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1.  INTRODUCTION 

Anthropogenic disturbances and introduced dis-
eases have contributed to the depletion of the east-
ern oyster Crassostrea virginica in Chesapeake Bay, 
the largest estuary on the US Atlantic coast (Newell 
1988). Excessive nutrient loading and phytoplankton 
biomass (Kemp et al. 2005, Ator et al. 2019, Harding 

et al. 2019, Murphy et al. 2019) in coastal ecosys-
tems has led to the suggestion that increasing the 
populations of bivalves may contribute to nutrient 
mitigation (Beseres Pollack et al. 2013, Bricker et al. 
2014, Rose et al. 2014). Efforts to rehabilitate the oys-
ter population through restoration (Schulte & Burke 
2014) and aquaculture (Williamson et al. 2015, Ray et 
al. 2015) are underway. Similar approaches have 
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been considered in other parts of the world with sim-
ilar eutrophication problems (Lindahl 2011, Holmer 
et al. 2015, Petersen et al. 2016, Kotta et al. 2020, 
Hylén et al. 2021, Ritzenhofen et al. 2021). 

The euryhaline epibenthic bivalve filter feeder C. 
virginica filters large volumes of water and removes 
suspended microparticulate material (~2−100 μm) 
from the water column (Haven & Morales-Alamo 
1970, Newell & Langdon 1996, Rosa et al. 2018). Fil-
tration and nutrient assimilation into tissue with sub-
sequent harvest (i.e. bioextraction) is considered a 
best management practice (BMP) to reduce nitrogen 
in Chesapeake Bay and elsewhere (Bricker et al. 
2020). Oyster-mediated denitrification is under con-
sideration for nutrient management (Ayvazian et al. 
2021, Rose et al. 2021). However, the generation of 
large amounts of feces and pseudofeces as biode-
posits results in the loading of particulate organic 
matter (POM) to the sediments (Jordan 1987) and 
is  understudied. While some investigations suggest 
that bivalves reduce nutrients through conversion of 
bioavailable nitrogen to N2 gas through the micro-
bially mediated coupling of nitrification−denitrifica-
tion (Newell et al. 2002, 2005, Higgins et al. 2011, 
Piehler & Smyth 2011, Smyth et al. 2013, Kellogg et 
al. 2013, 2014), others suggest that increased sedi-
ment nutrients can diminish net nitrogen removal 
(Lunstrum et al. 2018, Hylén et al. 2021). Thus, 
bivalve systems may serve as sources or sinks of 
nitrogen in coastal ecosystems (Smyth et al. 2018), 
and in some circumstances, oyster or clam aqua -
culture can shift sediment nitrogen processes to in -
creased ammonium effluxes rather than denitrifica-
tion (Murphy et al. 2016, Lunstrum et al. 2018). 

Some of this discrepancy may exist because the 
impacts of the production, deposition, and fate of 
biodeposits on water quality and nutrient and oxy-
gen dynamics have not been sufficiently evaluated. 
While it is generally assumed that oyster biodeposits 
remain in oyster reefs (Newell et al. 2005, Kellogg et 
al. 2013), some studies suggest that biodeposits can 
be resuspended (Colden et al. 2016, Porter et al. 
2018a, 2020) and transported by currents (Lund 
1957, Widdows et al. 1998, Testa et al. 2015). Hydro-
dynamics exert a strong influence on sediments to 
and from intertidal oyster reefs (Reidenbach et al. 
2013). Although high biodeposition in low-flow areas 
can adversely affect sediments under aquaculture 
rafts (Cranford et al. 2007, Higgins et al. 2013), mod-
erate rates of deposition can enhance denitrification 
(Newell et al. 2002, Lunstrum et al. 2018). 

The highly variable rates of oyster-associated deni-
trification (e.g. Piehler & Smyth 2011, Higgins et al. 

2013, Kellogg et al. 2013, 2014 and references 
therein), including directly from oyster aggregations 
(Caffrey et al. 2016, Arfken et al. 2017, Jackson et al. 
2018), may arise either from differences in the fate of 
biodeposits or from the technical approach. Bottom 
shear stress and biodeposit resuspension have gener-
ally not been considered. No studies to date have 
specifically examined the effects of biodeposit resus-
pension in a whole-ecosystem context (but see Porter 
et al. 2018a, 2020a). The net biogeochemical effects 
of oysters on nitrogen balances have generally been 
determined solely within the restoration or aquacul-
ture ‘footprint’ without consideration of nitrogen 
remineralization and denitrification from biodeposits 
transported away from the oyster communities. 

Shear stress above the critical shear stress resus-
pends sediments and biodeposits, enhancing decom-
position in both the water column and re-deposition 
sites. In experiments without resuspension, oyster-
enhanced biogeochemical processes and water flow 
can affect the nitrogen cycle (Porter et al. 2004a). 
Resuspension enhances nutrient fluxes from sedi-
ments (Qin et al. 2004, Almroth et al. 2009, Corbett 
2010, Porter et al. 2010, Almroth-Rosell et al. 2012, 
Yu et al. 2017) but also significantly affects microbial 
and planktonic communities and thus, ultimately, 
biogeochemical cycles (Wainright 1987, 1990, Porter 
et al. 2010, Isobe & Ohte 2014) and should be consid-
ered in whole-ecosystem experiments and models. 

Our specific questions included: (1) How do resus-
pended biodeposits affect water column nutrient and 
oxygen dynamics? (2) How do resuspended bio -
deposits affect sediment biogeochemical nutrient 
and gas fluxes? To address these questions, we per-
formed a 30 d mesocosm study focusing on the effect 
of biodeposit resuspension on the nitrogen cycle and 
oxygen dynamics, with a focus on plankton, nutri-
ents, microphytobenthos, and biogeochemical sedi-
ment nutrient and gas fluxes. 

2.  MATERIALS AND METHODS 

2.1.  Mecocosm setup and mixing 

Two sets of triplicate cylindrical tanks, the Shear 
TUrbulence Resuspension Mesocosm (STURM, R) 
tanks (Porter et al. 2018b) and standard non-resus-
pension (NR) tanks (termed ‘C’ tanks in Crawford & 
Sanford 2001) were set up at the Patuxent Environ-
mental and Aquatic Research Laboratory (PEARL) at 
Morgan State University in St. Leonard, Maryland, in 
June 2018. R tanks had a single paddle (Fig. 1b,d)  
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to induce high bottom shear stresses which resus-
pended sediments and biodeposits without overmix-
ing the water column (Porter et al. 2018b). The pad-
dle configuration and mixing configuration in the NR 
tanks produced unrealistically low shear stress at the 
bottom and no sediment resuspension (Porter et al. 

2010). The paddle speeds and forward-stop-back-
ward-stop motion of the NR and R mixing paddles 
were set to produce similar tank-averaged root mean 
square (RMS) turbulent velocities and energy dissi-
pation rates between the NR and R tanks. All tanks 
had a 1 m deep water column, a 1000 l volume, and a 
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Fig. 1. Root mean square (RMS) turbulent velocity in (a) non-resuspension tanks (NR) and (b) resuspension tanks (R), with 
paddles in the tanks indicated in yellow. Energy dissipation rate in (c) NR tanks and (d) R tanks. Circles indicate measurement 
locations (a−d). Concentrations of total suspended solids (TSS) generated by tidal cycles (4 h mixing-on, 2 h mixing-off in the  

(e) NR tanks and (f) R tanks; n = 3 tanks each. BD: biodeposit addition, OBS-3 optical backscatter turbidity meter
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1 m2 sediment surface area, with a ~10 cm layer of 
muddy sediment at the bottom. 

Benthic shear stress in the R tanks was quantified 
directly using hot film anemometry (Gust 1988, 
Porter et al. 2018b). Instantaneous bottom shear 
stresses were as high as 0.36−0.51 Pa in the R tanks 
(Porter et al. 2018b), such that sediment and biode-
posit resuspension was induced during the mixing-
on phases (Fig. 1f). Bottom shear stress was low 
(~0.001 Pa) in the NR tanks (Crawford & Sanford 
2001), with no resuspension induced (Fig. 1e). 

The different paddle and mixing configurations in 
the NR and R tanks produced water column turbu-
lence. To calculate this turbulence, a combination of 
gypsum dissolution techniques (as appropriate in 
certain flow conditions; Porter et al. 2000) and direct 
flow and turbulence measurements with an acoustic 
Doppler velocimeter (ADV) were used at different 
mixing speeds at a number of representative loca-
tions in the NR and R tanks (Fig. 1a−d). An ADV 
was used for all turbulence measurements in the R 
tanks. Mixing followed cycles of 4 h on:2 h off in all 
systems to simulate tidal cycles throughout the 30 d 
experiment. 

RMS turbulent velocity (cm s−1) is defined in Ten-
nekes & Lumley (1972) as: 

 
                                                  (1) 

 
where <u2>, <v2>, and <w2> are the variances of 
their respective velocity components. Energy dissi-
pation rates (cm2 s−3) were determined following 
Sanford (1997). Volume-weighted RMS turbulent 
velocities, determined using Surfer (Golden Soft-
ware), were approximately 1.08 cm s−1 (Fig. 1a,b), 
and volume-weighted energy dissipation rates were 
approximately 0.0772 cm2 s−3 during mixing-on (Fig. 
1c,d); this rate is similar to the intermediate mixing 
treatment of Petersen et al. (1998). These turbulence 
levels are comparable to those used in R tanks in pre-
vious experiments comparing R vs. NR systems with-
out biodeposits (Porter et al. 2010) and in linked 
mesocosms (Porter et al. 2004a,b), are lower than 
used in Porter et al. (2018a), and are in a realistic 
range (Table 1 in Sanford 1997, Porter et al. 2018b). 
In addition, this mixing setting kept energy dissipa-
tion rates at realistic Chesapeake Bay levels. 

