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A B S T R A C T

Living shorelines are nature-based solutions to coastal erosion that can be constructed as salt marshes with
fringing oyster reefs. Each of these habitats can decrease the potential for eutrophication through increased
nitrogen (N) removal via denitrification. However, the development of N cycling over time has not been studied
in living shorelines. This research measured denitrification rates in a chronosequence of living shorelines
spanning 0–20 years in age in Bogue Sound, NC. Analyses were conducted seasonally from summer 2014 to
spring 2015 along an elevation transect through the salt marsh, oyster reef, and adjacent sandflat at all sites. Gas
fluxes (N2 and O2) from sediment core incubations were measured with a membrane inlet mass spectrometer
(MIMS) to assess denitrification and sediment oxygen demand. Fluxes of dissolved nutrients and the greenhouse
gas N2O were measured. Sediment properties, inundation frequency, oyster filtration rates, and marsh grass stem
density were also quantified. There was no significant difference in denitrification rates among habitats. N
removal consistently increased from the 0- to 7-year-old sites. Denitrification efficiency was always greater than
50% and positive N2O fluxes were negligible. Our results suggest that living shorelines increase net N removal
within a relatively short time period following construction, without introducing deleterious greenhouse gas
emissions. This demonstrates that living shorelines can play an important role in estuarine N cycling and
management.

1. Introduction

Coastal environments provide many ecosystem functions that con-
tribute to human well-being (Costanza et al., 1997; Millennium
Ecosystem Assessment, 2005). As a result, estuarine habitat loss or
degradation has social and ecological consequences. Estuaries provide
functions such as nursery habitat for juvenile fishes and invertebrates
(Beck et al., 2001), resilience to rising sea level (Morris et al., 2002),
and nutrient cycling (Jordan et al., 2011). Structured estuarine habitats
also limit coastal erosion (Koch et al., 2009), which is particularly va-
luable given high human population densities in coastal areas. Re-
storation is one way to mitigate for habitat loss and reintroduce eco-
system functions, and the construction of living shorelines can be
considered a specific example of oyster reef and salt marsh restoration.
Living shorelines are a nature-based solution to coastal erosion. They
consist of marsh vegetation with an optional fringing hard substrate:
rocks, cement, or natural hard structures like oyster reefs (NOAA Living
Shorelines Workgroup, 2015). Living shorelines have been shown to be
more effective than bulkheads at attenuating storm impacts (Smith
et al., 2017), and they incorporate natural habitats that can provide
additional ecosystem services, increasing their overall value (Currin
et al., 2010). Since public approval can encourage restoration (Cairns,

2000, Hackney, 2000), increased awareness of the effectiveness of
living shorelines could increase their implementation. Given estimates
that 14% of the US coast was hardened as of 2005 (Gittman et al.,
2015), it is crucial that the environmental benefits of living shorelines
are well articulated to contextualize their appropriateness as a man-
agement option.

The habitats included in living shorelines have been shown to
contribute to a common goal of estuarine restoration: mitigation of
nutrient loading. In nutrient-rich systems, eutrophication can lead to a
host of deleterious impacts, including harmful algal blooms (Paerl and
Otten, 2013), hypoxia (Hagy et al., 2004), and fish kills (Paerl et al.,
1998). Nitrogen (N) is a limiting nutrient in coastal ecosystems, but
NO3

− concentration is often high due to N loading from developed
watersheds (McClelland and Valiela, 1998; Bowen and Valiela, 2001),
creating an imperative to manage N loads both by controlling inputs
and maximizing potential for removal. The latter is imperative (Brush,
2009; Passeport et al., 2013) and can be facilitated by ecosystem en-
gineers that promote denitrification (Gutiérrez and Jones, 2006). De-
nitrification is a globally important microbial pathway that removes
bioavailable N from terrestrial and aquatic environments (Herbert,
1999; Sutherland et al., 2010). In shallow coastal waters, NO3

− re-
duced by denitrifiers can be derived from land-based sources or
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produced by nitrification, whereby ammonium is oxidized to NO3
−.

The term “coupled nitrification-denitrification” (coupled NF-DNF) is
used when the two processes are connected. Salt marshes have long
been identified as important habitats for denitrification (George and
Antoine, 1982; DeLaune et al., 1983), and recent work has shown that
oyster reefs also facilitate high rates of denitrification (Kellogg et al.,
2013; Piehler and Smyth, 2011; Seitzinger et al., 2006; Sousa et al.,
2012; Pollack et al., 2013). Since living shorelines can include oyster
reefs and salt marshes, they are likely to increase denitrification and
consequently lower NO3

− concentrations. However, to our knowledge,
no study has directly measured N removal in living shorelines. Under-
standing the role of living shorelines in N cycling could lead to a more
comprehensive valuation of this management option.

