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The capacity of filter feeders to reduce seston and phytoplankton concentrations in the water column has
important implications for restoration and management of coastal ecosystems. We directly measured
changes in chlorophyll a concentration on commercially stocked intertidal oyster beds (Crassostrea gigas)
in Willapa Bay, Washington, USA by recording water properties near small drifters as they tracked parcels
of water across tide flats. Chlorophyll declined 9.6% per half hour in water passing on-bottom adult oysters
and 41% for longline adult oysters, whereas chlorophyll concentrations increased as water flowed across
tide flats without adult oysters. Field filtration rates, which were fit to exponential declines in chlorophyll
and accounted for oyster density and water depth, averaged 0.35 L g−1 h−1 (shucked dry weight) for
on-bottom aquaculture and 0.73 L g−1 h−1 for longline culture, compared to values of 2.5–12 L g−1 h−1

reported from laboratory studies of C. gigas. Field filtration rates may be lower than laboratory rates due to
unfavorable field conditions (e.g., low initial chlorophyll concentrations) or masked by resuspension of
benthicmicroalgae. In addition to distinctions among on-bottom, longline, and no-oyster habitats, Akaike's Infor-
mation Criterion analysis showed temperature, initial chlorophyll concentration, and depth related to chloro-
phyll decline. This research corroborates mathematical models suggesting that benthic suspension feeders are
exerting top-down control of pelagic production in this estuary, with strong patterns in chlorophyll emerging
across extensive tideflats populated by C. gigas despite low field filtration rates.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Biological filters such as suspension-feeding bivalves contribute
ecological services in coastal environments. It has long been recognized
that, by bridging benthic and pelagic zones, bivalve suspension-feeders
have the potential to increase water clarity and reduce eutrophication
(Alpine and Cloern, 1992; Brooks, 1891; Coughlan, 1969; Newell,
2004; Verwey, 1952). Indeed, large-scale changes in aquatic production
have been associated with bivalve aquaculture removal (Huang et al.,
2008), loss of oyster reefs (Jackson et al., 2001), and bivalve invasions
(Alpine and Cloern, 1992; Strayer et al., 1999). Local effects of high-
density bivalves include gaps in phytoplankton distribution and en-
hanced deposition (Hatcher et al., 1994; Newell, 2004; Noren et al.,
1999). Models also indicate that some systems are sufficiently biologi-
cally filtered, relative to flushing and phytoplankton growth, to struc-
ture bay-wide pelagic production (Banas et al., 2007; Dame and Prins,
1998; Grangeré et al., 2010). Despite reasonable grounds to expect
top-down reduction of pelagic resources by benthic suspension feeders,
field measurements nevertheless remain challenging because of the
spatial scales involved and numerous factors influencing filtration
, Program on the Environment,
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rates (Newell et al., 2007; Pomeroy et al., 2006; Powell et al., 1992;
Riisgard, 2001). In this paper, we report on fieldmeasurements demon-
strating reduction of phytoplankton over cultured oysters (Crassostrea
gigas) on tide flats in a mesotidal estuary.

In laboratory studies,filtration rates for Pacific oysters (C. gigas) show
a wide range: 2.5–11.8 L g−1 h−1 shucked dry weight (Bougrier et al.,
1995; Coughlan, 1969; Dupuy et al., 2000; Kobayashi et al., 1997).
Although filtration rates have not often been explored with context-
dependence in mind, variation accords with filtration rates responding
to several key environmental and organismal traits. On a per-mass
basis, bivalve filtration declines with individual mass and shows a
unimodal relationship with temperature (Ren et al., 2000). Filtration
rates in bivalves vary with food quality (Barillé et al., 1997; Dupuy et
al., 2000; Riisgard, 1988). Additionally, Powell et al. (1992) noted that,
across bivalves of many sizes and species, filtration rates measured in
the laboratory fall into two distinct groups of ‘low-gear’ and ‘high-gear’,
which vary by a factor of 3. For a 120-mmoyster of 4.4 g drymeatweight
(Kobayashi et al., 1997), expected low-gear filtration is 0.9 L g−1 h−1

