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Abstract
The eastern oyster (Crassostrea virginica) and the reefs they create provide significant ecosystem services. This study meas-
ured their possible role in nutrient mitigation through bioassimilation, burial, and oyster-mediated sediment denitrification 
in near-shore shallow water (< 1 m water depth) and deep-water (> 1 m water depth) oyster reefs in Louisiana. Nitrogen (N) 
and carbon (C) in shell and tissue differed by oyster reproductive status, size, and habitat type. Changes in tissue percent 
N and C post-spawning combined with significant reductions in tissue dry weight from the release of gametes, resulted in 
20 and 46% reductions in tissue N and C load (mg), respectively, for a 100-mm oyster. Oyster reefs did not enhance burial 
rates, with burial range rates estimated at 1.4–2.6 g N m−2 year−1, and 26.9–43.8 g C m−2 year−1. Closed-system ex situ 
incubations indicated net denitrification in all habitat types studied, with the highest rates exceeding 600 µmol N  m−2 h−1 
during the summer, but no enhancement attributable to oyster reefs specifically. Within the highly productive, organic-rich 
wetland complex systems of coastal Louisiana, oyster reefs were not associated with enhanced denitrification, likely due 
to the organic-rich setting, and redundant supplies of organic nitrogen and carbon from adjacent marshes. Context remains 
critical in determining ecosystem provision of habitats, and efforts to extrapolate and predict nitrogen removal across loca-
tions necessitates consideration of local conditions. Considering the large extent of reefs and oyster production across coastal 
Louisiana, oyster habitats may still contribute to N and C mitigation, but their unique contribution likely comes from bioas-
similation, and removal of the oysters from the system.

Introduction

Excessive nutrient loading to coastal systems negatively 
impacts estuarine and marine communities (Valiela et al. 
1992; Howarth et al. 2000). In otherwise nutrient-limited 

systems, nitrogen (N) and phosphorus from agricultural and 
urban runoffs stimulate primary productivity and alter bio-
geochemical cycling (Vitousek et al. 1997). Estuaries with 
high primary productivity may experience increased produc-
tion of algae, and often become hypoxic as these primary 
producers die, decompose, and reduce available oxygen 
(Howarth et al. 2000). However, suspension feeders, such 
as oysters, have been shown to have significant impacts on 
estuarine water quality and may provide valuable services 
by potentially serving as nutrient sinks (e.g., Higgins et al. 
2013; Kellogg et al. 2013; Smyth et al. 2013a, 2015; Mor-
tazavi et al. 2015; Humphries et al. 2016).

Approximately 85% of oyster reefs across the globe have 
been degraded or lost over the past 130 years largely due 
to overharvesting, disease, and poor management practices 
(Beck et al. 2011). Concomitant with these reductions, many 
coastal estuaries have also experienced increases in anthro-
pogenic nutrient inputs (Zu Ermgassen et al. 2013) leading 
to significant management and restoration efforts to address 
both issues. Enhancing populations of suspension feeding 
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bivalves, such as the eastern oyster, Crassostrea virginica, 
through restoration of reefs has been proposed as a means 
of mitigating coastal eutrophication (Kellogg et al. 2014 
and references therein). Despite numerous studies quantify-
ing various ecosystem services, such as habitat provision 
and shoreline protection provided by oyster reefs across the 
Atlantic and Gulf coasts (Coen et al. 2007), our understand-
ing of oyster-mediated eutrophication mitigation remains 
limited (e.g., Higgins et al. 2011; Kellogg et al. 2014; Hum-
phries et al. 2016).

Oyster-mediated nutrient mitigation may occur through 
three possible mechanisms: (1) bioassimilation (Soogsan-
jinda et al. 2000; Higgins et al. 2011; Carmichael et al. 
2012), (2) burial (Newell et al. 2005), and (3) denitrification 
(Newell et al. 2002). Bioassimilation, the uptake of nutrients 
into shell and tissue, provides one potential means of perma-
nent N and C removal from an estuarine system if oysters are 
harvested, or through burial of shells. Several studies have 
quantified assimilation in oyster tissue and shell to calculate 
potential removal from a system (i.e., Higgins et al. 2011; 
Dalrymple and Carmichael 2015). Generally, studies iden-
tify a relatively narrow range of N and C assimilation, with 
strong positive relationships between oyster shell height, and 
N and C assimilation (i.e., Higgins et al. 2011). At the same 
time, comparisons across studies indicate N and C sequestra-
tion in oysters likely vary according to growing conditions 
(i.e., aquaculture versus reef), genetic history, oyster health, 
physiological (reproductive) state (Dalrymple and Carmi-
chael 2015), and possibly estuarine nutrient status (Fertig 
et al. 2010; Dalrymple and Carmichael 2015). Ultimately, 
N removal only occurs if the oysters are removed from the 
system.

N and C sequestration may be associated with burial of N 
found in oyster biodeposits as well as N and C held in oyster 
shell, which can persist beneath reefs over geologic time 
scales (Kellogg et al. 2014). Burial rates are likely influ-
enced by local deposition rates, sediment biogeochemistry, 
and hydrodynamics (Butzeck et al. 2015). While limited 
data exist for oyster-enhanced burial rates (Kellogg et al. 
2014), the existence of remnant oysters, and “black” shells 
beneath reefs, combined with the potential of enhanced bio-
deposition on and adjacent to reefs suggests the potential for 
increased burial in these locations.

Sequestration or removal of N by oysters through 
denitrification may occur via several possible pathways. 
Broadly, oysters and their reefs may enhance denitrification 
through impacts on the availability of C or N. Oyster reefs 
are hypothesized to impact denitrification directly through 
increased deposition from either their biodeposits, their pres-
ence, or due to their structural complexity impacts on water 
movement (Hoellein and Zarnoch 2014). Oysters assimi-
late approximately 50% of filtered particulate organic mat-
ter and excrete the remainder as feces or pseudofeces to the 

sediment surface (Newell and Jordan 1983; Dalrymple and 
Carmichael 2015). Collectively termed as biodeposits, these 
ammonium-rich excretions may contribute to long-term 
burial and denitrification by stimulating benthic microbial 
processes (Newell et al. 2005; Hoellein et al. 2015).

