grankli & Graneli 
1991). Aliquots of near-surface water samples were 
preserved in acidified Lugol's and used for nlicroscopic 
examination to determine phytoplankton species com- 
position. Light profiles were used to calculate the 
attenuation coefficient k as the slope of linear regres- 
sion of ln(irradiance) versus depth. A detailed descrip- 
tion of methods and results is presented in the 1996 
data report (Baylosis et al. 1997). 

At the shoal site, near-surface and near-bottom 
water samples were collected with a Niskin bottle and 
analyzed for chlorophyll and DO concentration as 
above. Additional aliquots were used to measure the 
concentration of suspended particulate matter (SPM), 
by gravirnetric analysis of samples collected onto 
Nuclepore filters. The attenuation coefficient at the 
shoal site was estimated from the linear relation 
between k and SPM in San Francisco Bay (k = 0.77 + 
0.06 X SPM; Cloern 1987). Surface and bottom temper- 
ature and salinity were measured with a YSI SCT 
(salinity-conductivity-temperature) meter. Daily sur- 
face irradiance (incident photon flux density) was mea- 
sured throughout the spring with a LiCor 190 quantum 
sensor. 

For rate measurements, water and sediment samples 
were collected at approximately weekly intervals be- 
tween February 5 and May 14, 1996. Sampling at the 
shallow site was timed to coincide with high slack 
water, and the channel samples were collected within 
1 to 2 h after high slack tide. Methods for each process 
are described below. 

Pelagic respiration, PR. PR was measured as O2 con- 
sumption by the plankton community in dark bottles 
incubated for 24 h. Water was collected in a Niskin bot- 
tle from 1 m below the surface and 0.5 m from the bot- 
tom. Twelve 300 m1 dark biological oxygen demand 
(BOD) bottles were filled with water from each depth 
and station. Six bottles were fixed immediately with 
Winkler reagents to give the initial O2 concentration 
and the remaining bottles were fixed after 24 h incu- 
bation at in situ temperatures. Dissolved oxygen con- 
centrations were determined manually using starch 
endpoint titration with thiosulfate (Carpenter 1965). 
We used a trimmed mean (eliminating the highest and 
lowest oxygen values from each of the 6 replicates) to 
calculate rates. A Student's t-test was used to measure 
the significance level of differences between initial 
and final oxygen concentrations. In cases where the p 
value was greater than 0.05 (initial and final oxygen 
concentrations were not significantly different), we 
concluded that the pelagic respiration rate was zero. 
Depth-integrated rates of pelagic respiration (mm01 O2 
m-2 d-l) were calculated as the mean volumetric rate of 
oxygen consumption in surface and bottom samples, 
multiplied times water column height at mean tide 
level (15 m at the channel site and 2 m at the shoal 
site). 

Benthic respiration, BR. Sediment cores (12.1 cm 
diameter) were collected on the shoals and in the chan- 
nel with a modified dart corer. The corer and attached 
acrylic core tube were slowly lowered into the sedi- 
ments to minimize disturbance of the surface floccu- 
lent layer. Bottom water was collected at each station 
with a penstaltic pump from 0.5 to 1 m above the bot- 
tom. Triplicate cores were collected at each site and 
returned to the lab in dark containers filled with ambi- 
ent water to minimize temperature changes. In the lab, 
overlying water was removed and bottom water was 
gently siphoned into the cores to minimize aeration of 
the bottom water and resuspension of the surface floc- 
culent layer. Cores were sealed with tops equipped 
with magnetic stirrers and gas-tight sampling ports. 
The height of water overlying the sediment ranged 
from 21 to 31 cm and sediment thickness ranged from 
4 to 14 cm at the shoal station. In the channel, the over- 
lying water height ranged from 20 to 36 cm and sedi- 
ment thickness ranged from 10 to 26 cm. Cores were 
incubated in the dark at ambient temperatures. Four to 
6 water samples (50 ml) were removed at 2 h intervals 
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following an initial 1 h incubation period. Water re- 
moved from the cores was replaced with bottom water. 
This resulted in a less than 1 % dilution of the overlying 
water. Water samples for O2 analysis were collected in 
7 m1 glass bottles with ground glass stoppers and Win- 
kler reagents were added immediately. Oxygen con- 
centrations were measured within 2 h of collection 
with an  automated titration system (Metrohm 686TM) 
using the potentiometric titration method of Graneli & 
Graneli (1991). 