The mesocosms were prepared with muddy sedi-
ment, collected on 7 June 2018 from the mesohaline 
Patuxent estuary 38° 22’ 0.9’’ N, 76° 30’ 0.7’’ W, a trib-
utary of Chesapeake Bay. Sediments near the sedi-
ment collection site contained 2.87 ± 0.38% carbon 
(min.: 2.21%; max.: 3.95%), 0.36 ± 0.04% nitrogen 

(min.: 0.28%; max.: 0.47%), and 0.1 ± 0.123% phos-
phorus (min.: 0.010%; max.: 0.941%) (W. R. Boynton 
unpubl. data). Sediment was transported to PEARL 
(Morgan State University), where it was placed in 
outdoor mesocosms on 12 June 2018 after anaerobic 
defaunation (Porter et al. 2006). For realistic pore 
water gradients, sediment was equilibrated in the 
dark for 2 wk with a 30 cm water column of 0.5 μm 
filtered Patuxent estuary water (PEW) as described 
by Porter et al. (2006 [there Treatment HG-m], 2010, 
2013, 2020). During the sediment equilibration phase 
in the dark, the partial water column was oxygenated 
via bubbling of air, and 50% of the 0.5 μm filtered 
PEW in the tanks was replaced daily with 0.5 μm fil-
tered PEW for 2 wk. At the end of the sediment equi-
libration period, all overlying water was removed, 
and tanks were filled to a water column height of 
1.0 m with unfiltered ambient PEW. Each day, 10% 
of the water in each tank was exchanged during the 
mixing-off phase and replaced with 0.5 μm filtered 
PEW to mimic tidal exchange without introducing a 
new plankton community. 

The outside walls of all tanks were wrapped in 
reflective bubble wrap (Shelter Institute) to reduce 
overheating of the tank water during high outdoor 
summer temperatures (≤38°C). In addition, 2 layers 
of window screen mesh were placed over the super-
structure ~1.5 m above the tanks to reduce insola-
tion. Temperatures during 2 heatwaves during Days 
1−4 and Days 14−16 reached up to 30.46°C in the 
tank water but did not exceed temperatures meas-
ured in a nearby Patuxent estuary cove (up to 
31.2°C). 

Light levels of ~230 μmol photons m−2 s−1 were 
measured at the water surface of the tanks using an 
LI-192 Underwater Quantum sensor (LI-COR Bio-
sciences) attached to a model LI-250 readout. Previ-
ous experiments indicated that light levels of about 
160 μmol photons m−2 s−1 are required at the water 
surface to prevent light limitation (Porter et al. 
2004a). Therefore, any light limitation within the 
tanks was due to the impact of sediment and bio -
deposit resuspension and the resulting density of 
phytoplankton. 

The tanks were slowly and evenly filled with pre-
screened, unfiltered, 11.5 PSU salinity water contain-
ing the resident plankton community from the Patux-
ent estuary. Only megazooplankton >3 cm were 
excluded. Mixing began with programmed tidal 
cycles, and all tanks were synchronized. The experi-
ment took place from 2 July to 1 August 2018 (30 d). 
A rainstorm added fresh water to the tanks on Day 
16, reducing salinity from 11.5 to 10 PSU. On Day 20, 

q = 1
3
(<u2> + <v 2> + <w 2>)
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a major rainstorm added 10% of fresh water to each 
tank and reduced salinity further to 6 PSU, and 
by Day 21, salinity was again 9 PSU. On the evening 
of Day 10, software issues stopped the mixing for 
~2 h during the mixing-on phase. Using a separate 
cleaning stick for each tank to prevent tank cross-
contamination, tank walls were cleaned of periphy-
ton every day to minimize wall growth, retaining dis-
lodged periphyton in the tanks so wall periphyton 
would not affect measures of phytoplankton and zoo-
plankton abundance (Chen et al. 1997, Chen & Kemp 
2004). 

During mixing-on, each of the 6 tanks received a 
daily addition of oyster biodeposits, starting after the 
first water column sampling. During the afternoon 
mixing-on phases, a measured volume (~2 l) of bio -
deposits was added to each tank; each tank received 
9.71 ± 6 g dry weight of biodeposits daily. Biodeposits 
were generated from oysters feeding on natural 
plankton from the Patuxent estuary in indoor race-
ways with ambient PEW in continuous-flow condi-
tions, and biodeposits were collected in trays below 
the oysters. Total suspended solids (TSS), particulate 
inorganic matter (PIM), POM, and quality (ratio of 
POM:PIM) of the added biodeposits were determined 
daily, while particulate carbon (PC), particulate nitro-
gen (PN), chlorophyll a (chl a), and phaeophytin con-
centrations were determined in bio depo sits on all 
days except Days 2, 9, 10, and 12. 

2.2.  Sampling regime and variables sampled 

Biological and biogeochemical measurements in -
cluded water column chl a, phaeophytin, TSS, POM 
and PIM concentrations, phytoplankton identifica-
tion and cell counts, phytoplankton pigment com -
position using HPLC, and water column nutrient 
concentrations (ammonium, nitrate plus nitrite, dis-
solved inorganic nitrogen [DIN], soluble reactive 
phosphorus [SRP], total dissolved nitrogen [TDN], 
total dissolved phosphorus [TDP]) with methods 
outlined in Table 1. Water samples (4 l) were taken 
at tank mid-depth during mixing-on twice a week, 
and for particulates, also on Days 15, 22, and 29 at 
the end of the mid-day mixing-off phase (Table 1). In 
addition, light profiles, irradiance at the bottom, geo -
metric mean irradiance, and Secchi depth were de -
termined during mixing-on and mixing-off (Table 1). 
Each morning, dissolved oxygen was measured in 
all tanks using a YSI Pro 20 dissolved oxygen meter 
(Table 1). In all R tanks, turbidity was continu-
ously measured at 1 s intervals with optical back -

scatter turbidity sensors (OBS-3; D&A Instrument) 
located at mid-depth (Table 1). As more OBS-3 
instruments became available, starting on Day 10, 
turbidity was also continuously monitored in 2 NR 
tanks. Turbidity was calibrated with concurrently 
collected mid-depth TSS samples, analyzed by fil-
tration, with weighing as described in Porter et al. 
(2018a). 

2.3.  Sediment nutrient and gas fluxes 

Two sediment cores per tank were taken using a 
pole corer at the end of the experiment on 1 August 
2018, and sediment cores were incubated in the dark 
and in the light at the Horn Point Laboratory, Univer-
sity of Maryland Center for Environmental Science, 
to obtain sediment gas and nutrient fluxes as affected 
by any microphytobenthos (Owens & Cornwell 
2016). Three additional sediment cores per tank 
were collected and analyzed for sediment chl a 
(Table 1). Four additional incubations were per-
formed on water-only as blanks to correct for water 
column processes. Dissolved oxygen, ammonium, 
nitrate plus nitrite, SRP, and dinitrogen gas concen-
trations were measured at 4 time points in the dark 
and 4 time points with illumination (Owens & Corn-
well 2016) to determine nutrient and gas flux rates, 
corrected for the water column blanks. Solute sam-
ples were filtered (pore size: 0.45 μm) and frozen for 
later analysis. Samples for dissolved oxygen and 
dinitrogen gas were analyzed on a membrane inlet 
mass spectrometer (MIMS; Kana et al. 1994, 1998). 
Sub-cores for sediment chl a and sediment phaeo-
phytin were collected from the flux cores and frozen 
at −70°C for later analysis with HPLC (Van 
Heukelem & Thomas 2001). Nutrients for the flux 
samples were analyzed colorimetrically (Jackson et 
al. 2018). 