When designing and assessing nature-based solutions that modify N
dynamics, it is also important to account for other N fluxes that are
considered potential ecosystem disservices (Burgin et al., 2013;
Lyytimäki and Sipilä, 2009). N2O is a powerful greenhouse gas that is
produced as a byproduct of nitrification and as an intermediate in de-
nitrification. In estuarine environments, higher N2O emissions are ty-
pically associated with denitrification (Dong et al., 2002), although
some studies have shown that nitrification can be the main source of
N2O (de Wilde and de Bie, 2000; Ji et al., 2015). N2O is produced via
incomplete denitrification, during which it is released to the atmo-
sphere instead of being reduced to N2 gas. Coupled NF-DNF can reduce
N2O emissions in estuarine environments dominated by this process

(Cartaxana and Lloyd, 1999; LaMontagne et al., 2003). This may have
been observed because coupled NF-DNF relies on adjacent and distinct
oxic and anoxic conditions, and persistent anoxia increases the like-
lihood of complete denitrification. Increased production of NH4

+ can
also be considered a disservice, since it provides a bioavailable N source
that can promote algal growth. By measuring fluxes of N2, N2O, and
NH4

+, this study aimed to provide a comprehensive assessment of both
beneficial and deleterious aspects of nitrogen cycling in living shor-
elines.

This study employed a chronosequence space-for-time replacement
design to analyze living shorelines. Monitoring is time- and resource-
intensive, and well-designed chronosequence studies can provide the
benefits of long-term monitoring without the expense (Hutto and
Belote, 2013). Data from chronosequences can be used to construct
restoration trajectories, which are theoretical frameworks that visualize
change in an environmental parameter over time (Kentula et al., 1992).
Although the concept of restoration success remains a contentious one
(Kentula, 2000; Ruiz-Jaen and Mitchell Aide, 2005; Zhao et al., 2016),
restoration practitioners have been advised to identify specific habitat
functions as goals (Hackney, 2000, Simenstad and Cordell, 2000). Re-
storation trajectories can illustrate a range of development pathways
for a chosen function based on management decisions and environ-
mental stressors (Testa et al., 2017), which can provide a useful fra-
mework for evaluating projects.

The goal of this study was to evaluate the development of N removal

Fig. 1. Locations of the 4 sampling sites included in this study. Sites are identified by name and age, defined as years since living shorelines were constructed. Sites
are located within a 13 km radius in Bogue Sound. The inset map identifies the study area within the state of North Carolina, USA.



2.2. Sediment core collection

Sediment cores were collected in triplicate using plastic poly-
carbonate tubes (6.4 cm diameter x 30 cm). Cores were inserted by
hand into the sediment to 17 cm, topped with site water, and capped
with rubber stoppers. Care was taken to exclude vegetation and
megafauna. Oyster habitat cores were collected from sediment adjacent
to the reef. Site water was also collected for flow-through incubation.
All cores were immediately stored in a cooler and transported to an
environmental chamber at UNC Institute of Marine Sciences (IMS),
where they were immersed in site water in the dark at average seasonal
in situ temperature. During the study period, temperatures ranged from
9 to 27 °C and salinity ranged from 27 to 35.

Following overnight equilibration, cores were capped underwater to
exclude bubbles. They were connected to a flow-through core incuba-
tion system, whereby site water was pumped through an inflow tube
into the top and out from the bottom of the water column of each core
at a rate of 1mLmin−1 with an approximate turnover time of 5 h. The
continuous flow experiments were conducted in an environmental
chamber (Bally Inc.) at in situ temperatures as described above. Each
core was capped with a Plexiglas top milled to accommodate to O-rings
to assure an air- and watertight seal. Each cap contained two ports
plumbed with Tygon tubing, one for inflow and one for outflow. Water
column volume was maintained at approximately 400mL. Unfiltered
inflow water was held in the reservoir and aerated until it was passed
over cores using a multichannel peristaltic pump.

2.3. N2 and O2 measurements

Water samples (5 mL) were collected from the outflow of sediment
cores at least 16 h after capping. Samples were also collected from an
inflow line to assess background concentrations of dissolved gas and to
control for influence of the plastic tubing. Sampling was repeated

Sampling Zone Inundation (%)

0 years old 2 years old 7 years old 20 years old

Low Oyster 100 ± 0 100 ± 0 100 ± 0 89.6 ± 6.7
High Oyster 96.5 ± 3.2 70.7 ± 8.3 96.6 ± 3.0 78.6 ± 8.6
Low Marsh N/A 71.8 ± 8.3 98.1 ± 1.8 64.1 ± 7.5
Mid Marsh 78.3 ± 8.5 63.2 ± 7.4 95.4 ± 4.1 52.0 ± 7.3
High Marsh N/A 43.9 ± 6.8 65.7 ± 7.8 44.9 ± 7.0

Fig. 2. Diagram of the sampling scheme, illustrated for the 7-year-old site.
Marsh and oyster habitat areas are shaded. Oyster sediment cores were col-
lected from the landward and seaward sides of the oyster reef; marsh cores were
collected from low, mid, and high marsh elevations; and sandflat cores were
collected in adjacent sandflats. Sampling was conducted in triplicate.

capacity in living shorelines composed of salt marshes and oyster reefs 
over time. We aimed to contextualize N cycling by calculating deni-
trification efficiency and measuring N2O production, and we assessed 
other biotic and abiotic parameters to identify influences on deni-
trification rates. It was hypothesized that denitrification rates would 
increase with age and eventually reach a plateau. Based on comparable 
prior studies (Piehler and Smyth, 2011; Smyth et al., 2013), it was 
expected that structured habitats would exhibit higher denitrification 
rates than unstructured adjacent sandflats, and that seasonal variability 
in denitrification would be observed among habitats (Thompson et al., 
1995; Nowicki et al., 1997; Cabrita and Brotas, 2000). Overall, this 
study aimed to provide some of the first measurements of N cycling in 
living shorelines and thereby inform expectations regarding the de-
velopment of biogeochemical processes.

