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INTRODUCTION

When the ratio of benthic surface area to water
volume is high, such as in shallow-water ecosystems,
benthic and water-column environments are closely
coupled (Dame 1996). This coupling has been recog-
nized for a relatively long time, and Verwey’s (1952)

Wadden Sea study first identified the major role that
bivalve suspension feeders play in pelagic–benthic
coupling. Bivalve suspensions feeders facilitate the
transfer of particles and nutrients from the water
column to the sediments in the form of biodeposits
(Jordan 1987, Bayne & Hawkins 1992), and bivalves
have been proposed as an additional method to reduce
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phytoplankton biomass (Dame et al. 1980). An increase
in bivalve populations to historical population levels
has been suggested as a method to bring ecosystems
back to their natural balance and to improve water
quality (Cloern 1982, Officer et al. 1982, Cohen et al.
1984, Newell 1988). 

The euryhaline, epibenthic, bivalve suspension feeder
Crassostrea virginica (Gmelin) has been thought to be
a keystone species for one of the ‘largest estuaries of
the world’ (Kennedy 1996), Chesapeake Bay, Mary-
land, but its ecological role is not completely under-
stood. C. virginica filters large volumes of water and
efficiently filters particles larger than 3 µm from the
water column (Haven & Morales-Alamo 1970). At high
particle loads, oysters do not stop filtering but produce
more pseudofeces (Haven & Morales-Alamo 1966).
Large amounts of biodeposits reflect a transport of
particulate organic matter from the water column to
the sediments (Jordan 1987), unless currents resus-
pend the material and transport it away (Lund 1957,
Widdows et al. 1998).  

It has also been suggested that nutrient regeneration
from bivalve biodeposits may counterbalance the
removal of phytoplankton biomass by stimulating new
phytoplankton blooms (Doering et al. 1986, Asmus &
Asmus 1991). High rates of ammonium flux can occur
in sediments underlying natural bivalve populations
(Dame et al. 1989, 1991, Dame & Libes 1993, Asmus &
Asmus 1991), but other factors such as microphyto-
benthos abundance also affect nutrient transforma-
tions and regeneration (Sundbäck & Graneli 1988,
Sundbäck et al. 1991, 2000). Incubation experiments
have shown that particulate organic matter, oxygen
conditions, and microphytobenthos abundance affect
nitrogen transformations and regeneration from the
sediments (Caffrey et al. 1993, Enoksson 1993, Newell
et al. 2002).

Water flow is an important variable in nature and
affects processes such as (1) feeding behavior and food
availability for macrofauna (Diaz & Schaffner 1990,
Taghon & Greene 1992), (2) feeding interactions
(Fréchette et al. 1989), (3) particle aggregations in the
water column (Hill 1992), and (4) the erosion and trans-
port of particulate matter or biodeposits (Widdows et
al. 1998). Water flow can alter the direction and magni-
tude of process pathways and affect benthic–pelagic
coupling. bottom shear velocity (shear stress) affects
diffusional processes at the sediment–water interface
(Dade 1993, Sanford & Crawford 2000), sediment ero-
sion (Maa et al. 1993), microphytobenthos erosion
(Madsen et al. 1993, Yallop et al. 1994, Sutherland et
al. 1998), and possibly nutrient transformations and
regeneration (Boynton 1985, Santschi et al. 1990).
Benthic suspensions feeders and flow interact in many
ways (Wildish & Kristmanson 1997).

Whole-ecosystem experiments are required to cap-
ture direct and indirect benthic–pelagic interactions,
providing the most realistic ecosystem results. Previ-
ous studies of bivalve ecological functions have ranged
from highly controllable laboratory studies with short
response times and no feedback loops (e.g. Wright et
al. 1982, Swanberg 1991, O’Riordan et al. 1993, Ward
et al. 1998), to experiments in field flumes (Asmus et al.
1992, 1998), to very realistic but largely uncontrollable
whole-ecosystem field studies (e.g. Dame & Libes
1993) that include all the direct and indirect inter-
actions and feedbacks. Benthic boundary-layer pro-
cesses can be realistically represented in flumes but,
with few exceptions (Asmus et al. 1992), water-column
processes generally are not. In isolated tanks, water-
column processes can be mimicked well (Peters &
Redondo 1997, Sanford 1997), but processes at the
sediment–water interface are distorted (Sullivan et al.
1991, Crawford & Sanford 2001, Porter et al. 2004, this
volume). In linked flume/tank mesocosms (Porter et al.
2004), both water-column processes and benthic
boundary-layer flow can be represented realistically,
allowing for ecosystem experiments with enhanced
bottom shear velocity, realistic water-column turbu-
lence, and a realistic ratio of water-column turbulence
levels to bottom shear velocity.