Nitrification efficiency (%) is an estimate of the 
likelihood that ammonium is transferred to nitrate 
plus nitrite (Kellogg et al. 2013) and was calculated 
from sediment biogeochemical fluxes, using [(N2N + 
NO2 +3) / (NO2 +3 + NH4 + N2N)] × 100, for R and NR 
tanks. The denitrification efficiency (%) was an esti-
mate that nitrogen from regeneration and from the 
water column was transferred to N2 gas (Kellogg et 
al. 2013) and was calculated from the biogeochemi-
cal fluxes in the dark, using [N2N / (NH4 + NO2 +3 + 
N2N)] × 100, for R and NR tanks. Nitrogen supply 
(sum of ammonium, nitrate plus nitrite, and dinitro-
gen gas fluxes; all in the light) was calculated for all 
flux cores, using gross O2 production = (O2 flux in the 
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Variable measured            Frequency over         Analysis method used                                                                 Statistics used 
(units)                                4 wk experiment,  
                                       measured mid-depth 
 
Temperature (°C)                 Every 10 min           Campbell T107 temperature probes (Campbell              Student-Newman-Keuls,  
                                                                               Scientific); Porter et al. (2010, 2013, 2018a, 2020)                ANOVA, LS means 
Turbidity (V)                            Every 1 s               OBS-3 turbidity meter, linear calibration of                        Regression analysisc 
                                                                               turbidity with TSS samples; Porter et al. (2018a) 
Chl a and phaeo-                  Twice wk−1;            SM10200H.3, chl a analyzed fluorometric techniques                  RM, SP 
phytin (μg l−1)a                              3 times during          after extraction with 90% acetone, phaeophytin  
                                           mixing-off phase        measured fluorometrically following acidification 
TSS (mg l−1)                                    "                     Berg & Newell (1986), Porter et al. (2018a)                                          " 
POM (mg l−1)                                  "                     Berg & Newell (1986), Porter et al. (2018a)                                          " 
PIM (mg l−1)                                    "                     Berg & Newell (1986), Porter et al. (2018a)                                          " 
Seston quality                                 "                     Ratio POM:PIM                                                                                       " 
PC, PN (mg l−1)                               "                     EPA 440.0                                                                                                " 
PP (mg l−1)                                      "                     Aspila, EPA 365.1                                                                                   " 
Light profiles, irradi-             Twice wk−1            LI-192 underwater quantum sensor (LI-COR Biosciences)                " 
ance) at bottom                  mixing-on and         attached to a model LI-250 readout; Porter et al. (2018a, 2020) 
(μmol m−2 s−1)                         mixing-off               
Geometric mean irradi-                 "                     LI-192 underwater quantum sensor (LI-COR Biosciences)                " 
ance (μmol m−2 s−1)                                                attached to a model LI-250 readout; Porter et al. (2018a, 2020) 
Secchi depth                      Daily mixing-on        Porter et al. (2018a, 2020)                                                                      " 
(cm)                                      and mixing-off 
Phytoplankton identifi-         Twice wk−1            Phytoplankton cells were counted using Utermöhl                          RM 
cation and cell counts            mixing-on              procedures (Utermöhl 1958, Marshall & Alden 1990, 
                                                                               Lacouture 2010) as described in Porter et al. (2020) 
Phytoplankton pigment                "                     HPLC; Van Heukelem & Thomas (2001)                                              " 
concentration (μg l−1)a 
Mesozooplankton (ind. l−1)a          "                     Porter et al. (2018a, 2020), Zooplankton densities (no. l−1)                   
                                                                               were converted to carbon (μg l−1) for each taxon following  
                                                                               White & Roman (1992, Table 1): carbon (μg C ind.−1) = 0.32 W 

NH4
+ (μmol l−1)                               "                     Standard methods 4500-NH3 G-1997                                                  " 

NO3
− + NO2

− (μmol l−1)                  "                     ASTM D-7781/EPA 353.2                                                                      " 
DIN (μmol l−1)                                 "                     DIN = NO3

− + NO2
− + NH4

+                                                                   " 
PO4

3− (μmol l−1)                              "                     EPA 365.1                                                                                                " 
TDN (μmol l−1)a                              "                     Alkaline persulfate digestion, ASTM D-7781, EPA 353.2                   " 
TDP (μmol l−1)a                               "                     Alkaline persulfate digestion, EPA 365.1                                             " 
DON (μmol l−1)                               "                     Calculated by subtracting NH4

+ and NO3
− + NO2

− from TDN           " 
DOP (μmol l−1)                                "                     Calculated by subtracting PO4

3− from TDP                                          " 
Dissolved silicate (μmol l−1)           "                     SM4500-SIO2 C97,11                                                                            " 
DOC (mg C l−1)a                             "                     SM5310B                                                                                                 " 
CDOMa                                           "                     CDOM absorbance was measured over 400−700 nm, and                " 
                                                                               absorbance at 440 nm for all samples was used to  
                                                                               determine CDOM m−1 over time in the resuspension  
                                                                               and non-resuspension tanks 
DO (mg l−1)                    Daily, in the morning    YSI Pro 20                                                                                               " 
Sediment chl a                 End of experiment      HPLC, Van Heukelem & Thomas (2001)                                           t-test 
(μg l−1)a and sediment  
phaeophytin (μg l−1)b                       
Dark−light biogeo-          End of experiment;      Owens & Cornwell (2016)                                                                     SP 
chemical flux                      see Section 2.3 
experiment 
Sediment %N, %C,         End of experiment      EPA 440.0; ASPILA, EPA 365.1                                                          t-test 
%P, %water content                                                                                                                                                                

aAvailable in Table S2, Figs. S1–S4; bAvailable in Fig. S5; cAvailable in Table S1

Table 1. Variables measured over the 30 d ecosystem experiment in resuspension and non-resuspension tanks (n = 3 system−1). 
Particulate and dissolved nutrients, dissolved organic carbon (DOC), chromophoric dissolved organic matter (CDOM), and chl a 
were analyzed by Chesapeake Biological Laboratory Analytical Services and HPLC samples by Horn Point Laboratory Analytical 
Services. TSS: total suspended solids; POM: particulate organic matter; PIM: particulate inorganic matter; PC: particulate carbon; 
PN: particulate nitrogen; PP: particulate phosphorus; DIN: dissolved organic nitrogen; TDN: total dissolved nitrogen; TDP: total 
dissolved phosphorus; DON: dissolved organic nitrogen; DOP: dissolved organic phosphorus; DO: dissolved oxygen; RM: 
repeated measures analysis, mixing-on and mixing-off; SP: split-plot analysis followed by Student-Newman-Keuls test and least  

square (LS) means analysis; ": same as above
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light − O2 flux in the dark) / 6.625, and the results 
graphed against nitrogen demand to determine if the 
nitrogen supply fulfilled microphytobenthos nitrogen 
demand. Daily sediment dark−light fluxes were 
scaled for day length (Owens & Cornwell 2016), and 
on 1 August 2018 (the day sediment cores were col-
lected from the mesocosms), daylight was 14.13 h 
and night was 9.83 h in St. Leonard, MD. 

2.4.  Statistical analyses 

Statistical repeated-measures analysis (Crowder & 
Hand 1990) in SAS v.9.4 was used to assess differ-
ences (among R and NR mesocosms) for variables 
analyzing mixing-on phase data and for variables 
analyzing mixing-off data (Table 1). Samples from 
different dates were assessed as repeated measure-
ments for each treatment, and p-values were calcu-
lated for testing effects of both treatment (p) and time 
× treatment (p2). The Greenhouse-Geisser (Green-
house & Geisser 1959) correction was applied to p2, 
as necessary. In cases where the time × treatment 
interaction was significant, regression analysis was 
performed of the variable over time for both R and 
NR tanks, and, for specific sampling days, t-tests 
were performed between R and NR tanks. 

A split-plot design in SAS v.8.2 was used for mixing-
on−off particulate concentrations (PC, PN), on–off 
geometric mean irradiance, on−off irradiance at the 
sediment surface, as well as on−off water column chl 
a concentrations, phaeophytin concentrations, POM 
concentrations, and ratio of chl a to phaeophytin 
(Table 1). Moreover, a split-plot design in SAS v.8.2 
was used to analyze dark−light nutrient and gas 
fluxes (Table 1). The Shapiro-Wilk test was used to 
check for normality and the Levene’s test to check for 
homogeneous variance; data were log transformed 
as necessary. Post hoc tests for the split-plot design 
were the Student-Newman-Keuls test and least 
square means analyses in SAS v.8.2. 

Linear regression of mesozooplankton biomass (in 
carbon units) and phytoplankton biomass (in carbon 
units estimated from direct cell counts; Strathman 
1967) were used to determine the relationship be -
tween the mesozooplankton and phytoplankton 
communities. Linear re gression was used to estimate 
TSS concentration from turbidity measured using 
OBS-3 turbidity sensors and filtered TSS samples. 
Regression analysis was used to compare PC, PN, 
particulate phosphorus (PP), and TSS concentrations. 
Sediment percent nitrogen, percent phosphorus, per-
cent carbon, and percent water content, respectively, 

were compared between R and NR tanks using t-
tests. Statistical t-tests and regression analyses were 
done using the Microsoft Excel Analysis ToolPak 
(Microsoft); results of all analyses were considered 
significant at p ≤ 0.05. Trends were defined as the p = 
0.1−0.05 range. 

2.5.  Conversion of biodeposit nitrogen into labile 
nitrogen under resuspension 

The amount of PN from biodeposits that turned 
into labile nitrate plus nitrite, labile ammonium, and 
how much was converted to dissolved organic nitro-
gen (DON) under resuspension over the course of the 
experiment in R and NR tanks was estimated, along 
with rates of change per day. Daily additions of 
biodeposits to each tank were determined (mg PN 
tank−1), and missing biodeposit PN measurements on 
Days 2, 9, 10, and 12 were interpolated to determine 
the mg PN added to each tank via biodeposits over 
the 30 d experiment. Biodeposit PN (mg tank−1) was 
converted to μmol biodeposit nitrogen per tank for 
each day of the experiment and used as a model 
input. Biodeposit nitrogen diagenesis was then mod-
eled, based on daily added biodeposit nitrogen, 
using rates and proportions from Testa et al. (2015) 
and Brady et al. (2013) to assess how much new nitro-
gen from biodeposits was available and how it might 
be distributed in the ecosystem. To determine what 
nutrient species the biodeposit nitrogen would con-
vert to, we determined cumulative nitrate plus nitrite 
(ΣNOx), cumulative ammonium (ΣNH4), and cumula-
tive DON (ΣDON) in the water column over the 30 d 
experiment in R and NR tanks (n = 3 for each system; 
means ± SD) using Eqs. (2) & (3): 

 
 
 
                                                  (2) 
 
 
 
                                                  

(3)
 
 

All tanks received daily additions of oyster bio -
deposits, and we compared the cumulative nitrogen 
amounts over the experiment with the modeled 
amount of nitrogen available from added biodeposits. 
Phytoplankton biomass, zooplankton biomass, and 
their nitrogen contents, respectively, were not signif-
icantly different between treatments, thus af fected 
the nitrogen budget similarly in R and NR tanks. 