(Powell et al., 1992).
Methods are improving for the field measurement of filtration by

bivalves, for instance by comparing similar areas with and without
bivalves, or phytoplankton concentrations upstream and downstream
of bivalves at known density. In the case of the eastern oyster
(Crassostrea virginica), densely cultivated adult oysters significantly
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reduced both turbidity and chlorophyll concentrations in small tidal
creeks as compared to creeks without oysters (Nelson et al., 2004).
While the oyster density in this study was comparable to commercial
densities (125 m−2), the measurements were taken over a small spa-
tial scale (4 m), close to the oysters (4–6 cm above). In another study
at a small spatial scale, seston and chlorophyll concentrations were
significantly reduced by C. virginica (up to 25% removal at a maximum
distance of 20 m; Grizzle et al., 2006). In contrast, in a study of six
tidal creeks near Georgetown, South Carolina, oysters (C. virginica)
were found to increase concentrations of inorganic nutrients in
the creek, but had no effect on chlorophyll concentrations relative
to control creeks without oysters (Dame and Libes, 1993). Similar
results were found in tidal creeks in Alabama where oyster reefs did
not have significant impacts on water column particulate matter
(Plutchak et al., 2010). Grizzle et al. (2008) examined 8 reefs in shal-
low water (26 to 52 cm) over distances of 5–18 m. They found that
eastern oyster (C. virginica) reefs were removed on average 12.9% of
chlorophyll a from the water column, which corresponded to a filtra-
tion rate of 1.2 L h−1 for 36-mm oysters. Chlorophyll concentrations
were 19% lower within cultivated C. gigas in Thau Lagoon, France,
than outside, although this trend was not statistically significant
(Pernet et al., 2012).

For several reasons, filtration impacts are likely to be more variable
under field conditions than in a laboratory setting (Coen et al., 2007).
Most importantly, the entire water column may not be accessible
to suspension-feeders anchored to the bottom (Jonsson et al., 2005;
Pomeroy et al., 2006). Water flow velocity may prevent depletion
over time and distance scales that are feasible for study. Rapidly flowing
water may provide little time for filtration to occur, whereas particulate
removal at slower velocities may be constrained by boundary layers
which might develop in low flow conditions. Resuspension may also
limit the detection of top-down control in coupled benthic-pelagic sys-
tems. Benthic diatoms contribute to the diets of suspension-feeders in
many systems (Riera and Richard, 1996; Yokoyama et al., 2009), and
their resuspension into the water column could offset removal. Finally,
temperatures and particle concentrations are not likely to be optimal,
and thus suspension-feeders probably filter below maximum rates in
the field (Harsh and Luckenbach, 1999). In addition to these physiolog-
ical constraints, bivalve filtration may lead to a positive feedback loop
with phytoplankton growth resulting from nutrient release into the
water column or sediment fertilization through biodeposition (Nizzoli
et al., 2006). The questions surrounding top-down control of water
column resources by benthic suspension-feeders need to be reframed
to consider, not simply the existence of depletion, but the conditions
under which depletion can occur.

The scenarios outlined above lead to a suite of predictions about the
strength of top-down control under different environmental conditions.
We expect that top-down control will be stronger when water depth
is low, filter-feeder density is high, individual filtration rates are high
(optimal temperature, food quantity and quality), and pelagic resources
are not replenished by phytoplankton growth or resuspension of
benthic microalgae. Clearly, the total time that water passes over filter
feeders may influence chlorophyll drawdown, and we incorporate this
into the response variable as a depletion rate. This study capitalizes on
modified densities of bivalves that occur during aquaculture, as well
as informs potential ecosystem services of cultured Pacific oysters
(C. gigas) in Washington State.

2. Methods

2.1. Study sites

This study occurred in Willapa Bay, Washington, USA, a shallow
well mixed estuary with a residence time of 3–5 weeks at the southern
end and several days nearer the mouth during summer periods of low
river flow (Banas and Hickey, 2005). The mean high water level is
3.87 m and the mean tidal range is 2.075 m (www.tidesandcurrents.
noaa.gov). There are extensive tide flats, and about half of the bay's
area dries on extreme low tides. Commercial aquaculture of Pacific oys-
ters (C. gigas) and Manila clams (Ruditapes philippinarum) occupies ap-
proximately 20% of the intertidal area (Feldman et al., 2000), yielding at
least 9% of the oysters grown in the United States (Ruesink et al., 2006).
We selected intertidal regions within Willapa Bay that differed in habi-
tat and carried out “drifts” in which parcels of water were tracked for
position and properties during flood tides. Drifts occurred at six regions
within Willapa Bay, and some regions contained several habitat types
(Fig. 1). In total, four regions contained bottom culture, inwhich oysters
are grown in small clusters directly on the sediment; three regions
contained longline culture with clusters of oysters attached to ropes
hung horizontally between stakes and suspended approximately 0.5 m
above the sediment; and three regions contained tideflats without oys-
ters, recently harvested, or with juvenile oysters (“bare”). Aquaculture
beds representing oyster habitats are typically several hectares in spatial
scale, with even-aged cohorts, and both the on-bottom and longline
habitats used in this study were near the end of a three-year crop cycle.