2. Methods

2.1. Study sites

Sampling was conducted in 4 sites located in Bogue Sound in the 
southern Outer Banks of North Carolina, USA (Fig. 1). Bogue Sound has 
relatively good water quality: monitoring over the past decade shows a 
mean chl a concentration of 3.97 ± 2.00 µg/L (S.P. Thompson, un-
published data). The system is highly N-limited, with maxima of 5 and 
30 µM measured for NOx and NH4

+, respectively, during the study. 
Sites were restored 0–20 years prior to this study as living shorelines 
constructed for ecosystem restoration or mitigation purposes (Sutton-
Grier et al., 2015). All sites consisted of salt marshes dominated by 
Spartina alterniflora with fringing Crassostrea virginica oyster reefs. The 
sites chosen for this study are located within a 13 km radius and are 
exposed to similar environmental conditions, such as rainfall and 
temperature. Wave energy and inundation vary between sites. The 2-
year-old site is exposed to wind-driven waves in Bogue Sound, the 0-
year-old site experiences frequent boat wakes, and the 7-year-old site is 
in a more protected no-wake zone. The 20-year-old site is in a semi-
enclosed marsh complex that reduces wave energy and may influence 
tidal exchange. Average annual tidal inundation frequency varied 
across sites and sampling zones (Table 1). The 7-year-old site typically 
had the highest average inundation frequency. The chosen sites com-
pare to other chronosequence studies (Salmo et al., 2013) and are 
within a tighter radius than other published studies (e.g. Ballantine and 
Schneider, 2009).

Sampling was conducted each season from summer 2014 through 
spring 2015 along transects of 5 elevations at each site: seaward and 
landward sides of the oyster reef and 3 elevations in the salt marsh 
(Fig. 2). Fieldwork was conducted at approximate low tide to maximize 
access to lower elevations. Adjacent tidal sandflats within 15 m were 
sampled at an elevation matching the reef/marsh border to evaluate the 
impact of the living shoreline on surrounding sediment.

Table 1
Average annual inundation frequency (%) ( ± SE) for the 5 sampling zones at 
each site. Methods used to calculate inundation frequency are explained later in 
this section.
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where [x]outflow is concentration in the sediment core outflow tube
(µM), average [x]inflow is average concentration in the inflow tubes
(µM), pump rate is the incubation flow-through rate (L h−1), and core
area is the surface area of the sediment sample in the core (m2). Positive
and negative dissolved gas fluxes were interpreted as net flux out of and
into the sediment, respectively. Denitrification was calculated as net
positive N2 flux (µmol N m−2 h−1) and SOD was calculated as net
negative O2 flux (µmol O2 m−2 h−1).

Denitrification efficiency (DNE) was calculated per the following
equation (Eyre and Ferguson, 2002):

=

+

∗DNE
N flux

N flux DIN flux
(%) 1002

2 (2)

where DIN flux included NH4
+ and NOx (µmol m−2 h−1).

2.5. N2O flux measurements

Water samples (100mL) were collected in vented N2-sparged glass
serum bottles (260mL) to eliminate contamination with ambient N2O.
Bottles were shaken vigorously to equilibrate gases, and headspace gas
was transferred to an evacuated glass vial (13mL). A syringe was used
to inject an air sample into a 1mL sample loop of a Shimadzu GC-2014
(Shimadzu Corporation, Kyoto, Japan) for detection of N2O gas. [N2O]
was calculated based on the assumptions of Henry’s Law. [N2O] (µM) in
each water sample was calculated using the Bunsen solubility coeffi-
cient (β), which was in turn was calculated from the Henry’s Law so-
lubility constant (Ko). Equations from Weiss and Price (1980) were used
to calculate Ko based on published constants and in situ temperature and
salinity. Flux (µmol N2O m−2 h−1) was calculated per Eq. (1).

2.6. Nutrient concentration and flux measurements

Water samples (40mL) were collected from inflow and outflow
tubing midway through the incubation. Samples were analyzed on a
Lachat Quick-Chem 8000 (Lachat Instruments, Milwaukee, WI, USA) to
measure concentrations of NOx, NH4

+, PO4
3−, total nitrogen (TN), and

organic nitrogen by difference (ON) (µM). Detection limits were
0.05 µMN-NOx, 0.24 µMN-NH4

+, 0.02 µM P-PO4
3−, and 0.75 µMN-

TN. Nutrient flux was calculated per Eq. (1).

2.7. Sediment characteristics

Surface sediment (0–3 cm) was collected from each core at the end
of the incubation and analyzed for sediment organic matter (SOM) via
loss on ignition (LOI) (Byers et al., 1978). Known volumes of surface

sediment from spring 2015 samples were dried and combusted to de-
termine bulk density (g cm−3). Sediment samples from spring 2015
were pulverized and analyzed with a Costech ECS 4010 CHNS-O Ele-
mental Analyzer (Costech Analytical Technologies Inc., Valencia, CA,
USA) to determine bulk %N, %C, and C:N ratios. Bulk density and CHN
data were assumed to represent sediment conditions during the study
period.

