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Abstract

Excess nitrogen is a driver of eutrophication and a threat to coastal water quality, ecosystems, and economies. Oyster reef
habitat has been shown to enhance nitrogen removal processes, including denitrification (DNF), in adjacent sediments
via nutrient-rich biodepositions. However, little is known regarding DNF within oyster mariculture leases, including how
DNF varies among methods (i.e., gear types) or locations (i.e. between and within estuaries). Here, the effects of three
common mariculture methods (i.e., floating bags, bottom cages, loose-on-bottom) on nitrogen cycling in three temperate
North Carolinian waterbodies (Newport River, Stump Sound, Core Sound) and the effect of position along salinity (22-33
ppt) and sediment organic matter (SOM) (9.0-0.8%) gradients on nitrogen cycling in one estuary were measured. Oyster
mariculture can match natural reefs’ DNF rates (floating bags 44.8 + 11.7, bottom cages 38.6 + 26.2, loose-on-bottom
104.8 + 81.9, reef 103.2 + 55.9 umol N,-N m 2h "), but this service varies by method, waterbody, and over time. Loose-
on-bottom DNF was ~10x higher than other methods in Newport River, bottom cages were highest (by 1.5x) in Stump
Sound, and no culture method surpassed another in Core Sound. The following year, DNF on the Newport River loose-on-
bottom lease decreased 10x, yielding no culture differences. Along an estuarine salinity and SOM gradient, oyster culture
enhanced DNF relative to bare flats only up-estuary, by 6.5x. Overall, up to order-of-magnitude DNF variability among
culture methods, locations, and over time suggests that quantifying an oyster lease’s nitrogen removal requires rigorous
site-specific analysis rather than generalized estimation.
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Introduction

Nitrogen is a critical nutrient for biological functions but
excess nitrogen loading can stimulate algal blooms, leading
to localized hypoxia/anoxia and, in turn, estuarine habitat
degradation (Paerl, 1997; Howarth et al. 2011). Excess nitro-
gen that reaches estuaries can be removed via assimilation
(e.g., phytoplankton growth—both regularly or in blooms),
burial, or denitrification (Howarth et al., 1996; Kellogg et
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al., 2014). Denitrification (DNF) describes the bacterially-
mediated conversion of bioavailable nitrate (NO5 ") or nitrite
(NO,") to nitrogen gas (N,) in estuarine sediments. Recent
studies suggest that structured estuarine habitats serve as
DNF ‘hotspots’, with oyster reefs being among the most
effective at removing excess nitrogen (Pichler & Smyth,
2011; Smyth et al., 2015; Douglas et al., 2022; Smiley et
al., 2026). As epifauna, oysters affect sediment properties
through enhanced benthic-pelagic coupling (Smyth et al.
2013). Oysters release feces and pseudofaeces as byprod-
ucts of their filter feeding, forming nutrient-rich biodeposits
in the underlying sediment (Higgins et al., 2013; Hoellein
et al., 2015). Organic matter levels are thus often enhanced
relative to sediments without oysters, as are nutrient pools
(Newell et al., 2005). Several studies have found sediments
associated with oyster reefs to have higher rates of DNF
than reference sediments without oysters (Piehler & Smyth,
2011; Kellogg et al., 2013; Onorevole et al., 2018).
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Oyster mariculture may represent both unrealized eco-
nomic and restoration opportunities for loss of ecosystem
services in the wake of wild oyster losses (Coen et al., 2007;
van der Schatte Olivier et al., 2020). In addition to the direct
value of oysters as a fishery, oyster reefs provide economic
value via ecosystem services, including nutrient cycling,
shoreline stabilization, and habitat provision (Grabowski
et al., 2012). The global loss of wild oysters has attenu-
ated these ecosystem services (Beck et al., 2011). While
this gap in ecosystem service provision could be filled by
oyster mariculture, the nature and magnitude of the deliv-
ered services may be substantially different (Alleway et al.,
2019; Ayvazian et al., 2022). Re-establishing oysters via
mariculture and restoration has been proposed to mitigate
the impacts of excess nitrogen pollution, but it is unclear
whether oyster farms (leases) confer the same benefits as
wild oyster reefs (Ferreira & Bricker, 2016; Bricker et al.,
2018; Rose et al., 2021). Despite this knowledge gap, sev-
eral states have launched programs over the past decade that
pay shellfishers for their farms’ estimated nitrogen removal,
namely via nitrogen in harvested oyster tissue until scien-
tists have a better understanding of DNF rates (Cornwell et
al. 2016, Dvarskas et al., 2020).

Disparate results among studies along the United States’
East coast suggest oyster mariculture does not remove excess
aquatic nitrogen in a standardized manner, complicating val-
uations. Sediment DNF beneath a restored reef and an oys-
ter lease in a shallow Rhode Island coastal pond exceeded
those of bare flats and shell cultch (Humphries et al., 2016).
Conversely, on two large commercial floating bags oyster
leases in the Chesapeake Bay, DNF was lower beneath the
leases than in nearby reference sediments (Higgins et al.,
2013). Simple positive and negative DNF signatures like
these are not the only outcomes, however. A comparison of
three oyster farms and a control site in Waquoit Bay, Massa-
chusetts showed that mariculture stimulated both DNF and
bioavailable nitrogen production, particularly underneath
bottom cages (Mara et al., 2021). Ammonium (NH,") was
produced via dissimilatory nitrate reduction to ammonium
(DNRA), a redox reaction occurring when nitrification halts
in oxygen-limited sediments (Smyth et al. 2013). In cases
like this where bioavailable nitrogen is both removed and
produced, calculating DNF efficiency can quantify the bal-
ance between removal and production (Smiley et al., 2023).
These three U.S. East coast DNF studies suggest that culture
method and lease placement, the most controllable factors
from a management perspective, may substantially influ-
ence nitrogen cycling, but their effects have not been tested.

