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Abstract
1.	 Bivalves are becoming an increasingly popular tool to counteract eutrophication, 

particularly in vegetated coastal ecosystems where synergistic interactions be-
tween bivalves and plants can govern important N sequestration pathways. In 
turn, new calls to evaluate how bivalve densities modify N pools and processes 
across multiple scales have surfaced.

2.	 Ribbed mussels, Geukensia demissa, and their relationship with smooth cordgrass 
present a classic demonstration of positive bivalve-plant interactions and offer 
a useful model for assessing density dependence. We measure porewater am-
monium concentrations, N stable isotope signatures in cordgrass tissue, and 
sediment N fluxes in mussel aggregations and in cordgrass-only plots across a 
southeastern U.S. salt marsh.

3.	 In addition to measuring the effect of mussel presence, we evaluate mussel den-
sity dependence through a multiscale approach. At the patch scale, we quantify 
mussel density effects within their aggregations (individuals m−2) while at a larger 
landscape scale, we quantify mussel density effects on the cordgrass-only areas 
they neighbour (individuals ~30 m−2).

4.	 Porewater ammonium concentrations were halved in mussel biodeposits relative 
to sediments in cordgrass-only areas and negatively related to mussel density 
within aggregations. Leaf clip ẟ15N signatures were nearly 2‰ higher in cordgrass 
growing among mussel aggregations and increased with increasing patch mussel 
density. Microcosm incubations showed that mussels enhanced N2 flux (i.e., nitro-
gen removal) and DIN flux (i.e., N regeneration) into the water column, where only 
nitrogen removal increased with increasing patch-scale mussel density. Across 
the marsh landscape, mussel coverage drove ammonium accumulation and N2 
flux in sediments.

5.	 Synthesis. Our results suggest that, at the patch scale, mussels stimulate the 
microbial metabolism of N, the assimilation of this bioavailable N by cordgrass, 
and nitrogen removal in a positive, density-dependent manner. Tidal currents 
redistribute mussel biodeposits from mussel aggregations to surrounding areas, 
influencing biogeochemical transformations at scales beyond their physical foot-
print. We emphasize that the N regeneration potential of bivalve populations is a 
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1  |  INTRODUC TION

The prolonged, human-derived surplus of nitrogen (N) entering 
watersheds has triggered eutrophication and its consequences 
(e.g., algal blooms, deoxygenation, submerged aquatic vegetation 
loss) in many of the world's lakes, estuaries, and nearshore marine 
ecosystems (Gilbert & Burford,  2017; Wurtsbaugh et  al.,  2019). It 
is now clear that N regulation at both the pollutant's sources and 
receiving ends are paramount to improving aquatic and marine 
ecosystem health and service provisioning (Desmit et al., 2018). In 
coastal systems, one prominent strategy may involve the conserva-
tion, restoration, and/or aquaculture of suspension feeding bivalves 
(e.g., mussels, clams, and oysters) to promote N uptake and removal 
(Ayvazian et al., 2021; Galimany et al., 2017). Complementing land-
based mitigation approaches to eutrophication, this nature-based 
solution is gaining attention and investment from various stakeholder 
groups. For instance, blue mussel (Mytilus edulis) farming operations 
are considered cost-effective measures for nutrient extraction and 
water clarity enhancement in the Baltic Sea (Gren et al., 2009; Kotta 
et  al.,  2020; Lindahl et  al.,  2005; Schröder et  al.,  2014). Bivalve-
mediated N regulation may be particularly important in vegetated 
coastal ecosystems, such as salt marshes, mangrove forests, and 
seagrass meadows, where synergistic interactions between bivalve 
populations and macrophytes may govern N sequestration pathways 
(Gagnon et al., 2020; Gobler et al., 2022). As applications of bivalve 
bioremediation grow, new calls to evaluate how bivalve densities 
modify N pools and processes across multiple scales have surfaced 
(Kellogg et al., 2014; Testa et al., 2015).

Bivalves modify estuarine N cycling through several pathways 
associated with suspension feeding and biodeposition, and these 
processes may correlate with bivalve density. Bivalves feed on N-
rich seston and transport this material to the benthic environment in 
the form of biodeposits. Upon mineralization, biodeposits augment 
inorganic N (i.e., ammonium) availability for macrophyte uptake and, 
in turn, N storage in macrophyte tissues (Bertness,  1984; Carroll 
et al., 2008; Reusch et al., 1994). Additionally, biodeposition can en-
hance nitrification (i.e., microbial oxidization of ammonium to nitrate) 
as well as denitrification (i.e., microbial reduction of nitrate to inert 
nitrogen gas), the latter resulting in the removal of N from a system 
(Bilkovic et al., 2017; Jones et al., 2011; Smyth et al., 2013, 2015) 
(Figure 1a). Bivalves can also reduce water column turbidity—a crit-
ical driver of primary production, and in turn N uptake, by subtidal 
macrophytes like seagrass (Bulmer et al., 2018; Gobler et al., 2022; 

Peterson & Heck, 2001). These contributions to N pathways may in-
crease with increasing bivalve density, indicating positive density de-
pendence (Kellogg et al., 2014; Marinelli & Williams, 2003; Sandwell 
et al., 2009). Positive density dependence underpins other bivalve 
processes, including interspecific facilitation (Bertness,  1984; 
Wagner et  al.,  2012); water filtration (Zhou, Yang, et  al.,  2006); 
sediment stabilization and accretion (Allen & Vaughn, 2011; Carss 
et al., 2020; Ciutat et al., 2007; Crotty et al., 2023); and carbon se-
questration (Fodrie et al., 2017). As bivalves facilitate foundational 
vegetation, they may also bolster a habitat's capacity to support 
higher population densities of their own conspecifics and, in turn, 
drive positive feedbacks on their ecosystem service provisioning 
(Moore & Hughes,  2023). Indeed, positive density dependence 
often generates intraspecific or self-facilitation feedbacks (Bertness 
& Callaway, 1994; Bruno et al., 2003; Temmink et al., 2023) and N 
sequestration services provided by these faunal engineers may sim-
ilarly respond in a positive direction.