2.8. Inundation calculations

Inundation for the 0-, 2-, and 7-year-old sites was calculated by
deploying HOBO water level loggers (Model: U20-001-01, Onset
Corporation, Bourne, MA, USA) on the seaward side of the oyster reef.
Water level data were logged at 15-min intervals for at least 1 month.
Data were corrected for local barometric pressure and brackish condi-
tions, and standardized to local tide records from the NOAA monitoring
station in Beaufort, NC. The relationship was used to hindcast seasonal
tides at each study site (Smyth et al., 2013). NOAA tide records were
not standardized for the 20-year-old site, where water level data were
not successfully recorded. Elevation data and field records indicated
that this substitution was appropriate. Inundation frequency was cal-
culated for each season by comparing hindcasted water levels to sam-
pling elevations at each site. Elevations were obtained in the field using
an automatic laser level (Model SAL24N, CST/Berger, Watseka, IL,
USA).

2.9. Oyster filtration and marsh grass density

Oyster density was measured in summer 2015 to assess conditions
during the study period. A total of four 1/16m2 quadrats were ran-
domly tossed onto the oyster reef: half on the reef crest and half on the
landward side. Live oysters were excavated and transported to IMS for
processing. The number of mature oysters and their shell heights (SH)
were recorded. Spat < 25mm SH were excluded (zu Ermgassen et al.,
2013).

Oyster filtration provides a functional representation of oyster po-
pulations and was calculated for each season per the following equation
(zu Ermgassen et al., 2013):

=
− − − ∗ −filtration rate L m h N W( ) (8.02 e )T2 1 0.58 [ 0.015 (( 27) )]2

(3)

where N is oyster density (number of mature oyster m−2), W is dry
tissue weight (g), and T is temperature (° C). Dry tissue weight was
estimated from SH using an equation developed for South Carolina
(Grizzle et al.2008; zu Ermgassen et al., 2016). Seasonal filtration rates
do not include an error term because oyster density and dry tissue
weight were assessed once.

S. alterniflora density was measured in fall 2015 prior to senescence
to assess density during the growing season. Three marsh elevation
zones (low, mid, and high) were sampled at each site. Three ¼ m2

quadrats were tossed in each zone in a manner favoring vegetated
areas. The number of live S. alterniflora culms in each quadrat was re-
corded and adjusted by estimating percent cover to calculate overall
density for each zone.

2.10. Statistical analysis

N2 flux data were analyzed for normality and heteroscedasticity. A
constant was added to convert all data to positive values before ap-
plying a Box-Cox transformation (Box and Cox, 1964). Transformation
achieved homogeneity of variances and improved normality. A three-
way ANOVA was used to identify significant differences (α = 0.05) in
denitrification rates, with site, season, and habitat as interactive fixed
factors. The effect of habitat was not significant (p= 0.19), so a two-
way ANOVA was conducted with site and season as interactive fixed
factors. A Tukey post-hoc test was also conducted.

several times at 5 h intervals following approximate turnover of over-
lying water to assess the duration of steady state. Net dissolved N2 and 
O2 concentrations were measured using a Balzers Prima QME 200 
quadropole mass spectrometer (MIMS; Pfeiffer Vacuum, Nashua, NH, 
USA; Kana et al., 1994). Without the use of stable isotopic tracers, the 
MIMS cannot distinguish between N2 produced through denitrification 
or anammox, although the latter is often negligible in estuarine habitats 
(Koop-Jakobsen and Giblin, 2009). The MIMS also cannot distinguish 
between denitrification and sediment N2 uptake through nitrogen 
fixation, which has been shown to occur in restored salt marshes 
(Piehler et al., 1998). Cores experience a gradual draw-down of oxygen 
over the course of the incubation that was quantified as sediment 
oxygen demand (SOD).

2.4. Flux calculations

All fluxes (µmol m−2 h−1) were calculated per the following 
equation (Piehler and Smyth, 2011):



efficiency was always greater than 50%, indicating net N removal, and
typically exceeded 75% (Fig. 7). DNE did not follow a discernable
seasonal pattern, although the lowest rates were generally recorded in
the winter. DNE remained relatively stable across restored age and
habitats. There was no clear relationship between DNE and SOD. DNE
generally increased with SOD to 1000 µmol O2 m−2 h−1, then pla-
teaued. NH4

+
flux was not positively correlated with SOD or SOM.

Average annual N2O fluxes were<0.5 µmol N2O m−2 h−1 (Fig. 8).
There were 2 positive average fluxes: the oyster habitat at the 2-year-
old site and the marsh habitat at the 20-year-old site. All other fluxes
were negative or had a range of error that included 0. The 0-year-old
site exhibited the largest negative fluxes.

Fig. 3. Seasonal average net N2 flux (µmol N m−2 h−1) (± SE) for each habitat
at each site.

Restoration trajectories were created for seasonal and annual data 
using regressions fitted with second-order polynomial equations. This 
provided the best fit for the observed data; it was not necessarily ex-
pected that denitrification would decrease with age. All data from the 
entire study year were included in the annual restoration trajectory. 
Analysis of the seasonal trajectories focused on summer, when N re-
moval is an important potential regulator of an annual peak in biotic 
activity. Correlations were conducted to identify collinearity among site 
parameters and between LOI and CHN data. Regression and correlation 
results are reported with the p-value and Pearson correlation coeffi-
cient.