Maricultural method, or culture type, may be espe-
cially important in differentiating oyster-mediated nitro-
gen cycling, as not all culture types mimic natural reef
structures. Culture types can be broadly grouped into two
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categories: water column, in which oysters are grown
in bags suspended at or just below the waterline (here-
after, floating bags) and bottom culture, in which oys-
ters are kept in cages on the seafloor (bottom cages) or
as a closely-managed private ‘reef’ (loose-on-bottom)
(Matthiessen, 2001). Floating bag depths (and thus the
distance between oysters and underlying sediment) are
typically 1-3 m, but depths can vary by design, bathym-
etry, and tidal range (see Haché et al. 2023, Labrie et
al., 2023). Bottom cages house oysters~15 cm above
the substrate due to cages’ feet-like supports (see Ket-
cham Supply, New Bedford MA USA). Loose-on-bottom
leases are positioned directly on the sediment in culti-
vated patches, closely mimicking natural oyster reefs
(Matthiessen, 2001). Given the disparate distances
between oysters and the underlying sediment by culture
method, biodeposits released by oysters grown in floating
bags likely disperse more broadly than biodeposits from
bottom cultured oysters (see Gadeken et al., 2021, Lab-
rie et al., 2022). Differences in DNF stimulation between
floating bag and bottom culture leases may therefore be
stark, but DNF stimulation variation among culture types
has not been evaluated.

Lease placement, including along estuarine gradients in
salinity and sediment characteristic, likely influences oys-
ter-mediated nitrogen cycling as well. Oysters are highly
influenced by salinity (Wells, 1961), including metaboli-
cally (Loosanoff, 1953), meaning a lease’s position along
an estuary may affect its oysters’ biodeposition rates.
Sediment characteristics can also influence DNF, namely
organic matter content and lability, which positively cor-
relate with DNF (Deutsch et al., 2010; Eyre et al., 2013).
Sediment composition often follows an estuarine gradient
from high sediment organic matter (SOM) riverine silt to
low-SOM oceanic sand (Meade, 1969). Down-estuarine
leases, situated in low-SOM sandy sediments, may show
greater DNF enhancement relative to up-estuarine leases
by adding labile carbon in the form of biodeposits to other-
wise carbon-limited sediments. Differences in DNF among
leases may also be exacerbated if underlying sediments lack
requisite oxygen for coupled nitrification — denitrification,
which can be approximated by measuring sediment oxy-
gen demand (SOD) (Jenkins and Kemp 1984; Lunstrum et
al. 2018; Ray et al., 2021). Additionally, some studies, like
the one in Waquoit Bay, have found that oyster reefs can
increase ammonium fluxes, which can fertilize phytoplank-
ton blooms, either directly from oyster biodeposits and/or
indirectly through DNRA reactions in the sediment (Newell
etal., 2005; Smyth et al. 2013; Mara et al., 2021). High-flow
areas may also disperse biodeposits beyond a lease’s bound-
ary, including via resuspension, contributing to spatial vari-
ability of DNF (Gadeken et al., 2021; Labrie et al., 2022).
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Lastly, sediment DNF, regardless of oyster mediation, is
temporally variable, influenced by seasonality/temperature,
rainfall/storminess (e.g., salinity, flow), and ambient aquatic
nitrogen concentrations (Nowicki, 1994; Smyth et al. 2013;
Testa et al., 2015; Hellemann et al., 2017). Given that leases
are often sited in estuaries, where DNF-influencing envi-
ronmental factors (e.g., salinity, temperature, flow, sediment
type) are notably dynamic, it is likely inaccurate to assume
that oyster mariculture delivers a uniformly positive, or con-
sistent, nitrogen removal service.

Here, we measured the dynamics of nitrogen cycling
vis-a-vis oyster mariculture. We performed a series of nitro-
gen flux measurements across three temperate waterbodies
in North Carolina to determine how culture method and
an oyster farm’s position along an estuarine salinity and
sediment organic matter (SOM) gradient influence oyster-
mediated nitrogen cycling. We hypothesized that: (1) oyster
farms utilizing bottom culture techniques (i.e. loose-on-bot-
tom and bottom cages) would have higher rates of sediment
DNF than water column culture (i.e. floating bags) leases
due to direct interaction with sediments, possibly matching
DNF rates in natural oyster reefs and (2) along estuarine
SOM gradients (higher up-estuary), oyster leases located in
down-estuarine waters would have higher sediment DNF
relative to adjacent bare flats than those in up-estuarine
waters by depositing labile organic matter onto SOM-lim-
ited sediments. Additionally, revisitation of four sites across
sampling efforts allowed for descriptive consideration of
how farmed oyster-derived DNF varied over time, includ-
ing weekly and yearly.

Location

© Core Sound

Methods
Site Summaries & Experimental Design

In the first round of experiments (summer 2021), three
coastal ~ 1 m tidal range waterbodies in Eastern North Caro-
lina were selected to compare the effect of oyster culture
methods on sediment nitrogen cycling: Newport River
Estuary (NPR), Stump Sound (SS), and Core Sound (CS)
(Fig. 1). The NPR is a submerged river estuary with a poly-
haline to euhaline salinity gradient. SS and CS are estuarine
lagoons without a distinct salinity gradient despite having
a similar salinity range to the NPR (polyhaline to euha-
line). Each waterbody supports at least a dozen productive
shellfish leases of three distinct oyster holding or grow-out
methods: floating bags, bottom cages, and loose-on-bottom.
Floating bag depths at all leases were 1-2 m. Bottom cages
and loose-on-bottom were 15 and 0 cm from the underly-
ing substrate. Floating bags were ~0.5x1 m UV-resistant
polyethylene mesh bags and bottom cages were ~1 x 1.5 m
heavy-duty steel cages. Lease sizes across all sampling
efforts ranged from 0.70 to 16.96 acres (median: 3.35 acres;
mean: 4.08 acres) (Table 1). Oyster densities and lengths
were not measured (per shellfisher request to not tamper
with product), but all bags and cages were visually assessed
for typical densities (~ 100-300 inds.) of adult (50-100 mm
shell height) oysters prior to sediment coring.