Pelagic production, PP. We estimated pelagic pro- 
duction (PP) with the model approach of Platt et al. 
(1990), which calculates the depth-integrated phyto- 
plankton photosynthesis P (mg C m-' d-l) in a water 
column of height H (m) as: 

This approach requires measurements of: phytoplank- 
ton biomass B (mg chlorophyll a m-3); the photosyn- 
thesis-irradiance parameters P: (maximum carbon 
assimilation rate) and a (photosynthetic efficiency at 
low irradiance); and the irradiance I,,, at tlme t and 
depth z. Die1 fluctuation of surface irradiance 10,, is a 
function of photoperiod D (h) and total daily irradiance 
I. (m01 quanta m-' d-l, PAR). The vertical distribution 
of light follows a uniform exponential decay: 

where k is the light attenuation coefficient (m-'). We 
used the series approximation of Platt et  al. (1990) to 
evaluate the integral photosynthesis. All quantities, 
except P: and a,  were measured each week at the 

shoal and channel stations. We used fixed values P: = 

8.9 mg C (mg chl a)-' h-' and a = 0.024 [mg C (mg 
chl a)-' h-'] [pmol quanta m-' S-']- ' ,  which are  mean 
values from historic measurements of phytoplankton 
primary production during spring months in South San 
Francisco Bay (Caffrey et al. 1994). We used 3 d mean 
values of Io, centered around the sampling dates, to 
smooth the variability of production caused by the 
daily fluctuations in weather and a photosynthetic quo- 
tient of 1.25 m01 02/mol C to convert carbon produc- 
tion into oxygen production PP. Calculated PP is an  
estimate of gross photosynthesis because P: and a 
were derived from 30 min incubations to measure car- 
bon-14 uptake (Lewis & Smith 1983). 

This approach for calculating PP was based on previ- 
ous investigations in South San Francisco Bay which 
showed that most (93 %) of the variance of phytoplank- 
ton primary production is correlated with fluctuations 
in chlorophyz biomass and mean irradiance in the 
photic zone (Cloern 1991). We estimated the potential 
maximum error in this approach by re-calculating PP 
with the minimum (P: = 6.13, a = 0.021) and maximum 
(P: = 12.45, u = 0.029) values of the photosynthesis-ir- 
radiance parameters measured historically during the 
spring months (Caffrey et al. 1994). The daily ranges 
between minimum and maximum PP are shown in 
Fig. 2, and these ranges define the upper limit to the 
error of calculated PP from fixed values of P: and a. 
D d y  primary production increased by a mean incre- 
ment of 29% when PP was calculated with maximum 
values of P: and a.  These estimates of maximum po- 
tential error of PP are comparable to the uncertainties 
of the measured respiration rates (Table 1).  

Table 1 South San Francisco Bay chlorophyll a, pelaglc production, pe lag~c  resplrahon and ben th~c  respiration Chlorophyll a IS 

In mg m-3, pelaglc production In mg C m-' d-' Pe lag~c  resplratlon In mm01 O2 m-3 d.' with s~gnificance ("p < 0 01, ' p  < 0 05,  
ns non-s ign~f~cant)  of t-test between inltlal and flnal dissolved oxygen concentrations Benthlc respiration in mm01 O2 m-' d 

(mean and standard dev~at lon,  SD, n = 3) + n = 1 ,  nd no data 

Date Chlorophyll a Pelaglc production Pelagic respiration Benthlc respiration 
Channel Shoal Channel Shoal Channel Shoal Channel Shoal 

Surface Bottom Surface Bottom Mean SD Mean SD 
-- 

5 Feb 0.9 1.3 38  2 l -4.3" -5 0" -5 5" 0 Ons -3.6 + -0.1 + 
15 Feb 2 .3  2.1 303 137 nd nd nd nd -117  3 7  -0.1 + 
20 Feb 1.7 3 .0  7 3 86  -2.5" -4.3' -4.6" O.Ons -15 0 0 1 -7.3 5.0 
29 Feb 2.2 2.8 251 117 nd nd nd nd -24 6 8.6 -19.8 3.7 
5 Mar 2.4 7.9 142 145 nd nd -6.1" -10.3" nd -14 0 1 3  
14 Mar 4.4 4 4 465 395 - 7 7 "  - 2 9 "  -15.5" -15.7" -19.6 4.8 -21.5 4 1 
19 Mar 17.0 9 .3  1369 918 -20.5' -10.6" -16.0" -22.0" -18.6 9.5 -20.6 6 2 
2 Apr 30.8 39.6 1878 1220 -25.2" -13.3" -24.4" -28 7" -20.1 4.6 -19.8 1.6 
9 Apr 42.8 55.1 1767 1187 -11.1" -10.5" -13.6" -137"  -15.5 7.1 -22.0 0.3 
15  Apr 10.7 32.7 1181 370 -10.2" -12.1" -17.2" -14.3" -44.0 8.9 -18.8 4.1 
24 Apr 2 9 3.5 356 349 -6.1" 7 . 0 "  -7.5" -7.7" -48.3 19.6 1 5  9 1.1 
30Apr  4 0 3 . 3  548 387 -14.6" -7 3" -6.2" -9.7" -35.5 3 .0  -21.1 5 1 
9 May 4 0 5.2 389 171 -3.1" -3.8" 1 1  5"  -11.5" -28.1 4 .9  -16.3 4 1 
14 May 2.7 4.8 430 370 -6.5" -7.5" -5.5" -6.0" -36.0 1.8 -14.0 2.7 
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Fig. 2. Shaded contour images showing the changing verhcal distributions of dissolved oxygen (upper), chlorophyll a (middle), 
and salinity (bottom contours) at the channel station and shoal station in South San Francisco Bay, from February (pre-bloom) 
through May (post-bloom). Contour shadings were drawn from interpolated (by kriging) grids produced from the discrete mea- 
surements indicated with solid dots. (A) Times and locations where water samples were collected for measurement of pelagic 
respiration. (V) Times when cores were taken for measurement of benthic respiration. Left bottom panel shows the t i e  series of 
tidal current speed, as predicted daily maximum current speed (U,,,,,) in mid-South San Francisco Bay (J. W. Gartner pers. cornrn.) 