Importantly, however, bivalve-mediated ecosystem functions 
and services can be modified by their aggregation and/or popu-
lation density (Allen & Vaughn, 2011; Jones et al., 2011; Wagner 
et al., 2012). Nitrogen removal (i.e., denitrification) rates may re-
spond parabolically to increasing bivalve density by plummeting 
at extremely high or low bivalve densities (Lunstrum et al., 2018; 
Newell,  2004) or may instead plateau among populations with 
relatively low coverage, as seen with biomass density in restored 
oyster reefs (Kellogg et al., 2014). Together, these studies suggest 
that denitrification increases with increasing bivalve density until 
a density threshold is met, at which point net N flux may shift 
away from N removal towards regeneration due to excretion and 
organic matter loading to sediments. Regeneration involves the 
addition of dissolved inorganic nitrogen (DIN) to the overlying 
water column that is bioavailable to pelagic primary producers 
(Figure  1a). Thus, by potentially refuelling instead of controlling 
algal growth, relatively high bivalve densities may alter the di-
rection and/or strength of bivalve-mediated functions (Booth & 
Heck,  2009; Murphy et  al.,  2015; Newell,  2004). Extrapolating 
rates from experiments to larger scales therefore presumes that 
these functions scale linearly with density and ultimately limits our 
capacity to assess bivalve influence at the ecosystem level (Smyth 
et al., 2018). Despite these complexities and constraints—and de-
spite the growing attention given to bivalves as bioremediation 
tools for eutrophication—few studies have assessed density-
dependent effects of suspension feeders on N cycling, especially 

significant metric contributing to their mitigation potential and that bivalve den-
sity effects may be non-linear, vary across patch to ecosystem scales, and have 
differing implications for the plants with which they interact.

K E Y W O R D S
biodeposition, bivalve, denitrification, density-dependence, eutrophication, nitrogen, 
vegetated coastal ecosystem
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of those associated with macrophytes (Hoellein & Zarnoch, 2014; 
Smyth et al., 2015). Though valuable contributions, a majority of 
prior studies consider intensive aquaculture scenarios defined by 
extreme bivalve densities that are far higher than those found in 
natural systems (Carlsson et  al.,  2012; Humphries et  al.,  2016; 
Lunstrum et  al.,  2018; Murphy, Anderson, et  al.,  2016; Murphy, 
Emery, et al., 2016; Nizzoli et al., 2006; Smyth et al., 2018). This 
nearly exclusive focus on aquaculture has left a gap of understand-
ing around N processes at bivalve densities that represent natural 
distributions or those targeted in restoration efforts. Thus, it is 
imperative that density-dependent effects are quantified across 

the spectrum of bivalve-plant interactions and at multiple scales 
to best inform nutrient management approaches and coastal res-
toration efforts more broadly.

Ribbed mussels, Geukensia demissa (hereafter, ‘mussels’) and 
their relationship with smooth cordgrass (Spartina alterniflora; 
hereafter ‘cordgrass’) present a classic demonstration of naturally 
occurring, positive bivalve-plant interactions (Angelini et al., 2016; 
Bertness, 1984; Bertness & Leonard, 1997) and offer a useful model 
for assessing density dependence in bivalve-mediated N availability 
and removal. In the southeastern US where this study is focused, 
mussels typically form clumped aggregations embedded in the mud 

F I G U R E  1  Conceptual diagram illustrating the effects of mussel presence (a) and mussel density (b) on N pools and processes. Mussels 
enhance primary and secondary production within their aggregations, which increases oxygen intrusion into sediments. Coupled with 
ammonium supplementation via biodeposit decomposition, these processes may increase: nitrification and denitrification in aerobic (beige) 
and anaerobic (light grey) sediment layers, respectively; 15N assimilation in cordgrass tissues; and dissolved inorganic nitrogen (DIN) and N2 
flux into overlying, tidal waters. Geochemical variables measured in this study are shown for mussel aggregations (brown) and cordgrass-
only plots (light green), with font size and line thickness scaled in each area type based on hypotheses H1, H2, and H3 (a). Hypothesized 
effects of patch and neighbouring mussel density on porewater ammonium (dashed lines; H4), cordgrass ẟ15N, and N fluxes (solid lines; H5 
and H6) in mussel aggregations and cordgrass-only areas, respectively, are also shown (b). Some symbols are courtesy of the Integration and 
Application Network (ian.umces.edu/symbols/), University of Maryland Center for Environmental Studies.
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around cordgrass stems and cover 0.2%–1.1% of intertidal salt marsh 
platforms (Angelini et  al.,  2015; Stiven & Gardner,  1992). Several 
investigators to date have measured elevated rates of nitrification 
and denitrification associated with mussel aggregations (Bilkovic 
et  al.,  2017; Fischman et  al.,  2023; Zhu et  al.,  2019) (Figure  1a). 
These mussel-mediated processes may increase with mussel den-
sity within aggregations given that these organisms fuel a positive, 
density-dependent feedback system of N supplementation, primary 
and secondary production, and oxygenation within their aggrega-
tions (Angelini et  al.,  2015; Bertness,  1984; Derksen-Hooijberg 
et al., 2018; Williams et al., 2023) (Figure 1b). In addition to locally 
priming sediments for enhanced nitrogen bioavailability and re-
moval, mussel biodeposits are redistributed by tidal currents to areas 
surrounding their aggregations (Crotty et al., 2023) and may in turn 
influence biogeochemical transformations in salt marshes at scales 
beyond their physical footprint (Figure 1b). Therefore, mussels can 
potentially act as a N removal tool in salt marsh estuaries, but under-
standing how these mussel-mediated functions scale along density 
gradients both within aggregations and across the broader marsh 
landscape is critical for informing future management and resto-
ration efforts.