In each waterbody, sediment DNF from oyster cul-
ture treatments were compared with control (no oyster)
flats and wild (hereafter: natural) oyster reefs, located

0I.ouse on Bottom

® Newport River

@ Stump Sound

Fig. 1 Study locations. a. Map of all sites visited across three North
Carolinian waterbodies in summer 2021, from northeast to southwest:
Core Sound, Newport River Estuary, Stump Sound (Left). b. Locations
of leases selected along the Newport River Estuary to test for effects of

intra-estuarine positioning summer 2022 (Top Right — Yellow). ¢. Sites
within the upper Newport River Estuary selected for effects of culture
technique summer 2022 (Bottom Right — Magenta)
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Table 1 Summary of flux experiment results, lease size, and sediment organic matter (SOM). Fluxes are presented in units of umol m2h™!. DNF
efficiency and SOM are percentages

6/14/21  Newport River Estuary  Flat n/a 7.8 502.67 (54.2) 11.63 (6.1) 34.63 (23.3)
Floating Bag Edge 439 0.6 785.67 (289.6)  31.67 (7.6) 93.60 (2.5)
Floating Bag 439 0.6 369 (72.4) 2137 (1.5) 83.91 (6.1)
Bottom Cage 4.50 1.9 353.33 (18.6) 24.10 (3.8) 41.75 (0.9)
Loose-on-bottom 1.52 12.6 2243.5 (326.5) 268.7 (6.1) 98.67 (1.2)
Wild reef 73 239433 (184.1)  214.77 (62.4)  75.86 (11.5)
6/21/21  Stump Sound Flat n/a 7.8 918.33 (66.2) 3.43 (37.4) 24.88 (24.9)
Floating Bag Edge 475 22 675 (159.4) 4343 (2.6)  0.00 (0.0)
Floating Bag 475 2.9 1618 (728) 56.8 (39.2) 32.46 (17.2)
Bottom Cage 16.96 4.1 277533 (285.9)  89.37 (4.6) 57.67 (23.0)
Loose-on-bottom 0.92 2.1 665.67 (149.6) 19.77 (10.6) 39.10 (6.1)
Wild reef 1.5 700.33 (227.2)  52.7(32.6) 50.76 (25.3)
6/28/21  Core Sound Flat /a 1.2 465.33 (122) 21.43 (6.5) 36.16 (7.1)
Floating Bag Edge 1.25 2.7 837 (61.9) 53.97 (3.1) 59.60 (13.3)
Floating Bag 1.25 45 1151.67 (49.8)  56.37 (4.0) 75.42 (13.9)
Bottom Cage 2.83 1.9 377.33 (27.7) 2.23 (3.8) 64.57 (35.4)
Loose-on-bottom 0.70 1.3 534.33 (60.3) 26.07 (32.0)  43.77 (29.2)
Wild reef 1.5 687.67 (80.8) 422 (9.5) 79.95 (16.5)
7/11/22  Newport River Estuary ~ Floating Bag Up 3.86 10.9 1069.67 (80.2)  28.47 (1.4) 71.82 (20.3)
Floating Bag Mid 5.04 0.8 1160.33 (625.2)  50.7 (33.4) 100.0 (0.0)
Floating Bag Down 439 0.8 308.33 (69.1) 21.5(3.4) 95.06 (2.6)
Flat Up 9.0 350.33 (87.6) 4.40 (1.6) 100.0 (0.0)
Flat Mid 0.8 314.5 (198.5) 9.05 (9.1) 50.0 (50.0)
Flat Down 0.8 351 (107.2) 19.2 (2.0) 76.40 (3.5)
7/25/22  Newport River Estuary ~ Floating Bag Up 3.86 8.6 555.08 (117.2)  24.27(5.5) 83.95 (14.8)
Bottom Cage Up 2.26 10.8 953.04 (188) 37.29 (6.3) 91.33 (4.3)
Loose-on-bottom  Up 1.52 10.4 496.26 (45.2) 20.17 (1.4) 88.72 (3.0)
Flat Up 10.0 392.64 (41.7) 24.48 (5.7) 47.05 (11.1)
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at least 50 m from another lease to avoid lease-derived
biodepositions. Sampling was conducted in three con-
secutive weeks to limit environmental variability, with
each waterbody’s experiment lasting one week. Sediment
cores (n=3,~6.5-cm diameter, ~ 1 7-cm depth) were taken
from six treatment sites (bottom cages, loose-on-bottom,
floating bags, floating bags edge, bare flat, natural reef) in
each waterbody (see below: Sediment Flux of Dissolved
Gases). Floating bags treatment cores were taken directly
underneath the bags, in the middle of a row. Floating
bags edge treatment cores were taken from the sediment
at the periphery of water column leases, ~5 m from any
bag, to determine if there was any ‘spillover’ effect of
water column leases extending beyond the floating bags’
footprint. Bottom cages were momentarily lifted from the
seabed to core underlying sediment. While lifting a cage
could have altered the sediment’s biodeposit load, this
action is common on leases. Natural reef and loose-on-
bottom treatment cores were taken from the interior of an
oyster reef/lease, or immediately next to a reef/lease if
the reef/lease did not have enough bare sediment to core.
Per Labrie et al.’s finding that oyster biodeposits never
settled> 12 m from a 2-3 m deep, low flow floating bags
lease (2022), control flats were set conservatively: >50 m
from any lease or reef. Low water visibility made it
impossible to visually guarantee biodeposit absence dur-
ing coring, however. Across the three sampling efforts, a
total of N=54 cores were collected.

To isolate the effects of culture type and lease position
along an estuarine gradient, a second set of experiments
was undertaken in a more geographically constrained area
the next summer (2022). The NPR was chosen for hav-
ing floating bags leases along an estuarine salinity gradi-
ent (22-33 ppt) and the three culture types (floating bags,
bottom cages, and loose-on-bottom) in the same estuarine
position (up-estuary, polyhaline waters). The other two
waterbodies (CS, SS), being sounds/estuarine lagoons,
lacked a distinct estuarine salinity gradient to test these
hypotheses. Over two consecutive weeks, gas flux rates
by estuarine position and culture method were assessed.
To test estuarine position effects, gas fluxes from sediment
cores (n=3) taken directly beneath floating bag leases in
the upper (22 ppt), middle (28 ppt), and lower (33 ppt)
NPR were compared with paired bare flats located~50 m
from any lease for a total of N=18 cores (Fig. 1) (Table 1).
To test culture methods in one estuarine position, gas
fluxes were measured from n=3 sediment cores collected
at three leases within the upper NPR: one with floating
bags, one with bottom cages, and one with loose-on-bot-
tom culture methods. These leases were compared with a
bare flat>50 m from any lease, for a total of N=12 cores
in the incubation trials (Fig. 1).