RESULTS 

The 1996 spring bloom 

The spring bloom has been followed in South San 
Francisco Bay each year since 1978, and it is a strong 
biological response to changing physical dynamics of 
the estuary (Cloern 1996). In the deep channel, the 
establishment of persistent salinity stratification ap- 
pears to be a key to triggering blooms (Koseff et al. 
1993), and persistent stratification develops following 
periods of high river flow and weak tidal mixing (Lucas 
et al. 1998). The hydrographic measurements in 1996 
were consistent with this connection between bloom 
development, river flow, and tidal mixing in the chan- 
nel. The spring of 1996 was one of above-average pre- 
cipitation and river flow, and we observed large salin- 
ity fluctuations at the channel and shoal sites. In 
January 1996, salinity at the channel station was 
26 psu; but by the beginning of this study on February 

1, surface salinity was depressed to 20.7 psu (Fig. 2) by 
the runoff produced during the first winter storms. By 
mid-February, surface salinity fell to 15.3; by late 
March the surface salinity at the channel site 
decreased to the annual minimum of 12.7 psu. Salinity 
began to increase in April as the period of storms and 
high flow ended. Although horizontal salinity gradi- 
ents develop across the estuary, there was strong 
coherence in the weekly changes in salinity between 
the shoal and channel sites (Fig. 2). 

We measured large changes in the intensity of salin- 
ity stratification in the channel, with large vertical 
salinity differences (up to 5 psu) on the neap tides of 
February 13, March 1, and March 26 (Fig. 2). Salinity 
stratification broke down on the intervening spring- 
tide periods of strong currents and mixing. Each 
episode of stratification coincided with an increase in 
chlorophyll biomass in the surface layer, but the bio- 
mass increases were small until mid-March. Then, we 
observed exponential biomass growth, with chloro- 
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phyll concentrations increasing from pre-bloom levels 
of 1 to 3 to peaks >40 mg m-3. Biomass increased 
rapidly over the shoals at the same time, and reached 
maximum chlorophyll concentration of 55 mg m-3 on 
April 9 (Fig. 2). The spring bloom collapsed quickly, 
first as accumulation of chlorophyll in the deep water 
of the channel, and then as a rapid decrease of biomass 
in the channel and shallows. 

Collapse of the bloom in early April was probably a 
result of nutrient limitation. Before the spring bloom 
began, concentrations of dissolved inorganic nitrogen 
(DIN) were >50 pM at the channel site and >70 pM at 
the shoal site (S. W. Hager unpubl.). On April 9, DIN 
concentrations were only 0.46 pM at the channel site 
and 0.13 pM at the shoal site. Similar depletion of dis- 
solved silicate occurred during the bloom, with con- 
centrations changing from pre-bloom peaks of 150 pM 

Oxygen production and consumption 

to mlnimum concentrations of 1.1 pM on April 9 (S. W. 
Hager unpubl.). The rapid silicate depletion reflected 
the dominance of diatoms (Coscinodiscus radiatus, 
Thalassionema sp., Thalassiosira spp., Cyclotella spp.) 
during the spring bloom, although cryptophytes were 
also very abundant. 