2.2. Field sampling of water properties across tideflats

To track water movement in the intertidal zone, we constructed
custom drifters to minimize wind influence but enable deployment
in shallow (0.3 m) water. The drifters were hollow cylinders of fiber-
glass supported with a PVC frame. They were 1 m in diameter and
15 cm deep, ringed by flexible tubing. Drifter buoyancy was adjusted
by altering the water to air ratio in the tubing before each deployment
so that the top of the drifter floated just below the surface of the
water. Drifters carried a logging sensor for temperature and chloro-
phyll (YSI model 6600) below the surface and a GPS unit at the
water surface (Garmin: Geko Model 201). Position was recorded at
10 s intervals to determine drift distance and velocity.

We performed eighteen drifts over bottom-cultured oysters, ten
drifts over longline culture, and eleven drifts over bare tide flat. Drifts
were limited to calm conditions with winds b10 km h−1. Drifts
occurred during both day and night as tides and weather permitted,
over three field seasons (June–September) from 2005 to 2007. On
some occasions multiple drifts were performed on the same day at
the same sample region, however, when multiple drifts occurred at
one region, each drift started from a unique point and occurred at a
different water depth. Drifters were followed by field staff in kayaks.
From GPS data, we determined distance and water flow velocity.
Water depth for each drift was measured at the beginning of the
drift with a calibrated kayak paddle. Density of oysters was deter-
mined during extreme low tides in 25–50 haphazard placements of
a 0.25 m2 quadrat in each oyster habitat in each region.

Although we had intended to use in situ fluorescence to determine
changes in phytoplankton across tide flats, in practice the signal-
to-noise ratio from in situ fluorometers was too low. Instead, water
samples (250 ml, N = 3) were collected for laboratory fluorescence
analysis at the start and end of each drift. These samples were collected
by hand just below the surface of the water, near, but outside the cylin-
der of the drifter. Samples were kept dark and on ice until they were
processed upon our return from the field. Water samples were filtered
through 0.7 μm glass fiber filters (GF/F). Chlorophyll was extracted by
placing filters in 10 ml of 90% acetone (W/V) for at least 24 h. Vials
were kept dark and in a freezer until theywere analyzed for chlorophyll
a concentration on a Turner Designs benchtop fluorometer using
standard acidification fluorometric technique (Welschmeyer, 1994).

2.3. Statistical analysis

We tested for differences in chlorophyll depletion across bare
control tide flats and two oyster habitats. Suspension-feeding results
in a fraction of overlying water filtered per time, corresponding to an

http://www.tidesandcurrents.noaa.gov
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Fig. 1. Willapa Bay, Washington, showing regions of intertidal drifts to track changes in water column chlorophyll. Stars represent drift regions. Numbers represent habitat types:
1 = on-bottom oysters, 2 = longline oysters, and 3 = bare tide flat without adult oysters.
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exponential decline between initial (N0) and final chlorophyll con-
centration (Nt), where any particular drift has duration t (h). Thus
we defined depletion (λ) as the exponential loss rate of chlorophyll,

λ ¼
ln Nt

N0

� �

t
: ð1Þ

To identify important predictors of chlorophyll depletion rate
(λ, Eq. (1)) we performed an Akaike Information Criterion (AIC)
analysis. AICc functions like an AIC analysis, but adjusts the bias term
for small sample sizes (Burnham and Anderson, 2002). It is a parsimoni-
ous way of comparing among different models to determine which best
fits the data. In general, models with ΔAIC b 2 relative to the “best”
model are considered plausible. The models included all combinations
of water depth, temperature, aquaculture type, initial chlorophyll
concentrations and flow, as predictor variables, but no interactions
among terms. Temperature was included as a linear predictor because
we sampled at a relatively narrow temperature range and few tempera-
tures exceeded optimal levels (18.9 °C; Bougrier et al., 1995; Ren et al.,
2000). After identifying the most parsimonious model we ran a linear
mixed effect regression on the identified factors to determine
strength of relationships. All statistical analyses were carried out in
R (R Development Core Team, 2009).