Sediment Flux of Dissolved Gases

Clear PVC cores (31 cm height x 6.4 cm diameter) were
attached to a check-valve corer to collect intact sediment
to an adjusted depth of 17 cm, deep enough to capture the
anoxic sediments where DNF occurs. Sixty liters of water
(hereafter, site water) were collected from the three water-
bodies during 2021, each transect site during 2022, and
upstream for culture comparison in 2022 to run flow-through
experiments with site-specific water, reflecting in-situ con-
ditions. Sediment cores and water were transported to the
Institute of Marine Sciences in Morehead City, NC, where
cores from each site were submerged in site water inside
an environmental chamber (Bally Inc.) set to the average
in-situ water temperature (2021 trials: 27 °C; 2022 trials:
28 °C) (Table 1). The submerged cores and site waters were
left overnight to ensure temperature equilibration.

Continuous flow-through flux experiments were per-
formed according to the methods detailed in Pichler and
Smyth (2011). Gas-tight caps with inflow and outflow ports
were placed on each submerged core excluding air bubbles
and connected to a flow-through system. This system used
a multichannel peristaltic pump to pull unfiltered site water
into the surface of overlying water (approximately 400 ml)
while drawing water just above the sediment surface of each
core at a rate of 1 mL min~! for a turnover time of ~5 h.
Following capping, cores were left in the dark environmen-
tal chamber for three complete water turnovers (~15 h) to
equilibrate. After this period of acclimatization, water sam-
ples (7 ml) were collected at S-hour intervals from each core
in gas tight vials for analysis of dissolved gases (N,, O,,
and Ar) with a membrane inlet mass spectrometer (MIMS)
(Kana et al., 1998). Additional samples for dissolved gas
analysis were collected from lines that bypassed cores to
represent respective inflow waters.

Benthic fluxes of gases and DIN were calculated using
the equation (C,,-C;,) * F/A, where C represents the
concentration of any analyte (i.e. Ny, O,, NH,", NO,"),
C,, and C,, are the outflow and inflow concentrations
(uM), F is the peristaltic pump flow rate (60 mL hour '),
and A is the surface area of the core (m?) as described in
Miller-Way and Twilley (1996). Nitrogen gas (N,) flux
was measured to determine the presence and magnitude
of denitrification (DNF: conversion of bioavailable nitro-
gen to inorganic), with a positive flux signifying net DNF
occurring in the trial and a negative flux signifying net
fixation (Gold et al., 2021). Oxygen gas (0O,) flux was
measured to determine sediment oxygen demand (SOD;
a general proxy for metabolic activity / carbon lability),
calculated as the absolute value of the flux of O, (Kana
et al., 1994; Smith et al., 2006; Piehler & Smyth, 2011).
Ammonium (NH,") flux was measured to determine
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the net effects of production (e.g. indirectly via DNRA
[Smyth et al. 2013]; directly via biodeposition [Newell,
2004 ]) or assimilation (e.g. via nitrification [Lunstrum et
al. 2018]) and to assess DNF efficiency. Inorganic nitro-
gen (NO, ) flux was measured relative to N, fluxes to
calculate DNF efficiency and as an indicator of coupled
DNF—mnitrification (Smyth et al. 2013). When combined
(and positive), fluxes of N,, NH,", and NO,~ were used
to calculate DNF efficiency, a metric of N removal (via
DNF) relative to all measured N fluxes: (N,-N flux /
[N,-N flux+NO,  flux +NH," flux]) * 100, with lower
efficiency indicative of releasing bioavailable N back into
the water (Smiley et al., 2023). Three measurements from
each core incubation (at 15, 20, and 25 h [see above])
were averaged to yield core-specific values. Fluxes were
calculated as the mean of the core-specific values from
three replicate cores.

Sediment Organic Matter (SOM) Measurements and
Grain Size Analysis

After noticing qualitative differences in sediment composi-
tion during the 2021 experiments, grain size analysis was
conducted for sediments collected in 2022. Upon comple-
tion of gas flux incubations, the top 3 cm of sediment from
each core was extruded, split in half, and transferred into
pre-weighed tins. One half was dried at 105 °C overnight
and weighed before ignition at 500 °C for a minimum of
5 h. Percent loss on ignition was calculated (% sediment
organic matter [SOM]) using the equation (Msy, — M) /
M;*100, where My, represents the mass after ignition and
M; represents the mass after drying (Byers et al., 1978).
The other half of the top 3 cm from each core was washed
through nested sieves of 2-mm (No. 10) and 63-um (No.
230) mesh over a bucket to separate shell hash from sand.
Each sediment fraction was transferred to pre-weighed tins
and dried overnight at 105 °C. Silt fraction in the bucket
was stirred and 25-ml aliquots (n=3) were pipetted into pre-
weighed tins and dried overnight. Silt was normalized to
total volume of wash solution for each core and percent of
each fraction was calculated from dried masses.

Environmental Variables

Temperature and salinity were measured during sampling
efforts using a YSI 6600EDS-S water quality sonde. To
approximate storminess, cumulative rainfall data of the 7
days before sampling were collected from the Community
Collaborative Rain, Hail & Snow Network (CoCoRaHS)
dataset from the closest stations to each waterbody: More-
head City (NPR), Holly Ridge (SS), and Cedar Island (CS).
Water samples were collected at the control flat for each
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waterbody in 2021 and from up-, mid- and down-estuarine
flats in the NPR in 2022 to provide ambient bioavailable
nitrogen data for the study area. Samples were filtered (GF/F
filters) and frozen for later analysis with a Lachat Quick-
Chem 8000 (Lachat Instruments, Milwaukee, WI, USA) to
measure concentrations of NO,” NH," and Total Dissolved
Nitrogen (TDN).

