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ABSTRACT: Benthic oxygen uptake and nutrient releases of N, P and Si were measured weekly at 2
sites in South San Francisco Bay around the 1996 spring bloom. Exchanges across the sediment-water
interface were estimated from whole core incubations performed in the laboratory at in situ temperature and in dark. Fluxes changed significantly on a weekly time scale. Over a period of 15 wk the fluxes
of dissolved inorganic N, P and Si ranged from -40 to +200, 0 to 13 and from 30 to 400 pm01 m-' h-'
respectively. Sediment oxygen demand increased from 10 before to 64 mg O2 m-2 h-' just after the
bloom period. During the bloom, nutrient fluxes represented about 20, 16 and 9 % of the Si. P and N
requirements for primary production. Before and after the bloom period, Si fluxes contributed up to 30
and >loo% of this requirement and P and N fluxes up to 15 and 50% respectively. Simple empirical
models explain most of the spatial-temporal variability of benthic f l u e s of Si, P and NH, (but not NO3)
from 3 predictor variables: sediment porosity, nutrient concentration in bottom waters and chlorophyll
content of surficial sediments. These models show that algal blooms influence benthic-pelagc nutrient
exchange through 2 processes: (1) depletion of nutrients from the water column (which enhances gradient-driven transports across the sediment-water interface) and (2) sedimentation of labile phytodetritus (which promotes remineralization in or on the surficial sediments]. Rates and patterns of nutrient
cycling were very different at the shallow and deep study sites, illustrating the challenge of extrapolating measurements of coupled algae-nutrient dynamics to whole ecosystems.
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INTRODUCTION

Intensive studies of shallow coastal ecosystems have
in recent decades shown the complexity of the couplings between biogeochemical processes in the benthos and water column. Pelagic production in these
systems is stimulated by nutrient inputs from the
watershed (Kemp & Boynton 1984) or upwelling of offshore waters (Taylor 1992) and coupled to benthic production in both marine and freshwater ecosystems
(Johnson & Wiederholm 1992, Goedkoop & Johnson
1996, Miller-Way & Twilley 1996). Benthic-pelagic
coupling works in both directions: sediment nutrient
fluxes fuel primary production in the water column
(Nixon et al. 1976, Callender & Hammond 1982), and
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cycles of production in the water column provide
pulsed inputs of labile organic substrate for regeneration in sediments. A substantial proportion (10 to 50%)
of pelagic primary production can sink to the bottom
(Hargrave 1973, Nixon 1981, Jsrgensen 1983, Olesen
& Lundsgaard 1995) at relatively high rates (Alldredge
& Gotschalk 1989, Tiselius & Kuylenstierna 1996).
Conversely, resuspension of dissolved nutrients and
inorganic and organic particles including resting cysts
influence pelagic production (Sondergaard et al. 1992,
MacIntyre & Cullen 1996, Marcus & Boero 1998).
Field observations and (mostly) laboratory experiments have shown large changes in benthic nutrient
regeneration and release in response to algal blooms
(Graf et al. 1982, Jensen et al. 1990, Hansen & Blackburn 1992, Overnell et al. 1995, Andersen 1996). For
instance, Kelly & Nixon (1984) reported an immediate

68

Mar Ecol Prog Ser 197:67-80,2000

benthic response to a pulsed input of organic matter in
a mesocosm, and they concluded that 80% of the
annual C and N deposition may be remineralized and
returned to the overlying water. Hansen & Blackburn
(1992) similarly observed rapid responses of enhanced
oxygen and nutrient fluxes in sediments following
additions of algal biomass to simulate deposition of a
phytoplankton bloom; they calculated a 'half-life' of 2
to 3 wk for the benthic mineralization of algal-derived
organic matter. The benthic response to blooms depends on the magnitude of the sedimentation flux (Hall
et al. 1992) and on the quality of the settled seston
(Tuominen et al. 1996). Nutrient fluxes at the sediment-water interface can influence or regulate the
nutrient composition of the water column since the
sediments can behave as either a sink or a source of
incrganic nitrogen, phosphorus and silicate through
different biogeochemical processes (Nixon et al. 1976,
Billen 1978). Nutrient regeneration in the sediment
supplies a large proportion of the phytoplankton nutrient demand during some periods of the year (Fisher et
al. 1982, Koop et al. 1990, Cowan & Boynton 1996).For
instance, release of inorganic nitrogen from sediments
supplied 2 2 % of the N required to support primary
production in the Wash estuary (Trimmer et al. 1998)
and from 30 to over 100% in Danish coastal areas
(Blackburn & Henriksen 1983).
Previous work in South San Francisco Bay (Hammond et al. 1985; Caffrey 1995; Caffrey et al. 1996) has
established that there are seasonal variations in benthic nutrient fluxes in this estuary. However, there is
insufficient temporal coverage to enable an evaluation
of benthic-pelagic transfer related to the spring bloom.
We present here results of a study designed to measure
weekly changes in the water column and sediments of
South San Francisco Bay, a coastal embayment with a
large and somewhat predictable spring phytoplankton
bloom (Cloern 1996). Our study was designed to determine if the cycling patterns observed in microcosms
(rapid transformation of nutrients from solution into
particles into sediments and then back to solution)
occur in this shallow coastal ecosystem. We ask here 2
questions: (1)How do nutrient fluxes from sediments to
water vary on a weekly time scale in response to an
event of rapid phytoplankton population growth and
nutrient uptake? (2) Are the patterns of coupled
pelagic-benthic nutrient cycling different in deep and
shallow habitats, which are known to have different
balances between production and consun~ptionprocesses? We know, for example, that net primary production is higher in the shallow domains than in the
deep channels of South San Francisco Bay (Cloern et
al. 1985). The strength of pelagic-benthic coupling
could also be higher in shallow domains where the
effects of benthic nutrient regeneration are distributed