Numerous studies focusing on whether oysters and their 
reefs enhance denitrification rates have yielded variable 
results. Some studies reported increased sediment denitrifi-
cation rates associated with oysters, oyster reefs (e.g., Piehler 
and Smyth 2011; Kellogg et al. 2013; Smyth et al. 2013a, 
2015), and aquaculture projects (Humphries et al. 2016), 
while others failed to find enhanced rates (Nizzoli et al. 
2006; Higgins et al. 2013; Mortazavi et al. 2015). Several 
laboratory studies report higher denitrification associated 
with living oysters, or living oysters and sediments, suggest-
ing that living oysters alone can mediate the environment 
to enhance denitrification (Caffrey et al. 2016). Differences 
reported from field studies, and between field and labora-
tory studies may partially reflect the different microhabitats 
sampled (i.e., living oysters, sediments adjacent to reef), but 
also the highly variable settings (i.e., temperature, nutrient 
status) between field studies. Specifically, parameters such 
as salinity, temperature, dissolved oxygen, hydrology, tur-
bidity, bivalve density, sediment organic matter, and habitat 
context, among other factors (Carmichael et al. 2012; Smyth 
et al. 2013b, 2015; Kellogg et al. 2014) may be critical in 
determining whether oyster reefs enhance denitrification 
within a given location.

The concept of oyster reef-enhanced sediment denitrifica-
tion is based on our assumption that through biodeposition, 
oysters provide needed organic N and C to the sediment 
microbial community that otherwise would have been limit-
ing (Newell et al. 2002, 2005; Dame et al. 2002; Carmichael 
et al. 2012; Kellogg et al. 2014). In organic-rich systems, 
however, enhanced inputs of organic C and N may not alle-
viate limiting factors, and, may even contribute to increased 
sulfide accumulation and anoxia, which ultimately may 
reduce denitrification (Joye and Hollibaugh 1995). While 
general consensus exists that oyster reefs provide some 
nutrient reduction, there remains a need to more completely 
quantify relationships between nutrient sequestration and 
different environmental conditions and settings (Carmichael 
et al. 2012; Kellogg et al. 2014; Smyth et al. 2015).

Despite increased attention to the contributing role of 
natural, restored, and aquaculture oyster sites to nutrient 
mitigation along the east coast of the United States (Hig-
gins et al. 2011; 2013; Piehler and Smyth 2011; Carmichael 
et al. 2012; Kellogg et al. 2013; Humphries et al. 2016), few 
data exist quantifying the contribution of oyster reefs to N 
and C mitigation within the northern Gulf of Mexico (but 
see Dalrymple and Carmichael 2015; Mortazavi et al. 2015). 
In Louisiana in particular, the potential contribution of oys-
ter reefs to nutrient mitigation could be enormous given 
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that Louisiana oyster populations include over 6.9 × 105 ha 
of public water bottoms that are managed for oyster reefs 
alone (LDWF 2013). This acreage of reefs fails to include 
an estimated 1.6 × 105 ha of private leased water bottoms 
(LDWF 2013), non-managed oyster reefs, and oyster reef 
restoration projects which remain unquantified, but are sig-
nificant (La Peyre et al. 2014a). Reefs in this region tend 
to be characterized as a matrix of mud and reef material 
with minimal reef elevation and exist within shallow-water 
estuaries surrounded by productive marsh (Beck and La 
Peyre 2015). In addition, this region of the northern Gulf 
of Mexico remains one of the most highly eutrophic areas 
in the United States with the Mississippi River delivering 
an annual flux of nearly 1.5 × 106 mg N, a rate which has 
more than doubled since 1965 (Vitousek et al. 1997; Rivera-
Monroy et al. 2013).

Given the highly eutrophic nature of Louisiana estuaries 
and unique reef characteristics, we hypothesized that the 
potential contributions of oyster reefs to N and C removal in 
this region may differ compared to previous reported studies. 
To examine this hypothesis, we quantified the three primary 
mechanisms of nutrient mitigation by which oyster reefs in 
Louisiana estuaries may contribute, and discuss the results 
in the context of Louisiana’s coast. This study sampled shal-
low-water, near-edge (< 1 m water depth) and deep-water 
(> 1 m water depth) oyster reefs to: (1) measure N and C 
assimilation in oyster tissue and shell of small (< 75 mm) 
and large (> 75 mm) oysters during pre- and post-spawning 
periods, (2) examine the role of oyster reefs and reference 
sediments to act as nutrient sinks by quantifying N and C 
buried in sediments, and (3) measure  N2 fluxes to determine 

the influence of oysters in contributing to N removal via 
net denitrification. These data may be useful in further 
understanding the contributions of oysters to the ecological 
health and integrity of estuaries as new restoration projects 
are implemented and new strategies for the improvement of 
water quality are considered.

Methods

We quantified nutrient bioassimilation, burial, and sedi-
ment denitrification across three habitat types in two deltaic 
estuaries in coastal Louisiana: shallow-water reefs, deep-
water reefs, and sub-tidal reference (bare sediment; Fig. 1). 
The two estuaries, Terrebonne (Sister (Caillou) Lake) and 
Breton Sound (Lake Fortuna) support extensive oyster reef 
complexes. Sister Lake is an estuarine lake surrounded by 
emergent marsh habitat, with a mean salinity of 11.8 ± 0.6 
(mean ± standard error for 2003–2015; Continuous Data 
Recorder: USGS07381349). It is connected to the Gulf of 
Mexico through a pass at the southern end of the lake. Since 
1940, Sister Lake has been a designated Public Oyster Seed 
Reservation, with approximately 30% of bottoms classified 
as oyster beds (LDWF 2013). Lake Fortuna, located in Bre-
ton Sound, Louisiana, is a mixture of microtidal bays, lakes, 
bayous, and canals surrounded by emergent marsh, with a 
mean salinity of 12.2 ± 0.7 (2003–2015; USGS07374526). 
Surveys indicate that approximately 10% of water bottoms 
in this area are oyster beds (LDWF 2013). Oyster reefs 
at both sites are actively managed and harvested and are 

Fig. 1  Location of Sister (Cail-
lou) Lake and Lake Fortuna in 
coastal Louisiana where oyster 
reefs were sampled to quantify 
bioassimilation, burial, and 
denitrification
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characterized as a matrix of mud and reef material, with 
minimal reef elevation (Beck and La Peyre 2015). Oyster 
reefs persist in both shallow-water (< 1 m) and deep-water 
(> 1 m) environments, offering a unique opportunity to com-
pare nutrient mitigation at reefs which vary in depth and 
proximity to shoreline.