To study the effect of oysters and benthic boundary-
layer flow on benthic–pelagic coupling processes in a
controllable whole-ecosystem context, we used 1000 l
experimental ecosystems with the same realistic
water-column turbulence levels (turbulence intensity
of 1 cm s–1) but different levels of bottom shear velocity
(Porter et al. 2004). Experiments were run with and
without juvenile oysters Crassostrea virginica. Our
linked mesocosm had a moderately enhanced bottom
shear velocity of 0.6 cm s–1, whereas bottom shear
velocity in our standard cylindrical mesocosms was
unrealistically low at 0.1 cm s–1. Mesocosms with oys-
ters were stocked at levels similar to oyster abun-
dances in historic times in Chesapeake Bay (i.e.
Newell 1988), with appropriate scaling to water vol-
ume (Porter 1999) using batch-feeding experiments.
The specific questions we sought to address were:
(1) How do oysters and bottom shear velocity affect
phytoplankton abundance in whole-ecosystem ex-
periments? (2) How do oysters and bottom shear
velocity affect nutrient transformations and nutrient
regeneration from the sediments? (3) How do oysters
and bottom shear velocity affect overall water quality
in whole-ecosystem experiments? Our experiments
were designed to determine if the combined effect of
oysters and increased bottom shear velocity directly,
indirectly, or non-linearly affected ecosystem pro-
cesses and shifted ecosystem function to the sedi-
ments. 
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MATERIALS AND METHODS

Physical and biological scaling. Treatments con-
sisted of an isolated tank with oysters, a linked meso-
cosm with oysters, and an isolated tank without oysters
(Fig. 1). The linked mesocosm consisted of an annular
flume with a diameter of 1.80 m and a water-column
height of 15 cm that was connected to a modified
water-column tank via an air-lift pump. In the linked
mesocosm, bottom shear stress and water-column tur-
bulence intensity could be set independently in each
device. The linked mesocosm design is described in
more detail in Porter et al. (2004).

All mesocosms had a 1 m-deep water column, a
1000 l volume, and a 1 m2 sediment surface area of ca.
10 cm deep muddy sediment. While water-column
mixing was the same in all systems, with turbulence
intensities of about 1 cm s–1, bottom shear velocity was
moderate (0.6 cm s–1) in the linked mesocosm and
unrealistically low (about 0.1 cm s–1) in the isolated
tanks (Porter 1999, Porter et al. 2004). To determine
turbulence intensities, we used a combination of gyp-
sum dissolution techniques (as appropriate in certain
flow conditions, Porter et al. 2000) and direct flow/
turbulence measurements with an acoustic Doppler
velocimeter (ADV) at different mixing speeds at a
number of representative locations in our experimental
ecosystems (Porter et al. 2004). Turbulence intensity
was defined as in Tennekes & Lumley (1972): 

(1)

where <u2>, <v2>, and <w 2> are the variances of
their respective velocity components. Turbulence
intensities of 1 cm s–1 are at the lower end of intensi-
ties in natural systems and allowed energy dissipation
rates in the systems to remain at reasonable levels.
We used a combination of qualitative, quantitative,
and semi-empirical engineering techniques to deter-
mine the benthic shear velocities (Porter 1999, Porter
et. al 2004). Shear (or ‘friction’) velocity (u*) ex-
presses the boundary-layer shear stress on a velocity
scale:

(2)

where τb is bottom shear stress and ρ is the density of
water. To quantify shear velocity directly at the bottom
of each system, we used hot-film anemometry (Finger-
son & Freymuth 1983, Gust 1988).

Each experiment consisted of 3 mesocosms. An addi-
tional set of small mesocosms of different shape was
run in parallel (Porter 1999, Porter et al. 2004). We
added the same biomass of juvenile, ca. 2.5 cm long
oysters Crassostrea virginica (Gmelin) to the linked
mesocosm and 1 isolated tank, and no oysters to a sec-
ond isolated tank. We performed triplicate sequential
4 wk long indoor ecosystem experiments in summer
1995 (Expt 1), fall 1995 (Expt 2), and in spring 1996
(Expt 3). In a pilot experiment without oysters (Porter
1999), we determined that the isolated tanks and the
linked mesocosm had similar levels of phytoplankton
biomass. 

We scaled the biomass of oysters to filter the entire
water column about once every 1.5 d to represent
historic oyster abundances in Chesapeake Bay as esti-
mated by Newell (1988). Based on measured filtration
rates of juvenile, ca. 2.5 cm long, oysters, we distrib-
uted a total of 228 g live weight, i.e. about 113 indi-
vidually numbered and preweighed juvenile oysters,
randomly across the bottom on Day 2 of each experi-
ment. Oyster weight gain over the experiment was
determined at the end of each experiment from many
oysters with still identifiable numbers.