over a small water-column height. A second aspect of
our experimental design was to compare the weekly
scale changes in nutrient fluxes in the shallow and
deep domains of this estuary.

STUDY DESIGN AND METHODS
Study sites. South San Francisco Bay is a tidal,
lagoon-like estuary characterized by 2 topographical
areas: a broad subtidal shoal region with mean-tide
depths < 2 m (80% of South Bay surface area), and a
longitudinal channel with depths up to about 25 m.
These 2 bathymetric domains have distinct features of
primary production and net ecosystem metabolism: the
shallow domains are net autotrophic while the deep
channel domains are net heterotrophic (Caffrey et al.
1998). Tidal current speeds (up to 0.8 m S-') are proportional to the mean water depth, and spring-neap
variations are pronounced (Walters et al. 1985). Spring
diatom blooms are prominent features of the seasonal
dynamics of South San Francisco Bay, and nutrient
recycling plays a fundamental role in phytoplankton
dynamics because dissolved N and Si are depleted
during the spring blooms of some years (Cloern 1996).
The spring phytoplankton bloom persists for a few
weeks or months, and it provides a significant fraction
of the annual phytoplankton production (Cloern 1984)
and therefore of the potential input of organic matter to
the sediments. We selected 2 sampling sites (Fig. l),
1 representative of the deep channel habitat (Channel
Station -15 m depth at mean tide level) and 1 representative of the subtidal shallow habitat (Shoal Station
-2 m mean depth).
Sampling strategy and analysis. Weekly hydrographic
surveys were conducted along a south-north channel
transect to map distributions of salinity and temperature
(by CTD), chlorophyll a (chl a) (fluorometer),dissolved
oxygen (electrode) and light penetration (submersible
quantum sensor). Gross primary productivity was estimated from profiles of chlorophyll and light, using previously determined photosynthesis-irradiance curves
(details are given by Caffrey et al. 1998).Phytoplankton
species composition and biomass (as biovolume) were
determined on samples preserved with acidified Lugol's
solution and examined with an inverted microscope.
Additional samplings were performed weekly at the
channel and shoal study sites by collecting water samples 1 m beneath the surface (Niskin bottle) and 0.5 m
above the bottom (peristaltic pump). These samples
were maintained at ambient temperature and in the dark
during transit to the laboratory for analyses and use in
core-incubation experiments (below). Chl a concentrations were measured using the spectrophotometric
method of Strickland & Parsons (1972).
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Sediment cores (12 cm diameter) were sampled with
a gravity corer, weekly between 6 February and 14
May 1996. Cores were taken at high slack tide to minimize the tidally induced disturbance of the sediment
surface. In order to obtain measurable fluxes, cores
were incubated over periods of 6 to 25 h during the
(presumed) linear release or uptake phase. Three
replicate cores from each site were incubated at field
temperature in darkness with mild agitation to prevent
development of concentration gradients in the overlying water. Samples of the overlying water were
pumped from the core tubes for nutrient and oxygen
analyses at 2 h intervals, 4 times the first day and twice
the following day. Water removed from the core was
replaced with bottom water. This resulted in a < 1 %
dilution of the overlying water.
Water sub-samples for oxygen analysis (unfiltered in
7 m1 glass bottles) were fixed immediately and analyzed within a few hours with an automated titration
system (Metrohm 686TM) using the potentiometric
titration method of Graneli & Graneli (1991). All other
sub-samples were filtered through pre-rinsed glass
fiber filters (Whatman GF/F). Samples for determination of nitrite (NO*),nitrate (NO3),ammonium (NH,),
phosphate (DRP) and silicate (Si)were usually refriger-