The weekly changes in primary production were 
reflected in the changing oxygen concentrations at 
both sites (Fig. 2). In the channel, DO concentrations 
were always undersaturated with respect to atmos- 
pheric oxygen in February and May (pre- and post- 
bloom). However, DO concentrations began to in- 
crease in early March, even before chlorophyll 
biomass began to reach high levels. This shows that 
primary production began to increase around March 1; 
DO concentration continued to increase, especially in 
the surface layer, and peaked around the neap-tide 

period of weak mixing and strong stratifi- 
cation in late March. This was the only 

Channel Station Shoal Station period of DO supersaturation in the 
channel. As the bloom collapsed and pri- 

0 - * * 
.l,/,L~ ; 

I mary production decreased, so did the 
! DO concentration in the channel. Oxy- 

a 
U - I gen concentrations at the shallow site 
m 
2 loo  were almost always 2 saturation (Fig. 2), 
a and they were supersaturated during the 

0 1 - end of the exponential growth of chloro- 
phyll biomass (all DO measurements 

.-? P- 

C 

X 
3 0 , II,,' 
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rate of pelagic (primary) production by 
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DO (Fig. 2), and both quantities showed a large pulse 
increase in the production of oxygen (and phytoplank- 
ton biomass) that persisted for about a month and 
peaked in late March. In terms of production, the 
bloom response was larger at the channel site than the 
shoal site because the mean turbidity (k) was 3 times 
larger over the shoals than in the channel. However, 
the photic zone occupied a larger fraction (60 %) of the 
water-column in the shoals compared to the channel 
(20 %). 

Pelagic respiration measurements ranged between 
0 and 28.7 mm01 O2 m-3 d-l in the spring of 1996 
(Table 1). Surface and bottom rates were generally 
similar except during late March and early April, when 
stratification was prolonged. At this time, respiration 
rates in the surface waters of the channel were greater 
than in bottom waters. In contrast, rates in the shoal 
bottom water were higher than in surface water. Com- 
pared to the productivity estimates and chlorophyll a 
concentrations, PR measurements declined very slowly 
following the bloom. The pattern of fluctuation in 
depth-integrated PR (Fig. 3) was similar to the pattern 
of PP fluctuation, suggesting that the pelagic consump- 
tion of oxygen was stimulated immediately after pri- 
mary production began to increase during the bloom. 
PR rates were similar between channel and shoal sta- 
tions on a volumetric basis. However, there were large 
differences between the channel and shoal site in the 
rate of depth-integrated pelagic respiration. The 
largest oxygen flux measured in this study was the 
integrated pelagic oxygen consumption in the channel 
during the bloom peak (Fig. 3). 

Rates of sediment oxygen consumption ranged from 
3.6 to 48 mm01 O2 m-2 d-l in the channel and from 
0.1 to 22 mm01 O2 m-2 d-I at the shoal station (Table 1). 
Respiration rates were comparable at  both stations 
until early April. About 2 wk following the peak in 
chlorophyll a concentrations, BR rates in the channel 
more than doubled. In contrast, rates in the shoal were 
constant throughout the sampling period. The fluctua- 
tions of BR therefore showed no clear response to the 
bloom at the shoal site, and the stimulation of BR in the 
channel that was delayed, by about 2 wk, from the 
occurrence of high chlorophyll in the deep waters of 
the channel (Fig. 2). 

These weekly changes in the production and con- 
sumption of oxygen suggest the possibility of large 
fluctuations in net ecosystem metabolism. Although 
we did not measure all components of system metabo- 
lism, the processes included here are the 3 most impor- 
tant sources and sinks of organic matter in South San 
Francisco Bay (Jassby et al. 1993). Therefore, we can 
use the net oxygen flux (NOF = PP - PR - BR) mea- 
sured in our study as an index to describe the patterns 
of weekly variability in system metabolism. Weekly 

Table 2. Mean oxygen fluxes (mm01 O2 m-' d-l) at  the channel 
and shoal site from measurements made between February 5 
and May 14, 1996, representing the period of the spring 
bloom. Values in parentheses are coefficients of variation 
(standard deviatiodmean). Values in italics are calculated 
pelagic production and net oxygen flux (NOF) using the pho- 
tosynthetic quotient PQ = 1 instead of PQ = 1.25. NOF = 21.7 

- 6 42  X Depth; Baywide mean = -6.1 mm01 0' m-' d-' 

Process Channel Shoal 
(Depth = 15 m) (Depth = 2 m) 

Pelagic production 78.6 (0.97) 48.4 (0.95) 
62.9 38.7 

Pelagic respiration -128.8 (0.58) -23.9 (0.57) 
Benthic respiration -24.4 (0.53) -15.6 (0.50) 
Net oxygen flux -74.6 8.9 

-90.3 -0.8 

fluctuations of NOF are shown in Fig. 3, and 2 patterns 
are evident. First, the magnitude of NOF was very dif- 
ferent for the 2 spatial domains: the NOF was small or 
positive in the shallow (mostly photic) domain, and 
almost always large and negative in the deep (mostly 
aphotic) channel. The dominant component of oxygen 
flux in the channel was the large loss to pelagic respi- 
ration. Second, there was a clear response to the spring 
bloom in both spatial domains: NOF was positive 
(+50 to +l00 mm01 O2 m-2 d-l) over the shoal site, and 
NOF increased (from about -100 to 0 mm01 O2 m-2 d-l) 
in the channel during the late-March period of highest 
primary production. 