For deep-water reefs, we selected a reef area in each 
estuary. Both reefs were distant (> 100 m) from the near-
est shoreline, and in waters greater than 1 m depth. Surveys 
indicated adult oyster (> 75 mm shell height, SH) densities 
of 7.2 individuals (ind)  m−2 (Sister Lake) and 4.8 ind  m−2 
(Lake Fortuna; LDWF 2013) in summer, typical of sub-
tidal market-sized oyster reef densities in this region. For 
shallow-water reefs, we selected shoreline-adjacent reefs at 
both locations, with less than 1 m water depth. Adult oyster 
densities (> 75 mm SH) were estimated at 22 ind  m−2 (Sister 
Lake, Casas et al. 2015) and 28.7 ind  m−2 (Lake Fortuna, La 
Peyre, M.K., U.S. Geological Survey, unpubl. data). Sub-tidal 
reference sites were selected that were in close proximity to 
the deep-water and shallow-water oyster reef treatments, but 
at least 100 m away from either reef. Water depths at these 
treatments during sampling ranged from 1 to 2 m.

Bioassimilation

Oysters were collected in spring 2015 (February–March) 
using a hand-pulled oyster dredge (deep-water reefs) or by 
hand (shallow-water reefs). Furthermore, to compare nutri-
ent content pre- (spring) and post (summer)-spawning (spawn 
comparison), oysters were also sampled from Sister Lake 
in August 2015. Twenty individuals from each of two size 
classes (< 75 mm (small) and ≥ 75 mm (large)) were har-
vested from each reef habitat type, placed in bags and returned 
to the laboratory at Louisiana State University Agricultural 
Center (spring (pre-spawn): 2 size classes × 2 locations × 2 
habitat types × 20 oysters = 160 oysters; summer (post-spawn): 
2 size classes × 2 habitat types × 20 oysters = 80 oysters).

In the laboratory, oysters were cleaned to remove any 
sediment and/or barnacles from the outer shell using a 
metal brush and water. For each oyster, the following mor-
phometric measurements were recorded: wet weight (mg), 
shell length (mm), shell height (mm), and shell width (mm). 
Oysters were shucked to obtain shell wet weight (mg) and 
tissue wet weight (mg). Dry weight (mg) of shell and tissue 
separately was determined by placing shell and tissue in an 
oven at 60 °C to a constant weight (~ 7 days).

Tissue was then ground into a fine powder using mor-
tar and pestle. Each shell half was cut with a table saw to 
remove a 2-cm segment from umbo to margin. The 2-cm 
segments were ground into a fine powder using a mortar 
and pestle. Tissue and shell subsamples were packaged and 
analyzed for total N and total C contents using an elemen-
tal analyzer (Costech 1040 CHNOS elemental combustion 

system; Louisiana State University Wetland Biogeochemis-
try Analytical Laboratory, Baton Rouge, LA). Shells from 
Sister Lake August 2015 sampling were not analyzed for N 
or C because it was assumed that nutrient concentrations in 
shell represented long-term assimilation and did not change 
within a 4-month period (Dalrymple and Carmichael 2015). 
Total nutrient content (mg) for oyster tissue and shell was 
calculated using the following formula:

Burial

In August 2015, triplicate sediment cores (14 cm inside 
diameter × 30 cm length) were collected at all sites and habi-
tat types using a piston corer (2 sites × 3 habitats × 3 repli-
cates). Adjustments were made at reefs where oyster densi-
ties were high to ensure that uniform sediment cores were 
collected. Upon collection, cores were separated into 3-cm 
increments, placed in labeled  Ziploc® bags and brought back 
to the laboratory where they were dried in an oven at 60 °C 
to a constant weight (~ 7 days). After sediments dried, they 
were ground into a fine powder using mortar and pestle or 
a Wiley Mill and weighed for determination of bulk den-
sity. Subsamples of sediment from each 3-cm increment 
were packaged and analyzed for N and C contents using an 
elemental analyzer (Costech 1040 CHNOS elemental com-
bustion system; Louisiana State University Wetland Biogeo-
chemistry Analytical Laboratory, Baton Rouge, LA). Burial 
rates were conservatively estimated using reported accretion 
rates for Sister Lake of 2.0 mm year−1 (Freeman and Roberts 
2013), and for Lake Fortuna, 3.5 mm year−1 (Smith 2009).

Denitrification

To quantify denitrification rates, we used the closed-system 
incubation method (Miller-Way and Twilley 1996). Trip-
licate sediment cores (10 cm inside diameter and 35 cm 
length) with overlying water were collected by hand at all 
of our sample locations (2 sites × 3 habitat types × 3 repli-
cates) in August 2015 (summer) and January 2016 (winter). 
Each core consisted of 8–10 cm of sediment, with overlying 
water collected in the rest of the core, and initial conditions 
were reported including temperature (oC), dissolved oxy-
gen (mg l−1),  N2–N (µmol),  NO3

− (µmol) and  NH4
+ (µmol) 

(Table 1). At collection, cores were fitted with air-tight bot-
toms and lids, and transported to a dark environmental cham-
ber located in the Oyster Wet Lab, Louisiana State University 
Agricultural Center, Baton Rouge, LA. Approximately, 100 L 
of surface water was also collected at each site in carboys and 
filtered using a series of filters down to 0.5 µm. Upon arrival 
at the environmental chambers, lids were removed and cores 
placed in a water bath at in situ conditions (28 °C for sum-
mer, 16.5–18 °C for winter). Air was gently bubbled into the 

N or C (mg) = (tissue or shell dry weight) × (%N or C)∕100.
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surface water of each core overnight to prevent the depletion 
of dissolved oxygen in the water column prior to the begin-
ning of the incubation (Miller-Way and Twilley 1996).

The next day, the overlying water was siphoned from each 
core and replaced with filtered water from the carboys. The 
cores were then fitted with air-tight lids that had inflow ports 
connected to the carboys and outflow ports connected to 
sampling valves. Lids also had magnetic stir bars that cir-
culated water throughout the incubation. In addition to the 
nine treatment cores that were incubated during each experi-
ment for each season, two control cores were also filled with 
filtered site water (no sediment), capped, and placed in the 
water bath. If necessary, corrections could be made for any 
changes that occurred in the control cores (Fulweiler and 
Nixon 2012). Incubations were conducted in the dark to min-
imize variability caused by benthic autotrophic processes 
(Miller-Way and Twilley 1996).