Fig. 1. Map of South San Francisco Bay, showing locations of
the sampling sites in the deep channel (C) and lateral, subtidal shallows (S)
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Fig. 2. Time series of (a) oxygen and (b) silicate concentrations
from incubation of triplicate cores ( A , 0 , m) taken from the
channel station on 5 May 1996. Regression lines are given in
bold (see 'Sampling strategy and analysis'). (0)Concentrations in the reservoir of replacement water

ated overnight and analyzed with a Technicon I1 autoanalyzer the next day. Samples from 19 March, 15
April and 5 May were frozen at -20°C and analyzed
within 11 d of collection. Sub-samples of surface sediments (3 cm height and 1.5 cm diameter) were taken
from each core at the end of the flux experiments for
analysis of porosity, pigment concentration and biogenic silicates. Porosity was determined using percent
water content and assuming a sediment density of
2.56 g cm-3. Sediment chl a and pheopigments were
analyzed by spectophotometry following acetone extraction as in Caffrey et al. (1996). Biogenic silica was
estimated from the amorphous silica content of the
sediments, measured using the time-course method
(e.g. DeMaster 1981), with 0.2 N NaOH as the digestion reagent. For macrobenthic fauna determination,
each core was then sieved on a 200 micron mesh, and
the animals were preserved in 10 % formalin for identification and wet weight determination.
After correction for water column changes, rates of
nutrient and oxygen exchange across the sedimentwater interface were calculated as slopes of linear
regressions of nutrient or oxygen concentration against
time. Area1 fluxes were calculated by multiplying the
rates of concentration change times the water height in
each core tube. As an example, Fig. 2 shows a time
series of oxygen and silicate obtained during incuba-
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Fig. 3 . Vertlcal contours of dissolved oxygen (as percent saturation), chl a and salinity during the 15 wk study period from February to mid-May 1996. Greyscale images show concentration changes over depth and time, at the deep, channel site (left panels) and at the lateral, shoal site (right panels). Small dots in the lower panels show the dlstnbution of measurements used
for interpolation ( k n q n g ) to generate these shaded images. Inverted triangles show the tunes that cores were collected at the
channel and shoal site for determination of benthic nutrient fluxes

tion of the triplicate cores collected on 5 May. Fluxes
were calculated by multiplying each slope (regression
line, r2 between 0.94 and 0.97) by the corresponding
water height (between 0.33 and 0.36 m). We report
here mean fluxes and standard deviations from the 3
replicate measurements made at each site.

RESULTS

Hydrography and algae-nutrient dynamics during
the spring of 1996
The lower reach of South San Francisco Bay is
strongly influenced by inputs from the local watershed,
and salinity fluctuated in response to a series of storms
that carried runoff into the estuary during February
and March. At the channel site, salinity was 21 psu at
the start of the sampling program in early February.

Salinity was diluted to a minimum of 12.7 psu in late
March, and then it returned to 21 psu by the end of the
study period in mid-May (Fig. 3). Inputs of freshwater
can induce salinity stratification, and persistent stratification can stabilize the water column and trigger
phytoplankton blooms in the channel (Koseff et al.
1993). We observed rapid growth of phytoplankton
biomass from mid-March to early April, when chl a
increased from pre-bloom concentrations of -2 to 3 mg
m-3 to maximum concentrations of 55 mg m-3 at the
shoal station and >40 mg m - b t the channel station
(Fig. 3). Phytoplankton biomass declined rapidly after
the bloom peak in early April, and chl a concentrations
returned to nearly pre-bloom levels by the end of the
study period. Dissolved oxygen concentrations were at
or below equilibrium with atmospheric oxygen before
the bloom, but they became supersaturated during the
period of rapid chlorophyll increase and reached maxima of 110% saturation in the channel surface waters

Grenz et al.: Nutrient cycling and related benthic fluxes

z

February

March

April

February

March

April

February

March

April

February

March

April

May

May

May

Fig. 4 . Nutrient concentrations over time at the shoal (U) and
channel (a) sites during the course of the study to measure
benthic nutrient and oxygen fluxes (DRP,phoshate)

and 139 % saturation at the shallow site (Fig. 3). These
fluctuations in oxygen concentration show: (1) the
enhancement of phytoplankton primary production
during the bloom; and (2) that bottom waters are
always oxygenated in this estuary. Fig. 3 also indicates
the timing of core collection, showing that nutrient-flux
measurements were made on 5 dates before the bloom
began, four dates during the period of high phytoplankton biomass and on 4 dates after the bloom cycle
was completed. Near-bottom water temperature at the
channel site varied between 12.2 and 18.4"C during
the study.
Diatoms (especially Coscinodiscus radiatus, Cyclotella striata, C. meneghiniana, Thalassionema decipiens) were dominant components of the spring bloom
community in the channel. Cryptophyceae (Cryptomonas spp. and Rhodomonas spp.) were most abundant after the bloom. Estimates of total cell biovolume
reached peaks in early April of 2.6 X 107 and 9.1 X
106 pm3 ml-I in the channel surface and bottom samples. At the shoal station, the phytoplankton population was composed of diatoms (T. decipiens and T
leptopus) and Cryptophyceae (Rhodomonas salina and
Teleaulax acuta) during the bloom.
Dissolved inorganic nutrient concentrations fluctuated during the course of the study, and all nutrient
species followed the same general pattern of high concentration during late winter, declining concentrations
(or depletion) during the bloom, and then increasing

concentrations after the bloom (Fig. 4). Silicate concentrations (maximum 140 pm01 1-l) declined to near-zero
in mid April, and then increased to 60 pm01 l-' after the
bloom ended. The concentration of DIN (NH, + NO2 +
NO3)was maximum (40 to 80 pm01 1-l) in February and
decreased to detection limits at both stations just after
the bloom peak. Then, the DIN concentrations increased to -20 pm01 1-'. We observed a continual decrease of DRP during February and March (minimum
concentrations were -1 to 2 pm01 I-'), and then an increase in DRP during the post-bloom period. DRP was
consistently about 1 pm01 1-' higher at the shallow site
than the deep site (Fig. 4d).