Here, we measure mussel influence on N cycling in salt 
marshes by quantifying porewater ammonium concentrations, 
N stable isotope signatures in cordgrass tissue, and sediment N 
fluxes in mussel aggregations growing among cordgrass and in 
0.25 m2 cordgrass-only plots. Based on previous evidence for 
mussel-enhanced nitrification and denitrification, we first hy-
pothesize that mussel presence decreases porewater ammonium 
concentrations in biodeposit layers and in sediments underneath 
mussel aggregations relative to surface sediments in cordgrass-
only areas (H1). Our next hypothesis considers the assimilation of 
this microbially transformed N by cordgrass, asserting that ẟ15N 
values in aboveground cordgrass tissues will be higher in plants 
growing among mussels relative to those growing without mussels 
(H2). Tested through microcosm incubations, we then hypothesize 
that N2 flux (i.e., denitrification) and DIN flux are higher in mussel 
biodeposits than in cordgrass-only sediments (H3). In addition to 
considering the effect of mussel presence (Figure 1a), we evaluate 
mussel density dependence of these processes through a multi-
scale approach (Figure  1b). At the patch scale, we quantify the 
effect of mussel density on N cycling within their aggregations 
(hereafter ‘patch density’, individuals m−2). At a larger landscape 
scale, we quantify the effect of mussel density on N cycling in 
the cordgrass-only areas they neighbour (hereafter ‘neighbouring 
density’, individuals ~30 m−2). Our hypotheses related to density-
dependent effects assert that porewater ammonium concentra-
tions decrease (H4), while leaf ẟ15N values (H5) and N2 and DIN 
fluxes (H6) increase, with increasing patch and neighbouring mus-
sel density in mussel aggregations and cordgrass-only areas, re-
spectively. Collectively, this work expands our understanding of 
bivalve-plant interactions and how they modify N pools and pro-
cesses, including sequestration, in salt marsh systems particularly 

by contributing new insight into the density-dependent mecha-
nisms underpinning these relationships.

2  |  MATERIAL S AND METHODS

2.1  |  Mussel density and salt marsh community 
surveys

This study was conducted on the higher elevation, interior 
platforms of a salt marsh adjacent to Old Teakettle Creek near 
Sapelo Island, GA (31.451999, −81.317059) (Figure  S1). Marsh 
platforms in this region are characterized by intertidal creeks 
that stem from larger main channels. The site floods and 
drains semidiurnally via Doboy Sound and is tidally inundated 
for ~6 h per day. Doboy Sound receives fresh- and saltwater 
input from the Altamaha River and the Atlantic Ocean, respec-
tively. Mussel distribution and vegetation structure along Old 
Teakettle Creek were typical of salt marshes in southeastern 
US estuaries, with the highest mussel densities at mid-elevation 
platforms (i.e., short form cordgrass) surrounding the heads of 
intertidal creeks (Annis et  al.,  2022; Crotty & Angelini,  2020; 
Kuenzler, 1961; Lin, 1989). In summer 2017, a mussel manipula-
tion was performed at the site as described in Williams et  al. 
(2023). All mussels from one interior marsh platform (~1000 m2) 
were carefully excavated and transplanted to another, directly 
adjacent platform of similar size, while a third, adjacent platform 
was left undisturbed. This manipulation resulted in a gradient of 
mussel cover across the site (i.e., excavated, transplanted, and 
undistributed).

In 2020, 3 years after the mussel manipulation, we selected 
the site to leverage its gradient of mussel cover and, in turn, 
measure mussel density effects at a landscape scale. A Letter 
of Authorization and Revocable Licence (RLS20190024) were 
attained from the GA Department of Natural Resources for 
this study in June 2019. We first randomly selected mussel ag-
gregations growing at the base of cordgrass stems and 0.25 m2 
cordgrass-only plots across the mussel cover gradient (n = 40 per 
mussel aggregations and cordgrass-only plots). Mussel aggrega-
tions ranged between 0.1 to 4.3 m2 across the study site, averag-
ing 1.07 m2 (±1.05; SD) in size. Cordgrass-only plots were located 
at least 1 m away from any mussel aggregation. In each aggrega-
tion and plot, we counted crab burrows and live cordgrass stems 
that fell within a 0.25 m2 quadrat and measured the vertical extent 
of mussel biodeposit layers by pushing a meter stick into the cen-
tre of each aggregation until it hit refusal. We surveyed mussel 
density in each aggregation by counting all surficial mussels within 
an aggregation and computed patch scale densities as individuals 
m−2. We also surveyed neighbouring mussel density by counting 
all mussels residing within a 3 m radius from the centre of each 
cordgrass-only plot, which ranged from 0 to approximately 700 
individuals (ind. 9πm−2).
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2.2  |  Porewater ammonium sampling and analysis

To test the hypotheses that mussel presence and patch and neigh-
bouring mussel density decreases porewater ammonium concentra-
tions (H1 and H4), we measured porewater ammonium concentrations 
(μM) in the biodeposit layer of mussel aggregations as well as in sedi-
ment underneath mussel aggregations and in cordgrass-only plots. 
Porewater was collected during the summer season when mussel 
suspension feeding and biodeposition are most active. We collected 
porewater by inserting a Rhizon sampler (0.60 μm; Rhizosphere 
Research Products) in the biodeposit and sediment layers (5 and 
10 cm in depth, respectively). Biodeposit porewater was randomly 
subsampled from the selected mussel aggregations with biodeposit 
depths >1 cm (n = 5 aggregations) while sediment porewater was col-
lected in all selected mussel aggregations and cordgrass-only plots 
(n = 40 per area type). We stored the porewater samples on ice dur-
ing transport to the lab and then immediately filtered them through 
a 0.45 μm syringe filter into 20 mL scintillation vials. The samples 
were kept frozen until we measured their ammonium concentra-
tions on a SEAL AutoAnalyzer 3 HR at the University of Florida's 
Fort Lauderdale Research and Education Center (FLREC). Here and 
below, the SEAL detection limit for NH

+

4
 was 0.040 μM.