A regression tree was constructed to explore the relative impact of 
site parameters (SOD, O2 concentration, SOM, NH4

+ 
flux, and NOx flux) 

and factors (site age, season, and habitat) on annual N2 fluxes. Seasonal 
regression trees were also constructed to eliminate the potentially 
confounding influence of temperature (Seitzinger, 1988; Bachand and 
Horne, 2000). Regression trees were constructed using the ANOVA 
version of recursive partitioning, and pruned with a complexity para-
meter corresponding to the smallest tree with a cross-validation error 
within one standard deviation of the minimum (De’Ath and Fabricius, 
2000). If this method did not sufficiently prune the tree, the next 
smallest complexity parameter was applied.

All analyses were conducted using R Version 3.3.1 (R Core 
Team2016). Regression trees were constructed using the rpart package 
(Therneau et al., 2015).

3. Results

3.1. Nitrogen cycling

N2 flux rates (µmol N m−2 h−1) were generally positive, indicating 
net denitrification (Fig. 3). N2 fluxes were not significantly different 
across habitats (p = 0.19). Site and season each had a significant im-
pact on N2 fluxes (p = 2 × 10−16 & 2.3 × 10−11, respectively). The 
interaction of site and season was also significant (p = 9.7 × 10−11), 
indicating that N2 flux did not respond to seasonal variation in the same 
way across sites. Post-hoc testing indicated that all combinations of 
seasons were significantly different from one another except winter and 
fall (p = 0.99) and spring and summer (p = 0.16), and that the 7-year-
old site was significantly different from all other sites (p = 0.00). N2 

flux was highest in the summer for most sites and habitats, and was 
consistently highest at the 7-year-old site.

N2 flux for all sites combined was positively correlated with SOD 
(µmol O2 m−2 h−1) (p < 0.01, R2 = 0.54; Fig. 4). The highest values 
of N2 flux and SOD were observed in the summer and spring; the lowest 
were observed in the winter. N2 flux was significantly correlated with 
SOM only during the summer (p < 0.01, R2 = 0.49).

Regression of all data collected during the study year indicated that 
N2 flux and SOD were significantly associated with age, although nei-
ther relationship explained a large amount of variability (p < 0.01; 
Fig. 5, Table 2). Both parameters increased from the 0- to 7-year-old 
sites and were lower at the 20-year-old site. During the summer, N2 flux 
plateaued at the 7-year-old site (p < 0.01, R2 = 0.54).

The best fit for the regression tree of all annual data included 4 splits 
(R2 = 0.72; Fig. 6). Samples were initially split by SOD (530.7 µmol O2 

m−2 h−1). Splits in the second row were based on SOD (232.1 µmol O2 

m−2 h−1) and age (4.5 years). There was one split in the third row: data 
from sites older than 4.5 years were split by SOD (1393 µmol O2 m−2 

h−1). None of the seasonal regression trees was notably different than 
the annual tree, indicating that controlling for temperature did not alter 
regression tree results.

3.2. N removal efficiency

Positive fluxes of NOx and NH4
+ were variable and low, with 

maxima of 33 and 305 µmol m−2 h−1, respectively. Denitrification



3.3. Sediment & site physical characteristics

Oyster reef sediment exhibited the highest SOM at all sites except
the 20-year-old site (Table 3). SOM and bulk density were significantly
associated with age (p < 0.01; Fig. 9, Table 2). SOM plateaued at the
7-year-old site, whereas bulk density exhibited the opposite trajectory.
Correlations of sediment parameters quantified using LOI and CHN
methods indicated that SOM was significantly correlated with %C and
%N (p < 0.01).

Oyster filtration rates (L m−2 h−1) were highest at the 0-year-old
site, followed by the 7-year-old site (Table 4). The 20-year-old site
exhibited the lowest filtration rates. Filtration rates are proportional to

temperature, so summer values representing the maximum rates are
reported. Adjusted S. alterniflora stem density (number of stems m−2)
roughly corresponded to restored age (Table 4). There was no clear
relationship between N2 flux and either oyster filtration or stem density.
Oyster filtration was not correlated with other site parameters such as
SOM, NH4

+
flux, or SOD. Stem density was positively correlated with

annual average SOM (p= 0.0502, R2= 0.9).

4. Discussion

Annual denitrification rates were not significantly different between
the oyster reef and salt marsh habitats restored as part of a living
shoreline. The habitats comprising the living shorelines effectively
functioned as a unit in terms of N removal within 20 years of con-
struction. During the first 7 years following living shoreline construc-
tion, restoration trajectories for every season demonstrated an increase
in denitrification rates. This suggests that nitrogen removal increases in
marshes, oyster reefs, and adjacent sandflats during at least the first
7 years post-construction. The regression tree results also demonstrated
that early development is important for denitrification in living shor-
elines, since some variation was explained by splitting the data at
4.5 years. Taken together, these results suggest that living shorelines
are an effective way to bolster N removal within a relatively short time.

The similarity among habitats (salt marsh, oyster reef, and sandflat)
was surprising, because sediment cores were collected along transects
encompassing a range of elevations and inundation frequencies.
Differences in sediment characteristics, redox conditions, and

Fig. 4. N2 flux (µmol N m−2 h−1) is positively and significantly correlated with
sediment oxygen demand (SOD) (µmol O2 m−2 h−1) (p < 0.01, R2=0.54).