Sediment characteristics
Sediments at both sites include fine-grained to
muddy sediments with a porosity of 0.81 * 0.01 (channel) and 0.60 i 0.02 (shoal),averaged over the study
period (45 replicates). Benthic chl a contents are compared to integral water-column chlorophyll in Fig. 5
(pelagic biomass was calculated as water depth multiplied by the mean chl a concentration in the surface
and bottom water samples). Chl a content of the sediments (BenChl) was very low at both sites until midMarch, when phytoplankton pigments appeared in the
surface sediments with highest values at the channel
station, about 2 wk after the peak of the phytoplankton
bloom (Fig. 5). Surface sediments at the shoal station
had a mean chl a concentration of 43 mg m-', compared to the channel station where a background
value of 150 and maximum chl a concentration of
335 mg m-' was obsewed. Sediment pheopigments
were less variable during the study period, and mean
pheopigment concentrations were 477 and 226 mg m-2
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Fig. 5. T i e series of phytoplankton biomass (as chl a) at the
channel site and shoal site. Each panel shows the changing
concentrations of chl a in the upper sediments ( 0 )and the integrated chl a concentration in the overlying water column ( 0 )
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respectively for the channel and shoal stations. Biogenic silica (BSI) in the surface sediments did not vary
significantly over the study period, but there were consistent differences between stations: mean BSi (as
Si02) was 7.1% of sediment weight at the channel
station but only 2.4 % of sediment weight at the shoal
station. No clear signal of enhanced BSI content of
sediments was observed following the diatom-dominated bloom and deposition of phytoplankton biomass
(pigments) onto the sediment surface.
Macrobenthos density varied between 1 and 200 and
between 1 and 1200 ind. core-' respectively at the
shoal and channel stations. Bivalves and polychaetes
represented equally the macrobenthos population
weight during the pre-bloom period. After the bloom,
macrobenthos density increased significantly at the
channel station because of the recruitment and grcwth
of mollusks (mainly Potamocorbula amurensis and to
a lesser extent Musculista senhousia) and the amphipod Arnpelisca abdita. At the end of the study period,
the mean abundance of P. amurensis juveniles was
58000 m-' at the channel site, representing a wet
weight of 7 10 g m-2. At the shoal station, the increase in macrobenthos density was less pronounced
(8400 m-' and 40 g m-2 respectively for the number of
P, amurensisjuveniles and corresponding wet weight).
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Nutrient and oxygen fluxes
Nutrient fluxes showed different patterns of variability at the 2 study sites. Before the peak of the bloom,
benthic Si fluxes were around 100 and 30 pm01 m-' h-'
for the channel and shoal stations respectively. Benthic
Si fluxes increased at both sites during the period of
chlorophyll increase in the overlying water. The fluxes
were significantly different after the bloom period,
with higher Si fluxes measured at the channel station
(maximum 400 pm01 m-' h-') compared to the shoal
station (200 pm01 m-' h-') (Fig. 6a). Nitrate fluxes also
varied both spatially and temporally. Before the bloom,
a net consumption of NO, was measured at the shoal
station (maximum rate -18 pm01 m-2 h-'), whereas a
positive flux of NO3 was observed at the channel Station (Fig. 6b). After the bloom peaked, the shoal sediments began to release nitrate into the water column
(maximum rate 8 pm01 m-2 h-'), and highest fluxes
were observed at the channel station (maximum
87 pm01 m-' h-') at the end of the study period. Ammonium fluxes were negative at the channel station
before the bloom, but became positive during the
bloom, with highest values observed in mid- to late
April (139 pm01 m-' h-') (Fig. 6c). At the shoal station,
ammonium behaved similarly to nitrate but with fluxes
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Fig. 6. Nutrient and oxygen fluxes at the shoal (U)and channel (m) sites during the period February to May 1996. Values are

means from triplicate cores, and error bars show standard deviations
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twice as high (17 compared to 8 pm01 m-2 h-'). Considering DIN flux as the sum of n~trate,nitrite and ammonia fluxes, we measured a net balance at the channel
station and a net consumption of DIN at the shoal station before the spring bloom began. As the bloom
developed, DIN fluxes became positive and began to
increase until after the bloom collapsed, when highest
rates were measured at the channel station (Fig. 6d).
DRP fluxes were always positive, and the weekly fluctuations were similar at the 2 stations (Fig. 6e),
although the DRP flux was consistently higher (mean
difference of 4.9 pm01 m-2 h-') at the channel site than
at the shoal site. Mean benthic oxygen fluxes varied
between 0 and -35 mg O2 m-' h-' until the beginning
of the bloom period, with no consistent inter-site difference (Fig. 6f). After the bloom peak in early April,
the benthic oxygen fluxes increased significantly at
the channel station, reaching a maximum of -64
26 mg O2 m-' h-'. NO clear signal of enhanced oxygen
consumption was measured at the shoal station, even
during the period of elevated chlorophyll concentration.

