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ABSTRACT: Filter-feeders play an important role in regulating nutrient availability in coastal sys-
tems, with important implications for phytoplankton community composition, primary production,
and food web structure. The role of filter-feeding bivalves in the nitrogen and phosphorus cycles
is relatively well established, but their impact on coastal silicon (Si) cycling remains poorly under-
stood. To help reduce this uncertainty, we quantified rates of Si recycling and the size of various
Si pools at an oyster (Crassostrea virginica) farm. We found that oysters drive rapid recycling of
dissolved Si (DSi) to the water column, primarily by altering rates of sediment Si flux. Sediments
beneath oyster aquaculture recycled DSi to the water column at more than twice the rate
(2476.06 nmol DSi m~2 h™') of nearby bare sediments (998.75 pmol DSi m~2 h™!). Oysters consume
DSi at a low rate (-=0.06 pmol DSi ind.”! h™!), and, while we were unable to determine the fate of
that Si, we hypothesize that at least some of it may be stored in the shell and tissue, which are both
small Si pools (0.55 and 0.13 % Si by mass respectively). Si held in oysters is removed from the sys-
tem when oysters are harvested, but this removal is small compared to oyster-mediated enhance-
ments in sediment Si recycling. In a broader context, coastal systems with larger oyster popula-
tions are likely to have a more rapid Si cycle, with more Si available to primary producers in the

water column than those with no oysters.
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1. INTRODUCTION

Filter-feeders play an important role in regulating
the biogeochemistry, and thus ecology of aquatic eco-
systems (Newell 1988, Li et al. 2021). Suspension-
feeding bivalves alter biogeochemical cycles by con-
suming particulate nutrients from the water column,
excreting dissolved nutrients, and providing habitat
for biofilms on their shells (Galtsoff 1964, Sma & Bag-
galey 1976, Prins et al. 1997, Welsh & Castadelli 2004,
Svenningsen et al. 2012). Through biodeposition, oys-
ters also increase organic matter (OM) availability in
the sediments, which can stimulate sediment micro-
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bial processes that lead to higher rates of nutrient re-
cycling and removal of excess nitrogen (N) via deni-
trification (Newell et al. 2005, Kellogg et al. 2013, Ray
& Fulweiler 2021). The ecological feedbacks of bi-
valve-mediated nutrient recycling in coastal oceans
include higher productivity (Prins et al. 1997, Peterson
& Heck 1999, Wall et al. 2008), regulation and alter-
ation of phytoplankton community structure (Porter et
al. 2018, 2020), and increased nutrient export (Dame
etal. 1984, 1991, 1992).

Many coastal systems were once home to large
populations of oysters, although following centuries
of over-harvest, pollution, and disease, these popula-
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tions have been reduced to a fraction of their former
extent (Mackenzie 2007, Beck et al. 2011, Zu Erm-
gassen et al. 2012). When populations of suspension-
feeding oysters were lost, so were the ecosystem
services they provided. There are recent efforts to
grow oyster populations—in part to return lost eco-
system services —through the development of aqua-
culture and by reconstructing and restoring reefs
(Duarte et al. 2020, FAO 2020). A large body of
research demonstrates enhanced recycling of dis-
solved N and phosphorus (P) alongside removal of
excess N via denitrification in oyster habitats, but the
role oysters may play in regulating silicon (Si) cycling
in coastal ecosystems has largely gone unexplored
(Dame 2012, Ray & Fulweiler 2021). The potential
impact of oysters on estuarine Si cycling is important,
as Si availability can regulate phytoplankton com-
munity composition (Egge & Aksnes 1992, Turner et
al. 1998), primary production (Dugdale et al. 1995,
Dugdale & Wilkerson 1998), and food web structure
(Doering et al. 1989, Turner et al. 1998). On larger
spatial and temporal scales, Si export from coastal
ecosystems contributes to Si availability in the ocean
and helps to control the magnitude of the biological
pump and global climate (Tréguer & Pondaven 2000,
Ragueneau et al. 2006). Thus, the role oysters and
other suspension-feeders play in coastal Si cycling
may have both local and far-reaching effects.
Despite the potential importance of oysters in the
coastal Si cycle, we have a limited understanding of
how they might alter it. Oysters could promote
greater Si availability through Si excretion and stim-
ulation of sediment Si regeneration. Alternatively,
oysters might reduce Si availability and export
through sequestration in shell and tissue and by pro-
moting burial of Si in sediment. There is some evi-
dence that dissolved Si (DSi) fluxes from sediments
to the water column are higher in oyster habitats
compared to adjacent bare sediments (Smaal & Prins
1993, Gaertner-Mazouni et al. 2012, Green et al.
2013). A similar pattern has been noted for other sus-
pension feeders including clams (Mercenaria merce-
naria: Doering et al. 1987; Tapes philippinarum: Bar-
toli et al. 2001) mussels (Mytilus edulis: Dame et al.
1991, Smaal & Prins 1993), and slipper shells (Cre-
pidula fornicata: Chauvaud et al. 2000, Ragueneau et
al. 2002). It may be possible that the length of time bi-
valves have been present in a specific location could
influence sediment Si regeneration as Si-containing
biodeposits accumulate and decompose. There is
scarce evidence regarding excretion of DSi by bi-
valves, though Asmus et al. (1990) reported direct
excretion by mussels M. edulis. We could not locate

any information in regards to burial of Si in oyster
habitats, but oysters do sequester a small amount of
Siin their shell (Brown & Koiner 1889, Hunter & Har-
rison 1928, Smith & Wright 1962, Galtsoff et al. 1964).
We found no reports of oyster tissue Si content. Any
Si held in oyster shell or tissue is removed from the
system at harvest or possibly buried, in both in-
stances removing Si from the system.