Fig. 5. Regression for sediment oxygen demand (SOD) (µmol O2 m−2 h−1) and N2 flux (µmol N m−2 h−1) as a function of restored age (years). Annual data include
all data collected during the study year. The red dotted line illustrates the regression for data collected in summer. Regressions are fitted with a second-order
polynomial equation. Pearson’s correlation coefficient (R2) and p-values are reported in Table 2.

Table 2
Results of regressions conducted using annual or seasonal data for various site
parameters regressed against restored age. Data were fitted with a second-order
polynomial equation. Only significant relationships (p < 0.05) are included in
the table. Pearson’s correlation coefficients (R2) and p-values are reported.

Timespan Parameter Pearson’s correlation coefficient (R2) p-value

Annual SOD 0.13 < 0.01
Annual N2 flux 0.30 < 0.01
Summer N2 flux 0.54 < 0.01
Annual SOM 0.39 < 0.01
Annual Bulk density 0.44 < 0.01



inundation were predicted to lead to distinctions in denitrification
(Fernandes et al., 2016, Sousa et al., 2012). Conceptual models have
even been developed to predict the timing and duration of sediment
redox conditions favorable for denitrification in estuaries (Ensign et al.,
2008). It is possible that because core incubation conditions mimicked
high tide, the impact of inundation, and therefore elevation, was ob-
scured. Wave energy, shoreline morphology, and shoreline orientation
relative to prevailing wind direction could have affected the spatial
distribution of denitrifiers at each site. Sediment characteristics such as
bioturbation or [S2−] could have also constrained denitrification rates
(Banks et al., 2013, Gilbert et al., 1995, Seitzinger, 1988). However, the
range of elevations surveyed should have accounted for site-specific
differences. In practical terms, our results suggest that the habitats in
living shorelines enhance denitrification in ways that might not be
predicted by elevation and inundation patterns.

It is useful to review denitrification rates in natural habitats for

context. Previous research in Bogue Sound found that among habitats,
oyster reefs exhibited the highest denitrification rates, with average
annual values of approximately 410 ± 200 µmol Nm−2 h−1, whereas
salt marshes exhibited average annual rates of approximately
170 ± 20 µmol Nm−2 h−1 (Piehler and Smyth, 2011). Humphries
et al. observed average annual denitrification rates of
582 ± 164 µmol Nm−2 h−1 in oyster reefs in Rhode Island (2016),
and Smyth et al. reported summer denitrification rates of approximately
210 ± 10 µmol Nm−2 h−1 in restored oyster reefs adjacent to natural

SOD < 530.7 μmol O2 m-2 h-1 SOD > 530.7 μmol O2 m-2 h-1

17.11
n = 42

9.481
n = 20

24.05
n = 22

Age < 4.5 years
49.17
n = 46

45.43
n = 13

32.46
n = 18

Age > 4.5 years

SOD < 1393
μmol O2 m-2 h-1

SOD > 1393
μmol O2 m-2 h-1

72.45
n = 15

33.87
n = 88

SOD < 232.1
μmol O2 m-2 h-1

SOD > 232.1
μmol O2 m-2 h-1

59.91
n = 28

Fig. 6. Pruned regression tree for N2 flux (µmol N m−2 h−1). N2 flux rates and the number of samples are reported in the boxes at each split. The regression tree was
constructed using annual site parameters and factors: season, age, habitat, sediment organic matter (SOM) (%), sediment oxygen demand (SOD) (µmol O2 m−2 h−1),
O2 concentration (mg O2 L−1), NH4

+
flux (µmol NH4

+ m−2 h−1), and NOx flux (µmol NOx m−2 h−1).

Fig. 7. Average annual denitrification efficiency (DNE) (± SE) for each habitat
across living shoreline age. DNE greater than 50% (dotted line) indicates net N
removal.

Fig. 8. Annual average N2O flux (µmol N2O m−2 h−1) (± SE) by restored age,
divided by habitat.



salt marshes in Bogue Sound (2015). A range of denitrification rates in
salt marshes have been recorded, including 25 µmol Nm−2 h−1 in the
summer in the St. Lawrence Estuary (Poulin et al., 2007) and up to
420 µmol Nm−2 h−1 in Narragansett Bay (Davis et al., 2004). Although
the denitrification rates documented by this study are lower than those
in natural habitats, they are notable and contribute to the overall
functional value of living shorelines, which includes shoreline stabili-
zation and habitat provision.

Environmental context could also contribute to the comparatively
lower rates observed in living shorelines. Oyster reefs and salt marshes
naturally co-occur in NC estuaries and elsewhere on the East Coast, but
living shorelines are often constructed in areas that have not previously
fostered these habitats. As a result, some environmental parameters
may have distinct influence on denitrification rates in living shorelines
compared to oyster/marsh habitats that naturally recruited over time.
For example, SOM may have less of an impact on denitrification in
older natural marshes than in constructed marshes, especially con-
sidering delays in SOM accretion following restoration (Davis et al.,
2015, Craft et al., 2002).