2.4. Field filtration rates

The exponential loss rate of chlorophyll is an aggregate effect of all
oysters (and other suspension-feeders) filtering the water. To assess this
filtration rate, we assumed that oysters had access to the volume above
them for the length of time that the drift occurred. Thus, depletion of
chlorophyll scales with filtration rate (F, L g−1 h−1) and oyster mass
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(M, g m−2) and is inversely proportional to depth (d, in m), with the
following equation, where the factor of 1000 aligns units of L to m3

−λ ¼ F⋅M
d⋅1000

: ð2Þ

Oyster mass was derived from data collected by the Washington
Department of Fish and Wildlife (WDFW) during their monthly
assessment of condition index of Willapa Bay's oysters, providing an
average dry flesh mass of 8.3 g/individual (Personal Communication,
WDFW). That this mass is nearly double described in the introduction
for market-size oysters (120 mm; Kobayashi et al., 1997) reflects
oysters at the end of the crop cycle on fattening beds in Willapa Bay.
The densities of adult oysters were remarkably consistent across aqua-
culture beds, based on quadrat samples, and resulted in oyster biomass
estimates in ground culture of 349 to 460 g m−2. We used 400 g m−2

as an average oyster biomass for our filtration calculations. For oysters
in longline culture, observed densities exceeded ground culture by a
factor of three, giving an average of 1200 g m−2. Oyster biomass was
low in bare control habitats and filtration rates were not calculated
there.

2.5. Oyster effects corrected for resuspension

We observed increases in water column chlorophyll over tide flats
without oysters, possibly due to resuspension that could also occur in
oyster beds and mask some top-down effects of oysters. The short
time frame of drifts makes phytoplankton cell division an unlikely
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Fig. 2. Chlorophyll concentrations on Willapa Bay tide flats, graphed as initial and final valu
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explanation. To determine the possible magnitude of depletion, absent
such masking, we bootstrapped new values for change in chlorophyll
across oyster beds, adjusted by change across bare tide flats. Each
(initial–final) chlorophyll level for control conditions was randomly
sampled with replacement 1000 times and subtracted from a longline
or ground culture sample (initial–final), also randomly sampled with
replacement. This calculation coarsely incorporated resuspension, with-
out considering depth, velocity or distance as factors that might also
impact the amount of resuspension. T-tests of sample means were
used to determine if bootstrapped samples were different from each
other and different from zero.

3. Results

3.1. Oyster effects on water column chlorophyll

Wedrifted over distances ranging from72.5 to 613 m(mean 267 m),
with total drift time of 11–56 min (mean 28 min). Accordingly water
velocity ranged from0.06 to 0.28 m s−1 (mean0.16 m s−1). Initial chlo-
rophyll concentrations were highly variable but generally low, ranging
from 0.11 to 2.26 μg L−1 (mean 1.0 μg L−1). Our drifts occurred during
flood tides, when oysters were observed to be actively feeding, in waters
ranging from 0.3 to 1.2 m (mean 0.6 m) deep. Water temperatures
ranged from 16.5 °C to 20.4 °C (mean 18.7 °C).

Oysters on Willapa Bay's tide flats significantly reduced water col-
umn chlorophyll over distances of hundreds of meters, when compared
with non-oyster habitats (Fig. 2). The average rate of chlorophyll
decrease (−λ) was 0.24 h−1 over on-bottom oysters, 2.02 h−1 over
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tart chlorophyll levels

no oyster culture
pe

lorophyll concentrations (ug/L)

1.5 2.0 2.5
t [chl]

0.0 0.5 1.0 1.5 2.0 2.5

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

en
d 

[c
hl

]

start [chl]

es (mean of 3 water samples) for each drift. a) Ground culture, b) longline culture, and
lorophyll, for instance due to resuspension, and points below the line indicate depletion.

image of Fig.�2


bottom culture longline

-1
.0

-0
.5

0.
0

0.
5

1.
0

1.
5

2.
0

Filtration Rates

TYPE

C
al

cu
la

te
d 

F
ilt

ra
tio

n 
(L

*g
-1

*h
-1

)

Fig. 3. Field filtration rate of Crassostrea gigas, estimated from the depletion of chloro-
phyll across tide flats of two habitat types, on-bottom and longline oysters. The box
represents the lower and upper quartile and whiskers represent data within 1.5
interquartile ranges of the lower and upper quartiles (points outside the whiskers
are considered outliers).