2.3  |  Isotopic analysis of foundational salt 
marsh vegetation

To test the hypotheses that mussel presence and patch and neigh-
bouring mussel density increase ẟ15N signature of residual DIN pool 
available for uptake and absorption (H2 and H5), we measured bulk 
N isotopic signatures in cordgrass aboveground biomass. We col-
lected leaves from plants in a subsample of mussel aggregations and 
cordgrass-only plots (n = 20 per area type) by clipping and compos-
iting the second new leaf from 3 stems, rinsing them with deion-
ized water, drying them at 60°C until they reached constant weight, 
grinding them to a fine powder, and then measuring ẟ15N signa-
tures by stable isotope analysis at the University of Florida's Stable 
Isotope Mass Spectrometry Lab (Costech-DeltaPlusXL IRMS). Stable 
isotope ratios are hereby expressed in the delta (ẟ) notation relative 
to atmospheric nitrogen.

2.4  |  Microcosm incubations

To test the hypotheses that mussel presence and patch and neigh-
bouring density increase N2 and DIN fluxes (H3 and H6), we conducted 
microcosm incubations on biodeposits and sediments collected from 
a subsample of mussel aggregations and cordgrass-only plots, re-
spectively (n = 18 per area type). At low tide, we collected cores from 
each plot (2.5 cm diameter) and then recorded the number of cores 
collected per plot and the volume of material collected from each 
core. Core depth differed across plots due to biogenic structural het-
erogeneity (i.e., interstitial spacing within live mussels and cordgrass 

stems and roots) but reached a maximum of 10 cm. We composited 
the cores into a single whirl-pak® bag for each plot and kept the 
bags on ice until further processing. Cores collected from mussel ag-
gregations contained biodeposits only, and no live mussels. We also 
collected 12 L of site water (salinity = 25 ppt) in amber carboys from 
Old Teakettle Creek which is located adjacent to our marsh site. We 
stored the whirl-pak® bags in a refrigerator at 4°C overnight and 
performed the incubations within 24 h of field collection following 
methods adapted from Reisinger et al. (2016). We homogenized the 
cores composited in each bag and then added each sediment sample 
to duplicate 50 mL polypropylene centrifuge tubes for sacrificial sam-
pling at 0, 6, and 10 h at a consistent volume (~10 mL) and weight (n = 6 
tubes per sediment sample; 108 total tubes). Then we slowly filled 
each tube with site water using a syringe and capped them underwa-
ter in site water buckets to prevent any headspace. Additionally, du-
plicate tubes were filled with site water only (hereafter ‘water blanks’) 
for each incubation time point (n = 6 total water blanks) and capped 
underwater. Incubations were run at 24°C.

We then sacrificially sampled tubes at 0, 6, and 10 h after cap-
ping. At each time point, we collected samples for dissolved gas and 
DIN analyses. We first collected ~40 mL of water with a syringe and 
slowly transferred it to a 12 mL Exetainer© sample vial (Labco Ltd., 
Lampeter, UK), allowing most of the sample to overflow out of the 
vial and into a beaker to attain a positive meniscus and prevent atmo-
spheric contamination. We then added 100 μm of 7 M ZnCl2 to each 
vial for preservation and stored them at 4°C submerged and upside 
down prior to dissolved gas analysis. We then filtered the overflowed 
aliquot through a 0.45-micron syringe filter into a scintillation vial 
and froze the vials prior to DIN (NH

+

4
 and NO

−

3
 + NO

−

2
) analysis.

We measured dissolved N2 and Ar using a membrane inlet 
mass spectrometer at the University of Florida's Tropical Research 
and Education Center and calculated concentrations of N2 using 
its ratio with Ar (Kana et  al., 1994). We determined the change 
in concentrations of N over time (rate; μmols N h−1) for the water 
blank and each plot from simple linear regressions with duplicates 
treated as individual values (i.e., not averaged) and then corrected 
for water column changes by subtracting the water blank rate from 
each plot rate. We then calculated areal N − N2 flux (μmols m−2 h−1) 
by dividing the rate by the surface area represented by the incu-
bations. Surface area was calculated as Acores × Vincubation/Vcores 
where Acores is total surface area of cores collected in each plot, 
Vincubation is the volume of water in each incubation, and Vcores is the 
total volume of sediment collected in cores at each plot (Reisinger 
et  al.,  2016). A net positive N2 flux indicates that denitrification 
dominated the total N2 flux, while a net negative N2 flux indicates 
nitrogen fixation dominated. We also measured concentrations of 
NH

+

4
 and NOx (NO

−

3
 + NO

−

2
) on a SEAL AutoAnalyzer 3 HR (FLREC) 

with a NOx detection limit of 0.007 μM. We then calculated areal 
N − NH

+

4
 and N − NOx fluxes using the same mathematical approach 

described above and summed these values to quantify DIN flux for 
each plot. As sediment gradients were broken up during core ho-
mogenization, N − N2 and DIN fluxes represent potential areal rates 
specifically used for the relative, statistical comparisons described 
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1604  |    WILLIAMS et al.

below. Additionally, while polypropylene tubes have been used for 
gas fluxes before, there may be diffusion across the plastic, which 
we assume to be equal across all tubes. Because of these limita-
tions, this microcosm incubation method is an effective tool for 
drawing relative comparisons between treatments or areas (e.g., 
mussel aggregations and cordgrass-only plots) as opposed to ex-
trapolating flux measurements to an ecosystem level.

Finally, we determined whether incubation samples drove net N 
regeneration or removal in the water column based on denitrification 
efficiency, or the percent of total benthic DIN efflux made up of N2. 
Denitrification efficiency was calculated using the following equation 
(Eyre & Ferguson, 2002): N − N2 flux/(DIN flux + N − N2 flux) × 100. An 
efficiency greater than 50% indicates that more mineralized nitrogen is 
being removed through denitrification than regenerated while an effi-
ciency of less than 50% indicates that nitrogen regenerated back to the 
water column is greater than nitrogen removal (see Figure S3).