*

DISCUSSION

The first goal of the present study was to measure
and describe the system-level responses of nutrient
cycling to a phytoplankton bloom, and to determine if
the bloom-induced responses in an estuary follow the
same patterns observed in controlled mesocosm experiments. The series of chlorophyll measurements
(Fig. 3) shows that the 1996 spring bloom in South San
Francisco Bay provided an ideal natural experiment
comprising: a pre-bloom control period of low algal
biomass; a month-long period of rapid production and
biomass accumulation; and a post-bloom period of
recovery from the bloom-induced changes in nutrient
cycling. The weekly sampling showed that nutrient
fluxes at the sediment-water interface changed rapidly
in direction and magnitude during the transitions
between these periods. In the deep channel domain of
the estuary, we can characterize these 3 periods as
follows:
(1) The pre-bloom phase (February to mid-March)
was a period of low phytoplankton biomass (integrated
chl a < 50 mg m-2; Fig. 5), low primary productivity
(gross productivity < 200 mg C m-2 d-'; Caffrey et al.
1998), negligible chl a content in the surficial sediments, very large stocks of dissolved inorganic N, P
and Si (Fig. 4), and generally small rates of benthicpelagic exchange of 02,N, P and Si (Fig. 6). The
large stocks of dissolved inorganic nutrients were derived from point-source and diffuse inputs (Hager &
Scheme1 1996),and were essentially unaffected by low
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rates of algal uptake. Internal processes of nutrient
recycling probably contributed little to the maintenance of the high nutrient concentrations, because
benthic sources of nutrients were small at this time.
(2)The bloom phase (mid-March to mid-April) was a
period of rapid changes in all these attributes. Gross
primary productivity averaged 1760 mg C m-2 d-' (Caffrey et al. 1998), chl a biomass increased to >S00 mg
m-2 in the water column (Fig. 5), and the chl a content
of the sediments increased to about 100 mg m-2. The
initial stocks of dissolved inorganic N (>50 pm01 I-')
and Si (>l20 pm01 I-') were completely depleted and
the stock of DRP was reduced from > 4 to < l pm01 1-I
during the bloom phase. Therefore, this was a period of
rapid phytoplankton conversion of inorganic N, P and
Si into particulate forms of these elements. A fraction
of the newly produced biomass sank and was incorporated into the surficial sediments during the bloom
phase (Fig.5).Benthic fluxes of NH,, NO3, DRP, Si and
O2 were all higher than during the pre-bloom phase
(Fig. 6).
(3) The post-bloom phase (mid-April to mid-May)
was a period of small phytoplankton biomass but high
chl a content of the surface sediments (>300 mg
reduced primary productivity (-400 mg C m-2 d-l),
increased concentrations of dissolved inorganic N, P
and Si, and continued elevation of the benthic fluxes of
O,, N and Si. Phytoplankton biomass declined rapidly
in mid-April, presumably in part as a response to nutrient (N, Si) limitation when these elements were depleted. During this post-bloom phase, the chl a concentration of the sediments was much higher than the
integrated chl a content of the water column (Fig. 5),
suggesting rapid sedimentation and incorporation of
phytoplankton biomass into the surficial sediments.
This rapid translocation of chlorophyll biomass from
the water column to the benthos was followed by a
gradual recovery of the stocks of dissolved inorganic
N, P and Si (Fig. 4), and continued high rates of release
of these elements from the sediments (Fig. 6).
The strong covariability of algal and nutrient dynamics corroborates that phytoplankton production is a driving force of rapid change in the cycling of N, P and Si,
including changes in the partitioning of these elements
between dissolved and particulate phases and between the pelagic and benthic compartments, as suggested by mesocosm experiments (Kelly & Nixon 1984,
Hansen & Blackburn 1992, Andersen 1996). Each
phase of the bloom cycle represents a different balance
between the key processes of nutrient cycling: the prebloom phase represents a dominance of nutrient
sources over sinks; the bloom phase represents a dominance of sinks (phytoplankton uptake) over sources,
with a conversion of nutrients from the dissolved inorganic to particulate form; the post-bloom phase is one
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of rapid recovery as the phytoplankton biomass is
translocated from the water column to the sediments,
and as benthic mineralization of that biomass returns
inorganic nutrients back to the water column.
A second goal of this study was to compare the
patterns of nutrient cycling in deep and shallow estuarine habitats where, presumably, the strength of
benthic-pelagic coupling differs. Results from this
comparison show that some prominent features of
nutrient cycling in the channel were not observed at
the shallow site. Our results did show similar patterns
of coupled algae-nutrient variability at the shallow
and deep study sites, with similar timing of the spring
bloom and nearly identical patterns of depletion and
recovery of dissolved N, P and Si (Fig. 4). However,
the benthic responses to the bloom cycle were very
different at the 2 sites. There was a relatively small
signal of algal deposition at the shallow site (Fig. 5).
Consequently, there was only a small signal of enhanced benthic metabolism (as oxygen consumption,
Fig. 6) and the response of benthic nutrient flux was
damped at the shallow site. The peak S1 fluxes were 3
times smaller than at the channel site, and the NH,
fluxes were stable at the shallow site while they varied from negative to large positive rates at the channel site (Fig. 6). Therefore, even though the pelagic
systems behaved nearly identically at the deep and
shallow study sites, the benthic systems had different
responses to the dynamics of the pelagic system. This
suggests that the nature of benthic-pelagic coupling
differs between the shallow and deep regimes of
South San Francisco Bay.
Differences between the shallow- and deep-site
benthic systems could partly be a result of physical
processes that drive a net (tidally averaged) transport
of shoal-produced phytoplankton biomass into the
channel, where that biomass sinks and accumulates in
the channel sediments. This focusing mechanism has
been observed in other coastal systems, such as fjords
(Noji et al. 1993), where organic matter accumulates
in deep regions. Consistent with this hypothesis are:
(1) the 10-fold higher accumulation of chl a in the
channel sediments compared to the shoal sediments
(Fig. 5) and (2) oxygen balances (Caffrey et al. 1998)
which show that the shallow domain was net autotrophic (i.e. a net source of phytoplankton biomass)
while the deep domain was net heterotrophic (a net
sink for phytoplankton biomass) during this study
period. Other contrasts suggest that the benthos of the
deep and shallow domains behave as distinct biogeochemical systems: biogenic silica content was consistently higher in the channel sediments (7.1 % SiO,)
than in the shoal sediments (2.4% Si02); and DRP
fluxes were consistently higher from the channel sediments than the shoal sediments (Fig*6). All of these