Net NOx = 

μmol
N

tank
day2�μmol

N
tank

day1+ 0.1* μmol
N

tank
day1( )          

�μmol N added with daily water exchange

Cumulative NOx =
Cumulative NOx  the day before
+Net NOx  the day of
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Variable mixing-on / mixing-off analyzed                                   R                         NR                 Da ys             p                 p2 
                                                                                               Mean ± SD         Mean ± SD                                                    
 
(a) Seston (filtered samples)                                                                                                                                                   
TSS, mixing-on (mg l−1)                                                         325.5 ± 154.5        22.4 ± 1.5            1−29          0.0018         0.1998 
PIM, mixing-on (mg l−1)                                                         261.2 ± 128.7        10.0 ± 0.9            1−29          0.0019         0.1985 
POM, mixing-on (mg l−1)                                                       64.32 ± 26.0        12.43 ± 2.0            1−29          0.0015         0.2056 
Ratio POM:PIM mixing-on                                                      0.28 ± 0.06          1.21 ± 0.21          1−29        <0.0001         0.3024 
Percent POM mixing-on                                                        21.49 ± 3.77        53.03 ± 4.52          1−29        <0.0001         0.3344 
                                                                                                                                                                                                   
TSS, mixing-off (mg l−1)                                                         27.14 ± 3.26        26.67 ± 2.8              3×            0.8652         0.0136 
PIM, mixing-off (mg l−1)                                                         16.68 ± 2.43        13.69 ± 1.75            3×            0.1579         0.0144 
POM, mixing-off (mg l−1)                                                       10.45 ± 1.1          13.59 ± 1.83            3×            0.0565         0.0167 
Ratio POM:PIM, mixing-off                                                     0.65 ± 0.04          0.93 ± 0.05            3×            0.0015         0.5331 
Percent POM, mixing-off                                                      38.93 ± 1.34        48.65 ± 0.86            3×            0.0008         0.0188 
                                                                                                                                                                                                   
(b) Particulate nutrients                                                                                                                                                          
PP, mixing-on (mg l−1)                                                              0.73 ± 0.37          0.07 ± 0.01          1−29          0.0024         0.1564 
PC, mixing-on (mg l−1)                                                           19.58 ± 9.79          2.14 ± 0.31          1−29          0.0020         0.1812 
PN, mixing-on (mg l−1)                                                             2.88 ± 1.44          0.40 ± 0.06          1−29          0.0023         0.1828 
Ratio PC:PN mixing-on                                                           6.78 ± 0.08            5.4 ± 0.04          1−29        <0.0001         0.3530 
                                                                                                                                                                                                   
PP, mixing-off (mg l−1)                                                             0.06 ± 0.01          0.07 ± 0.01            3×            0.2844         0.0067 
PC, mixing-off (mg l−1)                                                             1.84 ± 0.33          3.25 ± 1.56            3×            0.1985         0.1579 
PN, mixing-off (mg l−1)                                                            0.30 ± 0.06          0.42 ± 0.01            3×            0.0233         0.0489 
Ratio PC:PN, mixing-off                                                          6.24 ± 0.07          5.50 ± 0.07            3×            0.0005         0.0046 
                                                                                                                                                                                                   
(c) Phytoplankton ID                                                                                                                                                               
Total phytoplankton carbon, mixing-on (μg C l−1)               1590 ± 1055        1142 ± 1488         1−29          0.0637         0.0020 
Phytoplankton nitrogen, mixing-on (μg N l−1)                        240 ± 159            172 ± 225           1−29          0.0637         0.0020 
Diatoms, mixing-on (μg l−1)                                                    1310 ± 984            817 ± 1448         1−29          0.0802         0.0013 
Phytoflagellates, mixing-on (μg l−1)                                         233 ± 137            231 ± 116           1−29          0.9629         0.2671 
Dinoflagellates, mixing-on (μg l−1)                                         26.5 ± 51.3          87.5 ± 127.5        1−29          0.1964         0.1055 
                                                                                                                                                                                                   
(d) Dissolved oxygen, dissolved nutrients                                                                                                                            
Dissolved oxygen, mixing-on (mg l−1)                                    2.49 ± 0.29          5.72 ± 0.35          0−30        <0.0001         0.0124 
NO3

− + NO2
−, mixing-on (μmol l−1)                                       19.66 ± 4.42          7.09 ± 4.66          1−29          0.0004         0.0920 

DIN, mixing-on (μmol l−1)                                                      21.13 ± 4             12.27 ± 7               1−29          0.0026         0.1225 
DON, mixing-on (μmol l−1)                                                    18.24 ± 2.65        24.37 ± 1.53          1−29          0.0013         0.2989 
DOP, mixing-on (μmol l−1)                                                       0.29 ± 0.1            0.53 ± 0.1            1−29          0.0034         0.2504 
NH4

+, mixing-on (μmol l−1)                                                      1.47 ± 0.82          5.18 ± 3.7            1−29        <0.0001         0.0440 
Soluble reactive phosphorus (SRP) mixing-on (μmol l−1)      1.46 ± 0.47          1.21 ± 0.63          1−29          0.0373         0.0019 
Dissolved silicate, mixing-on (μmol l−1)                              108.76 ± 21.4      106.21 ± 21.76        1−29          0.5208         0.0150 
TDP, mixing-on (μmol l−1)                                                        1.75 ± 0.53          1.75 ± 0.69          1−29          0.4937         0.0396 
TDN, mixing-on (μmol l−1)                                                     39.36 ± 4.4          36.64 ± 7.97          1−29          0.2584         0.2058 
Ratio DIN:SRP mixing-on                                                        7.36 ± 2.96          6.59 ± 6.51          1−29          0.3814         0.0645 
Ratio dissolved silicate:SRP, mixing-on                                78.43 ± 11.04    147.78 ± 121.31      1−29          0.0784         0.4203 
                                                                                                                                                                                                   
(e) Total nutrients                                                                                                                                                                    
Total nitrogen (TN), mixing-on (μmol l−1)                          199.81 ± 79.51      53.25 ± 14.92        1−29          0.0029         0.1957 
Total phosphorus (TP), mixing-on (μmol l−1)                        19.91 ± 8.92            3.5 ± 0.53          1−29          0.0024         0.1681 
Ratio TN:TP mixing-on                                                          10.58 ± 0.92        15.11 ± 2.98          1−29          0.0876         0.0081 
                                                                                                                                                                                                   
(f) Light penetration                                                                                                                                                                
Irradiance at sediment surface, mixing-on                              0.1 ± 0.24        41.79 ± 25.56        2−27          0.0012         0.2718 
  (μmol photons m−2 s−1) 
Geometric mean irradiance, mixing-on                                 2.85 ± 3.76      121.39 ± 61.9          2−27          0.0009         0.1886 
  (μmol photons m−2 s−1) 
Secchi depth, mixing-on (cm)                                               29.94 ± 8.41        68.35 ± 22.79        0−30        <0.0001      <0.0001                                                                                                                                                                                                    

Table 2. Means (±SD) of variables analyzed over the experiment for resuspension (R) and non-resuspension (NR) tanks, all 
with daily biodeposit additions (n = 3 treatment−1). All systems contained muddy sediments. Repeated measures analyses for 
mixing-on and mixing-off data, respectively, were performed using SAS v.9.4. Samples from different dates were assessed as 
repeated measurements for each treatment, and p-values were calculated for testing effects of both treatment (p) and time × 
treatment (p2). The Greenhouse-Geisser (Greenhouse & Geisser 1959) correction was applied to p2 as necessary. Sediment 
results are from the end of the experiment and were analyzed using t-tests. Results were considered significant at p ≤ 0.05 (in 
bold). Included in the analysis were all days including Day 1, on which no biodeposits had yet been added to any system.  

See Table 1 for definitions
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3.  RESULTS 

See Tables 2 & 3, Figs. 1−9 for results of the bio -
deposits added to each of the 6 tanks, seston and par-
ticulate nutrients, phytoplankton, dissolved oxygen, 
dissolved nutrients and total nutrients, light penetra-
tion, microphytobenthos, sediment nutrient and gas 
fluxes, and the conversion of biodeposit nitrogen into 
labile nitrogen under resuspension. In addition, we 
provide results for phytoplankton pigments and meso-
zooplankton, other ancillary results, in Tables S1−S2 
and Figs. S1−S5 in the Supplement at www.int-res.
com/articles/suppl/m686p037_supp.pdf.  

Water temperatures ranged from 22.61−30.46°C in 
the experiment (R tanks: 26.30 ± 0.04°C; NR tanks: 
26.34 ± 0.18°C), and temperatures in the 6 tanks 
tracked each other closely (p = 0.7621). Water tem-
peratures were ~2.5°C warmer over the first part of 
the experiment from Days 0−5 and ~2°C warmer over 
Days 10−17, during which the experiment experi-
enced 2 heatwaves. 