Experimental setup and water-column measure-
ments. Muddy surface sediment was collected with
buckets from the shallow mesohaline Choptank River,
a Chesapeake Bay tributary, and treated in a holding
tank that was covered with black plastic for 4 d to
render it anaerobic and free of live macrobenthos. It
was distributed into trays that fit the mesocosms,
scraped flat, and kept in flow-through filtered estuar-
ine water in the dark for 14 d. In a separate study we
found that this procedure killed macrofauna and pro-
duced realistic pore-water gradients within a 2 wk
period (Porter 1999). After defaunation and chemical
stabilization, organisms of choice can be added to test

u* =
τ
ρ
b

q u v w= < > + < > + < >( )1
3

2 2 2
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hypotheses on the effect of bottom shear stress and
organisms on ecosystem processes.

At the start of each experiment, the sediment trays
were placed into all mesocosms, providing a 10 cm
sediment layer. The systems were then filled with
unfiltered estuarine water from the Choptank River
and appropriate biomasses of oysters. 

The experiments were housed indoors. A simulated
day–night cycle of 12:12 h light:dark was provided
from broad-spectrum fluorescent bulbs. Daylight
levels at the water surface were set to about 160 µE m–2

s–1, sufficient to produce phytoplankton blooms in this
shape of mesocosm. Water temperatures in the experi-
ments were 22 ± 1°C. Illumination of the sediment sur-
face of the linked systems was adjusted to that of the
surface sediment in the 1 m deep tanks by using shad-
ing mesh. To mimic tidal exchange we replaced 10%
of the water in each system daily with 0.5 µm filtered
estuarine Choptank river water. Within the first 3 d of
each experiment we added a nutrient spike of ammo-
nium and soluble reactive phosphorus (SRP) at the
Redfield ratio, increasing initial ammonium and SRP
levels in the tanks by about 25 and 1.6 µM, respec-
tively, to stimulate a phytoplankton bloom. We cleaned
mesocosm walls of wall periphyton biweekly or more
often to minimize wall growth (Chen et al. 1997, 2000). 

Biological and geochemical variables included water-
column chlorophyll a, water-column nutrient concen-
trations (ammonium, nitrate+nitrite, dissolved inorganic
nitrogen [DIN], SRP, silicate), oyster growth rate, light at
the sediment surface, and sediment chlorophyll a. Wa-
ter-column nutrients were analyzed following Zimmer-
man et al. (1977) and Parsons et al. (1984). Pre- and post-
experiment flux rates of nutrients and gases were
determined from sediment flux incubations with sedi-
ment from the mesocosms as described below. 

Chlorophyll a concentrations were measured fluori-
metrically after filtration on Whatman GFF glass-fiber
filters (Lorenzen 1967). Water-column nutrient concen-
trations were measured every 2 to 3 d, and the data
from all experiments from 2 d after the spike until the
end of the experiment were included in statistical
analyses. To determine oyster growth rate over each
experiment, individual oysters were marked and their
live weight measured before and after each experi-
ment. We measured light profiles (downwelling atten-
uation) regularly with a Li-Cor light meter, calculated
the attenuation coefficient, and calculated light levels
at the bottom.

Sediment chlorophyll a measurements. Chlorophyll
a concentration in the surface sediment was measured
at the end of Expts 2 and 3, with weekly sediment
chlorophyll a measurements in Expt 3. The 0 to 0.5 cm
surface sediment layer was sampled using 2.5 cm
diameter coring devices with 3 replicates for all time

points (9 replicates at end) and frozen at –80°C until
analysis. Sediment chlorophyll a was analyzed using
high-performance liquid chromatography (Van Heuke-
lem et al. 1992, 1994) to exclude interferences of
degradation products such as pheophytin, chloro-
phyllides, and pheophorbides abundant at areas with
bivalves (e.g. Karakassis et al. 1998).

We extracted sediment chlorophyll a by adding
20 ml of 100% acetone to the sample tubes, sonicated
each tube for 15 cycles at 0°C, and let the sample
extract further in a freezer overnight. After decanting,
we then added an additional 20 ml of 90% acetone,
sonicated the sample again, and let the sample extract
for another 3 h. The supernatant was decanted after
centrifugation and subsequently analyzed by high-
performance liquid chromatography (Van Heukelem
et al. 1992, 1994). In prior tests we had found that this
technique efficiently extracted about 97% of the sedi-
ment chlorophyll a from sediments containing a range
of sediment chlorophyll a concentrations. Extracts
from replicate samples were pooled and analyzed for
chlorophyll a, pheophytin a, pheophorbide, and chloro-
phyllide a. Because samples from Expt 2 were ana-
lyzed more than 3 mo after the respective experiments,
some degradation of chlorophyll a could have taken
place, and for Expt 2 we report the sediment chloro-
phyll a values plus all degradation products. 