To address the uncertainties in Si cycling associ-
ated with oysters and to clarify the role of oysters in
coastal Si cycling, we performed a series of incuba-
tions to measure rates of DSi flux from sediments
beneath varying ages of oyster aquaculture for com-
parison with nearby bare sediment using an in situ
approach. We performed laboratory incubations to
measure DSi fluxes from whole oysters, the oyster
shell biofilm, and the oyster digestive system. We
also measured the amount of Si stored in sediments
beneath oyster aquaculture as amorphous Si (ASi;
the combination of biogenic Si and the non-mineral
pedogenic Si fraction; Sauer et al. 2006) and porewa-
ter DSi as well as the ASi content of tissue from mar-
ket-size oysters Crassostrea virginica. We consider
oyster biomass as ASi in this study, as we are unable
to differentiate between Si held in oyster tissue and
any Si that may be held in the oyster digestive system
of potentially pedogenic origin. Finally, we estimated
the ASi content in the shell of market-size oysters
using values found in the literature.

2. MATERIALS AND METHODS
2.1. Study site

We measured sediment DSi fluxes using an in situ
approach and collected sediment and oyster samples
at an oyster farm in Ninigret Pond, Rhode Island, USA
(41.3576° N, 71.6534°E; Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/m673p029_supp.pdf).
Ninigret Pond is a shallow (1.2 m average depth)
glacially formed coastal lagoon, with a surface area
of 6.4 km? and water residence time of approximately
10 d (Boothroyd et al. 1985, Lee & Olsen 1985,
Hougham & Moran 2007). Freshwater inflow to the
pond is mainly from ground-water discharge (0.39 m®
s7!) and stream water (0.16 m® s™!; Masterson et al.
2007). The oyster farm is located on subtidal flats on
the interior of the barrier spit that separates Ninigret
Pond from Block Island Sound. The farm employs the
rack-and-bag culture method, where oysters are raised
in cages approximately 10-20 cm above the sediment
surface. We sampled from 3 locations within the farm
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and a control site 10 m upstream of the farm that had
never been used for oyster culture. The 3 locations
within the farm had been used for aquaculture for
varying lengths of time (2, 4, and 6 yrin 2014; 3, 5, and
7 yrin 2015), so over our 2 yr sampling regime we were
able to investigate potential relationships between
length of time aquaculture has been in place and Si
cycling dynamics. We used oysters from the farm in
laboratory incubations to measure DSi fluxes from
oysters and assessment of oyster tissue ASi content.

We recorded water temperature and dissolved oxy-
gen (DO) directly adjacent to the site throughout the
2 sampling seasons using HOBO Pendant data log-
gers and a HOBO Dissolved Oxygen Data Logger
(Onset Computer Corporation), both set to record
every 15 min. Additionally, we measured salinity,
DO, and water temperature hourly on sampling days
using a Hach HQ40d (Table S1).

2.2. Sediment DSi flux measurements

We measured sediment DSi flux using an in situ
approach in summer 2014 and 2015 (Humphries et
al. 2016, Ray et al. 2020). This method involves in-
stalling permanent bases in the sediment, to which
water- and gas-tight incubation chambers are at-
tached for sampling events (Fig. 1). We installed 9
bases in sediment directly beneath oyster aquacul-
ture gear and 3 upstream of the aquaculture facility
for the control site in June 2014. To install the bases,
we carefully dug up sediment, placed the base in the
benthos, and replaced the removed sediment into the
base, careful to try and maintain sediment structure
(for full details, see Humphries et al. 2016). The bases
were made of 40.6 cm diameter PVC (0.126 m? area),
with 24 bolts to which the incubation chamber was
attached for sampling events. They were 15 cm deep
with a solid bottom, allowing us to exclude the possi-
bility of groundwater-driven differences in sediment
DSi flux. Bases were left for at least 1 mo before
sampling to allow for the sediment to return to pre-
installation condition (Kellogg et al. 2013). Control
site bases were initially installed in water too shallow
so were moved, resulting in the collection of only
2 control samples of DSi flux in summer 2014.