3.1.  Biodeposits added 

On average, 9.7 ± 6 g dry weight TSS, 826 ± 570 mg 
PC, 127 ± 72 mg PN, and 29.3 ± 15.3 mg PP in the 
biodeposits were added to each tank daily, i.e. per 

m−2 (Table 2h), with a POM:PIM ratio of 0.6 ± 0.3. 
Newell et al. (2002) defined low, medium, and high 
biodeposit additions as 0.25, 2.5, and 5 g C m−2 d−1, 
respectively; our biodeposit additions were in the 
medium range. Small amounts of chl a (2.45 ± 1.92 mg) 
and phaeophytin (7.15 ± 3.3 mg) were found in 
biodeposits and added to the tanks with the biode-
posits daily. Biodeposit nitrogen diagenesis, modeled 
using the measured daily added biodeposit nitrogen 
from this experiment as inputs in the model and 
using rates and proportions from Testa et al. (2015) 
and Brady et al. (2013), resulted in 58644 μmol nitro-
gen from biodeposits added to the tanks over the 30 d 
experiment. 

3.2.  Seston and particulate nutrients 

TSS concentrations, as determined from OBS-3 tur-
bidity measurements calibrated with TSS samples 
(Table S1), were significantly higher in R tanks with 
added oyster biodeposits (325.5 ± 154.5 mg l−1) than 
in the NR tanks with added biodeposits (22.4 ± 
1.5 mg l−1) (p = 0.0018; Fig. 2a,b, Table 2a). TSS in R 
tanks came from resuspended bottom sediment plus 
resuspended oyster biodeposits (Fig. 1f, Table 2h). 
TSS and biodeposits in the R tanks were resus-
pended during mixing-on of the tidal cycle due to 
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Variable mixing-on / mixing-off analyzed                                   R                         NR                 Da ys             p                 p2 
                                                                                               Mean ± SD         Mean ± SD                                                    
 
Irradiance at sediment surface, mixing-off                         36.28 ± 22.78      35.62 ± 19.20        2−27          0.8476         0.2132 
  (μmol photons m−2 s−1) 
Geometric mean irradiance, mixing-off                            106.81 ± 63.03    126.71 ± 58.6          2−27          0.0936         0.0819 
  (μmol photons m−2 s−1) 
Secchi depth, mixing-off (cm)                                               59.29 ± 10.96      65.75 ± 22.85        0−30          0.0003         0.0012 
                                                                                                                                                                                                   
(g) Sediment (t-tests)                                                                                                                                                               
Percent carbon in top 0.5 cm                                                  3.72 ± 0.49          3.66 ± 0.49        Day 30        0.2920            
Percent nitrogen in top 0.5 cm                                                0.48 ± 0.08          0.47 ± 0.08        Day 30        0.2355            
Percent phosphorus in top 0.5 cm                                            0.1 ± 0.03          0.09 ± 0.07        Day 30        0.1376            
Percent water content in top 0.5 cm                                     83.23 ± 4.35        81.86 ± 3.15        Day 30        0.5863            
Sediment chl a in top cm (mg m−2)                                       105.9 ± 58.9             89 ± 19.4        Day 30        0.6831            
Sediment phaeophytin in top cm (mg m−2)                          140.8 ± 143.7           47 ± 17.8        Day 30        0.3787            
Sediment chlorophyllide in top cm (mg m−2)                         17.4 ± 7.5               71 ± 17.8        Day 30        0.0172            
                                                                                                                                                                                                   
(h) Biodeposit additions                                                                                                                                                          
PC (mg C tank−1) daily added 825.66 ± 469.18 mg d−1                                                                                                          
PN (mg N tank−1) daily added 126.55 ± 72.19 mg d−1                                                                                                           
PP (mg P tank−1) daily added 29.29 ± 15.27 mg d−1                                                                                                               
TSS (g TSS tank−1) daily added 9.71g ± 6 g d−1                                                                                                                     
POM (g POM tank−1) daily added 2.7 ± 1.4 g d−1                                                                                                                  
Chl a (mg chl a tank−1) daily added 2.45 mg ± 1.92 mg d−1                                                                                                  
Phaeophytin (mg Phaeophytin tank−1) daily added 7.15 ± 3.30 mg d−1                                                                                   

Table 2 (continued)

https://www.int-res.com/articles/suppl/m686p037_supp.pdf
https://www.int-res.com/articles/suppl/m686p037_supp.pdf
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high bottom shear stress, whereas TSS and biode-
posits were deposited in NR tanks with low bottom 
shear stress. Throughout the experiment, TSS con-
centrations increased from ~100 mg l−1 during Days 
0−10 of the experiment in the R tanks to ~400 mg l−1 
in the second half of the experiment (Days 20−30) 
(Fig. 2a) as 270 mg l−1 of biodeposit TSS were added 
and resuspended over the 30 d experiment (Table 2h). 
TSS concentrations stayed at ~25 mg l−1 throughout 
the experiment in the NR tanks (Fig. 2a,b) and did 

not increase over time as added biodeposits settled 
out under low bottom shear stress. TSS concentra-
tions during R tank mixing-off were not significantly 
different from TSS concentrations in NR tanks during 
mixing-on and mixing-off (Fig. 2b). 

Water column POM concentrations were signifi-
cantly higher in R tanks (64.32 ± 26.0 mg l−1) during 
mixing-on than in NR tanks (12.43 ± 2.0 mg l−1) (p = 
0.0015; Fig. S1d,h, Table 2a). POM concentrations 
(Fig. S1h) followed TSS results and statistics in 
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Fig. 2. (a) Mean (±SD) total suspended solid (TSS) concentrations over time in resuspension tanks (R, n = 3) and non-resus-
pension tanks (NR, n = 2) during the mixing-on and mixing-off phases as measured using OBS-3 sensors, calibrated with TSS 
samples. (b) Mean (±SD) TSS concentrations from filtered samples in (a) as analyzed using a split-plot analysis (R: n = 3; NR: 
n = 3). Particulate carbon, particulate nitrogen, particulate phosphorus, and particulate organic matter (not shown here) all 
showed exactly the same patterns and statistical results as TSS in (b). (c) Mean (±SD) seston quality, i.e. the ratio of particulate 
organic matter (POM) to particulate inorganic matter (PIM) in R (n = 3) tanks and NR (n = 3) tanks during the mixing-on and 
mixing-off phases. Samples on Day 1 were taken before biodeposits had been added to the tanks, which thereafter received 
oyster biodeposit additions daily over the 30 d experiment. Different letters in (b) and (c) indicate statistical differences (p ≤  

0.05). All tanks received a daily addition of oyster biodeposits 



Porter et al.: Biodeposit resuspension effect on nutrients and oxygen

Fig. 2b exactly. The POM:PIM ratio, an indicator of 
seston quality, was significantly higher in NR tanks 
than R tanks during mixing-on and mixing-off 
(Fig.  2c, Table 2a). Seston quality increased in R 
tanks during mixing-off compared to mixing-on 
(Fig. 2c) when particles settled out. 

Water column PC, PN, and PP concentrations were 
linearly related to TSS concentrations (p < 0.0001; 
Table 3), and PC, PN, and PP concentrations were 
significantly enhanced in R tanks compared to NR 
tanks (Table 2b). PC, PN, and PP concentrations fol-
lowed TSS results and statistics in Fig. 2b exactly. 
Much of the PN, PC, and PP settled out during mix-
ing-off phases in the R tanks and did not resuspend 
throughout the experiment in the NR tanks. The C:N 
ratio was significantly higher in R tanks than in NR 
tanks during mixing-on (p < 0.0001) and mixing-off 
(p = 0.0005; Table 2b). 

3.3.  Phytoplankton 

In R tanks, phytoplankton biomass was dominated 
by diatoms throughout the experiment (Fig. 3e), 
while diatoms only became dominant in NR tanks 
during Days 25 and 29 (Fig. 3f). Total phytoplankton 
carbon-, diatom-, phytoflagellate-, and dinoflagel-
late-biomass, as determined by phytoplankton iden-
tification, did not significantly differ between R and 
NR tanks (Table 2c); however, there was a significant 
time × treatment interaction for phytoplankton car-
bon and diatoms. As diatom biomass increased sig-
nificantly over time in the R (p = 0.0365) and NR 
tanks (p = 0.0445), phytoplankton carbon signifi-
cantly increased over time in the R (p = 0.0173) and 
NR tanks (p = 0.0447). Phytoplankton nitrogen con-
centrations were similar between the R and NR tanks 
(p = 0.0637; Table 2c) and significantly increased 
over time in the R (p = 0.0173) and NR tanks (p = 
0.0447). Phytoplankton pigment results and results 
on mesozooplankton abundance can be found in 
Text S1 & S2 in the Supplement. 

3.4.  Dissolved oxygen, dissolved nutrients, and 
total nutrients 

Dissolved oxygen concentrations were about twice 
as high in NR tanks (5.72 ± 0.35 mg−1) than in R tanks 
(2.49 ± 0.29 mg−1) throughout the experiment (p < 
0001; Fig. 4). The R tanks dipped into hypoxia (i.e. 
dissolved oxygen concentrations sufficiently low to 
negatively affect biological and ecological processes 
but often functionally defined as <2 mg l−1; Vaquer-
Sunyer & Duarte 2008) on Days 15−17, 22−26, and 
30, whereas NR tanks remained well oxygenated 
(Fig. 4). Dissolved oxygen had a significant time × 
treatment interaction (Table 2d), and R tanks experi-
enced a significant decrease in dissolved oxygen 
over time (p = 0.0012) whereas NR tanks did not (p = 
0.6571). 