Sediment flux experiments. At the end of the meso-
cosm experiments, we removed 3 sediment cores per
mesocosm using 13.3 cm diameter, clear, acrylic ben-
thic chambers. We added filtered water to the benthic
chambers, sealed the chambers air-tight, added stir-
ring, and incubated the cores first in the dark and then
in the light to obtain sediment oxygen, ammonium,
nitrate+nitrite, nitrogen gas (N2-N) dark and light flux
rates, and daily flux rates for each chamber plus con-
trol chambers that did not have any sediment. Nutrient
and gas flux rates from the sediments were corrected
for water-column processes using data from chambers
run without sediment. Nutrient samples were frozen at
–20°C and later analyzed following Zimmerman et al.
(1977) and Parsons et al. (1984). Nitrogen gas flux rates
were determined using a modified membrane inlet
mass spectrometer (Kana et al. 1994). We did not deter-
mine sediment nutrient and gas flux rates in the light
for Expt 1 but did so for Expts 2 and 3. Sediments at
the start of an experiment were taken from the flow-
through water bath and incubated in the dark only. 

Statistical analyses of experimental ecosystem vari-
ables. In this series of experiments, the position of each
of the 3 treatments was rotated to follow the pattern of
a latin square (Steel & Torrie 1980, and present Fig. 2).
Latin-square analyses of variance included the data
of a variable from all experiments in the analysis.
Responses on sediment-flux cores with dark and light
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incubations added a split plot or repeated-measures
dimension to the design (sediment oxygen, ammo-
nium, nitrate+nitrite, dissolved inorganic nitrogen,
nitrogen gas, silicate fluxes). Analysis of variance was
applied to individual experiments when data for 1 of
the 3 experiments were lost (sediment chlorophyll data
from Expt 1) or not measured (light sediment flux rates
in Expt 1), and repeated significant effects of the same
direction over multiple experiments were taken as
indicative of an overall effect. Statistical analyses
were performed using SAS (SAS Institute). Assump-
tions of the normality and the homogeneity of the error
term were checked using Shapiro-Wilks and Levene’s
tests, respectively, and the data transformed when
necessary.

RESULTS

Water-column processes

Water-column chlorophyll a levels, an index of
phytoplankton biomass, were significantly lower in
systems with oysters than in the isolated tank without
oysters (Fig. 3). There were no significant differences
in water-column chlorophyll a concentrations between
the linked mesocosm with oysters and the isolated tank
with oysters, although the rate of change of phyto-
plankton biomass per day, on the basis of total 228 g
live oyster biomass per tank, was larger in the isolated
tank with oysters (–17.4 × 10–4 ± 22.1 × 10–4) than in the

linked mesocosm with oysters (+1.9 × 10–4 ± 4.3 × 10–4).
In addition, in all experiments, systems with oysters
did not have a second phytoplankton bloom, whereas
blooms developed in the isolated tank mesocosm
either after the start (Expts 1 and 2) or towards the
middle of the experiment (Expt 3).

Oysters grew slightly better in the linked mesocosms
(Fig. 4), the results were not statistically significant.
However, oyster feeding significantly increased light
penetration through the water column and to the
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Table 1. Results of latin square ANOVA of the 3 experiments for water-column chlorophyll a concentrations, light levels at bottom,
dissolved oxygen concentrations, and water-column nutrient concentrations. SRP: soluble reactive phosphorus. Probabilities at 
0.1 > p > 0.05 are non-significant and only suggestive of a trend; boldface indicates statistical significance and trends. 
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Comparison Water-column Light at Dissolved Ammonium Nitrate+nitrite DIN SRP Silicate
chl a bottom oxygen

m+oys vs   m+oys p = 0.0147 p = 0.0376 p = 0.2318 p = 0.0735 p = 0.4773 p = 0.4272 p = 0.1926 p = 0.5567
m+oys vs   L+oys p = 0.0223 p = 0.0236 p = 0.2677 p = 0.0813 p = 0.7247 p = 0.6758 p = 0.5915 p = 0.5564
m+oys vs   L+oys p = 0.2580 p = 0.3019 p = 0.8767 p = 0.6996 p = 0.7133 p = 0.6978 p = 0.4128 p = 0.2547
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sediments (Fig. 5, Table 1). There were no significant
differences between light levels in the isolated tank
with oysters and the linked mesocosm with oysters
(Fig. 5, Table 1).