On sampling days, we moved the oyster aquacul-
ture gear from over the base then attached incuba-
tion chambers. Each incubation chamber (approxi-
mately 47 1 volume) was made of plexiglass wrapped
with dark bubble-wrap insulation, with a removable
lid equipped with a stir arm to maintain even mixing
of water within the chamber. The incubation cham-
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Fig. 1. In situ sampling chamber design, reprinted from

Humphries et al. (2016). Copyright 2016 by the authors and

open access under Creative Commons Attribution License
(CC BY) via Frontiers of Marine Science

ber was attached by first placing a rubber gasket on
the base and then attaching the chamber to the base
with wing nuts. We then installed a HOBO pendant
logger in the sediment inside the chamber to ensure
light and temperature remained constant through
the incubation and then attached the lid, making
sure there were no bubbles in the chamber. Once the
lid was attached, we placed a black plastic top over it
and started the stir arm (~60-70 revolutions min™).
Chamber lids had an inflow and outflow tube fitted
with valves. During sample collection, site water was
fed into the chamber to create a slight pressure dif-
ferential and to push water out of the outflow tube for
sample collection. Less than 1% of water in the
chamber was replaced during each incubation, and
incubations lasted 1.5-3 h.

Samples were collected at 5 time points, spaced to
allow the DO level within the chamber to drop by at
least 2.0 mg 17! without becoming hypoxic. At each
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time point we collected samples by filling a 60 ml
acid-washed polypropylene syringe from the outflow
tubing and then filtering the sample through a
0.45 pm nitrocellulose filter into two 30 ml acid-
washed and deionized-water-leached polyethylene
containers. Samples were stored in a dark cooler
until return to the lab, at which point they were
stored in the dark at room temperature (~20°C) until
analysis of DSi concentration. DSi samples were
never frozen. We checked the DO concentration
throughout the incubation using a Hach HQd
equipped with an LDO101 DO sensor by collecting
40 ml of sample through the outflow port, and we
used the initial and final DO concentrations to deter-
mine sediment O, flux.

We estimated DSi flux using linear regressions of
change in DSi concentration over time. The slope of
the regression was then multiplied by the chamber
volume and divided by its cross-sectional area.
Fluxes were considered significant at p < 0.10 and
R? > 0.65 (Prairie 1996, Ray et al. 2020), and insignifi-
cant fluxes (R% < 0.65) were assigned a flux value of 0.
O, fluxes were calculated using the difference be-
tween initial and final concentrations.

2.3. Sediment porewater DSi measurements

Porewater was collected from sediments directly
adjacent to the sampling base following flux incuba-
tions on 2 occasions in 2015 (August and September)
from 4 cm depth using methods developed for sandy
sediments (Berg & McGlathery 2001). We collected
two 25 ml samples from each site by drawing pore-
water through a 2 mm stainless steel tube using suc-
tion applied by a 60 ml acid-washed polypropylene
syringe, then immediately filtered the porewater
through 0.45 pm nitrocellulose filters into 30 ml acid-
washed and deionized-water-leached polyethylene
containers. Samples were stored as described for
those collected during sediment DSi flux measure-
ments. There was likely influence of groundwater on
porewater DSi measurements, as they were taken
outside of the benthic rings, but any difference in con-
centration between bare sediments and those beneath
aquaculture can still be attributed to oyster presence.

2.4. Sediment ASi content

We collected sediment samples from within each
benthic ring following incubations in August and
September 2015 using a 60 ml acid-washed poly-

propylene syringe with the tip cut off. Sub-samples at
0-1 and 3-4 cm depth increments were sectioned into
acid-washed polypropylene centrifuge tubes which
were placed on ice until return to the lab, where they
were stored at —20°C until further analysis. These
samples were later analyzed for bulk density, porosity,
ASi content, and percent OM content (% OM).

We determined sediment bulk density by water dis-
placement, porosity as the difference in mass between
wet and dry sediment divided by the sediment den-
sity, and %OM as the percent difference in dried and
ground sediment mass before and after combustion in
a 500°C muffle furnace for 4 h (Table S2) (Dalsgaard
etal. 2000). Once dried, the sediment used to measure
porosity was ground using a ball mill (Wig-L Bug,
Dentsply Rinn) to prepare for ASi analysis. Ground
samples were digested in duplicate using a wet alkaline
extraction method to determine ASi content (Conley
1998). Briefly, samples were leached with 40 ml 1%
Na,COs; solution and placed in an 85°C water bath
shaking at 100 rpm. Subsamples (1 ml) of the leachate
were collected at 3, 4, and 5 h and added to 30 ml
polyethylene containers containing 9 ml of 0.021 N
hydrochloric acid in order to neutralize the reaction
(DeMaster 1981, Conley & Schelske 2001). These
samples were analyzed using the colorimetric method
described below, and sediment ASi content was cal-
culated as:

pm DSi x 60 g mol™ x 0.04 1

ASi (% SiO,) =
mg sediment digested

To account for (and exclude) possible lithogenic Si
released into solution during the wet alkaline extrac-
tion, we used a slope correction (DeMaster 1981, Con-
ley 1998). If least squares regression indicated a
significant increase in ASi concentration between the
3 time points (p < 0.05, R? > 0.65) for each sediment
sample, we extrapolated to the intercept and used
that value as our ASi concentration. When there was
not a significant increase, we considered the sedi-
ment ASi content to equal the mean of the 3 samples
(Conley 1998, Sauer et al. 2006). We used an internal
laboratory standard to ensure consistency across di-
gestions, which we routinely compared with external
Hach standards. Our standards were always within
4% of the expected value (Carey & Fulweiler 2014).
We report all ASi values as %SiO, per dry weight.