2.5  |  Hypothesis testing with Bayesian 
model frameworks

Hypothesis testing was conducted by quantifying the effect size 
and uncertainty of predictor variables on response variables using 
Bayesian generalized modelling frameworks. Specifically we meas-
ured the effect of: (1) sampling location (i.e., mussel biodeposit 
layer, mussel sediments, and cordgrass-only sediments) on porewa-
ter ammonium concentrations (H1); (2) area type on ẟ15N cordgrass 
signatures (H3) and N − N2 and DIN flux (H5); and (3) patch and neigh-
bouring mussel density on porewater ammonium concentrations 
(H2), ẟ15N cordgrass signatures (H4), and N − N2 and DIN flux (H6). 
A Bayesian framework allows for a multivariate response approach 
whereby models can be run directly without data transformations, 
fit response-specific distributions and link functions, and result in 
clear effect sizes and uncertainty for each estimated effect. Posterior 
predictive checks were performed for each response variable to de-
termine best-fit distributions and link functions. Regression models 
quantifying density-dependent effects of patch and neighbouring 
mussel density on responses variables measured from mussel aggre-
gations and cordgrass-only plots, respectively, were built as separate 
frameworks. Model frameworks were built, run, and assessed using 
Stan (Stan Development Team, 2023) and R (v. 4.3.1; R Core Team, 
2023) with the R packages brms (v. 2.19.0; Bürkner, 2017, 2018, 2021), 
CmdStanR (v. 0.6.0; Gabry et al., 2023), bayesplot (v. 1.10.0; Gabry 
& Mahr, 2022), and posterior (v. 1.4.1; Bürkner et  al., 2023). Effect 
sizes of sampling locations and area type are presented as estimated 
median posterior of differences from each Markov Chain Monte 
Carlo (MCMC) draw with 95% credible intervals (CIs). Lastly, density-
dependent effects are presented as median estimates of slope coef-
ficients from each MCMC draw with 95% CIs and Bayesian R2 values. 
For all model outputs, 95% CIs are presented in brackets or paren-
theticals. All model formulas, including response distributions and link 
functions, estimated coefficients, and uncertainty intervals are sum-
marized in Table S1.

3  |  RESULTS

3.1  |  Mussel effects on porewater ammonium

Estimated median ammonium concentrations (Figure  2a) were ap-
proximately 55% to 65% lower in porewater extracted from the 
mussel biodeposit layer (90.7 μM [64.9, 128.2]) than from sediment 
underneath mussel aggregations (158.6 μM [133.9, 190.83]) and in 
cordgrass-only plots (175.9 μM [149.5, 209.0]) (effect size = −0.53 
[−0.91, −0.15] and −0.66 [−1.03, −0.29], respectively), which were 
similar to one another (−0.13 [−0.36, 0.10]). When considering 
density-dependent effects of mussels on porewater ammonium 
(Figure  2b,c), we found that concentrations underneath mussel 
aggregations generally decreased as a log function with increas-
ing patch mussel density (coefficient = −0.003 [−0.005, −0.0001]; 
Bayesian R2 = 0.14 [0.002, 0.36]). However, ammonium concentra-
tions in cordgrass-only sediment porewater was positively related 
as a log function to neighbouring mussel density (0.001 [0.0005, 
0.002]; Bayesian R2 = 0.25 [0.04, 0.47]).

3.2  |  Mussel effects on cordgrass bulk 
nitrogen signatures

Median estimates of ẟ15N signatures of cordgrass growing with 
mussels (5.84‰ [5.50, 6.17]) were substantially elevated relative to 
those of cordgrass growing in plots void of mussels (3.95‰ [3.61, 
4.28]) (Figure 3a), with a positive effect size of mussel presence near-
ing 2‰ in posterior differences (1.89 [1.42, 2.36]). Further, patch 
mussel density explained 50% of the variation in cordgrass ẟ15N sig-
natures from plants sampled from mussel aggregations, where ẟ15N 
increased linearly with mussel density within aggregations (0.006 
[0.003, 0.009]; Bayesian R2 = 0.50 [0.17, 0.66]) (Figure 3b). However, 
neighbouring mussel density had no detectable effect on this metric 
in cordgrass-only plots (Figure 3c).

3.3  |  Mussel effects on net N2 and DIN fluxes

We measured nearly a 60% increase in N − N2 flux with mus-
sel presence as median estimates increased from 12.44 (9.74, 
16.22) μmols N m−2 h−1 in cordgrass-only plots to 22.90 (17.72, 
30.15) μmols N m−2 h−1 in mussel aggregations (0.61 [0.30, 0.92]; 
Figure 4a). Both patch and neighbouring mussel density were pos-
itively associated with net N2 production in mussel aggregation 
(0.07 [0.04, 0.11]; Bayesian R2 = 0.41 [0.07, 0.61]) and cordgrass-
only sediments (0.03 [0.02, 0.05]; Bayesian R2 = 0.42 [0.10, 0.62]), 
respectively, such that N − N2 flux increased linearly with both 
mussel density measures (Figure  4b,c). Mussel presence gener-
ally promoted the net positive flux of DIN into the water col-
umn as median estimates of DIN flux were approximately 200% 
higher in mussel aggregations (39.41 [5.13, 29.01] μmols N m−2 h−1) 
relative to cordgrass-only samples (7.28 [−2.63, 17.34] μmols 
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    |  1605WILLIAMS et al.

N m−2 h−1) (32.07 [20.10, 44.05]) (Figure 5a). N − NH4 flux made up 
89.7 ± 2.3% (mean ± SE) of DIN fluxes across all samples. Unlike 
N − N2 fluxes, DIN flux was unrelated to patch and neighbouring 
mussel density (Figure 5b,c).

4  |  DISCUSSION

Here, we explore mechanistic pathways underpinning N transfor-
mations, bioavailability, and flux in sediments and how they differ 

F I G U R E  2  Mussel effects on porewater ammonium. Conditional effects plot shows estimated median values (filled squares) of porewater 
ammonium concentrations (μM) (a) in mussel biodeposits (5 cm in depth; dark brown) and sediments (10 cm in depth) underneath mussel 
aggregations (light brown) and in cordgrass-only plots (green) with 95% CIs (error bars) and raw data (open points). Generalized regression 
models of ammonium concentrations in mussel and cordgrass-only sediments against patch (b) and neighbouring (c) mussel density, 
respectively, are also presented. Median estimates, trend lines, 95% CIs (shaded areas), and Bayesian R2 values are shown for meaningful 
predictors. Note that data from panel (a) is shown in (b) and (c) across mussel densities.