Water-column nutrient concentrations such as ni-
trate+nitrite, dissolved inorganic nitrogen, and silicate,
averaged from Day 2 after the spike to the end of the
experiments, were not significantly different among the
isolated tank, the isolated tank with oysters, and the
linked mesocosm (Fig. 6, Table 1). Ammonium showed
a trend of being enhanced in the isolated tank with oys-
ters and the linked mesocosm with oysters compared to
the isolated tank without oysters (Table 1). Variability
in overall nutrient concentrations was high between
Expts 1, 2, and 3 because the experiments were per-
formed during different seasons (Fig. 6). Water-column
dissolved oxygen levels were not significantly different
between the isolated tank, the isolated tank with oys-
ters, and the linked mesocosm with oysters (Table 1)
and ranged between 6.5 and 13 mg l–1.

Processes at sediment–water interface

Sediment chlorophyll a
(index of microphytobenthos biomass)

Sediment chlorophyll a concentrations at the end of
Expts 2 and 3 (Fig. 7) ranged from 80 to 120 and 80 to
450 mg m–2, respectively, and were significantly lower
in the linked mesocosm with oysters than in the iso-
lated tank with oysters. Sediment chlorophyll a con-
centrations were significantly higher in the isolated
tank with oysters compared to the isolated tank with-
out oysters. Overall sediment chlorophyll a concen-
trations were significantly higher in Expt 3 than Expt 2.

During Expt 3, we measured sediment chlorophyll a
concentrations weekly (Fig. 8). Sediment chlorophyll a
concentrations increased similarly in all tanks to about
100 mg m–2 over the first 2 wk. However, after 14 d,
sediment chlorophyll a concentrations increased in the
isolated and the linked mesocosm with oysters but not
in the isolated tank without oysters. While sediment
chlorophyll a concentrations increased similarly to
about 280 mg m–2 in the isolated tank with oysters
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and the linked mesocosm with oysters from Days 14 to
21, sediment chlorophyll a concentrations increased
from 300 to 330 mg m–2 from Days 21 to 28 in the iso-
lated tank with oysters but decreased sharply from 250
to 120 mg m–2 in the linked mesocosm with oysters
(Fig. 8). The decrease of sediment chlorophyll a coin-
cided with direct observations of patches of micro-
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phytobenthos being eroded after a period with oxygen
bubbles in the mat. Although sediment chlorophyll a
abundance increased again after Day 28 in the linked
mesocosm with oysters, sediment chlorophyll a con-
centrations remained significantly lower than in the
isolated tank with oysters and significantly higher than
in the isolated tank without oysters until the end of the
experiment (Day 35) (Fig. 8). This shift in biomass sug-
gests that the interaction of a moderately increased
bottom shear and the age of the microphytobenthos
eroded sediment chlorophyll a.

Sediment nutrient and gas fluxes

All sediment-flux experiments were performed with-
out oysters to separate indirect biogeochemical re-
sponses from the direct effects of oyster feeding and
metabolism. We observed oxygen uptake by the sedi-
ments in the dark, and oxygen release in the light
(Figs. 9, 10 & 11). Oxygen uptake in the dark ranged
from –400 to about –1000 µmol m–2 h–1 at the end of
all experiments. Oxygen uptake rates were not signifi-
cantly different between the isolated tank, the isolated
tank with oysters, and the linked mesocosm with
oysters. Oxygen effluxes in the light ranged from +400
to +6000 µmol m–2 h–1 in our systems. The significantly
highest oxygen effluxes were observed in the isolated
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tanks with oysters, with rates of +2000 and +6000 µmol
m–2 h–1 in Expts 2 and 3, respectively (light phases,
Figs. 10 & 11). Net dark + light oxygen fluxes (reported
here as daily rates) were also highest in the isolated
tanks with oysters (Figs. 10 & 11). 

We observed sediment ammonium-flux rates rang-
ing from +50 to –110 µmol m–2 h–1 (Figs. 9, 10 & 11). In
the dark we observed ammonium effluxes, and in the
light ammonium uptake (Figs. 10 & 11). At the end of
Expt 2, we observed significantly higher ammonium
effluxes (100 µmol m–2 h–1) in the linked and isolated
mesocosm with oysters; in contrast, the isolated tank
without oysters had a slight uptake (–10 µmol m–2 h–1).
We found a daily dark + light sediment ammonium
uptake in the mesocosm with oysters, with a rate of
–100 µmol m–2 d–1, but a sediment ammonium efflux
of about 600 µmol m–2 d–1 in linked mesocosm with
oysters in Expt 2 (Figs. 10 & 11). 