Nitrate plus nitrite concentrations were about 3 
times higher throughout the experiment in R tanks 
(19.66 ± 4.42 μmol l−1) than in NR tanks (7.09 ± 
4.66 μmol l−1) (p = 0.0004; Fig. 5c, Table 2d). DIN con-
centrations were significantly higher in R than NR 
tanks, both of which received biodeposits, and were 
only briefly limiting (i.e. <2 μmol l−1; Fisher et al. 
1992) from Days 4−6 in NR tanks (p = 0.0026; Fig. 5d, 
Table 2d). Dissolved organic phosphorus (DOP) con-
centrations were significantly higher in NR tanks 
(0.53 ± 0.1 μmol l−1) than R tanks (0.29 ± 0.1 μmol l−1) 
(p = 0.0034; Fig. 5g, Table 2d). DON concentrations 
were significantly higher in NR tanks (24.37 ± 
1.53  μmol l−1) than R tanks (18.24 ± 2.65 μmol l−1) 
(p  =  0.0013; Fig. 5f, Table 2d). Moreover, dissolved 
organic carbon (DOC) concentrations were signifi-
cantly higher in NR tanks (280.76 ± 28.82 μmol l−1) 
than in R tanks (244.07 ± 39.05 μmol l−1) (p = 0.0268; 
Fig. S3f, Table S2d). 

Total nitrogen (TN: NH4
+ + NO2

− + NO3
− + DON + 

PN) concentrations increased from about 74 to about 
270 μmol l−1 in R tanks, increased from 43 μmol l−1 
in  NR tanks over the course of the experiment to 
81 μmol l−1, and were significantly higher in R tanks 
(p = 0.0029; Fig. S3d, Table 2e). Total phosphorus 
(TP: SRP + DOP + PP) concentrations increased from 
6−29 μmol l−1 in R tanks (Fig. S3c), stayed around 
3.5 μmol l−1 in NR tanks over the course of the exper-
iment, and were significantly higher in R tanks than 
in NR tanks (p = 0.0024; Fig. S3c, Table 2e). Nitrate 
plus nitrite, DIN, DOP, DON, DOC, TN, and TP did 
not have a significant time × treatment interaction 
(Table 2d). 

Ammonium, SRP, and chromophoric dissolved 
organic matter (CDOM) absorbance were also signif-
icantly different between R and NR tanks; however, 
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Regression                           R2                      n                p 
 
PC = 0.0583 × TSS            0.98            80         <0.0001 
PN = 0.0086 × TSS            0.97            77         <0.0001 
PP = 0.0022 × TSS             0.98            81         <0.0001 
PN = 0.1479 × PC               1.0             40         <0.0001 

Table 3. Linear relationship of total suspended solids (TSS) 
and particulate carbon (PC), particulate nitrogen (PN), and 
particulate phosphorus (PP) (all in mg l−1), and linear  

relationship between PN and PC
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they each also had a significant time × treatment inter-
action as determined by repeated measures analysis 
(Tables 2d & S2d). Ammonium concentrations were 
significantly higher in NR tanks (5.8 ± 3.7 μmol l−1) 
than in R tanks (1.47 ± 0.02 μmol l−1) (p < 0.0001; 
Fig. 5a, Table 2d). SRP concentrations (Fig. 5b) were 
significantly higher in R tanks (1.46 ± 0.47 μmol l−1) 
than in NR tanks (1.21 ± 0.63 μmol l−1) (p = 0.0373; 
Fig. 5a, Table 2d) and were never limiting (i.e. 
<0.1 μmol l−1; Fisher et al. 1992). SRP concentrations 
decreased significantly in NR tanks (p = 0.0038) from 
Day 11 to the end of the experiment but not over the 

entire experiment. In R tanks there was no relation-
ship with time. CDOM absorbance at 440 nm was 
significantly higher in NR tanks (0.044 ± 0.004 m−1) 
than in R tanks (0.037 ± 0.003 m−1) (p = 0.0005; 
Fig. S3g, Table S2d). 

A significant time × treatment interaction was 
found for dissolved silicate, TDP, and the TN:TP ratio, 
although treatment was non-significant (Table 2d,e). 
The dissolved silicate concentration was similar in 
R  and NR tanks (p = 0.5208; Fig. 5e, Table 2d); it 
decreased significantly over time in NR tanks (p = 
0.0023) but not in R tanks (p = 0.1047). The TN:TP 
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ratio was similar in NR and R tanks (p = 0.0876; 
Fig.  S3e, Table 2e); it increased significantly over 
time in NR tanks (p = 0.0472) but not in R tanks (p = 
0.0966). Dissolved silicate concentrations ranged from 
about 120−60 μmol l−1 over the experiment and sili-
cate was not limiting, i.e. <5 μmol l−1 (Fisher et al. 
1992), in any of the systems. While TDP concentrations 
were similar in NR and R tanks (p = 0.4937; Fig.  S3a, 
Table 2d), they decreased significantly over time in R 
tanks (p = 0.0484) but not in NR tanks (p = 0.2100). 

TDN concentrations were similar in R and NR tanks 
(p = 0.2584; Fig. S3a, Table 2d). DIN:SRP ratios (p = 
0.3814) and ratios of dissolved silicate to SRP (p  = 
0.0784) were similar between R and NR tanks 
(Table 2d), and there was no significant interaction 
of time × treatment (Table 2d). 

3.5.  Light penetration, microphytobenthos 

Light, as measured by a homemade Secchi disk, 
penetrated 29.94 ± 8.41 cm into R tanks during resus-
pension and 68.35 ± 22.79 cm in NR tanks during 
mixing-on (p < 0.0001; Fig. 6a, Table 2f). During 
mixing-off, Secchi depth reached between 59.52 ± 
10.96 cm in R tanks and 65.75 ± 22.85 cm in NR tanks 
(p = 0.0003; Fig. 6a, Table 2f). 

Measured bottom irradiance levels during the 
resuspension phase were low in R tanks (0.1 ± 
0.24 μmol m−2 s−1) due to high turbidities as a result 

of high TSS and biodeposit resuspension (Figs. 1f & 
2) and were significantly higher in NR tanks (41.79 ± 
25.56 μmol m−2 s−1) (p < 0.0001; Fig. 6b, Table 2f). 
Irradiance at the bottom was similar between R tanks 
during mixing-off and NR tanks during mixing-on 
and -off (Fig. 6b). 

Geometric mean irradiance in the water column 
during mixing-on was higher in NR tanks (121.39 ± 
61.9 μmol m−2 s−1) than in R tanks (2.85 ± 3.76 μmol 
m−2 s−1) (p = 0.0009), which had higher resuspended 
TSS concentrations. A similar amount of light reached 
into R tanks during mixing-off as reached into NR 
tanks during mixing-on and mixing-off. Significantly 
more light reached into NR tanks than R tanks with 
mixing-on and -off combined, as determined with a 
Student-Newman-Keuls test in SAS v.8.2 (p ≤ 0.05). 

Microphytobenthos grew on the sediment bottoms 
of R tanks, despite high bottom shear stress (~0.36−
0.51 Pa during mixing-on phases); there was no light 
limitation in R tanks during mixing-off. Sediment chl 
a concentrations were similar in R and NR tanks (p = 
0.6831; Table 2g, Fig. S2b). Gross dissolved oxygen 
production (dissolved oxygen flux in the light minus 
dissolved oxygen flux in the dark) indicated an active 
microphytobenthos in both tanks (p = 0.3148; Fig. S5a). 
While sediment chlorophyllide concentrations were 
significantly higher in NR than R tanks (p = 0.0172; 
Table 2g, Fig. S5c), sediment phaeophytin concen-
trations were similar (p = 0.3787; Table 2g), and vari-
ability in R tanks was high. 
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3.6.  Sediment nutrient and gas fluxes 

The dark sediment oxygen influx of 1198 ± 113 μmol 
m−2 h−1 in the NR tanks was more than twice as high 
as the R tank influx of about 516 ± 107 μmol m−2 
h−1 (Fig. 7a). In the light, the sediment oxygen influx 

of 940 ± 237 μmol m−2 h−1 in NR tanks was about 3 
times as high as the sediment oxygen influx of about 
366 ± 20 μmol m−2 h−1 in R tanks (Fig. 7a). Dark com-
pared to light fluxes were not significantly different 
for the respective treatments. Ammonium effluxes in 
the dark in NR tanks (104 ± 79 μmol m−2 h−1) were 
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significantly less than in R tanks (10 ± 50 μmol m−2 h−1) 
(Fig. 7b). In the light, ammonium uptake was similar 
in NR and R tanks (Fig. 7b). Dark versus light ammo-
nium fluxes were significantly different in NR tanks 
but not in R tanks (Fig. 7b). Nitrate plus nitrite fluxes 
were similar in the R tanks and NR tanks (63−
129  μmol m−2 h−1) and under illumination (~35 to 
~82 μmol m−2 h−1; Fig. 7c). Nitrate plus nitrite flux rates 
were significantly different in the dark compared to 
the light for both respective treatments (Fig. 7c). The 
dark R tank SRP effluxes averaged 22 ± 8 μmol m−2 h−1 
while the NR tanks had an influx of 5 ± 5 μmol m−2 h−1 
SRP, with the differences significant (Fig. 7d). In the 
light, R tank influxes of 31 ± 9 μmol m−2 h−1 SRP were 
significantly higher than the NR tank effluxes (7 ± 
9 μmol m−2 h−1; Fig. 7d). Only in the R tanks were the 
dark versus light fluxes significant. Sediment di -
nitrogen effluxes (81−241 μmol m−2 h−1) were similar 
across all treatments, in the light and dark (Fig. 7e). 
In both R and NR tanks, dark effluxes of 139−
167 μmol m−2 h−1 for DIN were similar (Fig. 7f). Light 
uptake of DIN was significantly higher in NR tanks 
(170 ± 40 μmol m−2 h−1) than in R tanks (51 ± 

41 μmol m−2 h−1) (Fig. 7f). DIN effluxes in the dark 
were significantly different from DIN uptake in the 
light, for both R and NR tanks (Fig. 7f). 