The impact of a living shoreline may extend beyond the complex
itself, as suggested by the fact that there were no significant differences
between denitrification rates in the living shoreline habitats and the
adjacent sandflat. It has been suggested that biotic structured habitats
provide organic matter subsidies to adjacent unstructured habitats,

increasing denitrification rates in the latter (Piehler and Smyth, 2011).
The living shorelines studied here may also be exporting organic matter
to adjacent sandflats. Since living shorelines are part of a broader
ecological context, further exploration of whether organic matter out-
welling is occurring would be beneficial. Ecosystem functions provided
by living shorelines are typically described for the entire complex, ra-
ther than being delineated by habitat. The homogeneity of biogeo-
chemical processes we observed underscores this paradigm and in-
creases the attractiveness of living shorelines as an ecologically sound
coastal management strategy.

Restoration practitioners are often limited by time and financial
resources, making it useful to employ constructs such as restoration
trajectories to anticipate changes in ecosystem functions over time. This
study asked whether denitrification could be reliably predicted by re-
stored site age, and the differences between annual and seasonal tra-
jectories suggest that it would be misleading to identify a single tra-
jectory. This is primarily due to seasonal differences in denitrification
rates between the 7- and 20-year-old sites. The annual trajectory in-
dicated a decrease in denitrification rates between the 7- and 20-year-
old sites, reflecting the pattern during most seasons. However, during
the summer, denitrification remained elevated beyond the 7-year-old
site, recalling La Peyre et al.’s proposed trajectory for biogeochemical
factors (2014). Older restored sites may be able to sustain high rates of
denitrification during periods of elevated microbial activity in the
summer, providing a critical ecosystem service by helping to control
algae growth. Additional summer sampling of living shorelines between
7 and 20 years old is recommended to explore this pattern. The latter
two-thirds of the trajectory was driven by the 20-year-old site, and al-
though sites are treated as snapshots in time, they are discrete sites
subject to local influences. Inundation frequency was particularly high

Site Habitat SOM (%) Bulk density (g cm−3)

0 years old Oyster 1.60 ± 0.05 1.31
Marsh 1.01 ± 0.04 1.42
Sandflat 1.16 ± 0.05 1.51

2 years old Oyster 1.17 ± 0.02 1.42
Marsh 0.78 ± 0.01 1.34
Sandflat 0.75 ± 0.02 1.32

7 years old Oyster 4.22 ± 0.10 0.90
Marsh 3.34 ± 0.05 0.91
Sandflat 1.35 ± 0.04 1.53

20 years old Oyster 3.08 ± 0.04 0.92
Marsh 4.41 ± 0.03 0.75
Sandflat 2.99 ± 0.06 1.09

Fig. 9. Regression for sediment organic matter (SOM) (%) and bulk density (g cm−3) as a function of restored age (years). SOM data include all data collected during
the study year; bulk density data were collected during spring 2015 to describe conditions during the study period. Regressions are fitted with a second-order
polynomial equation. Pearson’s correlation coefficient (R2) and p-values are reported in Table 2.

Table 4
Physical characteristics at each study site. SE is included for S. alterniflora stem
density to reflect varying conditions across 3 marsh elevations.

Site Summer oyster
filtration rate (L
m−2 h−1)

Oyster density
(mature oysters
m−2)

Average adjusted S.
alterniflora stem density
(stems m−2)

0 years old 95,040 972 26 ± 14
2 years old 10,254 411 11 ± 10
7 years old 49,259 361 71 ± 41
20 years old 2441 57 287 ± 142

Table 3
Sediment characteristics for habitats at each study site. Average annual sedi-
ment organic matter (SOM) (%) ( ± SE) and spring bulk density (g cm−3) va-
lues are reported.



water surface wetlands: II. Effects of vegetation and temperature. Ecol. Eng. 14,
17–32. http://dx.doi.org/10.1016/S0925-8574(99)00017-8.

Ballantine, Katherine, Schneider, Rebecca, 2009. Fifty-five years of soil development in
restored freshwater depressional wetlands. Ecol. Appl. 19 (6), 1467–1480. http://dx.
doi.org/10.1890/07-0588.1.

Banks, Joanne L., Jeff Ross, D., Keough, Michael J., Macleod, Catriona K., Keane, John,

at the 7-year-old site, for example, which could have fostered a balance 
of oxic/anoxic sediment conditions optimal for coupled NF-DNF. Re-
sults were interpreted with the awareness that site features, rather than 
age, could have shaped the observed trendline, but the oldest site does 
have a disproportionate influence as the endpoint of the trajectory.

The disparity among seasonal trajectories means that a single tra-
jectory cannot capture the variability in denitrification rates during a 
typical year. Results from other studies suggest that seasonal variability 
among trajectories is not unusual. Seasonal peaks in denitrification 
were observed from summer to fall in Japanese estuaries (Senga et al., 
2010), during the fall in North Carolina salt marshes (Thompson et al., 
1995), and from winter to spring in intertidal environments in the 
Netherlands (Kieskamp et al., 1991). Many studies have recorded a 
positive relationship between denitrification and temperature (Nowicki 
et al., 1997; Barnes and Owens, 1999; Cabrita and Brotas, 2000; Kellogg 
et al., 2013; Kuschk et al., 2003), which illustrates the importance of 
seasonal sampling and suggests that it may be more informative to 
construct restoration trajectories for individual seasons.