differences are consistent with the concept of net
transport and deposition of (diatom-dominated) phytoplankton biomass from the shallow regions into the
deep channels. Therefore, we must use care in extrapolating results of mesocosm experiments to estuaries where the patterns of coupled algae-nutnent
dynamics are influenced by horizontal transports. In
particular, the benthic compartments of estuaries may
not receive inputs from locally produced organic matter. Horizontal transports can lead to spatial decoupling of the functions of production and mineralization; this decoupling is difficult to simulate with
mesocosm experiments.
Other differences between the shallow and deep
benthic systems cannot be explained by horizontal
transports of organic matter. Our measurements give
several indications that denitrification is a stronger
influence on N cycling at the shallow site than the
deep site. For example, plots of NH, flux against total
DIN flux (Fig. 7) show that most shoal-site measurements fall on or above the 1:l line, indicating that the
benthic flux of N 0 3 + N 0 2was near zero or negativea strong indicator of net loss to denitrification in the
shallows. Most of the channel-site measurements
fall below the 1:l line, indicating consistent positive
fluxes of N03+N02. A second indicator of differential
N cycling is evident in a comparison of the stoichiometries of Si and N fluxes (determined by Type 2
regression, Laws & Archie 1981). The mean Si:N flux
at the channel site was 20:11 compared to 20:6 for the
shoal site, again indicating significantly lower N
release relative to Si release from sediments at the
shallow site. These differences in N cycling could be a
result of spatial differences in sediment properties,
including porosity and its influence on redox conditions and the depths of the zones of nitrification and
denitrification (Hammond et al. 1985, Ruardij & van
Raaphorst 1995).
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Fig. 7. Benthic fluxes of NH, against benthic fluxes of DIN,
p o o h g measurements at the channel site ( 0 )and shallow site
(0).
Data points below the 1:1 line Indicate that the sedirnents
are a source of N03/NOZ;data points above the line indicate
that the sediments are a sink for these N species, and that
losses to denitrification are important
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Benthic supply versus phytoplankton demand
for nutrients
Release of nutrients from the sediments can supply
a substantial fraction of the nutrient requirements for
primary producers in coastal areas (e.g. Dollar et al.
1991, Giblin et al. 1997). If this is true on an annual
scale, then how does the balance between benthic
supply and phytoplankton demand change on a
weekly scale during a bloom event? We calculated a
ratio of benthic nutrient flux to primary production
requirements for the total South Bay, weighting the
nutrient fluxes by the respective surface area of the
shallows (80 %) and deep channel domains (20%).
The weighted South Bay-wide fluxes were divided
by the nutrient requirements for primary
production,
using productivity estimates reported by Caffrey et al.
(1998) and phytoplankton nutrient demand based on
Redfield ratios. Fig. 8 shows the time evolution of
these ratios, which can be divided into the pre-bloom,
bloom, and post-bloom phases. During the pre-bloom
period, the net flux of DIN was negative so the sediments contributed nothing to the phytoplankton N
demand. Silicate and phosphate releases from the
sedirnents were variable and satisfied between 30 and
> 100 % of the phytoplankton requirements for these
elements.
During the bloom, the ratios were less variable and
represented a mean of 20, 16 and 9 % respectively for
Si, P and N. Although benthic fluxes were enhanced
for all 3 nutrient elements during the bloom, the benthic source was clearly not sufficient to fuel the measured rates of biomass accumulation and production.
Therefore, the potential size of the spring bloom in
South San Francisco Bay appears to be set by the size
of the winter nutrient stocks plus the rate of external
loading during the bloom phase. After the bloom, the
supp1y:demand ratios increased again for Si (60 to
110 %), DRP (20 to 33 %) and DIN (14 to 47 %).
The weekly variation of nutrient supply from sediments relative to pelagic demand shows that lowest
percent contributions occurred when demand was
high-i.e. Puring the bloom. Cowan & Boynton (1996)
similarly concluded that nutrient fluxes from Chesapeake Bay sediments supply only a small fraction of
the phytoplankton requirement when production rates
are high. For Mobile Bay sediment, Cowan et al. (1996)
did not observe a clear seasonal pattern of the supp1y:demand ratio because they did not observe a
strong seasonal pattern of productivity. Over our 15 wk
measurements, a mean percent contribution can be
estimated as 42, 20 and 8 % for Si, DRP and DIN demand respectively. The DIN supp1y:demand ratio is in
the lower range of values reported for other coastal
systems (Nixon & Pilson 1983, Kemp & Boynton 1984,