The integrated system metabolism over the spring 
period can be indexed as the time-averaged NOF. We 
calculated the mean PP, PR, and BR at each site by 
trapezoidal integration of the weekly measurements 
shown in Fig. 3. These calculations show that during 
spring, the integrated NOF at the shoal site was posi- 
tive (mean +8.9 mm01 O2 m-2 d-l), but the NOF was 
large and negative (mean -74.6 mm01 O2 m-' d-l) at  
the channel site (Table 2). These estimates confirm the 
presence of large spatial variability in the balance 
between system production and respiration. Much of 
this variability results from the spatial gradients in the 
ratio of photic depth to water depth. 

DISCUSSION 

Changing oxygen fluxes around the spring bloom 

The focus of this study was the process of oxygen 
consumption as a measure of the changing metabolic 
activity of the pelagic and benthic communities of 
South San Francisco Bay. Oxygen-consuming metabo- 
lism requires a source(s) of useable organic matter, and 
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in this estuary the largest source of organic matter is 
primary production by phytoplankton (Jassby et al. 
1993). Therefore, we asked here how fluctuations in 
the consumption of organic matter, expressed as oxy- 
gen uptake, are coupled to the dynamic changes in 
phytoplankton production. The spring bloom of 1996 
was a month-long event of high pelagic production 
that was coherent in the channel and shoal regions, 
providing an  ideal natural event for addressing this 
question. Our measurements showed 2 results that 
may be general features of estuarine metabolism. 

First, the fluxes of oxygen in the water column and 
sediments showed large variability at the weekly time 
scale. During this 14 wk study, PP ranged from 2 to 
210 mm01 0 2  m-2 d-l, PR from 8.8 to 289 mm01 O2 m-2 
d-', and BR from 0.1 to 48 mm01 O2 m-2 d-l. Therefore, 
rates of oxygen production and consumption in estuar- 
ies can vary by more than an order of magnitude 
within one season. Here, the rate of oxygen production 
was more variable than the rates of consumption: the 
coefficient of variation of PP was about 1 (Table 2), 
while the coefficients of variation of PR and BR were 
about half this magnitude. The smaller relative vari- 
ance suggests that the respiration response to a signal 
of enhanced production is damped, perhaps reflecting 
the fact that community respiration is fueled by 
sources in addition to phytoplankton production. For 
example, PR proceeded at a rate of about 5 mm01 O2 
m-' d-' in early February (Table l), before the bloom 
began. 

Strong covariation in the rates of production and 
pelagic respiration suggests that the increased produc- 
tion of organic matter during the spring bloom stirnu- 
lated community metabolism in the water column, and 
that this stimulation occurred with only a short time 
lag. This fast response of the pelagic biota is well de- 
scribed from work in other systems. In the Menai Strait 
(North Wales, UK), the major respiration response by 
bacterioplankton depended on the phytoplankton spe- 
cies responsible for the bloom (Blight et al. 1995). PR 
increased during the exponential growth phase of a 
Rhizosolenia bloom, but lagged 1 to 2 wk after the 
peak in a Phaeocystis bloom (Blight et  al. 1995). North 
Atlantic bloom experiments also showed short lags be- 
tween production of organic matter and consumption 
by heterotrophic grazers (Bender et al. 1992). In con- 
trast, plankton respiration in Chesapeake Bay exhib- 
ited a very tight coupling with no lags between pro- 
duction and respiration, suggesting the importance of 
labile sources of organic matter (Sampou & Kemp 
1994). In South San Francisco Bay, the spring bloom is 
a period of greatly enhanced bacterial production 
(Hollibaugh & Wong 1996), as well as microzooplank- 
ton abundance, and recruitment of copepods and ben- 
thic invertebrates such as spionid polychaetes (Ambler 

et al. 1985). These heterotrophs all contribute to the 
consumption of organic matter. However, most studies 
suggest that picoplankton or bacterioplankton are re- 
sponsible for most of the PR (Williams 1981, Hopkinson 
et al. 1989, Griffith et al. 1990, Sampou & Kemp 1994, 
Blight et  al. 1995). Chlorophyll a and water column res- 
piration were significantly correlated in our study (PR 
= 6.41 + 0.27chl a ,  r2 = 0.47, p i 0.01), and previous 
measurements in San Francisco Bay also demonstrated 
a significant relationship between chlorophyll a and 
respiration, particularly at chlorophyll a concentrations 
above 10 mg m-3 (Rudek & Cloern 1996). This suggests 
that phytoplankton may be responsible for a signifi- 
cant fraction of the pelagic respiration. 