F I G U R E  3  Mussel effects on cordgrass 
bulk nitrogen signatures. Conditional 
effects plot shows estimated median 
values (filled squares) of ẟ15N values (‰) 
in cordgrass leaves (a) clipped from plants 
growing among mussel aggregations 
(light brown) and in cordgrass-only plots 
(green) with 95% CIs (error bars) and raw 
data (open points). Generalized regression 
models of leaf clip ẟ15N in mussel and 
cordgrass-only plots against patch (b) 
and neighbouring (c) mussel density, 
respectively, are also shown. Median 
estimates, solid trend lines, 95% CIs 
(shaded areas), and Bayesian R2 values are 
shown for meaningful predictors. Note 
that data from panel (a) is shown in (b) and 
(c) across mussel densities.
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1606  |    WILLIAMS et al.

between mussel aggregations and cordgrass-only plots. Mussel 
presence decreased porewater ammonium concentrations and in-
creased cordgrass ẟ15N signatures, denitrification, and N regen-
eration relative to cordgrass-only plots. With the exception of N 
regeneration, these biogeochemical indicators also responded 
strongly in the same direction to increasing patch mussel density. 
At the landscape scale, porewater ammonium and denitrification 

increased with increasing neighbouring mussel density. As far as 
we know, our study is the first of its kind to measure density de-
pendence of nitrogen removal by mussels and to document, for any 
suspension feeder, the extension of this ecosystem service to the 
broader vegetated coastal landscape as it relates to their coverage 
(i.e., neighbouring mussel density). These considerations are critical 
for effective evaluation of bivalve influence at the ecosystem level. 

F I G U R E  4  Mussel effects on net N2 
fluxes. Conditional effects plots show 
estimated median values (filled squares) 
of N2 (μmols N m−2 h−1) during microcosm 
incubations of mussel (light brown) and 
cordgrass-only sediments (green) with 
95% CIs (error bars) and raw data (open 
points) (a). Generalized regression models 
of N2 flux in mussel and cordgrass-only 
areas against patch (b) and neighbouring 
(c) mussel density, respectively, are 
also presented. Median estimates, solid 
trend lines, 95% CIs (shaded areas), 
and Bayesian R2 values are shown for 
meaningful predictors. Note that data 
from panel (a) is shown in (b) and (c) across 
mussel densities.

F I G U R E  5  Mussel effects on net 
dissolved inorganic nitrogen (DIN) fluxes. 
Conditional effects plots show estimated 
median values (filled squares) of DIN 
flux (μmols N m−2 h−1) during microcosm 
incubations of mussel (light brown) and 
cordgrass-only sediments (green) with 
95% CIs (error bars) and raw data (open 
points) (a). Generalized regression models 
of DIN flux in mussel and cordgrass-only 
areas against patch (b) and neighbouring 
(c) mussel density, respectively, are also 
presented. Note that data from panel 
(a) is shown in (b) and (c) across mussel 
densities.
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    |  1607WILLIAMS et al.

As this study was conducted across a single salt marsh landscape, 
we emphasize here and below the importance of addressing site- or 
region-specific environmental contexts and how these may modify 
suspension feeder effects in future studies. Collectively, our results 
contribute to a growing body of work that aims to identify how eco-
system functions mediated by natural or restored bivalve popula-
tions scale across varying degrees of bivalve coverage.

4.1  |  Mussel biodeposition, positive 
interactions, and contexts controlling N 
pools and processes

Porewater ammonium and leaf clip geochemistry (i.e., ẟ15N signa-
tures) serve as our first two lines of evidence resolving the role 
of mussels in N availability and cycling in salt marshes, with both 
pointing to three principal mechanisms as potential explanations 
behind their results (Figure 1a). First, mussels and the benthic in-
vertebrates they facilitate, such as juvenile fiddler crabs and pur-
ple marsh crabs, augment pore space and sediment oxygenation 
in the biodeposit layer via their excavation of burrows (Angelini 
et  al.,  2015; Derksen-Hooijberg et  al.,  2018). Enhanced oxygen 
intrusion by these bioturbators can in turn promote nitrification 
(Laverock et  al.,  2011). Corroborating previous evidence of in-
direct oxygenation by mussels, our study found nearly a 20-fold 
increase in crab burrow densities (no. burrows 0.25 m−2) in mus-
sel aggregations (73 ± 5; mean ± SE) relative to cordgrass-only 
plots (4 ± 1) (Figure S2a). Second and along a similar vein, mussels 
promote belowground cordgrass production in the rhizosphere 
(Bertness, 1984; Derksen-Hooijberg et al., 2018)—a region respon-
sible for oxygen transport and the stimulation of coupled nitrifica-
tion–denitrification (Matheson et al., 2002). Indeed, cordgrass root 
and rhizome biomass were 100% higher in mussel aggregations 
relative to cordgrass-only areas and positively density dependent 
at the patch scale (ind. m−2) during a previous study at the same site 
(Williams et al., 2023). We therefore might also expect enhanced 
oxygenation and N removal with mussel presence and increasing 
patch density in part due to higher cordgrass root and rhizome bio-
mass. Lastly, the decomposition of mussel biodeposits supplements 
the oxygenated marsh surface with ammonium. This process pro-
motes nutrient uptake by cordgrass roots and/or shifts microbial 
metabolism towards pathways of ammonium oxidation (Bilkovic 
et al., 2017). Our geochemical findings discussed below may largely 
be explained by these mechanisms underpinned by mussel bio-
deposition and their positive, ecological interactions with other salt 
marsh community members.