Nitrate+nitrite flux rates ranged from +150 to
–200 µmol m–2 h–1 over the dark and light periods
(Figs. 9, 10, 11) in all experiments with no consistent
pattern of uptake or efflux. Overlying water nitrate+
nitrite concentrations for the flux cores were about 1,
19 and 41 µmol m–2 h–1 for Expts 1, 2 and 3, respec-
tively, with ammonium concentrations ranging be-
tween 1 and 3 µmol m–2 h–1. Daily nitrate+nitrite
fluxes were significantly lower in the isolated tanks
with oysters than in the linked mesocosm with oysters
over our 2 experiments with available data (Figs. 10 &
11) but flux rates in the isolated tank without oysters
were variable.

Dissolved inorganic nitrogen flux rates in all experi-
ments ranged from +70 to –275 µmol m–2 h–1 over the
dark and light periods (Figs. 9, 10, 11). We observed
slight efflux (+70 µmol m–2 h–1) or uptake (–80 µmol
m–2 h–1) in the dark, whereas we found high uptakes

(–70 to –275 µmol m–2 h–1) in the light. Dis-
solved inorganic nitrogen uptake rates were
significantly higher in the isolated tank with
oysters than in the linked mesocosm with
oysters, with a greater difference observed
in Expt 2 (–150 vs +50 µmol m–2 h–1; Fig. 10)
than in Expt 3 (300 vs 190 µmol m–2 h–1;
Fig. 11). Daily DIN uptake rates were sig-
nificantly higher in the isolated tank with
oysters than in the linked mesocosm with
oysters. 

Nitrogen gas fluxes ranged from about
+30 to –100 µmol m–2 h–1 (Figs. 10 & 11) with
overall nitrogen gas efflux in the dark and
uptake in the light. Daily nitrogen gas
uptake was significantly higher in the iso-
lated tank with oysters than in the linked
mesocosm with oysters (Figs. 10 & 11).

Overriding sediment relationships

Sediment gross oxygen production (i.e.
light O2 flux – dark O2 flux) was positively
correlated (p < 0.0001) to sediment chloro-
phyll a concentrations (Fig. 12a). In addi-
tion, daily dissolved inorganic nitrogen
fluxes were negatively correlated (p =
0.0011) to sediment chlorophyll a except
the cores from the isolated tank without
oysters in Expt 2 (Fig. 12b). Furthermore,
daily ammonium fluxes were negatively
correlated (p < 0.0044) to sediment chloro-
phyll a (Fig. 12c); the outlier is due to a
core run accidentally with an oyster. Nitro-
gen gas flux rates in the light decreased
linearly with increasing sediment chloro-
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phyll a concentration (Fig. 12d); however, cores from
the mesocosms without oysters in Expt 3 did not fit
the pattern and had low nitrogen gas flux rates. We
have observed high N2-N influxes in other systems
with high microphytobenthic biomass and have had
difficulty corroborating these apparent N fixation
measurements with other measures of N fixation
(E. Nagel & J. C. Cornwell unpubl. data). There
appears to be the potential for N2 flux artifacts associ-
ated with high O2 production.

Systems that had higher flux rates in the dark also
had significantly higher flux rates in the light,
i.e. they were significantly correlated (p < 0.0001)
(Fig. 13a). Nitrogen demand, calculated as the gross
oxygen production divided by 6.625 (i.e. the Redfield
ratio of C:N with 106:16, Kemp & Cornwell 2003),
increased significantly with increasing nitrogen sup-
ply, calculated as the sum of the light ammonium flux
rate, the light nitrate+nitrite flux rate, and the light
nitrogen gas flux rate (Fig. 13b). Nitrogen gas flux
rates in the dark and nitrogen gas flux rates in the
light, respectively, significantly increased linearly
with increasing concentrations of nitrate+nitrite in
the overlying water column (Fig. 14). 

DISCUSSION

Direct and indirect interactions between oysters and
moderate bottom shear velocity affected phytoplank-
ton biomass, light availability, microphytobenthos bio-
mass, and nutrient regeneration from the sediments to
the water column, with implications for water quality
in ecosystems. Oysters feeding significantly decreased
phytoplankton biomass. The isolated tank without
oysters repeatedly developed a phytoplankton bloom,
while the mesocosms with oysters did not. A decrease
in phytoplankton biomass, as mediated by oysters,
repeatedly enhanced light penetration through the
water column and to the sediments. Phytoplankton
biomass and bottom light levels, however, were not
significantly different between the isolated tank with
oysters and the linked mesocosm with oysters. Light
availability at the bottom enhanced microphyto-
benthos abundance but, conversely, a moderate
bottom shear velocity of 0.6 cm s–1 eroded micro-
phytobenthos as the mat aged, thus reducing micro-
phytobenthos abundance. Bubble formation within the
microphytobenthos community may have provided
buoyancy and increased pore spaces and mat rough-
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ness, decreasing the critical erosional threshold. The
microphytobenthos biomass dominated nutrient feed-
backs from the sediments to the water column. 