Statistical Analyses

The effects of culture technique on nitrogen fluxes across
three waterbodies from 2021 were initially assessed using
linear mixed effects models (LMEs), with waterbody as a
random effect. Noting that waterbody heavily influenced
the model, one-way ANOVAs were run in each water-
body individually (flux~culture type [including ‘bare
flat’ reference treatment) with Tukey HSD post-hoc tests
to determine the effect of culture type on gas fluxes and
DNF efficiency. The culture technique experiment from
Summer 2022 in the upper NPR was also analyzed with
a one-way ANOVA (flux ~ culture type) with Tukey HSD
post-hoc tests. The estuarine position experiment from
Summer 2022 along the NPR was first tested with a two-
way ANOVA (flux~culture type * estuarine position)
and Tukey HSDs. Analysis of the ANOVA’s goodness
of fit via QQ plots revealed the model’s poor fit due to
high variability between trials in the mid-estuary alone.
To determine differences between up- and down-estuary
effects, a second two-way ANOVA was run excluding the
mid-estuary: flux ~culture type (floating bags and flat) *
estuarine position (up and down). Tukey HSD post-hoc
tests were used to evaluate pairwise differences across
treatments. Linear models were used to test the effect of
Sediment Organic Matter (SOM) and Sediment Oxygen
Demand (SOD) on nitrogen fluxes by treatment, position,
waterbody, and combined. Differences in the interaction
between SOM and SOD on N,-N fluxes between treat-
ments were determined with estimated least-square mar-
ginal means of linear trends post-hoc tests. The effects
of culture type and estuarine position on SOM and SOD
were assessed via one-way ANOVAs (rather than com-
bined two-way ANOVAs) with Tukey HSD post-hoc
tests using the 2022 culture type and estuarine position
experiments in the NPR. Fluxes for each waterbody and
treatment combination (e.g., Newport River Estuary, bot-
tom cage) are reported as the means of triplicate cores
from flow-through incubation trials, with standard error
being calculated from the triplicate cores. Statistical tests
were run in Rstudio, using R 4.2.2 and packages ‘nlme’
(modeling), ‘multcomp’ (modeling), ‘multcompView’
(modeling), ‘emmeans’ (post-hoc tests), ‘dplyr’ (data
transfiguration), and ‘ggplot2’ (figures).
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Results
Oyster Culture Method and Nitrogen Fluxes

Nitrogen Gas (N,): Mean nitrogen gas (N,) fluxes across culture
methods and waterbodies were nearly all positive (net denitrifi-
cation). Only the floating bags edge treatment in Stump Sound
exhibited a negative N, flux (net fixation). N, fluxes from all
oyster culture methods (floating bags [44.8+11.7 pmol N,-N
m 2h"!], bottom cages [38.6+26.2 pmol N,-N m2h"!], loose-
on-bottom [104.8+81.9 umol N,-N m 2h"']) did not exceed
those of bare flats [12.2+5.2 umol N»-N m2h '] but did
match those of natural oyster reefs [103.2+55.9 umol N,-N
m 2h~!] (which exceeded bare flats) across three waterbodies
in 2021 (N, flux~treatment [+random effect of waterbody]:
Fs 45 =2.85,p=0.025) (Table 1). Waterbody had a higher influ-
ence than treatment in the model, however. When each water-
body was examined individually, disparate patterns emerged

(Fig. 2). In Stump Sound, nitrogen fluxes were affected by cul-
ture type (Fs 1, = 3.18, p=0.047): they were higher at the bot-
tom cage lease (89.4+4.6 pumol N,-N m?h™") than on the edge
of the floating bags lease (-43.4+2.6 umol N,-N m 2h™ 1), with
all other treatments’ fluxes not differing from those two or each
other. In Core Sound, there were no differences between cul-
ture types, natural reefS, or bare flats (Fs, = 2.21, p=0.121).
Descriptively, floating bags had the highest N, flux (56.4+4.0
umol N,-N m?h™!) in Core Sound. In the Newport River
Estuary, N, fluxes at the loose-on-bottom lease (268.7+6.1
umol N,-N m2h™ ') matched those of the natural oyster reef
(214.8+62.4 pumol N,-N m~2h!), which both exceeded
bare flat, bottom cages, and floating bags by ~7-20x (range:
11.6-31.7 pmol N,-N m>h"!; Fs ;= 15.14, p<0.001). The
following year, when leases of differing culture types in closer
proximity were tested within the NPR, there were no differ-
ences between culture types, and none of them yielded higher
N, fluxes than the bare flat (F; ¢ = 2.11, p=0.177) (Fig. 3).
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Fig. 2 Mean nitrogen gas fluxes in sediment cores (n=3) by treatment
separated by waterbody: (A) Core Sound, (B) Newport River Estuary,
(C) Stump Sound (color-coded panels from map points in Fig. 1A) in

summer 2021. Error bars are standard error. Positive fluxes represent
denitrification. Floating bags edge were samples taken from the edge
of water column leases, not beneath any active oyster bags
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Denitrification (DNF) Efficiency: Across three estuaries
in 2021, culture technique had no impact on DNF efficiency
(F5 44 = 1.55 p=0.196) (Table 1). Descriptively, however, bare
flats were less efficient (31.9+10.2%) than treatments with
oysters (range: 51.1-68.9%). Separated by estuary, only the
Newport River Estuary had a difference between culture types
(Fs1; = 5.17 p=0.011), with loose-on-bottom (98.7+1.2%)
and floating bags edge (93.6+2.5%) exceeding bare flats by
3%x(34.6+23.3%) (Table 1). A similar pattern was observed the
following summer, with culture type having an effect on DNF
efficiency in the upper NPR (F; 3 = 4.65 p=0.037). Bare flats
again had the lowest DNF efficiency (47.1+11.1%), which
was 2x less than bottom cages (91.3+4.3%) (Table 1).

Estuarine Salinity Gradient and Nitrogen Fluxes

Nitrogen Gas (N,): Across three positions in the New-
port River Estuary, there was no impact of the interaction
between intra-estuarine position (up, middle, down) and
lease presence (floating bags vs. flat) on N, fluxes (F, ; =
0.83, p=0.462). This lack of effect, however, was driven
by high variability across replicates at the mid-estuarine
position, which was not observed at the other two posi-
tions. When mid-estuarine trials were excluded, an inter-
action between lease presence and position was recorded
(F, 3 = 24.0, p=0.001), with a 6.5x higher DNF signature
up-estuary on the lease (flat: 4.4+1.59; lease: 28.5+£1.40
pumol N,-N m2h™ 1) (Fy 3 = 24.0, p=0.001) but no differ-
ence down-estuary (flat: 19.2+1.97; lease: 21.5+3.38 umol
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N,-N m 2h~ ') (Fig. 4). DNF on flats was ~4x higher down-
estuary than up-estuary, but there was no difference in DNF
between up- and down- estuary DNF floating bag leases.