Benthic respiration rates at both sites were compara- 
ble to previous measurements in South San Francisco 
Bay (Caffrey et al. 1996). Work in other coastal ecosys- 
tems has shown a response of enhanced benthic 
metabolism during periods of high primary production 
(Graf 1992, Banta et al. 1995). We were surprised that 
BR remained stable at the shallow site of South San 
Francisco Bay (Fig. 3). However BR was stimulated at 
the deep site, within a few weeks after the peaks in PP 
and chlorophyll. This pattern has been observed 
before: rates of ammonium mineralization in shoal sed- 
i m e n t ~  were fairly constant during the spring while 
rates in channel sediments increased by an order of 
magnitude following the spring bloom (Caffrey 1995). 
In addition, the biomass of benthic macrofauna in- 
creased in the channel following the spring bloom from 
12.0 * 7.2 (mean & SD) to 25.0 + 17.4 g dry wt m-2, but 
remained fairly constant in the shoals, from 5.5 * 1.7 g 
dry wt m-2 prebloom to 3.5 * 2.1 g dry wt m-' post 
bloom (0. Mace pers, comm.). The benthic macrofau- 
nal community included several species of bivalve 
mollusks (Potamocorbula amurensis, Mya arenaria, 
MuscuLista senhousia), crustaceans (Cumella vulgaris 
and the amphipods Ampelisca abdita and Corophium 
sp.), which began to increase in population abundance 
and total biomass in mid-April, coincident with the 
time of enhanced BR in the channel (Fig. 3). 

Mean values of NOF (Table 2) illustrate the second 
general outcome of this study: the balance between 
production and respiration can differ markedly be- 
tween the shallow and deep domains of estuaries. The 
reason for this IS apparent from Fig. 3,  which shows 
that PP and BR were of comparable magnitude at the 
channel and shoal sites, but that integral PR was nearly 
8 times greater at the channel site than the shoal site. 
This difference simply reflects the larger pelagic bio- 
mass contained in the 15 m water column of the chan- 
nel compared to the 2 m water column over the shoal 
site. 

As a result of the large PR in the channel, the calcu- 
lated NOF was negative there (Table 2). However, the 
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NOF at the shoal site was positive. Therefore, the shal- 
low regions of the estuary are a net source of oxygen 
and organic matter during the spring, while the deep 
regions are a net sink. In the terminology of Smith & 
Hollibaugh (1997), the shallows act as a 'donor system' 
while the deep channel is a 'recipient system'. This dif- 
ferential balance between production and respiration 
at the 2 sites suggests that some of the organic matter 
produced over the shoals during the spring bloom is 
transported to the channel, where it is consumed by 
pelagic biota or deposited onto the deep sediments and 
metabolized by the benthos. Similar results have been 
observed in other systems (Graf 1992, Noji et al. 1993). 
This interpretation is consistent with other measure- 
ments, including the stimulation of BR in the channel 
but not the shoal site (Fig. 3), accumulation of chloro- 
phyll in bottom waters of the channel as the spring 
bloom collapsed (Fig. 2), and parallel accumulations of 
chlorophyll within the surficial sediments of the chan- 
nel, but not the shoals (authors' unpubl. data). 

Although these observations are all consistent with 
the concept of shallow regions as donor systems, we 
must remember the large uncertainties of each compo- 
nent of system metabolism (Kemp et al. 1997). These 
uncertainties arise from measurement errors as well as 
error in the assumptions embedded in the calculation 
of net metabolism. For example, if we convert carbon 
production into oxygen production with a photosyn- 
thetic quotient (PQ) of l ,  instead of 1.25, then the NOF 
changes, and even the shallow regions appear to be 
net heterotrophic (Table 2). 

Implications for net ecosystem metabolism 

Although the measurements in our study do not give 
a complete picture of ecosystem metabolism, they 
strongly suggest that the shallow regions of South San 
Francisco Bay are net autotrophic (P > R) in spring, 
while the deep regions are net heterotrophic (P < R).  
What about the P-R balance for the estuary as a whole? 
We can use results from the channel and shoal sites to 
provide a first-order answer to this question by assum- 
ing an inverse (linear) relation between NOF and 
water depth (Fig. 4a), and then applying this function 
to estimate NOF across the South San Francisco Bay 
hypsograph (Fig. 4b). The result shows a small positive 
NOF in regions where water depth at  mean tide 
<3.4 m, which is about 60% of the estuary surface 
area. At depths >3.4 m, NOF is negative. The mean 
NOF integrated across the hypsograph is -6.1 mm01 0' 
m-' d-', showing that the sum of pelagic and benthic 
respiration exceeds pelagic production in the spring, 
when we take into account the bathymetry of the 
entire estuary. The calculated oxygen deficit is equiva- 
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Fig. 4. Procedure for estimating the baywide balance between 
pelagic production, pelayc respiration and benthic respira- 
tion (= net oxygen flux, NOF). (a) Linear relation between 
NOF and water column height based on the mean NOF at the 
15 m channel site and 2 m shoal site for the period of the 1996 
spring bloom (Table 2). (b) The South San Francisco Bay hyp- 
sograph (from Jassby et al. 1993). (c) Spatial variability of 
NOF across the mean bathymetry of the estuary, by applylng 
the linear relation in (a) across the hypsograph (b). The NOF 
in spring is positive in the shallow regions, negative in the 
deep channels, and averages -6.1 mm01 O2 m-2 d-l across the 