Across all experiments, we found a strong positive
relationship between gross oxygen production and the
concentration of sediment chlorophyll a, indicating
photosynthesis.

The large range of sediment oxygen fluxes in the
light contrasted strongly with the small range of sedi-
ment oxygen fluxes in the dark, with an apparent
predominance of production over respiration. Despite
a positive correlation between production and respira-
tion, the lower rates of respiration suggest that at an
assumed steady state, respiration may not be the only
organic matter loss term. Depleted water-column
chlorophyll a levels after the blooms suggest that oys-
ters  were probably food-limited over large periods of
the experiments, with a concomitant reduction in bio-
deposition.  

We observed a significant increase in the daily sedi-
ment ammonium and dissolved inorganic nitrogen
uptake with increasing sediment chlorophyll a abun-
dance. Thus microphytobenthos significantly reduced
the overall amount of regenerated N that was returned
to the water column. The daily nitrogen release to the
water column was lowest in the system with the high-
est concentrations of sediment chlorophyll a. Thus, the
daily sediment nitrogen release was mediated by light
availability at the bottom and by an enhanced bottom
shear stress that eroded and thus decreased microphy-
tobenthos biomass. 

Nitrogen gas sediment-flux rates, based on all sedi-
ment data from all experiments, tended to decrease
with increasing sediment chlorophyll a concentrations,
although the mesocosm with oysters in Expt 3 did not
follow this trend. The decreasing nitrogen gas flux
rates indicate a possible nitrogen gas fixation with
increasing microphytobenthos biomass. In addition,
nitrogen gas flux rates, and thus denitrification, signif-
icantly increased with increasing nitrate+nitrite con-
centrations in the dark and in the light, respectively. 
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Over our experiments, sources of nitrogen supply,
calculated by adding the potential nitrogen sources of
ammonium, nitrate+nitrite, and nitrogen gas (Table 2),
and based on all sediment data from all experiments,
could meet 48% of our calculated stoichiometric nitro-
gen demand by the microphytobenthos. With increas-
ing nitrogen demand more of the nitrogen supply was
used (Fig. 13b).

Variability was introduced by sequential experiments
performed at different seasons, i.e. summer, spring
and fall, with each having seasonally different water-
column nutrient concentrations. For example, in Expt 3,
performed in the spring, water-column dissolved inor-
ganic nutrient concentrations were more than twice as
high as in Expts 1 and 2. Sediment chlorophyll a levels
were more than 3 times as high in Expt 3 as in Expt 2.
Oxygen flux rates, strongly dependent on microphyto-
benthos biomass and particulate organic matter depo-
sition, were about 2 times higher in Expt 3 than in
Expt 2. We detected repeated significant differences
over all experiments between processes in systems
that primarily differed in terms of benthic boundary-
layer flow and oysters, despite the temporal variability
associated with changing input water.

Our linked mesocosm with realistic water-column
turbulence and benthic boundary-layer flow (Porter
1999, Porter et al. 2004) allowed us to include both the
water-column and benthic processes and thus their di-
rect and indirect interactions more realistically. Studies
addressing individual processes in, for example, ben-
thic boundary-layer devices (Maa et al. 1993, Gust &
Müller 1997, Thomsen & Flach 1997, Boynton et al.
1981) or water-column devices (e.g. Sullivan et al. 1991)
provide detailed information on a certain interaction or
process. However, scaling results from studies focused
on isolated processes to natural systems has been ques-
tioned (Schindler 1998, Haag & Matschonat 2001). Re-
sults of multiple individual interactions combined do
not scale up to the ecosystem because of indirect link-
ages and feedbacks that are not accounted for. Models
that use collective data from individual process studies
may not be realistic and should include physical and bi-
ological processes realistically (e.g. Lee et al. 2002) and
should use data obtained from whole-ecosystem stud-
ies that include direct and indirect links. Indirect links,
such as the processes shifting to the benthic environ-

ment in this study, have often only been found when
results were unexpected (Sih et al. 1985).