Daily sediment uptake of dissolved oxygen was 
significantly higher in NR tanks (25.1 ± 4.1 mmol m2 
d−1) than in R tanks (10.3 ± 0.8 mmol m2 d−1) (p = 
0.0251; Fig. 7a). Daily uptake of ammonium was sim-
ilar in R tanks (118 ± 767 μmol m2 d−1) and NR tanks 
(225 ± 219 μmol m2 d−1) (p = 0.8391; Fig. 7b). Denitri-
fication rates were high and variable and not signifi-
cantly different in R tanks (4422 ± 4850 μmol m2 d−1) 
and NR tanks (2513 ± 785 μmol m2 d−1) (p = 0.5703; 
Fig. 7e). While not significant (p = 0.0616), a trend 
(0.1 > p > 0.05) of a daily efflux of 771 ± 691 μmol m2 
d−1 of nitrate plus nitrite in R tanks compared to a 
daily uptake of 545 ± 365 μmol m2 d−1 of nitrate plus 
nitrite in NR tanks was observed (Fig. 7c). While also 
not significant (p = 0.0564), a trend of a daily uptake 
of 215 ± 62 μmol m2 d−1 of SRP in R tanks compared 
to a daily efflux of 53 ± 141 μmol m2 d−1 of SRP in NR 
tanks was observed (Fig. 7d). 

Concentrations of carbon (3.66−3.72%), nitro-
gen (0.47−0.48%), phosphorus (0.09−0.1%), and 
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water content (82−83%) in the top 0.5 cm of  
sediment were similar in the R and NR tanks 
(Table  2g). The concentrations of carbon, nitro-
gen, and phosphorus in  the mesocosms were sim-
ilar to previous observations. 

Sediment nitrification efficiency (%) is 
an estimate of the likelihood that ammo-
nium is transferred to nitrate plus nitrite 
(Kellogg et al. 2013). Nitrification effi-
ciencies were high and similar in R 
tanks (79.27 ± 18.55%) and NR tanks 
(66.82 ± 16.36%) (p = 0.4257; Fig. 8a). 
Denitrification efficiencies were moder-
ate (31.23 ± 9.65% in R tanks and 37.52 
± 8.79% in NR tanks) and not signifi-
cantly different (p = 0.4504; Fig. 8b). Ni-
trogen demand (gross dissolved oxygen 
production = [O2 flux in the light – O2 
flux in the dark] / 6.625) was especially 
high when the nitrogen supply (the sum 
of ammonium, nitrate plus ni trite, and 
di nitrogen gas) was low (Fig. 8c). 

3.7.  Conversion of biodeposit  
nitrogen into labile nitrogen  

under resuspension 

Modeled biodeposit nitrogen diage-
nesis based on daily added biodeposit 
nitrogen in this experiment (using rates 
and proportions from Testa et al. 2015 
and Brady et al. 2013) resulted in 
58000 μmol of newly available nitro-
gen over the 30 d experiment through 
daily biodeposit additions (Fig. 9). In 
R tanks with biodeposit resuspension, 
ΣNOx averaged 52868 ± 14547 μmol 
nitrogen, and most biodeposit nitrogen 
was converted into nitrate plus nitrite 
with little (−28304 ± 2229 μmol N) 
going into ΣNH4 and ΣDON (6135 ± 
9335 μmol N) over the course of the 
experiment (Fig. 9). In NR tanks, bio -
deposit nitrogen primarily went into 
ΣDON (26092 ± 1811 μmol N) and ΣNH4 
(13365 ± 4938 μmol N) but not into 
ΣNOx (−2920 ± 1444 μmol N; Fig.  9). 
DIN sediment fluxes also indicate DIN 
uptake in NR tanks and DIN release in 
R tanks (p = 0.0135; Fig. 7f). 

4.  DISCUSSION 

Although the resuspension and export of biode-
posits from aquaculture footprints has an important 
effect on the net balance of nutrients and oxygen 
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(Gadeken et al. 2021), this study is the first to exam-
ine these processes under differential bottom shear 
stress regimes. As expected, biodeposits added to the 
low shear stress tanks (NR) remained on the bottom, 
while biodeposits in the high shear stress tanks (R) 
were resuspended, adding POM to the water column 
and inducing nitrification. In NR tanks, biogeochem-
ical processes occurred primarily in the sediments, 
whereas in R tanks, biogeochemical processes shifted 
towards the water column. Biogeochemical processes 
in the water column under resuspension, typically, 
are not studied. 

Resuspended biodeposits changed water column 
nutrient and oxygen dynamics considerably. Resus-
pended biodeposits were remineralized in the water 
column, leading to nitrification (Fig. 9) and oxygen 
uptake. In R tanks, dissolved oxygen concentrations 
in the water column were 43% of concentrations in 
NR tanks, with hypoxic conditions on multiple occa-
sions. Nitrification was enhanced in tanks with TSS 
resuspension, as illustrated by significantly higher 
nitrate and nitrite concentrations in R tanks relative 
to NR tanks. Similarly, TSS resuspension in the Seine 
River enhanced nitrification rates (Brion et al. 2000), 
with increased nitrification rates with higher TSS con-
centrations in river water coincident with increased 
bacterial populations (Xia et al. 2004, 2009). Resus-
pension of biodeposits yielded nitrate plus nitrite 
through nitrification in the water column of R tanks, 
while the conversion of biodeposits to DON and 
ammonium was evident in NR tanks. Shear stress 

above the critical shear stress resuspends sediments 
(Porter et al. 2010) and biodeposits (Porter et al. 2018a) 
back into the water column, where resuspended 
organic material may be decomposed (Ståhlberg et 
al. 2006, Moriarty et al. 2018, 2021), increase hypoxia 
(Moriarty et al. 2018), or be transported away (Testa 
et al. 2015). 

The high water column nitrate concentrations in R 
tanks suggest that water column denitrification in the 
R tanks could have been enhanced, but our experi-
ments did not include these measurements. Resus-
pended particles can enhance denitrification (Liu et al. 
2013, Xia et al. 2017a, Zhu et al. 2018), with smaller, 
organic-rich particles enhancing denitrification com-
pared to larger particles (Jia et al. 2016, Xia et al. 
2017b) or particles with less organic content (Yao et 
al. 2016). Biodeposits in this experiment added organic 
content to suspended matter in the R tanks. Water 
column denitrification under in situ resuspension 
with biodeposits warrants further investigation. 

The shift in balance between sediment and water 
column organic matter decomposition was reflected 
in treatment differences in sediment dissolved oxy-
gen and sediment DIN fluxes. In R tanks, daily sedi-
ment DIN effluxes were primarily composed of nitrate 
and nitrite, whereas a daily sediment DIN uptake 
was measured in NR tanks, with significant differ-
ences in DIN fluxes between the R and NR tanks. 
Dark and light sediment oxygen demand was ~3 times 
higher in NR tanks than in R tanks, indicating that 
organic matter mineralization was higher under non-

54

R NR Model 

-10000 

0 

10000 

20000 

30000 

40000 

50000 

60000 

70000 

Biodeposit 
Diagenesis 

Model 

ΣNOx ΣNH4 ΣDON ΣNOx ΣNH4 ΣDON 

N
 (

m
ol

 m
-2

 e
xp

er
im

en
t-1

) 

Fig. 9. Biodeposit nitrogen (N) diagenesis modeled based on daily added biodeposit N and using rates and proportions from 
Testa et al. (2015) and Brady et al. (2013), and cumulative nitrate + nitrite (ΣNOx), ammonium (ΣNH4), and dissolved organic 
nitrogen (ΣDON) in the water column in resuspension tanks (R) and non-resuspension tanks (NR) over the experiment. 
Means ± SD, n = 3 for each system. All tanks received a daily addition of oyster biodeposits. With biodeposit resuspen- 

sion, biodeposit N in R tanks is primarily converted to water column nitrate + nitrite



Porter et al.: Biodeposit resuspension effect on nutrients and oxygen

resuspension conditions. Gross oxygen production 
(dissolved oxygen flux in the light minus dissolved 
oxygen flux in the dark) indicated productive micro-
phytobenthic communities in all tanks. The productive 
microphytobenthic community was unexpected in R 
tanks because even only moderately enhanced bottom 
shear stress can erode microphytobenthos (Porter et al. 
2004a), and increased TSS concentrations in R tanks 
led to less light at the sediment surface during mix-
ing-on. The microphytobenthic community changed 
nutrient transformations and regeneration, consistent 
with observations in other studies (Sundbäck & 
Granéli 1988, Sundbäck et al. 1991, 2000). 