2.5. Oyster DSi flux

We collected oysters and carboys of unfiltered site
water on 3 occasions in summer 2015. Oysters were
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kept submerged in site water in a cooler until return
to the lab, at which point they were moved to an
environmental chamber set to the same in situ tem-
perature, and the water in the cooler was replaced
and gently aerated using an aquarium bubbler.

Within 24 h, we conducted flux incubations similar
to the in situ incubations, using a similar but smaller
incubation chamber (28 cm high, 2.15 1) made of
clear PVC tubing with a flat base. Each incubation
consisted of 12 total chambers: 3 chambers with site
water only to account for any water column con-
sumption or production of DSi, 3 chambers contain-
ing 4 untreated oysters each, 3 chambers with 4 oys-
ters with no shell biofilm, and 3 chambers with 4 sets
of shells with an intact shell biofilm but no oyster tis-
sue (Ray et al. 2019). We used this approach to quan-
tify the role of the shell biofilm and oyster digestive
system in DSi cycling. To remove the shell biofilm,
we scrubbed oysters with a soft plastic bristle brush
for 3 min, soaked them for 5 min in 31 salinity artifi-
cial seawater (ASW), bathed them in 2.5 % household
bleach in 31 salinity ASW for 5 min, rinsed them
clean with Mili-Q water, and kept them in 31 salinity
ASW until the start of the incubation (Tamburri et al.
1992, Ray et al. 2019). This experimental design
allowed us to quantify fluxes from whole, untreated
oysters, and attempt to determine whether the oyster
itself or the shell epibiont community drove the
whole oyster flux. We visually checked that all oys-
ters were open and feeding before beginning sample
collection, and tested for any remnant chlorine from
the bleach treatment using a Hach Model CN-66T
chlorine test kit. All oysters were open during each
incubation, and we recorded no chlorine in any incu-
bation chamber. Samples for DSi were collected prior
to capping the chambers and following removal of
the cap. The length of the incubation was again
timed so DO in the chamber could drop at least
2.0 mg 17! without the DO level falling below the
hypoxic threshold of 2.0 mg 17!, Lights in the environ-
mental chamber were left on during the course of the
incubations, which lasted 2-3.5 h.

Opyster DSi flux was estimated by first subtracting
the mean flux in the site water only chambers (pmol
1"t h™!) from the flux of chambers containing oysters.
We then converted the rate to a flux per individual
oyster by multiplying by the chamber volume and
dividing by the number of oysters (4 individuals).
There was no difference in oyster size metrics across
incubation treatments, but oysters used in the third
incubation were slightly heavier and larger than the
first 2 incubations. Across incubations, the average
oyster had a combined shell and tissue wet weight of

47.67 £ 0.85 g (mean *= SE), shell length of 7.51 =
0.07 cm, shell width of 5.00 + 0.07 cm, and shell
height of 1.86 + 0.03 cm (Ray et al. 2019). The aver-
age dry tissue mass was 2.93 + 0.05 g ind.™%.

2.6. Oyster shell and tissue ASi content

We haphazardly selected 12 oysters from the third
laboratory incubation for analysis. Dried oyster tissue
was ground using a ball mill and stored in plastic scin-
tillation vials until ASi analysis. We measured tissue
ASi content following the same methods described for
measuring sediment ASi content, but instead of col-
lecting subsamples at 3, 4, and 5 h, we collected one
sample following a 4 h incubation (Conley & Schelske
2001). We estimated shell ASi content using values
from the literature (Brown & Koiner 1889, Hunter &
Harrison 1928, Smith & Wright 1962, Galtsoff 1964).

2.7. Colorimetric analysis of Si

All samples were analyzed for DSi concentration
using the molybdenum blue colorimetric method on
a Seal AA3 auto-analyzer, with sodium hexafluorosil-
icate (Na,SiFg) as the silicate standard (Strickland &
Parsons 1968). Throughout our analysis, the lab min-
imum detection limit was 0.030 pmol 1. DSi from the
alkaline extraction samples to determine ASi and ASi
content were analyzed using this same method.