37E. Wheat, J.L. Ruesink / Journal of Sea Research 81 (2013) 33–39
longlines, and chlorophyll concentrations on average increased over
tide flats without oysters.

Akaike Information Criteria (AICc) analysis has selected habitat
type, depth, initial chlorophyll concentration and temperature as
the best predictors of depletion, λ (Table 1). As predicted by oyster
physiology, depletion rates were faster at higher temperatures (Ren
et al., 2000). For C. gigas, a reduction in ambient temperature over
the 4 °C-range included in our study is expected to lead to 20%
lower ingestion (Bourlès et al., 2009). Generally, depletion increased
at lower water depths when there was less water volume to filter.
The effect of depth would be expected to be more dramatic over a
wider range, for instance exceeding 1.2 m. At lower initial chlorophyll
concentrations, we observed slower exponential rates of decline,
which may occur because pay-off for filtration is low when particles
are at low density (Barillé et al., 1997). Based on these AIC results, a
linear mixed effect model was constructed with these predictor
variables. Only habitat type and initial chlorophyll concentration
were statistically significant in this framework, and all three types
differed from each other, with steepest depletion for longline oysters,
intermediate for on-bottom oysters, and no depletion over bare tide
flat (Post-hoc test Tukey HSD, P b 0.05). The temperature effect was
non-significant in the multiple linear regression with a small coeffi-
cient of 0.001 increase in depletion per °C. Filtration rates, which ad-
justed depletion by oyster density and water depth (Eq. (2)), revealed
that steeper depletion for longline oysters was not simply due to their
higher density. Longline oysters filtered 0.73 L g−1 h−1 (shucked dry
weight; 0.24 SE), whereas on-bottom oysters filtered 0.35 L g− h−1

(0.08 SE) (Fig. 3).

3.2. Oyster effects corrected for resuspension

In our bootstrap analysis of top-down effects, which accounted for
generally increasing chlorophyll over habitats without adult oysters,
reduction in chlorophyll was of course larger than we measured
during drifts. The change in chlorophyll showed high variation over
both oyster and control habitats, and this contributed to substantial
uncertainty in the bootstrapped values. Bootstrapped values for long-
line and on-bottom oysters had 95% confidence intervals that did
not overlap zero, corroborating that depletion occurs across these
tide flats. Additionally bootstrapped values were different from each
other, suggesting that depletion over longlines is greater than that
over on-bottom oysters (t = 5.9, P b 0.05). When filtration rates are
recalculated using bootstrapped data for chlorophyll depletion, filtra-
tion rates are 1.4 L g−1 h−1 (0.33 SE) for oysters on-bottom and
1.8 L g−1 h−1 (0.59 SE) for oysters in longline culture.

4. Discussion

The capacity of benthic bivalves to exert top-down control on water
column resources has been controversial from two perspectives;first, in
determining suitable densities for aquaculture in relation to a system's
carrying capacity (Banas et al., 2007; Dame and Libes, 1993); and
Table 1
Results of Akaike Information Criteria analysis of factors related to chlorophyll depletion
across tideflats. Depth = water depth; temp = water temperature; type = habitat
type (on-bottom oysters, longline oysters, bare tide flat); speed = water velocity, and
beginpt = chlorophyll a concentration at the beginning of the drift.

Variables df ΔAIC Adj r2

Depth, temp, type, beginpt 7 0.0 0.622
Depth, speed, temp, type, beginpt 8 2.0 0.229
Depth, temp, type 6 2.9 b0.149
Speed, temp, type, beginpt 7 51.8 b0.001
Type, beginpt 5 80.4 b0.001
Type 4 81.3 b0.001
Type, temp, beginpt 6 84.9 b0.001
second, in assigning a role to bivalves in maintaining water clarity
(Newell et al., 2007; Pomeroy et al., 2007). The “missing link” between
laboratory filtration rates and ecosystem models has been understand-
ing on how filtration impacts chlorophyll concentrations at realistic
scales in field settings. We predicted that top-down control of pelagic
resources would be context-dependent, and our AIC results supported
higher oyster effects at warmer temperatures and shallower water
depths (Table 1), despite small ranges in each of these environmental
variables. Further, the details of aquaculture type or reef structure
may be important for future studies that seek to quantify the impact
of oyster filtration at ecosystem scales, given that oysters grown on
longlines had significantly higher impacts on chlorophyll a concentra-
tions than those grown on-bottom (Fig. 2). The higher impacts are
in part due to three times higher biomass of oysters on longlines vs.
on bottom. Additionally, longline oysters had higher filtration rates
(0.73 vs. 0.35 L g−1 h−1 shucked dry weight; Fig. 3). Higher filtration
rates on longlines may be possible because oysters achieve a three-
dimensional structure which, much like the physical structure of a
reef, influences the hydrodynamic conditions and consequently in-
creases filtration capacities (Lenihan, 1999).