Other studies have also found it challenging to identify a consistent 
relationship between restored age and denitrification (Veldkamp et al., 
1999; Ahn and Peralta, 2012), and there is some speculation as to 
whether restoration trajectories are a practical construct given that 
many factors, including random events, can influence site development 
(Zedler and Callaway, 1999). Evaluation of genes related to deni-
trification along a glacial retreat chronosequence suggested that deni-
trifying communities develop at different rates (Kandeler et al., 2006). 
Analysis of genetic diversity was beyond the scope of this research, but 
it could have contributed to some differences observed among sites. It 
has also been suggested that chronosequence studies may be best suited 
for studying soil development (Walker et al., 2010), implying that it 
might be easier to identify a restoration trajectory for soil properties 
than biogeochemical processes. For example, Peyre et al. (2009) and 
Osland et al. (2012) identified restoration trajectories for the develop-
ment of sediment characteristics in chronosequences of brackish mar-
shes and mangroves, respectively. In their salt marsh chronosequence 
study, Craft et al. suggested that sediment characteristics could be 
predicted by a chronosequence spanning < 30 years, but that nutrient 
dynamics might require more time to develop (1988). Our study found 
that, when all annual parameters were regressed against restored age, 
SOM and bulk density explained the highest amount of variability, 
possibly reinforcing the idea that restoration trajectories may be more 
suitable for tracking soil parameters.

It is beneficial to calculate denitrification efficiency (DNE) to com-
pare N removal rates to positive NH4

+ and NOx fluxes (Eyre and 
Ferguson, 2009; Piehler and Smyth, 2011), because net N input could 
be considered an ecosystem disservice (Burgin et al., 2013; Lyytimäki 
and Sipilä, 2009). DNE results indicate that average annual deni-
trification in our study sites was consistently efficient and that positive 
fluxes of NH4

+ and NOx were low. Although DNE did not follow a clear 
pattern, it was always greater than 50%, indicating that these systems 
result in net N removal and augmented ecosystem function. There was 
no correlation between NH4

+ 
fluxes and oyster filtration, challenging 

suggestions that oyster reefs are a source of NH4
+ (Dame et al., 1984; 

Dame and Libes, 1993). It has been suggested that denitrification could 
become less efficient as SOD increases, reducing O2 concentrations and 
increasing the likelihood of incomplete denitrification (Gardner and 
McCarthy, 2009). However, our results demonstrated sustained DNE 
with increasing SOD, which agreed with similar work in the Chesa-
peake Bay (Kellogg et al., 2013).

This study identified only 2 instances of positive average annual 
N2O fluxes by habitat, suggesting that living shoreline construction is 
not associated with an increase in N2O production within 20 years. The 
average N2O fluxes recorded compare favorably with published values 
for estuarine environments. Foster and Fulweiler (2016) reported ne-
gative fluxes of −0.5 to −1 µmol N2O m−2 h−1 in sediments from a 
Massachusetts estuary, and a review by Murray et al. (2015) cited

numerous instances of negative N2O fluxes smaller than −5 µmol N2O 
m−2 h−1 in salt marshes.

Living shorelines can provide N removal, but denitrification is a 
complicated and expensive parameter to measure, making it useful to 
identify a proxy. SOD consistently explained the most variation in de-
nitrification rates, and other studies have also identified a strong cor-
relation between denitrification and SOD (Fennel et al., 2009; Piehler 
and Smyth, 2011; Seitzinger and Giblin, 1996). SOD reflects the cu-
mulative influence of all oxygen-utilizing processes in sediment, and 
coupled NF-DNF has been shown to constitute a large percentage of 
SOD in N-limited environments (Seitzinger, 1994). We also observed an 
overall increase in microbial activity as C availability increased over 
time. Denitrification was significantly correlated with SOM only during 
the summer, when denitrifiers likely experience limitation by C avail-
ability (Groffman and Tiedje, 1989, Eyre et al., 2013).

Our results suggest that maximizing habitat structure and function 
does not necessarily result in higher levels of biogeochemical function. 
There was no connection between oyster filtration or marsh grass 
density and denitrification. This result addresses the “field of dreams” 
restoration model: that restoring physical features of a site will ulti-
mately translate to ecosystem function (Hilderbrand et al., 2005). It 
also points to the fact that other site parameters can complicate the 
development of denitrification (Theriot et al., 2013). Since biotic 
growth may not be linear, the cascading impact on denitrification over 
time may not be straight-forward. For example, marsh grass density was 
positively correlated with SOM (also observed by Craft et al., 2003), but 
that did not translate to a corresponding increase in annual deni-
trification, possibly because SOM was only correlated with deni-
trification in the summer. Greater structural complexity is expected to 
increase SOM in oyster reefs (Carlsson et al., 2012), but this study found 
no correlation between oyster filtration and SOM.

State and federal agencies are increasingly advocating for nature-
based solutions like living shorelines to sustain ecosystems and their 
functions into the future. Living shorelines enable coastal communities 
to protect shorelines while building resiliency in the face of uncertain 
future conditions (Harris et al., 2006; Seastedt et al., 2008). As living 
shorelines continue to be constructed, there is ample potential for fu-
ture research on their impact on nutrient cycling. Our chronosequence 
study demonstrated that living shorelines can help reduce bioavailable 
N by augmenting efficient N removal without introducing ecosystem 
disservices such as increased N2O or NH4

+ 
fluxes. Denitrification was 

not significantly different between habitats, illustrating that living 
shorelines express habitat homogeneity in terms of biogeochemical 
function during at least the first 7 years following construction. Overall, 
this research indicates that living shorelines can play an important role 
in estuarine N cycling and management.
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