2.8. Statistical analysis

We conducted all statistical analyses using R statis-
tical software version 3.3.2 and the 'Ime4' (Bates et al.
2015), 'fitdistrplus’ (Delignette-Muller et al. 2015), and
‘emmeans’ (Lenth 2018) packages. Statistical tests
were considered significant at p < 0.05. To test whether
sediment DSi and DO fluxes, porewater DSi concen-
tration, and sediment ASi concentration (% mass as
Si) and total ASi (umol cm™) differed between bare
sediment and sediment beneath oyster aquaculture,
we used a mixed model approach. For each variable
measured, we began model selection by determining
data distribution using the ‘fitdistrplus’ package
(Delignette-Muller et al. 2015) and transformed data
sets as necessary to best meet the assumptions of
mixed models (Bolker et al. 2009). Next, we created 8
generalized linear models (GLMs) and 8 generalized
linear mixed models (GLMMs) to describe the flux.
We only sampled Si pools twice, so we used month in
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our models and not the sampling ring as a random ef-
fect. In the GLMs, we included the presence or ab-
sence of oyster aquaculture as a fixed effect, as well
as all possible combinations of temperature, salinity,
and sampling monthly as fixed effects. We repeated
this process to create GLMMs using the same combi-
nation of fixed effects, but with the addition of indi-
vidual sampling ring as a random effect, allowing us
to test whether repeated sampling of the same ring
influenced our measurements, and if so, to account
for this repetition in our statistical analysis (Ray et al.
2020). We then compared all models created for each
pool or flux using Aikake's information criterion
(AIC). We compared the 2 models with the lowest
AIC using a likelihood ratio test. When the test indi-
cated one model was significantly better than the
other, we used it. If the 2 models with the lowest AIC
were not significantly different, we
elected to use the simpler, more parsi-

ment (998.75 + 594.05 pmol DSim=h~!; z=2.833, df =
47, p = 0.005; Fig. 2). Similarly, the concentration
of DSi in sediment porewater at 4 cm depth was
higher in sediment beneath aquaculture (262.87 =+
39.21 pmol DSi 1Y) than nearby bare sediments
(105.59 + 27.84 pmol DSi I'}; z = 2.312, df = 17, p =
0.021; Fig. 3). Both DSi flux and porewater DSi ap-
peared to increase with the length of time aquaculture
had been in place (Fig. 2), though not significantly so.
There was a significant relationship between pore-
water DSi concentration and sediment DSi flux (R? =
0.30, F=8.242, p =0.010; Fig. 3).

Sediment O, consumption was no different (¢t =
0.614, df = 51, p = 0.542) beneath aquaculture
(-30468.23 + 4102.60 umol O, m~2 h7!) or bare sedi-
ment (-19922.33 + 3536.63 pmol O, m~2 h~}; Fig. 2),
but was temporarily enhanced in sediments beneath

monious model (Table S3). 15000+ P00 e 2 ® & o t ped  bed
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least-square means to test whether 10000 ° °
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tween DSi flux and porewater DSi con-
centration and between DSi flux and 2001

O, flux, we used linear regressions.
We tested whether DSi fluxes from
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Fig. 2. Dissolved silicon (DSi) fluxes (top), porewater DSi concentration (4 cm

depth; middle), and dissolved oxygen consumption (bottom) from bare sedi-
ments (Ctrl) and sediments beneath oyster aquaculture gear (Aqua) and differ-

3.1. Sediment Si pools and fluxes

ent ages of aquaculture (years in place). The p-values are from least square

means tests of generalized linear models (left column); groups with the same

Sediments beneath oyster aquacul-
ture released DSi to the water column
(2476.06 + 503.01 pmol DSi m~2 h™!) at
more than twice the rate of bare sedi-

letter are not significantly different from each other (right column; pairwise
comparisons in Table S4). Each point indicates a single measurement. Solid
line in the middle of each box: median; lower and upper edges of each box: 25"
and 75% percentiles; end of each whisker: smallest and largest values within

1.5 times the interquartile range
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water dissolved silicon (DSi) concentration and DSi flux

(top), and sediment O, consumption and DSi flux (bottom).

Triangles: measurements made at bare sediment; circles:

measurements from sediment beneath aquaculture; shaded
region: 95% CI

aquaculture in place for 4 yr before returning to
baseline conditions. We observed a significant rela-
tionship between sediment O, consumption and DSi
release, with highest rates of DSi recycling when O,
consumption was greatest (R2 =0.42, F=37.49, df =
51, p < 0.001; Fig. 3).

There was no difference in ASi concentrations on
the sediment surface (0-1 cm depth; z = 0.430, df =
17, p = 0.667) between bare sediments (0.70 + 0.12%
ASi) and sediments beneath aquaculture (0.96 =+
0.13% ASi). However, surface ASi concentrations
varied with aquaculture age, with a decline in ASi
concentration at the 3 yr site relative to bare sedi-

ments, and then significantly higher ASi concentra-
tion at the 5 and 7 yr sites relative to bare sediment
and the 3 yr site (p < 0.001 in both cases; Fig. 4,
Table S4). ASi concentrations tended to be lower in
sediments collected from 3-4 cm depth than surface
sediments, and again, we found no difference in ASi
concentration at 3—-4 cm depth (t=1.364,df =18, p =
0.189) between bare sediment (0.40 = 0.03% ASi)
and sediments beneath aquaculture (0.55 = 0.06 %
ASi). ASi concentrations at 3—4 cm depth followed
a similar pattern of increasing concentration with
aquaculture age as the top cm of sediment, but dif-
ferences were less pronounced (Fig. 4).