hypsograph 

lent to an organic carbon deficit of about 6 mm01 C m-2 
d-' (assuming a respiratory quotient of 1). 

Jassby et  al. (1993) assessed the relative importance 
of all potential sources of organic carbon to South San 
Francisco Bay, and they concluded that contributions 
from vascular plants are negligible and that external 
loadings (from runoff, point sources, marsh export) are 
equivalent to about 5 to 6 mm01 C m-' d-'. On the basis 
of intertidal habitat area of South San Francisco Bay 
and a median primary productivity of 25 mm01 C m-' 
d-' by benthic microalgae from published studies of 28 
coastal systems, Jassby et  al. (1993) concluded that 
benthic production (BP) could contribute a baywide 
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mean of 15 mm01 C m-2 d-l. Therefore, our best current 
estimate is that South San Francisco Bay is net 
autotrophic during the spring season of high phyto- 
plankton production, and the net ecosystem metabo- 
lism is on the order of +9  mm01 C m-* d-l. Of course, 
this estimate is highly uncertain because it is based on 
the assumption of a linear relatlon between NOF and 
water depth, it does not consider the possibility of lon- 
gitudinal gradients in the balance between P and R 
(Kemp et al. 1997), and it does not include direct mea- 
surements of photosynthesis by the benthic micro- 
algae. 

In other estuaries, measurements of benthic oxygen 
fluxes in light and dark chambers indicate that shallow 
subtidal sediments can be a significant oxygen source. 
Estimates from the Neuse River estuary (North Car- 
olina, USA) suggest that sediments in water depths 
1 2  m are net autotrophic in the mesohaline region 
(Rizzo et al. 1992). Even at relatively deep water 
depths, significant benthic production can occur 
(Sundback et al. 1991). In contrast, BP was positive 
only during winter and early spring in sandy shallow 
sediments (1 m water depth) in Chesapeake Bay (Reay 
et al. 1995). Given the shallow photic depths in South 
San Francisco Bay, benthic microalgae would make 
the greatest contribution to net metabolism in the 
intertidal and shallow subtidal domains. 

Another factor which may affect the estimate of NEM 
is sulfate reduction and oxidation of sulfides. In estuar- 
ine sediments, the use of benthic oxygen fluxes as a 
substitute for benthic respiration has been questioned 
(Kemp et al. 1997). Kemp et al. (1997) suggest that oxi- 
dation of sulfides is a significant component of BR; in 
fact, half of the measured BR may be due to sulfide oxi- 
dation. They estimated BR for Chesapeake Bay based 
on measured sulfate reduction rates and oxygen utiliza- 
tion (respiration). In their sensitivity analysis, using 
benthic oxygen flux alone led to a more positive esti- 
mate of NEM, than when sulfate reduction was used to 
estimate BR. Although sulfate reduction has not been 
measured directly in San Francisco Bay, Hammond et 
al. (1985) estimated that sulfate reduction in South San 
Francisco Bay was about 30% of total CO2 flux. Based 
on these estimates, if all sulfide produced was oxidized, 
this process would represent about half of sediment 
oxygen flux. If we apply the Kemp et al. (1997) correc- 
tion to the BR values in Table 2 and assume that sulfate 
reduction is the same in channel and shoals, the new 
BR values would be 17.9 and 13.5 mm01 0, m-2 d-' for 
channel and shoal respectively and new NOF would be 
-68.1 and +11.0 mm01 O2 m-2 d-l (channel and shoal, 
respectively), which is probably not significantly differ- 
ent than the uncorrected values. 