Denitrification (DNF) Efficiency: Across three positions
in the Newport River Estuary, there was not an impact of the
interaction between lease presence (floating bags vs. flat)
and position (up, middle, down) on DNF efficiency (F,,
= 3.06, p=0.088), as variability on the middle-estuary flat
(50.0+£50.0%) was high. Separated by position, the upper
(flat: 100.0+0.0%, floating bags: 71.8+20.3%, F; 4 = 1.93,
p=0.237) and middle estuary (flat: 50.0+50.0%, floating
bags: 100.0+0.0%, F, ; = 1.80, p=0.272) still showed no
impact of lease presence on DNF efficiency. Down-estuary,
however, DNF efficiency was 1.25x greater at the floating
bags lease (95.1+2.6%) than the bare flat (76.4+3.5%) (F 4
=18.3, p=0.013) (Table 1).

Sediment Oxygen Demand (SOD)

SOD was positive for all estuaries, estuarine positions,
and culture types. Across all three waterbodies and culture
types, N, flux increased with SOD (F, 5; = 42.81, p<0.001,
=045, flux=0.065*SOD — 14.3) (Fig. 5) (Table S2). Water-
body influenced the SOD/N, relationship (N, Flux~SOD *
Waterbody: F, 4; = 9.60, p<0.001), with the Newport River
(?=0.64, flux=0.10*SOD — 30.6) being more strongly posi-
tive than Stump Sound (*=0.34, flux=0.04*SOD — 14.7).
While the relationship between N, Flux and SOD was
still positive in the NPR in 2022, it had a 16x smaller slope
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(flux=0.04*SOD+4.46). Culture method influenced the SOD/
N, relationship (N, Flux~SOD * Culture Type: Fs 4 = 5.17,
p<0.001), with loose-on-bottom (*=0.91, flux=0.14*SOD
— 58.1) being more strongly positive than bottom cages
(*=0.84, flux=0.03*SOD+4.0) and floating bags (*=0.62,
flux=0.04*SOD+7.1) (Table S2). Across all sites and tri-
als in the NPR, the relationship between SOD and N, flux
changed between years (N2 flux~SOD * Year: F, 45 = 21.90,
»<0.001). There was no effect of culture method on the SOD/
N, relationship in 2022 culture method trials in the NPR (F; ,,

= 1.94, p=0.147). Estuarine position influenced the SOD/N,
relationship in the NPR (F,; = 11.98, p=0.002), with mid-
estuary’s slope (0.052) being higher than up-estuary’s (0.031)
and down-estuary’s (0.005) (Table S2). DNF efficiency was
unaffected by SOD across culture types and waterbodies (F, 5
= 1.13, p=0.293). SOD was unaffected by estuarine posi-
tion in the NPR in 2022 (F, , = 1.25, p=0.317). Culture type
affected SOD in the upper NPR in 2022 (F; s =4.55, p=0.039),
driven by a 2.4x increase between flat (392.64+41.72 pmol O,
m 2h™!) and bottom cage (953.04+187.98) (p=0.035) and a
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lesser (1.9x) increase between loose-on-bottom (496.26+45.18)
and bottom cage (953.04+187.98) (p=0.087) (Table 1).

Sediment Organic Matter (SOM)

Across waterbodies (n=3) and culture types (n=6), N, flux
increased positively with SOM (F, 5, = 14.34, p<0.001,
?=0.21, flux=11.2¥SOM+10.2) (Table S3). There was no
interactive impact of culture type (Fs 4y = 2.38, p=0.055)
or waterbody (F, 4 = 1.48, p=0.237) on the SOM/N, rela-
tionship, though the SOM/N, slope on loose-on-bottom
(21.4£4.1) was steeper than on flats (-1.53+5.8) (p=0.027).
Estuarine position had no impact on the SOM/N, relation-
ship in the NPR in 2022 (F, ;; = 0.47, p=0.639, 2=0.02).
SOM had no effect on DNF efficiency across culture types
and waterbodies (F, 4 = 0.18, p=0.672). However, SOM
decreased along an estuarine gradient, from up- to down-
estuary (up: 9.8%, mid: 1.1%, down: 0.8%) (F, 4 = 357.0,
p<0.001) (Table 1). SOM in Mid- and down-estuary sites
did not differ from each other but were both lower than up-
estuary (p<0.001). Oyster culture presence impacted SOM
along an estuarine gradient (F,,;, = 16.1, p<0.001), with
oyster presence only increasing SOM up-estuary.

Sediment Oxygen Demand (SOD) and Sediment
Organic Matter (SOM)

SOD increased with SOM across all waterbodies and cul-
ture types in 2021 (F,5, = 16.13, p<0.001, ?=0.24,
flux=123*SOM+548) (Table S4). The relationship
between SOM and SOD was affected by culture type (Fs 4
= 3.82, p=0.006), with bottom cages having a steeper slope
(704.3+£145) than other treatments (by 3x — 16x), except for
floating bags edge (113.3+185; p=0.145). Waterbody had
no influence on the SOD/SOM relationship (F, 4 = 0.22,
p=0.802). In 2022, there was no relationship between SOD and
SOM (F, 3, = 1.24, p=0.274), including by estuarine position
(F,1;=0.19, p=0.833) and culture type (F; o= 0.68, p=0.587).

Environmental Variables

Salinities ranged from 19 to 33 ppt across waterbodies and sites
(Table S1). Water temperatures ranged from 26.3 to 28.8 °C.
Ambient NO,  (nitrate+nitrite) in the water column for all
trials was less than 1uM (Table S1). Ambient water column
NH," ranged from 0.72 to 5.60 uM and TDN ranged from
15.43 to 32.86 uM (Table S1). Sediment flux assays during
2021 fell within a period of elevated precipitation, reflected
in depressed salinities, with ~8 cm precipitation in the week
preceding NPR and CS sampling, compared to 2.5 cm before
SS sampling (Table S1). Similarly high rainfall levels occurred
prior to 2022 sampling, with ~11 cm precipitation in the week
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before estuarine position sampling and ~8 cm precipitation in
the week before culture method sampling. The NPR is pre-
dominantly silty up-estuary (range: 89.2% —95.9% silt), with a
transition from silty to sandy between the upper and mid-estu-
ary (range: 88.4% —94.5% sand). The lower estuary is slightly
sandier (97.8% sand) than the middle (94.5% sand) (Table S1).