3.2. Oyster Si pools and fluxes

Untreated oysters consumed DSi at a rate statisti-
cally different from zero (-0.06 = 0.03 pmol DSi ind.™!
h%; t = -2.393, df = 8, p = 0.044), unlike the shell
epibiont (0.03 + 0.03 umol DSi ind.”* h™}; t = 0.867,
df =8, p =0.411) and oyster digestive system (0.00 +
0.02 pmol DSiind.”' h~%; t=0.00, df = 8, p = 1.00), nei-
ther of which was a net sink or source of DSi (Fig. 5,
Table S5).

We determined that dry oyster tissue contains
0.13 £ 0.01 % ASi by mass. To estimate the total mass
of ASi in oyster tissue, we multiplied the average dry
tissue mass of oysters used in this study (2.93 g ind.™)
by their ASi concentration (0.13 %), yielding an aver-
age tissue ASi mass of 0.004 g ASi ind.™! at harvest.
We calculated the mass of ASi in oyster shell using
shell ASi content values from the literature (0.55%
ASi; Table 1) and the average mass of oyster shell
measured in this study (44.74 g ind.”!; estimated as
the difference between total oyster mass and dry tis-
sue mass) for an estimate of 0.246 g ASi ind.™" in
shell. Combining tissue and shell ASi, we estimate
that a market-size oyster raised in aquaculture con-
tains 0.25 g ASiind. .

4. DISCUSSION

Results of our study make it clear that oysters exert
a strong influence on coastal Si cycling. We found
that they enhance rates of Si recycling to the water
column through stimulation of sediment DSi flux.
Oysters may also serve as a Si sink, with Si captured
and stored in shell and tissue removed from the sys-
tem through either oyster harvest or burial of shell
material. Ultimately, the balance of oyster-mediated
Si recycling and capture will dictate how they influ-
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Fig. 4. Sediment amorphous silicon concentration by percent mass (%ASi)
in surface (0-1 cm depth; top) and deeper (3—4 cm depth; bottom) from
bare sediments (Ctrl) and sediments beneath oyster aquaculture (Aqua;
left) and sediments beneath aquaculture for varying lengths of time (right;
years in place). The p-values indicate results of least square mean tests;
within each plot (right), groups with the same letter are not significantly
different from each other following least square means tests (Table S4).

ence coastal Si availability and the
impacts this will have on coastal ecol-
ogy and export of Si to the ocean.

4.1. Oyster aquaculture drives Si
recycling

Oyster aquaculture more than dou-
bled rates of sediment DSi flux to the
water column, and while the rate of
this flux varied with aquaculture age,
it tended to increase with time that the
aquaculture gear had been in place.
We hypothesize several mechanisms
that may be responsible for the ob-
served enhancement in sediment DSi
flux beneath oysters: (1) higher rates
of ASi loading to sediments beneath
oysters due to biodeposition, with no
change in dissolution rate but higher
flux due to more Si-rich substrate; (2) a
change in sediment physical or chem-
ical properties that promoted more
rapid dissolution of ASi to DSi; and/or
(3) alteration of particulates during

Other details as in Fig. 2
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Fig. 5. Dissolved silicon (DSi) fluxes from whole oysters, the

oyster shell biofilm, and the oyster digestive tract. Each

point represents a single measurement, and groups with the

same letter are not significantly different from each other

following least square means tests (Table S5). Other details
as in Fig. 2

processing by oysters that allows for

them to dissolve more rapidly. There is
some evidence for each of these hypotheses. In sup-
port of the first, while we found no statistical differ-
ence in surface sediment ASi concentration between
bare sediments and those beneath oyster aquacul-
ture, we did measure greater ASi concentrations in
surface sediments beneath aquaculture in place for a
greater length of time (98 and 81 % greater in sedi-
ments beneath aquaculture for 5 and 7 yr relative to
bare sediments, respectively). We also found that
higher DSi fluxes were associated with higher sedi-
ment O, consumption, lending support to the second
hypothesized mechanism. Again, while there were
no statistical differences in O, flux between bare sed-
iments and aquaculture when all ages of culture

Table 1. Previous estimates of the amorphous silicon content
of oyster shell as a percent of total shell mass

Study Estimated shell SiO, content (%)
Brown & Koiner (1889) 0.06

Hunter & Harrison (1928) 0.57-0.58

Smith & Wright (1962) 0.16

Galtsoff (1964) 1.40

Average 0.55
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were pooled, there were higher rates of O, consump-
tion between some ages of aquaculture relative to
bare sediment. Greater biodeposition may have stim-
ulated higher rates of aerobic decomposition, indi-
cated by greater O, consumption, exposing more ASi
to seawater and allowing it to dissolve. Finally, there
is some evidence from the literature in support of the
third hypothesis, demonstrating higher Si remineral-
ization rates in oyster feces compared to pseudo-
feces, and suggesting that passage of particulates
through the oyster digestive system promotes disso-
lution of ASi (Smaal & Prins 1993). An improved
understanding of the mechanisms responsible for
enhanced DSi recycling beneath oyster aquaculture
will determine whether the observations from this
study can be assumed in other systems and bivalve
species and allow for scaling results.