February

March

Apnl

Fig. Time series of the contribution of benthic nutrient
fluxes to the requirement for phytoplankton primary production, estimated for the entire South San Francisco Bay (see
'Benthic supply versus phytoplankton demand for nutrients')

Boynton & Kemp 1985), but is consistent with previous
measurements in South San Francisco Bay (Caffrey et
al. 1996).

An empirical model of sediment nutrient fluxes

During the course of this study we measured large
variab~lityin the sediment nutrient fluxes at the 2 sites
in South San Francisco Bay. Si fluxes ranged from 16 to
400 pm01 m-2 h-' (a factor of 25); DIN fluxes ranged
from -30 to +75 pm01 m-2 h-'; and DRP fluxes ranged
from 0 to 13 pm01 m-' h-'. Can the large variability in
benthic nutrient flux be explained, in a statistical
sense, with empirical functions that capture the underlying mechanisms of this variability? Some mechanistic
models (e.g. Hammond et al. 1985) describe benthic
nutrient flux as the combination of diffusive processes
that transport solutes through the interstitial waters,
and advective processes that transport solutes across
the sediment-water interface. Both processes scale
with the concentration gradients of nutrients within the
porewaters and between the porewaters and overlying
water. Nutrient fluxes across the sediment-water interface can be described with Fick's First Law for sediments, by treating all mixing processes in terms of a
diffusion coefficient (Berner 1980). If we ignore porewater burial, then
J' = - ~ $ D ~ ( d C / d x ) ~

(1)

where J' is the total flux from all advective and diffusive processes; the effective diffusion coefficient DT
(m2h-') includes the combined effects of all transport
processes such as molecular diffusion, advection and
bioirrigation from the burrowing, feeding and excretion activities of infauna (Ullman & Aller 1982, Webster
et al. 1996);I$ is sediment porosity (dimensionless);and
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(dCldx), is the vertical concentration gradient of dissolved nutrient at the sediment-water interface (where
depth X = 0). We can use Eq. (1) to develop a simple
empirical expression that describes much of the variability of nutrient fluxes in South San Francisco Bay.
First, we describe the vertical gradient ( d C / d ~as
) ~a
linear function of the difference in nutrient concentration between the upper porewaters C, and the overlying water CO,following Callender & Hammond (1982)
and Bolalek & Graca (1996):
(dC/dx)o = (Co- C,) / Z
where z is a length scale (which can be interpreted as
the depth below the sediment surface at which dissolved nutrients readily exchange with the overlying
water). Eq. (1) can then be rewritten as:

The term V (= DT/z)is in meters per hour, and it can be
interpreted as an exchange coefficient, analogous to
the piston velocity used to describe gas exchange
across the air-sea interface (Liss & Slater 1974).
In our study we measured J ' , $ and CO,and we estimated the quantities Vand C, by least-squares regression. We did this in 2 ways, first by assuming that
the surficial porewater concentration C, is constant
(Model I = Eq. 3), and second by assuming that C,
varies (linearly) with the concentration of labile organic matter in/on the surficial sediments, indexed as
the chl a concentration (BenChl) in the upper 3 cm (let
C, = a + bBenChl). In this second approach (Model 11),
we describe nutrient fluxes with the function:

Eqs. (3 & 4) reduce the coupled processes of diagenetic reactions and physical transports into a few
terms, but they are consistent with features of benthic
nutrient flux often observed in shallow coastal systems:
(1)benthic nutrient fluxes are proportional to sediment
porosity (Berner 1980); (2) changes in the magnitude
and direction of benthic fluxes covary with changes in
nutrient concentration in the water column (Cowan &