During sampling, dissolved oxygen and temperature were 
measured and recorded using a Hach LDO101-01 dissolved 
oxygen probe. Replicate water samples (12 mL) were col-
lected for  N2/Ar analyses (Bay Instruments, Pfeiffer 200 
ME Mass Spectrometer) in  Exetainer® glass vials using a 
gravity-fed system, preserved with 200 µL of 50%  ZnCl2 
solution, and capped with air-tight lids (Higgins et al. 2013). 
Additionally, a 60-mL water sample was collected for inor-
ganic nutrient analysis. Samples were filtered through glass 
fiber filters (Whatman GF/F 25 mm, pre-combusted for 3 h 
at 450 °C) and processed for ammonium  (NH4

+) and com-
bined nitrite + nitrate  (NO2

− + NO3
−; hereafter referred to as 

nitrate). This sampling procedure was repeated so that each 
core could be sampled at five evenly spaced intervals before 
conditions inside the core became hypoxic (< 2 mg  L−1 DO), 
which equated to approximately every hour during summer 
incubations and every 12 h during winter incubations. Thus, 
summer and winter incubations totaled approximately 5 and 

48 h, respectively. Carboys were sampled three times dur-
ing the course of the incubation (beginning, middle, and 
end) using the methods described above to obtain concen-
trations of dissolved inorganic nutrients entering the cores. 
The upper 4 cm of sediment was harvested to obtain percent 
organic matter via loss on ignition (Ball 1964).

Corrected concentrations of  N2 and dissolved nutrients 
were calculated by subtracting the concentration of either 
 N2 or dissolved nutrients entering the core from the concen-
trations estimated for that sample period.  N2 and dissolved 
nutrient fluxes were then determined from the slope of a 
5-point linear regression of concentration as a function of 
time. If the relationship was nonlinear (p > 0.05), the flux 
was considered zero. Fluxes for  N2 and dissolved nutrients 
were then calculated using the following equation:

Since the  N2:Ar ratio calculates the net  N2 flux as gross 
denitrification minus gross nitrogen fixation, negative  N2 
fluxes were considered net N fixation and positive fluxes 
were considered net denitrification (Henry and Twilley 2014; 
Fulweiler et al. 2008). Dissolved nutrient fluxes generated 
in the control cores were subtracted from the fluxes in the 
experimental cores to correct for any changes observed in the 
reference (control) cores. We applied a dilution correction to 
each core to account for nutrients entering from the carboys 
during each sampling event (mean ± SE: 1.43 ± 0.03% dilu-
tion correction; Heffner 2013). Fluxes were then standardized 
by overlying water volume and sediment area.

Statistical analyses

Differences in tissue and shell N and C were examined by 
habitat type (shallow-water reef, deep-water reef, sub-tidal 
reference) and size class (small, large) using ANOVA while 

{(slope) × (head space)}∕(core surface area).

Table 1  Starting conditions (mean SE) of the sediment incubations, listed by site, habitat type and season

Lake Fortuna Sister Lake

Deep Shallow Reference Deep Shallow Reference

Summer
 Temperature (°C) 28.43 ± 0.03 28.77 ± 0.03 28.53 ± 0.12 29.30 ± 0 29.13 ± 0.09 28.97 ± 0.03
 DO (mg L−1) 6.90 ± 0.03 6.64 ± 0.18 6.95 ± 0.10 6.66 ± 0 6.51 ± 0.13 6.32 ± 0.01
 N2–N (µmol) 706.86 ± 12.63 701.36 ± 2.50 650.92 ± 95.67 676.65 ± 7.20 695.91 ± 13.92 709.37 ± 21.09
 NO3

− (µmol) 0.53 ± 0.13 1.40 ± 0.46 0.57 ± 0.24 1.19 ± 0.05 2.15 ± 0.83 1.57 ± 0.06
 NH4

+ (µmol) 15.61 ± 2.63 16.96 ± 2.44 12.54 ± 0.68 4.19 ± 0.20 2.48 ± 0.08 2.65 ± 0.29
Winter
 Temperature (°C) 18.03 ± 0.03 18.00 ± 0 18.00 ± 0 16.4 ± 0.06 16.2 ± 0 16.2 ± 0
 DO (mg L−1) 9.69 ± 0.05 9.49 ± 0.11 9.68 ± 0.01 10.23 ± 0.04 10.25 ± 0.01 10.26 ± 0.01
 N2–N (µmol) 635.41 ± 23.46 587.82 ± 6.42 607.35 ± 0.48 605.10 ± 24.25 618.94 ± 3.68 586.20 ± 15.28
 NO3

− (µmol) 1.00 ± 0.15 1.12 ± 0.24 0.75 ± 0.05 2.86 ± 0.33 3.35 ± 0.10 3.36 ± 0.11
 NH4

+ (µmol) 14.04 ± 2.63 36.25 ± 23.74 9.92 ± 0.24 318.00 ± 279.80 129.82 ± 93.93 24.26 ± 14.57
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blocking on site. At one site only (Sister Lake), differences 
between pre- and post-spawn tissue N and C by size class 
and habitat type were also examined. Total N and C in sedi-
ment were examined by depth prior to combining layers for 
the analysis of bulk density, N, C, and organic matter con-
centrations using an ANOVA by habitat type, blocking on 
site. Last, differences in  N2,  NO3

−,  NH4
+, and  O2 fluxes were 

examined by habitat type, blocking on site for each season 
separately (summer, winter). Denitrification efficiency was 
calculated following Seitzinger (1988). Data were log trans-
formed or arcsine transformed to meet normality and homo-
geneity of variance assumptions when necessary. Tukey’s 
HSD was used when significant models were indicated. A 
significance level of alpha < 0.05 was used.

Regression models using total nutrient mass (N, C) were 
used to examine the relationship between N and C in shell 
and tissue to shell height (mm). Furthermore, linear regres-
sion was used to examine the relationship of  N2 fluxes to 
sediment oxygen demand in all treatments (shallow-water, 
deep-water, reference) during summer and winter incuba-
tions. All statistical analyses were done in R, version 3.1.3 
(R Core Development Team, 2015). Unless otherwise indi-
cated, mean ± one standard error was reported.

Results

Bioassimilation

Oysters used in the study covered a broad size range, with 
shell heights ranging from 36.4 to 129.3  mm, and dry 
weights for tissue and shell ranging from 8.5 to 52 mg and 
3551 to 263,450 mg, respectively (Table 2). Across all sam-
ples, tissue N ranged from 10 to 400 mg (3.6–14.4%) and 
shell N ranged from 10 to 370 mg (0.11–0.40%). More than 
53% of N was in oyster tissue, even though tissue dry weight 
represented just 2.2% of the total oyster dry weight. C ranged 
from 40 to 2420 mg (30.0–59.81%) in oyster tissue and from 
480 to 32,890 mg (6.81–15.45%) in oyster shell. Less than 
10% of C was in oyster tissue.