Within aggregations, porewater ammonium concentrations were 
halved (i.e., 55%–65%) in mussel biodeposits relative to sediments 
from both area types and negatively related to patch mussel den-
sity. Given the higher ammonium absorption and oxidation present 
in sediments directly engineered by mussels, we would expect a 
depletion of bioavailable N in the highly aerobic and active biode-
posit layer relative to typical salt marsh sediments that are poorly 

oxygenated and support lower crab abundances and belowground 
cordgrass biomass (H1). Dissimilatory nitrate reduction to ammo-
nium (DNRA) in these more anaerobic, sulfidic sediments is also 
likely contributing to their higher porewater ammonium concentra-
tions (Koop-Jakobsen & Giblin, 2010; Smyth et al., 2013). Contrary 
to our first hypothesis, ammonium concentrations were indistin-
guishable between sediments below the mussel biodeposit layer 
(i.e., 10 cm in depth) and those in cordgrass-only plots—a finding 
that is likely attributed to lower organic matter loading (via biode-
position) and oxygen intrusion into this deeper soil horizon. In turn, 
muted pathways of mineralization and ammonium oxidation (i.e., ni-
trification) and/or elevated pathways of ammonium production (i.e., 
DNRA) may be more prevalent in sediments underneath mussel ag-
gregations. However, we did discern negative density dependence 
in the distribution of ammonium concentrations in these sediments 
at the patch scale (H4), which may point to a trickle-down effect of 
mussel-enhanced nitrification on bioavailable N pools in deeper sed-
iment layers that increases with increasing mussel density. Indeed, 
past studies have shown positive relationships between conditions 
that prime sediments for nitrification (i.e., biodeposition, bioturba-
tor abundance, infiltration, and cordgrass belowground biomass) 
and mussel density within aggregations (Angelini et al., 2015; Crotty 
et al., 2023; Williams et al., 2023).

Meanwhile, we detected that mussel density effects change 
direction at the landscape scale, such that porewater ammonium 
concentrations in cordgrass-only sediments increased as neigh-
bouring mussel coverage increased. This contrasting relationship 
between mussel density and ammonium concentrations at patch 
versus landscape scale may be in part explained by the dispersal 
of biodeposits to the surrounding salt marsh platform, followed 
by the accumulation of ammonium upon their decomposition. We 
propose that this mechanism of ammonium accumulation may be 
largely driven by the lower incidence of bioturbation, belowground 
cordgrass biomass, oxygenation, and nitrification in salt marsh areas 
unsupported by mussel biogenic structure. In short, mussel pres-
ence and density stimulate the cycling and uptake of ammonium 
within mussel aggregations, yet increased landscape-scale mussel 
densities may contribute to buildup of ammonium in cordgrass-only 
areas. Additionally, stress and disturbance may be important factors 
to consider here. At the time of porewater sampling, cordgrass-
only plots at our site presented symptoms of a moderate dieback 
event (i.e., thinning; high densities of standing dead cordgrass) (C. 
Angelini, pers. obs.), with mean (±SE) live stem densities (110 ± 10 
stems m−2; Figure S2b) nearing those surveyed in dieback studies of 
Georgia mid-marsh, short form cordgrass sites (Alber et al., 2008; 
Ogburn & Alber, 2006). Ammonium levels are often elevated in soils 
associated with dieback relative to healthy marshes, as this form of 
nitrogen accumulates when cordgrass roots and rhizomes experi-
ence stress, degrade, and fail to take up bioavailable N (Goodman 
& Williams, 1961; Ogburn & Alber, 2006; Sharp & Angelini, 2016). 
Thus, mussel biodeposition, decomposition of organic cordgrass tis-
sue, and low ammonium uptake rates by stressed cordgrass stands 
may act as compounding mechanisms of ammonium accumulation. 
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For instance, Derksen-Hooijberg et al. (2018) measured substantially 
higher porewater ammonium concentrations in dieback sediments 
with mussel transplants (307 ± 29 μM) relative to areas left void of 
mussels (186 ± 30 μM). We therefore highlight the importance of 
considering density-dependent biodeposit dispersal and how the 
direction and magnitude of a suspension feeder's role in vegetated 
coastal ecosystems can shift in various contexts, including during 
periods of stress and disturbance.

Our second line of evidence for mussel-mediated N availability 
and flux showed that ẟ15N signatures of cordgrass tissues were sub-
stantially higher (by nearly 2‰) in plants growing among mussel ag-
gregations (H2), increased with increasing patch mussel density and 
exhibited no relationship with neighbouring mussel density (H5). In 
the context of bulk stable isotopes, dissimilatory reactions, such as 
ammonification, DNRA, nitrification, and denitrification, preferen-
tially use the lighter 14N over the heavier 15N (Fry, 2006). In estuarine 
sediments, this isotope fractionation results in the accumulation of 
15N in residual, labile N pools available for absorption by cordgrass, 
which can result in higher ẟ15N signatures in its tissues (Brandes & 
Devol, 1997; Thornton & McManus, 1994; Zhou, Wu, et al., 2006). 
Although our isotopic approach does not resolve relative rates of 
DIN transformations (e.g., nitrification, denitrification, DNRA), it re-
inforces our conclusion that mussels locally stimulate the microbial 
metabolism of N and indicates that a portion of this bioavailable DIN 
is assimilated by cordgrass. Further, our results reveal positive den-
sity dependence underpinning this mussel-stimulated N availability 
to and use by cordgrass at the patch scale. Previous studies have at-
tributed this mechanism of cordgrass facilitation by mussels to their 
positive, density-dependent biodeposition (Angelini et  al.,  2015; 
Bertness, 1984; Rossi et al., 2022; Williams et al., 2023). Meanwhile, 
the uniform distribution of leaf clip ẟ15N signatures in cordgrass-only 
plots across neighbouring mussel density further corroborates our 
interpretation of porewater ammonium results at this larger sale. 
Despite receiving density-dependent inputs of ammonium from 
neighbouring mussels, cordgrass in these plots is unable to absorb 
and assimilate this supplemental, labile N at detectable isotopic lev-
els without the facilitative support provided by mussels.