Discussion

The relative impacts of oyster culture presence and methods on
sediment denitrification (DNF) relative to bare flats and natural
reefs shifted across three North Carolinian coastal waterbod-
ies in 2021 and within one waterbody in 2022. No one culture
method surpassed another in more than one trial and oyster cul-
ture presence did not always result in higher DNF rates or effi-
ciencies than bare flats. Despite this, oyster culture DNF rates
and efficiencies consistently matched those of natural reefs.
DNF occurred in all sediments, regardless of waterbody, cul-
ture method, and estuarine position, with one exception (float-
ing bag edge in Stump Sound). Consistent DNF in sediments
across waterbodies and oyster culture-related treatments, com-
bined with low ambient water column NO,  concentrations
suggest that North Carolinian estuaries actively reduce aquatic
nitrogen pollution under the conditions of this study.

There was no one culture method that maximized nitrogen
removal across waterbodies. Bottom cages were the optimal
method for enhanced DNF in Stump Sound, while loose-on-
bottom was the best (by 10x) in the Newport River Estuary, but
only in 2021. In 2022, no culture technique produced a higher
DNF rate or efficiency than the neighboring bare flat. Across
four culture method trials, floating bag leases’ DNF rates never
surpassed bare flats, though they matched bottom culture
leases and natural reefs in three of four trials. One explanation
for floating bags’ relatively lower DNF rates is a lack of direct
contact with the sediment. Oysters suspended in the water col-
umn may disperse their biodeposits beyond a lease’s boundary
as a function of water depth and flow rate (Labrie et al., 2022),
an explanation supported by our finding no difference between
DNF fluxes measured beneath and adjacent to (~5 m) floating
bags. Without precise flow speed and direction data, we are
hesitant to estimate in situ biodeposit dispersal here. Quantify-
ing biodeposit dispersal and cumulative DNF rates throughout
a lease’s entire ‘sphere of influence” would help us understand
whether floating bag leases enhance DNF system-wide by
increasing labile carbon concentrations over broader areas or
if their dispersed biodeposits do not reach concentrations suf-
ficient to stimulate DNF (see Gadeken et al., 2021).

Contrary to our hypothesis, oyster leases situated in up-estu-
arine positions may have a greater positive effect on denitrifi-
cation than leases situated farther down-estuary. When testing
DNF along an estuarine salinity and SOM gradient, there was
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a 6.5x increase in DNF from flat to lease in the upper Newport
River Estuary. DNF enhancement disappeared downstream
due to a relative increase in DNF on adjacent flats (<50 m
from lease) rather than an increase in DNF on the leases. Given
generally higher levels of sediment organic matter (SOM) in
upper estuaries, we had expected the opposite trend, hypoth-
esizing that oyster leases would serve as biodeposit hotspots
in the sandier sediments of lower-estuarine positions by add-
ing labile organic matter and enhancing DNF. We found that
the upper NPR was characterized by silty sediment and high
SOM, while the mid- and lower- NPR were both sandy with
low SOM. However, only the up-estuarine lease had higher
SOM than its control flat, suggesting that SOM enrichment
from water column leases only occurred up-estuary. Soil adhe-
sion could explain the differences in SOM deposition along
an estuary, as the siltier up-estuarine sediments have a higher
capacity to retain settled oyster biodeposits (Black et al., 2002;
Mermillod-Blondin, 2011). Lower estuaries also often have
greater flow rates due to tidal flushing, enhancing biodeposit
dispersal (Testa et al., 2015). Combining sediment characteris-
tics and flow patterns, the lateral transport of biodeposits away
from leases via settlement and resuspension may be substantial
in sandy-bottomed lower estuaries (Hellemann et al., 2017,
Labrie et al., 2022). Until a study demonstrates leases’ capacity
to stimulate DNF beyond its boundaries, however, it may be
more beneficial to site oyster leases in up-estuarine positions
to maximize localized sediment DNF as an ecosystem service.

Though temporal effects were not empirically tested, deni-
trification rates varied over time on bottom culture leases. Four
leases were visited twice, all in the NPR: a loose-on-bottom
lease in the upper- (10x change a year apart), a bottom cage
lease in the mid- (2x change a year apart), a floating bag lease
in the upper- (no change two weeks apart), and a floating bag
lease in the lower estuary (no change a year apart). Based on
these return visits, water column culture methods may be less
prone to DNF variability, albeit with a lower ceiling than bot-
tom culture methods. It is possible that the observed tempo-
ral variability of bottom culture methods could be attributed
to small scale (<1 m) spatial variability. With less distance
to travel between oysters and the sediment, biodeposits from
bottom culture leases may be distributed more patchily than
biodeposits from water column leases. If so, sampling via
6.5-cm-diameter sediment cores could inflate DNF variabil-
ity between sampling efforts by chance, despite taking tripli-
cate cores. Follow-up experiments that more explicitly test for
mariculture’s temporal DNF variation, including as a function
of culture method and biodeposition patchiness, are clearly
warranted.

SOM enriched with oyster biodeposits, rather than ambi-
ent organic matter content, drove the positive SOM-DNF
relationship observed here. While SOM correlated positively
with DNF when incorporating all waterbodies and treatments,

the relationship between DNF and SOM was negative on bare
flats. This result aligns with prior findings that oyster biodepos-
its are particularly influential for DNF (Hoellein et al., 2015),
while adding that direct deposition by oysters into the sediment
is likely a key factor in estuarine nutrient cycling by enhanc-
ing labile organic matter for bioactivity. An oyster-mediated
increase in bioactivity is supported by the lack of relation-
ship between SOM and DNF efficiency observed in this study
across culture methods and estuarine positions coupled with a
positive relationship between SOM and DNF. It is therefore
possible that down-estuarine DNF (and other forms of nitro-
gen cycling) could be enhanced via the installation of bottom-
culture oyster methods, though we did not test bottom-culture
DNF variability along an estuarine gradient. Using bottom-
culture methods in euhaline waters presents its own set of chal-
lenges, however, due to increased exposure to a suite of marine
pests and predators (Fodrie et al., 2014). Biotic pressures may
be alleviated by placing leases intertidally, but intertidal leases’
effect on nitrogen cycling ought to be tested.