Return of DSi to the water column by sediments is
slightly offset by oyster DSi uptake, but relative to
sediment DSi flux, DSi accumulation by oysters is
small. For example, at an oyster farm with 500 oys-
ters m™2 and an oyster DSi flux of —0.06 pumol ind.™
h~!, the DSi consumed by the oysters equals 30 pmol
DSih™?, or only 2% of the enhancement in sediment
DSi release by oysters (1477.31 pmol m~=2 h~?!, cal-
culated as the difference in mean sediment DSi
flux beneath aquaculture and from bare sediments).
We can estimate the relative importance of oyster-
mediated DSi recycling in Ninigret Pond using val-
ues from the literature to estimate DSi loading to the
lagoon and rates of sediment DSi flux measured in
this study. Since the incubation chambers we used
had closed bottoms and thus were not influenced by
groundwater, they allow us to isolate DSi recycling
rates. There is no published Si budget for Ninigret
Pond, but we can estimate Si loading using reported
N loading estimates: 80% of N loaded to Ninigret
Pond is from groundwater, with the rest coming from
precipitation (9%), offshore water (7%), streams
(3%), and runoff (<1 %; Lee & Olsen 1985). It is likely
that groundwater is also the main source of Si to
Ninigret Pond, and groundwater Si loading to the
coastal ponds of Rhode Island proceeds at approxi-
mately 0.6 mmol DSi m™2 h™! (Grace & Kelley 1981,
Bintz et al. 2003). Bare sediments recycled DSi to
the water column at only a slightly higher rate
(1.0 mmol DSi m~2 h™') than groundwater DSi load-
ing, while sediments beneath oysters recycled DSi to
the water column at nearly 4 times (2.5 mmol m=2h™1)
the rate of groundwater DSi loading. It is clear that
adding oysters to coastal systems will lead to more
rapid Si cycling and greater availability of Si for
phytoplankton.

We expected oysters to release DSi and were sur-
prised to instead measure DSi uptake. Neither the
shell epibiont nor the oyster digestive tract alone pro-
duced a significant release or uptake of DSi, suggest-
ing that an interactive effect between these 2 micro-
habitats drives oyster DSi uptake. Oysters excrete
dissolved inorganic N and P, and if there were dia-
toms living in the shell biofilm they may have taken
up DSi from the water column alongside dissolved N
and P. When the shell epibiont was incubated alone
there was no DSi flux, as concentrations of dissolved
N and P in the incubation chambers were low (Ray
et al. 2019). We recorded no DSi excretion from
scrubbed oysters either, likely because they had con-
sumed all of the phytoplankton in the water in the
cooler and their digestive system was empty, or pos-
sibly due to short retention time of particles within
the digestive tract and lack of time for ASi dissolution
to occur. As oysters excrete dissolved N and P but not
Si, this supports the third hypothesis we presented
earlier, where oysters prime fecal biodeposits for Si
dissolution in sediments, as they must digest some
OM from suspended particulates, thus exposing ASi
in biodeposits for dissolution.

The amount of DSi consumed by oysters does not
match their ASi content. Assuming the oysters used
in this study took 2 yr to reach market size and con-
sumed DSi at the same rate throughout those 2 yr
(0.06 pmol DSi ind.”! h™), total oyster DSi consump-
tion (1051.2 pmol Si) makes up only around one-
quarter of the ASi in the oyster (0.25 g ASi ind.™}, or
4161 pmol ASi ind.™). One possible explanation for
this discrepancy is Si-carbonate replacement in
shell, a suggested explanation for the Si contained in
bivalve shell from nearby Long Island Sound (Me-
seck et al. 2018). It is also possible that as suspended
particulates pass through the oyster digestive sys-
tem, some of the Si held in these particles dissolves
and is assimilated by the oyster. We can make no
conclusive assertions here.

At an ecosystem level, the ratio of nutrient re-
generation in oyster habitats can play an important
role in regulating phytoplankton community compo-
sition; diatoms should dominate when Si:N avail-
ability is 21. We can estimate how the oyster farm
might alter water column Si:N ratios using previ-
ously published values from this farm. Previously,
we reported that sediments beneath aquaculture at
this farm recycle dissolved ammonium (192 pmol
NH,* m~2 h™!) at a higher rate than bare sediments
(=42 pmol NH,* m~2 h~!) with no change in NO;~ or
NO,™ flux (Ray et al. 2020). We also determined that
oysters recycle N at a rate of 1.47 pmol N ind.”? h™!
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(as NH,* and NO,7; Ray et al. 2019). Assuming a
stocking density of 500 oysters m~?, total N recycling
in the aquaculture facility on a spatial basis is
approximately 927 pmol N m~2 h'—much less than
the sum of DSi recycling beneath aquaculture and
oyster uptake (2446 pmol DSi m~2 h7!). It appears
that oyster aquaculture recycles Si:N at 2.6, creating
conditions favorable for a phytoplankton community
dominated by diatoms.

An ecosystem-scale demonstration of the impor-
tance of suspension-feeder-driven Si regeneration
can be found in the Bay of Brest, France. Observa-
tions of persistent diatom populations throughout the
summer in the bay despite low Siloading were deter-
mined to be driven by enhanced sediment DSi
regeneration driven by benthic OM loading by inva-
sive Crepidula fornicata—in effect creating a ‘silicic
acid pump' that could maintain Si availability for
diatoms in the water column (Chauvaud et al. 2000,
Ragueneau et al. 2002). It is likely that large oyster
populations have a similar effect.