The estimate of positive NEM is not valid for other 
seasons, but we can use the few measurements of 

pelagic respiration and benthic respiration made pre- 
viously to estimate mean respiration rates for the sum- 
mer-autumn-winter period of low phytoplankton bio- 
mass and production. Results are summarized in 
Table 3, which compares mean depth-integrated PR at 
the channel and shoal sites (assuming equal rates of 
oxygen consumption of 3.7 mm01 C m-3 d-l, from mea- 
surements of Rudek & Cloern 1996), and mean BR from 
the measurements made by Caffrey et al. (1996) 
between 1991 and 1993. Pelagic production was esti- 
mated from measurements of chlorophyll a and k at 
the channel station on 13 dates between April 30, 1993 
and January 19, 1994 (the nonbloom period when PR 
was measured by Rudek & Cloern 1996). Again, if the 
benthic respiration values are corrected for oxidation 
of sulfides, corrected benthic respiration values are 
much lower, 34.0 and 33.9 mm01 O2 m-2 d-l for channel 
and shoal respectively, while the net oxygen fluxes are 
less negative -48.6 and -0.3 mm01 O2 m-2 d-l channel 
and shoal, respectively. 

Comparison of results in Tables 2 & 3 shows how the 
key processes of oxygen flux change from the spring- 
bloom period to the subsequent periods of perslstent 

Table 3. Mean oxygen fluxes (mm01 O2 m-2 d-l) at channel 
and shoal sites in South San Francisco Bay, from measure- 
ments during nonbloom periods (May through January) of 
1991-1993. Values in italics are calculated pelagic production 
and net oxygen flux using the photosynthetic quotient PQ = 1 
instead of PQ = 1.25. NOF = -15.2 - 3 73 X Depth; Baywide 

mean = -3 1.4 mm01 O2 m-2 d-l 

Process Channel Shoal 
(Depth = 15 m) (Depth = 2 m) 

Pelagic productiona 4 1 4 1 
32.8 32.8 

Pelagic respirationb -55.6 -7.4 
Benthic respirationC -56.6 -56.3 
Net oxygen flux -71.2 -22.7 

-79.4 -30.9 

dMean of calculated daily phytoplankton photosynthesis 
from 13 measurements of chlorophyll a, k, and surface 
irradance at the channel station between April 30, 1993 
and January 19, 1994. Assumes that gross photosynthesis 
is equivalent at channel and shallow sites (Cole & Cloern 
1984) 

bMean of measured rates of oxygen consumption in sur- 
face waters collected at 2 channel stations in June, 
August, October, and December 1993 (Rudek & Cloern 
1996). Assumes that the mean respiration rate is equal to 
the mean (3.7 mm01 O2 m-3 d-l) at the channel and shal- 
low sites 

=Mean rates of sediment oxygen consumption from mea- 
surements made at the channel and shoal site during the 
nonbloom periods (May through January) of 1991-1993 
(Caffrey et al. 1996) 

- 
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low phytoplankton biomass h4ean pelagic production 
is smaller in summer-autumn-winter than in spring, 
pelagic respiiation is also (substantially) smaller, but 
benthic respiration is 2 to 4 times higher during the 
nonbloom periods compared to spring This shift from 
pelagic to benthic metabolism is partly a result of the 
annual growth cycle of the benthic macrofauna, which 
ieproduce attei the spring bloom, grow during sum- 
mer, and progressively contribute more to system 
metabolism in summer-autumn (Thompson 1998) The 
net result of these seasonal changes is a reduced sys- 
tem metabolism in deep legions and a shift from net 
autotrophy to net heterotrophy in the shallow regions 
after the spring bloom ends (Table 3) 

We used the same approach as above to estimate 
NOF across the hypsograph and estimated a mean 
daily net oxygen flux in South San Francisco Bay of 
about -31 mm01 0, m-' d-' for the seasons outside the 
spnng bloom period If this baywide NOF applies for 
265 d yr-' and the net oxygen flux of -6 mm01 0, m-2 
d-' applies for 100 d each year around the spring 
bloom, then the annual NOF is about 2 4  mm01 O2 m ' 
d ' This bdv\i ide mean rate of oxygen consumption is 
simllar to, and almost balanced by, the Jassby et a1 
(1993) estimate of benthic production which is eyuiva- 
lent to + l 9  mm01 0, in d (assuming PQ = 1 25) 
Therefore, the available measurements and estimates 
of oxygen fluxes at deep and shallow sites when 
extrapolated across the entire estuary, suggest that the 
South San Francisco Bay ecosystem is net autotrophic 
during the spring months, net heterotrophic dunng the 
other seasons It appears that the Bay ecosysten~ has an  
annual metabolism in which benthic and pelagic pro- 
duction are nearly balanced by benthic and pelagic 
respiration This result must be considered as an  
hypothesis until the 2 key processes, photosynthesis by 
the benthic microalgae and sulfate reduction, are mea- 
sured seasonally in this estuary If this hypothesis is 
correct, then the annual NEM shows South San Fran- 
cisco Bay to be an  example of a coastal ecoystein in 
which exogenous sources of oiganic matter play a 
minor role in fuel~ng heterotrophic production 
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