There were no significant differences between small and 
large oysters for percent N or C in pre- and post-spawning 
populations (results not shown), thus size classes were com-
bined for further statistical analysis. For percent tissue N 
and C, there were significant interactions between habitat 
type and spawning status (Table 3). Post-spawning oys-
ters had higher percent tissue N than pre-spawning oysters 
(p < 0.001), with a greater increase in deep-water compared 
to shallow-water reefs. Significant and highly predictive lin-
ear relationships were found between tissues N and C for 
pre-spawn oysters with shell height, but not for post-spawn 
oysters (Fig. 2).

Across estuaries for pre-spawning oysters, tissue percent 
N differed significantly by habitat type with individuals 
from deep-water reefs having higher values than those from 
shallow-water reefs (Table 4). There were no significant dif-
ferences in tissue C. In shallow-water habitats, small oysters 
had significantly more N than large oysters, which in turn had 
significantly greater N in shells compared to both oyster size 
classes in deep-water habitats. Shell percent C varied signifi-
cantly by size in both habitats, but not between habitats. Tissue 
and shell N and C had significant linear relationships with 
shell height, although there was a large amount of unexplained 
variation (Fig. 3).

Burial

There was no significant difference in sediment bulk density, 
percent N, or percent C by depth, so all depths within each 
core were combined for statistical analyses. Sediment bulk 
density was significantly greater at deep water reefs compared 
to sub-tidal sediments, which had significantly greater bulk 
density than shallow-water reefs (Table 5). In contrast, sedi-
ments N and C were significantly greater at shallow-water 
reefs compared to the other habitat types, which did not differ 
from one another. Calculated burial rates ranged from 1.4 to 
2.6 g N m−2 year−1, and 26.9 to 43.8 g C m−2 year−1.

Denitrification

Net denitrification rates varied by season, with higher rates 
during summer incubations (> 500  µmol  m2  h−1) com-
pared to winter (< 100 µmol m2  h−1), but not by habitat type 
(Table 6; Fig. 4). Overall mean  N2 fluxes and nitrate  (NO3

−) 
fluxes were positive, with highest fluxes during summer incu-
bations  (N2—shallow: 562.5 ± 208.4 µmol m2  h−1; deep: 
649.2 ± 165.5 µmol m2  h−1; reference: 612.6 ± 12.3 µmol m2 
 h−1;  NO3

−—shallow: 39.7 ± 21.5  µmol  m2  h−1; deep: 
63.4 ± 50.6 µmol m2  h−1; reference: 0 µmol m2  h−1; Fig. 4a, 4b) 
and lower fluxes in winter  (N2—shallow: 52.7 ± 9.9 µmol m2 
 h−1; deep: 23.9 ± 5.4  µmol  m2  h−1; reference: 
40.6 ± 1.6 µmol m2  h−1;  NO3

−—shallow: 26.3 ± 17.5 µmol m2 
 h−1; deep: 4.3 ± 3.0 µmol m2  h−1; reference: 0 µmol m2  h−1). 
Ammonium fluxes showed no clear patterns and ranged from 
− 360.7 to 232.5 μmol N  m−2  h−1. Oxygen fluxes also did not 
differ significantly between habitat types (Fig. 4c). Denitrifica-
tion efficiency was high (> 80%) across all habitat types and 
seasons tested (Fig. 4d). SOD and  N2 flux relationships var-
ied significantly by season, and within each habitat, although 
a general regression of increasing sediment oxygen demand 
(SOD) with increasing  N2 flux occurred (Fig. 5).
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Table 2  Mean (± SE) morphometric analysis, percent nutrient content (N, C) of small (< 75 mm) and large (> 75 mm) oysters harvested at deep-
water and shallow-water reefs in Sister Lake and Lake Fortuna

NA values that were not obtained after morphometric analysis

n Total wet weight (mg) Height (mm) Length (mm) Width (mm) Tissue/shell Dry weight (mg) N (%) C (%)

Sister Lake (pre-spawning)
 Shallow water
  Small 20 49,658 ± 2150 66.6 ± 1.5 50.0 ± 1.1 27.3 ± 1.0 Tissue 1503 ± 93 6.8 ± 0.2 47.0 ± 1.1

Shell 38,540 ± 1671 0.3 ± 0.0 13.0 ± 0.1
  Large 20 132,710 ± 12,739 98.1 ± 2.8 64.3 ± 1.3 36.8 ± 1.7 Tissue 3242 ± 175 7.1 ± 0.2 48.2 ± 1.2

Shell 101,995 ± 10,633 0.2 ± 0.0 12.6 ± 0.1
 Deep water
  Small 20 67,113 ± 3347 63.9 ± 1.5 51.4 ± 1.3 28.8 ± 0.8 Tissue 1334 ± 85 6.6 ± 0.2 44.5 ± 1.3

Shell 56,805 ± 2791 0.2 ± 0.0 12.9 ± 0.1
  Large 20 147,256 ± 6905 88.3 ± 1.7 66.2 ± 1.3 36.6 ± 0.9 Tissue 3062 ± 131 6.5 ± 0.3 43.1 ± 1.4

Shell 122,208 ± 6539 0.2 ± 0.0 11.7 ± 0.6
Sister Lake (post-spawning)
 Shallow water
  Small 20 68,600 ± 5077 66.3 ± 1.4 51.2 ± 1.7 39.1 ± 1.4 Tissue 799 ± 41 10.0 ± 0.2 45.6 ± 1.0

Shell 55,992 ± 4272 NA NA
  Large 20 172,559 ± 8565 90.8 ± 1.2 69.5 ± 1.7 49.0 ± 7.0 Tissue 1449 ± 70 9.2 ± 0.2 42.9 ± 0.7

Shell 138,656 ± 7986 NA NA
 Deep water
  Small 20 90,754 ± 7194 66.8 ± 2.2 55.9 ± 2.1 39.5 ± 1.5 Tissue 1072 ± 84 10.8 ± 0.3 45.8 ± 1.0

Shell 75,435 ± 5820 NA NA
  Large 20 176,652 ± 8450 86.5 ± 1.5 68.0 ± 1.3 40.9 ± 0.9 Tissue 1803 ± 72 10.7 ± 0.2 46.6 ± 0.8

Shell 144,335 ± 6635 NA NA
Lake Fortuna (pre-spawning)
 Shallow water
  Small 20 55,033 ± 6329 67.8 ± 2.3 46.9 ± 2.1 28.3 ± 1.7 Tissue 1368 ± 191 7.5 ± 0.5 42.0 ± 1.1