Boynton 1996); and (3) strong correlations are observed between nutrient efflux from sediments and the
chlorophyll content of the surficial sediments, an indicator of newly deposited phytodetritus (Cowan et al.
1996). We combined the 27 nutrient flux measurements from the channel and shoal sites, and fitted values of J' to Eqs. (3) & (4) separately for each nutrient
species. The quantities V, a, and b were estimated with
a quasi-Newton algorithm to determine parameter values that minimize the sum of squared deviations between measured nutrient fluxes and the fluxes calculated with the model equations.
Model I accounts for 74 % of the variance of the benthic flux of silicate and 67 % of the variance of DRP flux
in South San Francisco Bay (Table 1). However this
simple model does not explain the variability of ammonium or nitrate f!uxes. The Mode! I1 equation accounts
for 84 % of the variance of ammonium flux, but only
4 2 % of the variance of nitrate flux. Although these
equations are purely empirical descriptions of the net
effect of many linked processes, they do provide estimates of benthic nutrient flux from a few simple predictor variables: sediment porosity, dissolved nutrient
concentration above the sediment-water interface and
chlorophyll content of the surficial sediments. These
estimates are good for silicate and ammonium flux
(Fig. g), less accurate for DRP flux and unreliable for
nitrate.
These models might provide some insights into the
mechanisms that govern benthic-pelagic exchange of
the different nutrient species. Model I includes 1 general (physical) process-transport of dissolved nutrients at a rate proportional to the concentration gradient across the sediment-water interface. For this
gradient-driven process, spatial and temporal variability of benthic-pelagic exchange can be explained simply by the spatial variations in sediment porosity and
temporal fluctuations of nutrient concentration in the
water column. The good agreement between Model I
estimates and the measured fluxes of silicate and phosphate suggests that benthic-pelagic exchange of these
elements is largely controlled by the gradient-driven
process in South San Francisco Bay.

Table 1. Empirical models of benthic nutrient flux J' for silicate, phosphate, ammonium and nitrate, from cores collected at shallow and deep sites in South San Francisco Bay, spring 1996. Adjusted r2 shows the fraction of the variance of measured fluxes
expla~nedby each model. Values in bold were used to estimate fluxes shown in Fig. 9
Model I: J' = +V(Co
d

Si
DRP
m

4

NO1

- a)
1-

Model 11: J' = +V(Co- a - bBenChl)
V

a

b

r2
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0.74 to 0.84), suggesting that some
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small components of Si flux could
Fig. 9. Individual plots of measured versus estimated fluxes of dissolved inorbe related to dissolution of freshly
ganic Si, DRP. NH, and NO3. Each plot pools the measurements made at the
deposited frustules (Kamatani 1982).
channel and shoal site. Estimated benthic fluxes of Si and DRP are from Model
Concentrations of DRP in
I (Eq. 3);estimated fluxes of NH4 and NO3 are from Model I1 (Eq. 4 ) . ( 0 )Means
waters are also buffered by adsorpof measurements; vertical h e s : range of measurements from incubation of
triplicate cores collected at each site. Diagonal lines show linear regressions of
tion/desorption reactions (Sundby et
measured versus estimated fluxes (see Table 1)
al. 1992, Slomp & van Raaphorst 1993).
The larger residuals around the Model
within the sedirnents, leading to elevated ammonium
I fit to DRP fluxes (Fig. 9) could be a result of additional
fates for the DRP released: e.g. formation of minerals
concentrations in porewaters (leftmost form of Eq. 4),
or (2) direct release of ammonium from the mineraliza(Berner 1980, Sundby et al. 1992, Sarazin et al. 1993) or
tion of algal biomass settled onto the sediment surface
reaction of adsorbed phosphate with particle surfaces,
(rightmost form of Eq. 4 ) . A third, indirect mechanism
especially those coated with iron oxyhydroxides (e.g.
could be the enhancement of ammonium excretion by
Froelich 1988). Additionally, some P may be lost as disthe macrofauna in response to pulsed increases of food
solved organic phosphorus.
following the spring bloom (Caffrey 1995). The meaThe gradient-driven process alone (Model I) does not
sured nitrate fluxes in South San Francisco Bay sediexplain the variability of N fluxes (Table l ) . The amments are not well explained by either model (Table 1,
monium flux was strongly correlated with benthic
Fig. g), so additional processes must be considered
chlorophyll concentration and only weakly correlated
such as the linked processes of mineralization, nitrifiwith ammonium concentration, so the benthic-pelagic
exchange of this N species may be governed primarily
cation and denitrification (e.g.Ruardij & van Raaphorst
1995). The additional complexity of nitrogen biogeoby the mineralization rate of algal-derived organic
chemistry suggests that it might be difficult to find simmatter (the positive term in Eq. 4; see Hammond et al.
1985). Inclusion of this additional term improves the
ple empirical expressions to completely describe benmodel fit so that Model I1 accounts for most (84%) of
thic fluxes of nitrate.
the variance of the ammonium flux. The empirical
nature of this model does not help us identify the specific mechanisms of ammonium regeneration and reConclusion
lease from sediments. The additional process included
in Model I1 could be interpreted as either: (1) minAlthough the governing processes of benthic exchange vary among nutrient elements, we observed
eralization of bloom-derived phytoplankton biomass
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Table 2 Correlation coefficients between benthic fluxes of
silicate, phosphate, nitrate and ammonium. All correlations
are significant (p < 0.05); n = 27 measurements

DRP
NH4

0.56
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