4.2. Oyster aquaculture is a
relatively small Si sink

When oysters are harvested for human consumption
the ASi they contain is removed from the system. We
can estimate the relative importance of ASi removal
via oyster harvest in Ninigret Pond by comparing the
values we measured in this study with estimates of Si
loading to the system. Assuming groundwater Si
loading to Ninigret Pond proceeds at approximately
0.6 DSi mmol m~2 h™! (Grace & Kelley 1981, Bintz et
al. 2003) and the lagoon has an area of approximately
6.4 km?, the total annual Si input is approximately
33638.4 kmol Si yr~!. Unfortunately, we cannot locate
data on oyster harvest from Ninigret Pond alone, but
can use the 2015 harvest data for the entire state of
Rhode Island (8.3 x 10° oysters from culture har-
vested; Beutel 2017), which encompasses Ninigret
Pond, Narragansett Bay, and several other small
coastal lagoons. If we assume all oysters were the
same size, all came from Ninigret Pond, and all con-
tained the same amount of ASi (0.25 g ASi ind.™),
then total ASi removed through oyster harvest would
equal 350 kg, or 5.83 kmol Si—even if all of the oys-
ters raised in Rhode Island were raised and har-
vested in Ninigret Pond, this harvest would only
remove 0.02 % of total Si loading to the system, and
even less if there are other sources with large Si
quantities besides groundwater. Thus, we can con-
clude that removal of Si in oyster biomass does not

have a large impact on estuarine Si cycling or export
of Si to the ocean.

Si burial in sediments beneath oyster aquaculture
also appears negligible, as there are only very slight
differences in ASi concentrations at 3—-4 cm depth
beneath oyster aquaculture and bare sediment
(Fig. 4). Despite greater ASi loading to surface sedi-
ments beneath aquaculture, the majority of this ASi
is dissolved as it is buried, demonstrated by higher
sediment porewater DSi concentrations as aquacul-
ture age increases. The DSi in this porewater is
moved to the water column through diffusive pro-
cesses, driving the enhanced DSi fluxes from sedi-
ments beneath oyster aquaculture gear (Fig. 3).

4.3. Comparing aquaculture with oyster reeis

In this study, we investigated the influence of oys-
ter aquaculture on estuarine Si cycling. Oyster reefs
likely have a similar impact as aquaculture in re-
gards to oyster and sediment DSi fluxes, though ASi
removal and burial likely differs between reefs and
aquaculture. Specifically, we predict that oysters on
reefs will contain more ASi than those raised in aqua-
culture, and burial of ASi will be greater in oyster
reef habitats relative to aquaculture. Oysters grow-
ing on reefs tend to have a greater shell mass relative
to tissue mass compared to oysters raised in culture,
which often have relatively thinner shells due either
to protection from predation in cages, selection of
oysters that provision more energy to tissue than
shell growth by farmers, or directly by alteration of
shell shape and mass during farm management (e.g.
tumbling oysters to chip shells; Higgins et al. 2011). If
reef oysters are harvested, more Si may be removed
from the system relative to a similarly sized harvest
of oysters raised in culture, but the magnitude of this
removal is still likely insignificant at the ecosystem
scale. Burial of ASi in oyster reefs may be much
higher than aquaculture, driven not through greater
burial of ASi-containing biodeposits, but directly
through shell burial. Mature oyster reefs bury and
store large quantities of inorganic carbon (C) in shell
(0.5-2.5 Mg C ha™! yr™}; Fodrie et al. 2017), and using
this burial rate, the inorganic-C content of oyster shell
(11 % shell mass; Galtsoff 1964), and the average ASi
content of oyster shell (0.55%) we can estimate that
shell burial in oyster reefs could sequester between
0.03 and 0.13 Mg Si ha™! yr!, or 5.7-24.7 pmol
ASi m~2 h~!. This burial is fairly small, at approxi-
mately 1-4% of the groundwater loading rate to
Ninigret Pond on an aerial basis.
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5. CONCLUSIONS

Results of our study demonstrate that the expan-
sion of oyster aquaculture will lead to more rapid
recycling of Si in coastal ecosystems, with little Si
loss. In systems with substantial oyster aquaculture
activity, larger diatom populations might be favored
due to greater Si availability, with ecosystem-scale
consequences. In this study, we measured Si cycling
at an oyster farm due to convenience, as well as the
challenge of locating oyster reefs in the Northeastern
USA. However, we suspect that much like N and P,
oyster-mediated Si cycling will be similar in aquacul-
ture and reef habitats and that other filter-feeding
bivalves may have similar effects. These questions
are certainly worthy of further investigation and may
shed light on how coastal ecosystems functioned
prior to over-exploitation of oyster populations.

Data availability. The data sets used in this study can be ac-
cessed and downloaded via the Figshare repository (https://
doi.org/10.6084/m9.figshare.14497566).
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