Shell 37,402 ± 4380 0.3 ± 0.0 13.5 ± 0.1
  Large 20 137,524 ± 7116 98.9 ± 2.2 61.9 ± 1.8 37.17 ± 1.38 Tissue 3525 ± 181 6.4 ± 0.3 41.9 ± 1.1

Shell 94,165 ± 5574 0.2 ± 0.0 12.9 ± 0.2
 Deep water
  Small 20 70,668 ± 3502 68.0 ± 1.3 52.8 ± 1.5 32.0 ± 1.1 Tissue 1417 ± 78 9.2 ± 0.4 46.6 ± 1.4

Shell 54,909 ± 3082 0.2 ± 0.0 12.8 ± 0.2
  Large 20 93,949 ± 6399 81.6 ± 1.1 61.6 ± 1.7 34.8 ± 1.3 Tissue 1968 ± 168 9.1 ± 0.4 47.6 ± 1.8

Shell 71,397 ± 5287 0.2 ± 0.0 12.8 ± 0.2
Overall mean 105,206 ± 3466 78.6 ± 1.0 58.3 ± 0.7 34.9 ± 0.8 Tissue 1879 ± 66 8.3 ± 0.1 45.2 ± 0.4

Shell 82,646 ± 2847 0.2 ± 0.0 12.8 ± 0.1

Table 3  Results of two-way 
ANOVA by habitat type 
(shallow-water reefs, deep-water 
reefs, and sub-tidal reference 
sediments), spawning status 
(spawn), and their interaction 
for percent total nitrogen and 
percent total carbon

Tissue total nitrogen Tissue total carbon

df F p df F p

Habitat type 1 4.07 0.04 1 1.40 0.24
Spawn 1 445.25 < 0.001 1 0.39 0.54
Habitat type × spawn 1 23.37 < 0.001 1 14.18 < 0.001
Residuals 156 156



 Marine Biology (2019) 166:4

1 3

4 Page 8 of 14

Fig. 2  Regression analysis 
of total nitrogen and carbon 
mass load (mg) of oyster tissue 
to shell height (p < 0.01) for 
pre- and post-spawn oysters 
collected from Sister Lake 
(n = 160)

Table 4  Results of ANOVA 
by size, habitat type, and 
size × habitat type, blocking on 
site for tissue and shell percent 
total nitrogen and percent total 
carbon for spring samples

df F p df F p

Tissue total nitrogen Tissue total carbon
 Size 1 0.98 0.32 Size 1 0.03 0.87
 Habitat type 1 11.97 < 0.001 Habitat type 1 0.46 0.50

Site 1 28.09 < 0.001 Site 1 1.39 0.24
 Size × habitat type 1 0.29 0.59 Size × habitat type 1 0.15 0.70
 Residuals 155 Residuals 155

Shell total nitrogen Shell total carbon
 Size 1 9.40 0.003 Size 1 11.10 0.001
 Habitat type 1 73.52 < 0.001 Habitat type 1 7.69 0.006
 Site 1 0.66 0.42 Site 1 7.18 0.008
 Size × habitat type 1 4.21 0.04 Size × habitat type 1 0.03 0.85
 Residuals 155 Residuals 155

Fig. 3  Regression analysis 
of total nitrogen and carbon 
of oyster tissue and shell to 
shell height (p < 0.01) for pre-
spawning oysters from coastal 
Louisiana (n = 160)
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Discussion

Oysters and the reefs they create contribute to nutrient miti-
gation through bioassimilation of N and C in tissue and shell, 
but failed to enhance N and C burial, or provide enhanced 
N removal through denitrification when compared to a sub-
tidal reference site. For bioassimilation, reproductive status 
and oyster size (shell height) influenced oysters’ relative 
contribution and should be considered in developing esti-
mates of potential N and C removal. In contrast, burial rates 
were not enhanced on oyster reefs, compared to reported 
burial rates in adjacent water bottoms and marshes. Simi-
larly, denitrification rates were not enhanced on oyster reefs 
(shallow or deep), compared to reference (mud bottom) sites, 
despite some of the highest recorded rates of denitrification 
at oyster reefs documented during the summer. Within the 
organic-rich setting of the Louisiana delta system, denitri-
fication rates at oyster reefs are likely not limited by lack of 
high-quality organic inputs. Considering the large extent of 
reefs and high production across Louisiana, oysters and their 
reefs contribute to nutrient mitigation across the landscape, 

although their unique contribution in this region likely only 
comes from bioassimilation, and their potential extraction 
following harvest.

Reproductive status may be an important factor to con-
sider when predicting the role of oysters in mitigating nutri-
ent loads through bioassimilation. Overall, tissue N (mg) 
and C (mg) decreased post-spawning. With the release 
of gametes during reproduction, tissue dry weight can be 
reduced from 50 to 90% (Ren et al. 2003) with a potentially 
equivalent reduction in N and C within the oyster tissue. 
In a 2-year study of N and C contents in mussels (Mytilus 
edulis L.), Rodhouse et al. (1984) found that 52% and 57% 
of the N and C budget, respectively, went to reproduction 
(gamete production), with approximately 30% to somatic 
maintenance, and the rest to shell, resulting in a significant 
drop in mussel N and C contents after reproduction. Simi-
larly, N and C likely contribute to oyster somatic mainte-
nance (tissue) and reproduction (gametes), explaining the 
drop in N and C post-spawn. Similar trends of decreasing 
N sequestration during late summer were found in Mobile, 
Alabama, which the authors attributed to either potential 
spawning or a temporary unidentified environmental stressor 

Table 5  Mean (± SE) sediment bulk density, percent organic matter, percent total nitrogen, percent total carbon, and nutrient density collected 
across estuaries and habitat types (shallow-water reefs, deep-water reefs, and sub-tidal reference sediments)

Letters indicate the results of ANOVA by habitat type. Different letters indicate significant differences between habitat types

Bulk density (g cm3) Organic matter (%) Total nitrogen (%) Nitrogen (mg cm3) Total carbon (%) Carbon (mg cm3)

Deep water 0.44 ± 0.04b 4.15 ± 0.21b 0.12 ± 0.01b 0.62 ± 0.04b 2.13 ± 0.25b 9.64 ± 0.87b

Shallow water 0.20 ± 0.01a 10.04 ± 0.73a 0.52 ± 0.05a 1.17 ± 0.08a 8.92 ± 0.89a 18.1 ± 0.85a

Reference 0.38 ± 0.03c 5.52 ± 0.54b 0.18 ± 0.02b 0.60 ± 0.04b 3.09 ± 0.31b 10.07 ± 0.64b

Table 6  Results of ANOVA 
by season, habitat type, and 
season × habitat type, blocking 
on site for sediment incubations

Summer Winter

df F p df F p

N2–N
 Site 1 74.96 < 0.001 1 0.21 0.65
 Habitat type 2 0.12 0.89 2 2.27 0.14
 Residuals 13 14

NO3
−

 Site 1 0.1 0.76 1 1.97 0.18
 Habitat type 2 1.39 0.28 2 2.43 0.12
 Residuals 13 14

NH4
+

 Site 1 0.02 0.89 1 0.50 0.49
 Habitat type 2 3.08 0.08 2 1.40 0.28
 Residuals 13 14

O2

 Site 1 0.22 0.65 1 0.91 0.36
 Habitat type 2 1.24 0.32 2 2.32 0.14
 Residuals 13 14
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(Dalrymple and Carmichael 2015). In our study, spawning 
clearly had occurred, although it is also possible some uni-
dentified stressor may explain the change.