Mass-specific filtration rates required to achieve chlorophyll deple-
tion observed across tide flats in Willapa Bay are small relative to
published values (Bougrier et al., 1995; Coughlan, 1969; Dupuy et al.,
2000; Kobayashi et al., 1997). Low initial chlorophyll concentrations
(0.11 to 2.26 μg L−1) may be partially responsible, since oysters gener-
ally reduce filtration at low and high seston when energy expended
in filtration is not regained through intake (Ren et al., 2000). Indeed,
results of both AIC and linear mixed-effects analysis confirm slower
depletion at lower initial chlorophyll (Table 1). Such low chlorophyll
is not characteristic of Willapa Bay as a whole (Ruesink et al., 2003)
but occurs in early water flooding over tide flats in many parts of the
bay (E. Wheat, unpublished). Filtration rates may be higher when chlo-
rophyll concentrations provide greater payoff at other points in the tidal
cycle, although depletion might be lower due to larger water volume
above the oysters.

The increase in chlorophyll concentration observed over tide flats
without adult oysters (Fig. 2) provides another explanation for low
oyster filtration rates, which is that top-down control is partiallymasked
by resuspension of benthic microalgae. Based on stable isotopes, benthic
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microalgae contribute to suspension-feeder diets (Jaschinski et al.,
2008; Riera and Richard, 1996; Yokoyama et al., 2009). Oysters grown
on-bottom inWillapa Bay typically have enriched δ13C values, character-
istic of benthic microalgae, relative to those grown off-bottom (Ruesink
et al., 2003). Although we cannot be sure that resuspended material
is available to oysters on aquaculture beds, we were able to include
eight drifts over “bare” tide flats that had recently been planted with
b10-mm oysters, and therefore should be similar to an aquaculture
bed except for the absence of adult oysters. Our bootstrapping approach
derived “corrected” estimates of the top-down effects of oysters that
were substantially larger than measured values. Accounting for increas-
ing chlorophyll over bare tide flats, filtration rates increase by four
times the original calculation for on-bottom oysters and one and a half
times the original calculation for longline oysters. Filtration rates which
account for resuspension (1–2 L g−1 h−1) compare favorably with the
lower end of the range of filtration rates for oysters measured in labora-
tory experiments (Bougrier et al., 1995; Dupuy et al., 2000; Kobayashi
et al., 1997) and the ‘low gear’ calculations in Powell et al. (1992).

In this study, chlorophyll concentrations declined on average 9.6%
for on-bottom adult oysters and 41% for longline adult oysters over
30 min, based on measured depletion rates (λ), whereas chlorophyll
concentrations increased aswaterflowed across tide flats without adult
oysters, thus demonstrating top-down control of pelagic resources by
oysters (C. gigas) at aquaculture densities. Incorporating the velocity
of each drift, λ corresponds to an average 4% and 16% reduction of chlo-
rophyll per 100 m as water floods across tide flats with on-bottom
and longline adult oysters respectively. Relative to prior field studies
(Grizzle et al., 2008; Nelson et al., 2004), depletion was documented
at larger scales (100–600 m), which is consistent with large areas
of oyster culture in rather shallow water in Willapa Bay. Our results
align well with circulation models indicating that oysters in the north-
ern half of Willapa Bay, where most of our drifts occurred, can reduce
food availability up-estuary (Banas and Hickey, 2005; Banas et al.,
2007). Additionally our results from tide flats without adult oysters
suggest that the link between pelagic and benthic environments is not
a simple one way interaction. At the same time that resources are
removed from the water column by oysters, they may be replenished
by resuspension. Further work is required to examine the coupling of
bottom-up and top-down effects through nutrients recycled by oysters,
fueling microalgal population growth, and feeding back to benefit the
oysters themselves (Dame and Libes, 1993).
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