A moderate (0.6 cm s–1) bottom shear velocity (in
interaction with mat age) eroded and reduced micro-
phytobenthos biomass, and nutrient regeneration to
the water column was significantly reduced. Under-
wood & Paterson (1993) also found that microphyto-
benthos biomass was correlated with shear strength
and critical shear stress. Microphytobenthos can
increase sediment stability (Madsen et al. 1993)
through the alteration of adhesive–cohesive bonding
among particles, thereby reducing sediment erodibil-
ity. However, the age of the microphytobenthos mat
can also affect the critical erosional velocities (Madsen
et al. 1993, Sutherland et al. 1998). We observed
oxygen bubbles in the mat that may have lifted the
carpet, facilitating microphytobenthos erosion and
leading to mass erosion at a moderate bottom shear of
about 0.6 cm s–1. Mass erosion of microphytobenthos
has also been observed by Miller et al. (1996). Sund-
bäck & Joensson (1988) suggested that the interaction
of nutrients, light, sediment type, and ‘degree of expo-
sure to water movement’ determines microphytoben-
thos biomass. Overall, shear velocity/shear stress must
be considered in addition to light availability as it
significantly affects microphytobenthos biomass above
critical erosional levels. Microphytobenthos biomass
affected nutrient flux rates from the sediment and
nutrient transformations; however, effects of micro-
phytobenthos, nutrients, and particulate organic mat-
ter on coupled nitrification–denitrification are complex
(Newell et al. 2002, Risgaard-Petersen 2003).

From the results of our mesocosm study, we suggest
that historic oyster abundances in the Chesapeake Bay
(Newell 1988) maintained higher light levels at the
sediments of the shallow flanks in Chesapeake Bay
and thus may have increased microphytobenthos bio-
mass in shallow quiescent parts of Chesapeake Bay
with low bottom shear velocities, but not necessarily in
areas with moderate to high shear velocities. Although
few measurements of bottom shear velocity (shear
stress) are available for the Chesapeake Bay, Wright et
al. (1997) estimated bottom shear velocities of 1.0 to
1.4 cm s–1 for the lower Chesapeake Bay. These values
are higher than the moderate bottom shear levels we
chose for our experiments. 
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Table 2. Sediment-flux relationships (after Kemp & Cornwell 2003)

Parameter Definition

Gross oxygen production (µmol m–2 h–2) O2 flux rate in light – O2 flux rate in dark
Nitrogen demand (µmol m–2 h–2) gross O2 production / 6.625
Nitrogen supply (µmol m–2 h–2) NH4

+ flux + NO3
– + NO2

– flux + N2-N flux (all in light)
Daily flux rate (µmol m–2 h–2) (flux rate in light + flux rate in dark) / 2 × 24
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An unexpected result of these complex ecosystem ex-
periments was the observation that moderate bottom 
shear velocity may reduce microphytobenthos biomass
and with it the beneficial effects of microphytobenthos
mats in shallow-water environments, despite any light
available due to oyster feeding. Thus, in addition to
any beneficial effects of bivalve feeding on light pene-
tration to the bottom and on microphytobenthos bio-
mass, adverse effects of the erosion and transport of
microphytobenthos and biodeposits by bottom shear
stress and the transport of microphytobenthos and bio-
deposits by currents to sites where anaerobic decom-
position predominates must be considered. In addition,
higher bottom shear velocities than those used in our
experiments will induce sediment resuspension, as
observed in clam habitats such as Breakwater Harbor,
Delaware (Bock & Miller 1994), or clam habitats in
Great South Bay, New York (Bricelj et al. 1984), further
affecting water-column turbidities, and thus may also
affect microphytobenthos abundance and ecosystem
processes; yet few measurements of bottom shear
stress are available for natural habitats.

Experiments and models that will aid in prediction of
the effects of bivalve suspensions feeders on ecosys-
tems must include realistic physical conditions. It is the
interaction of the biological and the physical processes
that affects the overall ecosystem processes and water
quality. Data used in models must come from experi-
ments that include direct and indirect effects of inter-
actions between biological and physical components
of the ecosystem. Controlled whole-ecosystem experi-
ments further varying physical variables (e.g. bottom–
shear) and varying biological variables (e.g. bivalve
species, density, ecological complexity), supplemented
with smaller-scale experimental approaches to study
specific interactions, are needed to further resolve the
complex interactive effects of bivalves and water flow
on benthic–pelagic coupling and on overall water
quality. This may be done by (1) designing a new gen-
eration of mesocosms with both realistic water-column
turbulence levels and high bottom shear stress in
single systems, and by (2) conducting comparative
ecosystem studies with tidal/episodic sediment resus-
pension and organisms, and using simultaneous rather
than sequential replication.
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