Enhanced bottom shear stress may have increased 
diffusive fluxes (Dade 1993), as R tanks had higher 
sediment DIN effluxes driven by high nitrate plus 
nitrite effluxes. An enhanced flux of oxygen into per-
meable sediments mediated by hydrodynamics (Ziebis 
et al. 1996, Huettel et al. 1998), and to a lesser known 
degree in non-permeable sediments (Booij et al. 1994) 
as used in this experiment, can lead to a change in 
sediment oxygenation and thus subsequent changes 
in nitrogen transformations. Here, shear-stress-
mediated enhanced diffusive fluxes likely enhanced 
sediment nitrate plus nitrite effluxes in the R tanks. 

Studies in stream sediments (O’Connor & Hondzo 
2008a,b) suggest that an optimal range of shear velo -
cities for enhancing denitrification occurs depending 
on environmental conditions (chemical, physical, 
microbiological). Sediment experiments have shown 
that POM, oxygen conditions, microphytobenthos 
abundance, and nitrate in the water column modify 
nitrogen transformations and regeneration (Caffrey 
et al. 1993, Enoksson 1993, Newell et al. 2002). The 
proportion of sediment inorganic nitrogen exchange 
occurring as denitrification was ~80% in R tank sed-
iments and ~90% in NR tank sediments, with the 
sediment denitrification efficiency (%), an estimate 
of the likelihood that nitrate plus nitrite are trans-
ferred to N2 gas (Kellogg et al. 2013), being similar in 
both tank treatments. Nitrogen demand was espe-
cially high when the nitrogen supply was low (Fig. 8c), 
and conversely, when nitrogen supply was high, 
nitrogen demand was low (p = 0.0185; Fig. 8c). There-
fore, the microalgae were either nitrogen-limited or 
dependent on the pore water as a nitrogen source 
(Sundbäck et al. 2000). It is also possible that micro-
phytobenthos and denitrification competed for nitrate 
plus nitrite. Denitrification in NR tanks may have 
been overestimated, as flux experiments were run 
with water column nitrate plus nitrite concentra-
tions higher than in the water column of the NR 
tanks (7.09 ± 4.66 μmol l−1). Microphytobenthos was 

resuspended and settled in R tanks, as water column 
chl a concentrations were significantly lower during 
mixing-off. However, water column chl a concentra-
tions were enhanced in NR tanks during mixing-off, 
driven by 2 NR tanks on the last sampling date. 

While high biodeposition in low-flow areas can 
adversely affect sediments under aquaculture rafts 
(Cranford et al. 2007, Testa et al. 2015), moderate 
deposition can enhance denitrification (Newell et al. 
2002, Lunstrum et al. 2018). High rates of ammonium 
flux can occur in sediments that underlie natural 
bivalve populations (Dame et al. 1989, 1991, Asmus 
& Asmus 1991, Dame & Libes 1993), but this effect 
was not observed in our experiment. The sediment 
nitrification efficiency (%) was 79.27 ± 18.55% in R 
tank sediments and 66.82 ± 16.36% in NR tank sedi-
ments (p = 0.4257) indicating that any ammonium in 
the system was efficiently transferred to nitrate plus 
nitrite in the sediments instead of being regenerated 
as ammonium. 

While the focus of many studies is primarily on how 
oysters enhance the biogeochemically driven nitro-
gen removal from sediments and, in some cases, 
directly from the bivalves (Caffrey et al. 2016, Arfken 
et al. 2017), the results are widely variable (e.g. 
Piehler & Smyth 2011, Smyth et al. 2013, Kellogg et 
al. 2013, 2014 and references therein). Our biode-
posit additions to mesocosms stimulated nitrification 
in the water column with resuspension, whereas in 
the non-resuspended case, observations showed in -
creasing sediment oxygen demand and DIN up take. 
For calculations of oyster environmental benefits, the 
fraction of deposited material that is resuspended 
must be determined to indicate the true environmen-
tal footprint (Cerco 2015). Furthermore, altered bio-
geochemical processes in the water column associ-
ated with biodeposit resuspension are important, as 
evident in this study. The role of biodeposit resus-
pension in the nitrogen cycle must be further under-
stood to clarify the role of oyster-mediated denitrifi-
cation (Ayvazian et al. 2021, Rose et al. 2021) in 
nutrient management. 

While in previous work (Porter et al. 2020a), tidal 
resuspension and biodeposit additions funneled bio -
deposits from phytoplankton into zooplankton, the 
experimental data shown here indicate that phyto-
plankton and zooplankton concentrations were simi-
lar in R and NR tanks. As an exception, Crypto-
phyceae, as measured by HPLC, were more abundant 
in R tanks than in NR tanks, perhaps because they 
are able to absorb wavelengths not available to other 
algae using phycobiliproteins (Heidenreich & Richard-
son 2020). Diatoms were significantly more abundant 
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in R tanks than in NR tanks from Days 7−18 of the 
experiment as indicated by direct counts and HPLC, 
but the results of direct counts were not significant 
when all days were included in the analysis. From 
Days 22−29, diatom biomass greatly increased in 2 of 
3 NR tanks and became the dominant phytoplankton 
in NR tanks, accompanied by an uptake of nitrate 
and nitrite, SRP, and dissolved silicate. R tanks had 
been dominated by diatoms throughout the experi-
ment. 

Short-term experiments are not capable of uncov-
ering direct and indirect interactions driven by nutri-
ent, phytoplankton, and mesozooplankton dynamics. 
Indirect effects have often been identified by acci-
dent when experiments produced unanticipated 
results (Wootton 2002). Moreover, the focus in this 
experiment was on resuspended sediments and 
resuspended biodeposits that are difficult to track in 
nature (Testa et al. 2015) and cannot be resuspended 
in typical experimental ecosystem experiments with 
low bottom shear stress (Doering et al. 1986, Porter et 
al. 2004b, 2010). The STURM facility (Porter et al. 
2018b) allowed high bottom shear stress and realistic 
water column turbulence levels for benthic−pelagic 
coupling experiments (Porter et al. 2010, 2013, 2018a, 
2020a,b). While oysters were not directly included in 
this experiment, bivalve filtration reduces phyto-
plankton biomass (Cloern 1982, Cohen et al. 1984, 
Porter et al. 2004a), and inclusion of oysters might 
have reduced total phytoplankton biomass. While it 
is generally assumed that oysters reduce seston and 
phytoplankton concentrations while ignoring biode-
posits (Newell & Koch 2004), oyster reefs do not nec-
essarily reduce water column particulates or impact 
phytoplankton or microphytobenthic biomass or 
productivity (Plutchak et al. 2010). Seston de -
creases (interpreted as depletion) are spatially vari-
able (Grizzle et al. 2018) and the interplay between 
bottom shear stress with sediment and biodeposit 
resuspension and oysters requires consideration. 

Resuspended biodeposits were not exported as 
they would be in nature, requiring further study to 
include the effects of particulate removal. There may 
be positive effects when biodeposits are transported 
away, limiting organic over-enrichment and improv-
ing sediment biogeochemistry (1) under reefs or 
aquaculture cages with organic matter removed and 
(2) outside of reefs/aquaculture with organic matter 
added. As noted by Lunstrum et al. (2018), site-
 specific conditions such as hydrodynamics (Giles et 
al. 2009) and water depth (Wilson & Vopel 2015) can 
influence the benthic footprint area, as shallower or 
high current sites can disperse (and thus dilute) 

biodeposits over larger areas. While it is generally 
assumed that oyster biodeposits remain in oyster 
reefs (Newell et al. 2005, Kellogg et al. 2013), several 
studies suggest that biodeposits can be resuspended 
(Colden et al. 2016, Porter et al. 2018a, 2020) and 
transported by currents (Lund 1957, Widdows et al. 
1998, Testa et al. 2015). STURM tanks are enclosed, 
but had the resuspended biodeposits been trans-
ported away, water column nutrient concentrations 
in R tanks would likely have been lower. The dynam-
ics of biodeposit transport and the bivalve footprint 
area should be addressed in future studies. 

Oysters and water flow affect benthic−pelagic cou-
pling processes and the nitrogen cycle (Porter et al. 
2004a). Presently, oyster aquaculture practices are 
considered a BMP for Chesapeake Bay, primarily 
due to nitrogen assimilation into oyster tissues which 
are then removed at harvest (i.e. bioextraction). 
However, oyster biodeposit resuspension must be 
considered when further evaluating oysters as a BMP 
for Chesapeake Bay or bivalves as a BMP elsewhere 
in the world to help control eutrophication, and 
should be included in physical−biological−biogeo-
chemical models. Oyster biodeposits can be resus-
pended into the water column at intermediate shear 
stress where they can affect nutrient transformations, 
nutrient regeneration, and the nitrogen budget 
(Porter et al. 2018a). While we used oysters as our 
example here, this research applies to other bivalve 
species and eutrophic estuaries worldwide. More-
over, effects of biodeposit resuspension on water col-
umn biogeochemistry and potential denitrification 
under in situ resuspension should be investigated 
further to clarify the role of bivalve-mediated denitri-
fication (Ayvazian et al. 2021, Rose et al. 2021) in 
nutrient management. 
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