Oyster density likely plays a role in nutrient cycling,
though we were unable to test that relationship here. Prior
studies have had mixed conclusions, from a lack of effect on
DNF but a strong effect on SOM, to a possible DNF signa-
ture that increases with density, but only to a certain extent
(Hoellein et al., 2015; Smyth et al., 2015). We had hoped
to include oyster density as a covariate in our analyses of
culture methods. Oyster densities on farms, however, are
dynamic with oysters constantly being sold, obtained, or
shifted around. They also are likely to differ between farms
partially confounding our lease comparison trials. We echo
the recommendation of consistently collecting oyster counts
and sizes during studies of oyster-mediated nutrient cycling
when possible (Ray et al., 2021; Labrie et al., 2023).

The emerging consistency of the SOD-N, relationship
across studies suggests that SOD may be used as a general
baseline proxy for oyster-influenced nutrient cycling metabolic
activity but should not supersede site-specific evaluations.
SOD and N, flux had a robust relationship across estuaries and
culture types here, demonstrating that SOD is a good indica-
tor of key substrates for DNF which oyster deposits provide,
including labile organic carbon and nitrate produced from
nitrification of ammonium (Newell, 2004). This was further
suggested by the positive correlation between SOD and SOM,
which was demonstrated across estuarine waterbodies. The
slope of SOD and N, fluxes combining waterbodies and cul-
ture types during 2021 sampling (0.065) compares favorably
with Fennel et al. (2009), whose broad review recorded a slope
of 0.089 (*=0.5) across a variety of aquatic sediments, and
directly with Smyth et al. (2016) in intertidal habitats (includ-
ing oyster reefs) in nearby Bogue Sound, NC (slope of 0.063).
Likewise, Humphries et al. (2016) observed a strong positive
SOD-N, relationship (*=0.92) in in-situ chambers over bare
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sediments, cultured oysters, and restored reefs, but with a much
lower slope (0.019), which could be attributed to the high oxy-
gen demand from live oysters within experimental chambers.
While the relationship in our study between SOD and N, was
uniformly positive, variation in magnitude between culture
types and estuaries further highlights the need for site-specific
considerations in analyses.

The positive N, and SOD fluxes observed across treatments
suggest widespread coupled nitrification and denitrification
throughout the study area. While coupled DNF and nitrifica-
tion are relatively common in estuaries, the signature has been
shown to weaken in the summer (Jenkins and Kemp 1984).
Jenkins and Kemp (1984) attributed their observed summer
decoupling to hypoxic conditions which limited nitrification
but not DNF. One explanation for our result of summer cou-
pling is consistent oxygenation in the water column, which
was at least 71% at all sites. Still, there was temporal vari-
ability observed in our study. The between-year difference in
SOD — N, slopes in the Newport River Estuary (2021: 0.11;
2022: 0.04) shows that the relationship is dynamic and may
shift with changing estuarine conditions, providing another
caveat to predicting DNF solely from SOD measures. Siting
oyster leases in sediments characterized by high SOD should
optimize bioavailable nitrogen removal, but depletion of sedi-
ment oxygen limits nitrification and can shift redox conditions
to favor more reduced pathways of N-processing, such as dis-
similatory nitrate reduction to ammonium (DNRA), which has
been observed in bottom cage and rack-and-bag oyster culture
(Lunstrum et al. 2018; Mara et al., 2021). Our results of bot-
tom cages and floating bags having smaller slopes of SOD - N,
(higher SOD without increases in N,) than loose-on-bottom
leases may be explained by these same shifting conditions. We
did not explicitly measure DNRA, but ammonium fluxes did
not differ by culture type.

Sea-level-rise-induced ‘coastal squeeze’ of favorable oyster
growing conditions complicates the decision-making process
of shellfish lease siting. An abundance of predators, pests, and
diseases in euhaline waters mean that optimal subtidal oyster
habitat is in the middle-to-upper reaches of estuaries (Walles et
al., 2016), areas increasingly imperiled by urbanization and pol-
lution (Freeman et al., 2019). Areas with poor water quality are
closed for maricultural activity to protect the consumer public
from potential illnesses, spatially constraining shellfishers. As
sea levels rise, oyster predators, pests, and diseases may prolif-
erate farther up-estuary. Combined, oyster leases’ optimal area
narrows from both directions, a phenomenon known as coastal
squeeze (Tice-Lewis et al. 2022). Here, we have suggested
that oyster leases positioned up-estuary may have the great-
est impact on reducing aquatic nitrogen. As coastal squeeze
continues, these up-estuarine areas may be off-limits to oyster
farmers. Additionally, up-estuarine sediments may not be able
to effectively remove bioavailable nitrogen when chronically
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exposed to high levels (Smiley et al., 2025). Our study reports
positive DNF under relatively low nitrogen levels, which does
not guarantee DNF during nitrogen enrichment.

Coastal managers should not expect shellfish leases to
reduce excess aquatic nitrogen in a consistent manner and
mariculture sites require monitoring to accurately estimate
delivery of this service. Our results demonstrate the variabil-
ity of DNF by culture method, along an estuary, across three
waterbodies, and temporally. Shellfish growing projects that
include DNF as a proposed or ongoing service likely can-
not assume a consistent rate of delivery (Rose et al., 2014,
2021). Projects specifically designed to promote DNF as an
ecosystem service must use site-specific examination over
time to ensure accuracy of predictions and viability of the
site (see Labrie et al., 2023). From a broader perspective, the
positive N, fluxes observed across nearly all sites and time-
points in this study area suggest that DNF in estuaries serves
to buffer effects of bioavailable nitrogen loading, regardless
of oyster culture activity, at least under ambient conditions
of low NO, . Given the vast array of services that oysters
provide, it is beneficial to continue increasing efforts of oys-
ter farming and restoration. Coastal managers should bear
in mind, however, that without proper site investigation and
monitoring, oyster growing projects may not consistently
match generalized nitrogen reduction valuations.
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supplementary material available at https://doi.org/10.1007/s12237-0
26-01765-8.
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