Our data highlight a critical aspect of working with 
a shellfish species such as the oyster where an easily 

measurable indicator (i.e., shell height, mm) is often used 
as a surrogate for other measures. As shell height can only 
increase through time, decreases in condition from repro-
duction, or poor environmental conditions (i.e., starvation) 
are not reflected in changes in shell height. Specifically, the 

Fig. 4  Mean (± SE) summer and winter a  N2 flux, b  NO3
− flux, c  O2 

flux and d denitrification efficiency (%) at deep-water reefs, shallow-
water reefs, and sub-tidal reference sites (no oysters). Letters show 

the results of seasonal two-way ANOVA by habitat type, blocking on 
site. Different letters indicate significance among means. Note that 
fluxes of  NO3

− at reference sites were zero

Fig. 5  Scatter plot of  N2 fluxes 
to sediment oxygen demand 
across all habitat types and 
seasons. Points represent 
mean ± SE for each season 
(black circle: summer, gray 
circle: winter) by habitat type 
(deep-water reefs, shallow-water 
reefs, and sub-tidal reference) 
combination. Note that sediment 
oxygen demand is presented as 
a positive flux
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use of shell height has been suggested as a means to esti-
mate potential nutrient removal through oyster harvest (i.e., 
Higgins et al. 2011). The results of this study indicate that 
if only tissue is being removed from the system, nutrient 
removal for a 100-mm oyster may be overestimated by as 
much as 20% (N) and 46% (C) if the oysters are collected 
post-spawn. Shell is often returned to the water to provide 
substrate for future populations; thus in many cases N and C 
removal estimates may only be relevant to oyster tissue. If, 
however, the entire organism (shell + tissue) is removed, N 
and C estimates for a 100-mm oyster could still vary by as 
much as 12% depending on whether the removal occurred 
pre- or post-spawning. Predictions based solely on shell 
height (mm) could greatly overestimate nutrient removal 
through bio-extraction.

Another goal of this project was to estimate long-term 
burial of N and C associated with Gulf Coast oyster reefs. As 
sediment accretion rates within coastal systems are highly 
variable and differ according to deposition, erosion, and 
compaction processes of organic and mineral particles at 
each site (Butzeck et al. 2015), generating accurate burial 
rates from which to extrapolate estimates of nutrient removal 
remains difficult and should be interpreted with caution. The 
estimated burial rates extrapolated were 5–10 times lower 
for N and C compared to marsh and open water estimates 
reported previously in this region (Smith et al. 1985). Over-
all, we found higher N and organic matter concentrations in 
shallow-water reef sediments compared to deep-water reefs 
and sub-tidal mud bottoms. The augmented concentrations 
were likely due to inputs from the adjacent and highly pro-
ductive marsh, combined with the potentially greater edge 
reef complexity that can increase sediment trapping. This 
assumption is supported by recent work along the Atlantic 
U.S. coast that quantified C sequestration at oyster reefs and 
found that marsh edge reefs sequestered C at a rate similar 
to adjacent marsh habitats (Fodrie et al. 2017). Oyster reefs 
may enhance nutrient burial in some instances by increasing 
sediment accretion rates through biodeposition, but as with 
other ecosystem services provided by oyster reefs, other fac-
tors including adjacent habitats, hydrodynamics, and local 
management likely play a significant role as well (La Peyre 
et al. 2014b, 2015; Smyth et al. 2015; Fodrie et al. 2017).

Denitrification rates measured in the present study are 
at the upper end for rates measured at oyster reefs in the 
United States (Kellogg et al. 2014; Humphries et al. 2016); 
however, they fall within the range of measured values for 
coastal Louisiana systems, which were found to reach val-
ues > 2500 μmol  m−2  h−1 (Rivera-Monroy et al. 2010). The 
structural complexity of the reef, or the density of oysters 
on the reef, may also play a critical role in determining the 
actual impact of reef in supplying organic N and C to the 
sediment microbial community (e.g., Dame et al. 2002; Pie-
hler and Smyth 2011; Carmichael et al. 2012; Smyth et al. 

2015). However, the similarities between reef and non-reef 
areas may be partially explained by the unique nature of 
Louisiana reef complexes and the history of bottom type and 
land use change in the region.

In Louisiana, the reefs are generally composed of an 
extensive complex of soft sediments and oysters, with mini-
mal elevation due to the micro-tidal environment, and a long 
history of active harvest which tends to scatter the reefs, and 
may not provide significant structural complexity (LDWF 
2013; Beck and La Peyre 2015). For example, the Sister 
Lake site in this study is an interior estuarine lake with over 
30% of the water bottom classified as oyster reef, which is 
scattered throughout the entire lake area rather than concen-
trated into discrete, well-defined reef areas (LDWF 2013). 
Thus, denitrification associated with oyster reefs in these 
systems may be less localized, with organic and particu-
late matter in the water column influencing nutrient cycling 
at neighboring habitat types within each estuary. This is in 
direct comparison with oyster reefs in systems on the east 
coast, where reefs tend to have higher elevation than the 
surrounding mud bottom and have better-defined boundaries 
compared to reefs in Louisiana.