4.2  |  Direct measures of mussel-enhanced nitrogen 
removal and trade-offs of nitrogen regeneration

While allowing for direct measures of N fluxes, our microcosm incu-
bations offer an opportunity to draw relative comparisons between 
mussel aggregations and cordgrass-only areas and to quantify how 
this function scales along multiple density gradients. First, these 
data revealed substantially enhanced denitrification in mussel 
sediments relative to those collected in cordgrass-only plots (H3), 
aligning with past studies that quantified the highest denitrification 
rates in areas containing live mussels with marsh grass and sedi-
ment (Bilkovic et al., 2017; Zhu et al., 2019). Denitrification was also 
prominently and positively density-dependent at both the patch 
and landscape scale (H6)—a finding that generally corroborates 

the scant studies that have measured this relationship with oyster 
densities (Hoellein & Zarnoch,  2014; Kellogg et  al.,  2014; Smyth 
et al., 2015). Interestingly, denitrification scaled linearly across our 
study's mussel density gradients, which can be defined as moder-
ate to high given that average patch densities (141 ± 12 ind. m−2) fell 
well above a threshold (16 ind. m−2) previously determined for high 
mussel coverage in Georgia salt marshes (Annis et al., 2022). Positive 
density dependence of nitrogen removal is likely driven by similarly 
dependent mechanisms of enhanced nitrification (see Section  4 
above; Figure 1a) that increase nitrate availability for denitrification 
via anaerobic microbial metabolism (Bilkovic et al., 2017; Laverock 
et  al.,  2011; Matheson et  al.,  2002). Indeed, nitrification is often 
coupled with denitrification and many investigations to date have 
found a positive correlation in the magnitude of these two processes 
(e.g., Aziz & Nedwell, 1979; Kaplan et al., 1979; Kemp et al., 1990). 
Similarly, positive, density-dependent findings at the broader scale 
(i.e., neighbouring density) align with those determined through 
porewater ammonium analyses, collectively indicating that physical 
processes of biodeposit redistribution from mussel aggregations can 
lead to DIN supplementation, and ultimately its removal in the form 
of inert gas, in the surrounding cordgrass matrix.

Alternatively, supplemental organic matter in salt marsh sedi-
ments, like biodeposits, can experience higher rates of nitrogen re-
generation, an opposing fate to nitrogen removal (Figure 1a). Indeed, 
despite driving elevated denitrification, mussel sediment incuba-
tions also showed substantially more positive benthic DIN efflux 
(H3)—and more commonly drove net N regeneration (~80% of sam-
ples; Figure S3a), where DIN flux exceeded that of N2—relative to 
cordgrass-only sediment incubations (~40% of samples; Figure S3b). 
Mussel incubation treatments have previously functioned as a 
source for inorganic N to the water column, with denitrification effi-
ciencies falling to a minimum (14.14% ± 1.08) in cores containing only 
live mussels (Bilkovic et al., 2017). However, while commercial-scale 
bivalve aquaculture (i.e., extreme bivalve density) has repeatedly 
been shown to fuel local nutrient enrichment and primary produc-
tion in the water column (Bartoli et al., 2003; Murphy et al., 2015), 
DIN fluxes measured here were unrelated to both scales of mussel 
density (H6). This uniform distribution of DIN flux even extended 
to salt marsh areas that supported effectively double the mussel 
coverage from transplantation relative to the density that occurred 
naturally across the control platform. Collectively, our flux results 
suggest that salt marsh N functioning mediated by natural mussel 
populations, even those at relatively high degrees of coverage, may 
not exceed density thresholds at which net N removal switches to 
net N regeneration.

4.3  |  Considerations for management of 
eutrophic estuaries

As estuaries worldwide face threats of excessive nitrogen loading, 
bivalves are becoming increasingly popular tools for bioremediation. 
Potentially compounding or modifying the effects of bivalve density, 
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environmental contexts, such as drought stress or nutrient enrich-
ment status, are also important determinants of a population's N 
service provisioning. For example, although a positive relationship 
was found between natural oyster density and N2 production across 
habitat types (i.e., mudflat, salt marsh, and seagrass) in ambient con-
ditions, this function significantly plateaued and even declined with 
increasing oyster density when nitrate was experimentally elevated 
in the water column (Smyth et al., 2015). The N regeneration poten-
tial of bivalve populations are significant metrics contributing to their 
mitigation potential and we stress that mass deployment of bivalves 
is not a “one size fits all” solution to nitrogen loading. Furthermore, 
the effect of bivalve density on N functions may be non-linear, vary 
across plot to ecosystem scales and, in turn, have differing implica-
tions for the macrophytes with which they interact. We observed 
this variability with porewater ammonium concentrations, or the 
potential N bioavailability for cordgrass uptake, where values scaled 
logarithmically along mussel density gradients both within aggrega-
tions and across the salt marsh platform, but in opposite directions. 
Overall, future work is needed to disentangle conditional, density-
dependent effects of bivalve species on N cycling at various scales, 
especially as stressors amplify under a changing climate.

Of final note, our study found that positive, density-dependent 
denitrification held true at the landscape scale, where mussel-
enhanced nitrogen removal extended beyond their aggregations and 
into surrounding salt marsh areas. Thus, nitrogen removal hotspots 
in salt marshes may be identified based on both the size distribu-
tion of individual aggregations as well as aggregation cover across 
the landscape—features that can be well predicted by tidal creak 
features and remotely estimated (Crotty & Angelini,  2020; Pinton 
et  al.,  2023). A similar approach to resolving bivalve density de-
pendence of N functioning should be considered in other aquatic 
systems, particularly where bivalves interact with foundational 
macrophytes that can markedly assimilate the supplemental N cap-
tured and deposited by suspension feeders or whose survival largely 
hinges upon water quality.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Map of Old Teakettle Creek study site, located near 
Sapelo Island, Georgia (USA).
Figure S2. Bar charts depict mean crab burrow density (a) and 
cordgrass stem density (b) surveyed in mussel aggregations (light 
brown) and cordgrass only plots (light green).
Figure S3. Graphs show calculated denitrification efficiencies for 
microcosm incubation samples collected from mussel aggregations 
(light brown; a) and cordgrass only plots (light green; b).
Table  S1. Summary of Bayesian model frameworks, including 
model formulas, response distributions, link functions, estimated 
coefficients, and uncertainty intervals.
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