Alternatively, the high rates of denitrification across 
habitat types suggest that in this environment, the oyster 
presence failed to change local conditions to enhance deni-
trification. This finding is similar to another study conducted 
on the US Gulf coast, which concluded that site-specific 
biogeochemistry may determine the impact of oysters on N 
cycling (Mortazavi et al. 2015). Higgins et al. (2013) exam-
ined the effects of aquacultured oysters on N removal rates, 
and also failed to find an effect, which they had hypothesized 
could result from increased biodeposition. Biodeposition 
from oysters provides the most frequently cited explanation 
for enhanced denitrification at oyster reefs (i.e., Newell et al. 
2002), but relies on the assumption that organic nutrients are 
limiting, and that biodeposits remain in sufficient concentra-
tion in the area that they are deposited. These Louisiana reef 
complexes and adjacent soft-bottom sediments form a part 
of an extensive complex of a highly productive marsh eco-
system, which contributes large amounts of organic N and 
C to the sediment microbial community. As a result, without 
other changes to the system, enhanced biodeposition may 
not translate to higher denitrification rates either directly 
through oyster filter feeding or reef complexity. Redundancy 
between ecosystem services has been suggested in other 
studies related to denitrification, when located adjacent to 
salt marshes and seagrass beds which provide organic matter 
(Smyth et al. 2015).

Similarly, as each oyster contributes to biodeposition 
through their individual filtering activities, oyster density 
or biomass may need to reach a critical threshold to enhance 
organic N and C measurably. While past work has suggested 
some nonlinear, and possible threshold relationship between 
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oyster density and N assimilation (i.e., Dame et al. 2002; 
Smyth et al. 2015), differences in the range of oyster size 
classes reported, methods of estimation and extrapolations 
to common units, and the seasonal timing of density meas-
urements make these relationships difficult to compare. For 
example, summer oyster densities often are elevated due to 
recent mass spawning events (Casas et al. 2015), with large 
numbers of small oysters which likely contribute little to bio-
deposition (Haven and Morales-Alamo 1966). In Louisiana, 
densities of market size oysters (> 75 mm) are the most com-
monly reported densities, as the inclusion of smaller oys-
ters can vary 1000-fold throughout the year due to multiple 
spawning events, and low survival of smaller oysters (Casas 
et al. 2015). For the Sister Lake shallow-water reef used in 
this study, we reported a density of ~ 25 ind  m−2; however, 
longer term data collection demonstrated densities over the 
last few years exceeding 100 ind  m2 (> 75 mm), or 500 ind 
 m2 (> 25 mm) (Casas et al. 2015). With high oyster growth 
rates in coastal Louisiana (Lowe et al. 2017), and highly 
variable densities, determining what density best captures 
potential reef contributions to biodeposition remains tricky. 
Furthermore, since estimated biodeposition rates for oysters 
provide ranges by grams of oyster tissue per day (Haven 
and Morales-Alamo 1966; Higgins et al. 2013), determining 
relationships or thresholds would likely be more successful 
if biomass was estimated and reported, rather than densities. 
Further research into threshold densities within the context 
of the local environment would be helpful in determining 
target restoration densities (Smyth et al. 2015). This line 
of inquiry is particularly important as a number of studies 
have demonstrated higher denitrification rates when compar-
ing treatments with and without live oysters (Kellogg et al. 
2013; Smyth et al. 2013b; Humphries et al. 2016). In this 
study, we only incubated cores with sediments, and found 
no enhancement of denitrification, similar to other studies 
which examined denitrification in reef-associated cores (sed-
iments) (Higgins et al. 2013; Mortazavi et al. 2015). Further 
work which includes oysters within the incubations may be 
useful, although would require different techniques as our 
cores were too small to incorporate living oysters.

Across all habitat types, denitrification rates were higher 
during summer incubations (> 500 μmol  m−2  h−1) than in 
winter (< 100 μmol  m−2  h−1), which have been associated 
with higher metabolism among microbial communities in 
warmer temperatures (Smyth et al. 2013b). Summer and 
winter nitrate fluxes were positive at all sites, which may 
indicate coupled nitrification–denitrification (Fulweiler and 
Nixon 2012; Henriksen et al. 1983). Yet these positive fluxes 
may also indicate that the capacity for these sediments to 
maintain high denitrification efficiency is limited, with fac-
tors such as sediment composition, hydrology, microbial 
composition, and proximity to the sediment aerobic/anaero-
bic interface influencing rates in these systems (Carmichael 

et al. 2012; Mortazavi et al. 2015). Though we observed 
positive fluxes of nitrate to the overlying water, dissolved 
inorganic N fluxes were negative for all habitat types across 
both seasons, suggesting that these habitats are sinks for N.

Past studies have suggested the use of sediment oxygen 
demand (SOD) to predict denitrification in coastal systems, 
as  N2 fluxes have been shown to increase linearly with an 
increase in sediment oxygen consumption (Piehler and Smyth 
2011; Smyth et al. 2013b; Humphries et al. 2016). This rela-
tionship is common in coastal systems where coupled nitri-
fication–denitrification is controlled by the availability of 
organic C (Henry 2012; Smyth et al. 2013a). However, in 
systems such as the Mississippi River Delta where organic 
matter is subject to high variation, other factors, including 
bivalve density and hydrodynamics, may also influence den-
itrification rates. This premise is supported in the present 
study, where sediment organic matter concentrations did not 
affect rates of denitrification, high variation between SOD, 
SOM and  N2 flux relationships occurred between locations 
and findings similar to those reported in Alabama (Mortazavi 
et al. 2015). Interestingly, this increasing variation with 
increasing SOD and  N2 flux is evident in data reported from 
other regions as well (i.e., Humphries et al. 2016).

While many studies on the U.S. east coast suggest that 
oyster habitat rivals or exceeds the denitrification capacity 
of other estuarine habitats (i.e., Piehler and Smyth 2011; 
Kellogg et al. 2013; Smyth et al. 2013b), results from these 
Louisiana reefs did not show this, similar to a past study 
in Alabama (Mortazavi et al. 2015). Oyster reefs did not 
enhance or exceed denitrification rates compared to sur-
rounding estuarine habitat types. With significant high-
quality inputs of new organic matter from the surrounding, 
extensive and highly productive marshes, oyster reefs in this 
setting may provide a redundant role, as enhancing organic 
N and C to the sediments would fail to alleviate any existing 
limitation on denitrification. Oyster reefs in this region con-
tribute uniquely to nutrient removal, largely through assimi-
lation in shell and tissue, and provide functional redundancy 
in removal through denitrification. Given the prolific annual 
oyster harvest and the extensive reef systems across coastal 
Louisiana (LDWF 2013), oyster-mediated nutrient mitiga-
tion across the coastal region of the state remains important, 
but contributions likely occur primarily through bioassimila-
tion. Estimates of N and C removal through bioassimilation 
are based solely on extrapolations from oyster size (shell 
height), and numbers may vary by as much as 50% depend-
ing on oyster reproductive status at the time of removal; 
oyster condition, reflecting local water quality conditions, 
may similarly influence bioassimilation and removal.
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