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and Ambient Nitrogen Removal Capacity in Marine Systems
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Abstract

Marshes play a key role in global nitrogen cycling at the land—water margin. Invasive species are generally considered det-
rimental as they alter ecosystems they invade, but recent studies have shown some established invasive species can enhance
certain ecosystem functions. The European haplotype of Phragmites australis is an aggressive and widespread invasive
plant species in North America. We hypothesized that P. australis may play an important role in marsh nitrogen cycling by
promoting higher rates of sediment denitrification compared with native marsh species. Seasonal measurements of sediment
dissolved gas (N, and O,) fluxes at three sites within the Albemarle-Pamlico Region of North Carolina compared sedi-
ments from invasive P. australis, native Spartina alterniflora, and/or Juncus roemarianus, and unvegetated sediments. In a
marine tidal site, annual net denitrification in sediments associated with upland P. australis was highest compared to lower
elevation marsh species or unvegetated sediments under ambient (139 pmol N,-N m~2 h~!) and nitrate enriched (219 pmol
N,-N m~2 h~!) conditions. N, fluxes were lower in sediments from two brackish marshes and did not differ between associ-
ated species, unvegetated sediments, or between high or low organic matter sites. Treatments with elevated nitrate showed
enhanced net denitrification in most sediments at the marine site, suggesting the capacity to remove additional nitrate deliv-
ered episodically. Additionally, N, fluxes measured before and after Hurricane Florence showed an increase in denitrifica-
tion in P. australis sediments after the hurricane. Ecosystem value for this nitrogen removal service in the marine tidal site
was estimated at US$ 266-426 *ha~'*yr~!. These results demonstrate an important role for invasive P. australis in coastal
nitrogen cycling in marine environments and provide landscape context for potential biogeochemical impacts of this invasion.
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Introduction

Human activities over the past century have resulted in
increases in nutrients, such as nitrogen and phosphorus, deliv-
ered to coastal ecosystems (Nixon 1995; McClelland and
Valiela 1998; Boesch 2002). Although phosphorus and nitrogen
limitation can co-occur, nitrogen is often the dominant limiting
nutrient in marine systems and is required to support primary
production at the base of marine food webs (Sundareshwar et
al. 2003; Howarth and Marino 2006; Elser et al. 2007; Conley
et al. 2009). However, excess nitrogen loads degrade water
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quality in estuarine systems through eutrophication (World
Resources Institute 2008; Seitzinger et al. 2006; Paerl and Otten
2013), anoxia (Diaz and Rosenberg 2008), and harmful algal
blooms (Anderson et al. 2002; Anderson 2009). This issue is
heightened during storm events, when large pulses of bioavail-
able nitrogen are delivered to coastal waters (Paerl et al. 2018).

Marshes are valuable habitats that can function as buffer
zones at the land—sea interface (Deegan et al. 2012) and
play a key role in global biogeochemical cycles of carbon
(Mcleod et al. 2011) and nitrogen (Galloway et al. 2003).
Marshes have the capacity to remove and retain excess nutri-
ents (Valiela and Cole 2002; Merrill and Cornwell 2002)
including as much as 20-50% of externally sourced nitro-
gen (Galloway et al. 2004; Seitzinger et al. 2006; Deegan
et al. 2012). Nitrogen removal occurs through biological
processes, such as denitrification, during which microbial
communities in the sediment transform dissolved inorganic
nitrate (NO;") to biologically unreactive dinitrogen gas (N,)
(Seitzinger et al. 2006) or physical processes such as the
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burial of nitrogen in the sediments (Merrill and Cornwell
2002). Seasonally, nitrogen is assimilated by plants and
incorporated into biomass. This uptake is largely released
when plant biomass decays following the growing season,
but some nitrogen is translocated to rhizomes and/or stored
in plant materials (Kiihl et al. 1997). If excess nitrogen is
not intercepted by marshes, it is delivered to adjacent nutri-
ent-sensitive estuaries. Understanding potential threats to
marsh function is crucial to maintain and protect environ-
mental and economic values of marsh habitat (Millennium
Ecosystem Assessment (Program) 2005).

Hurricanes are known to impact coastal systems in
numerous ways, including erosion, habitat removal, and
delivery of large loads of nutrients and bacteria (Mallin and
Corbett 2006; Miller et al. 2006; Paerl et al. 2020). These
storm pulses of nutrients and bacteria from inland systems to
coastal waters can negatively impact water quality and per-
sist for weeks or even months following a major storm event
(Mallin et al. 1999). In eastern North Carolina, the pres-
ence of agriculture and livestock negatively impacts water
quality via agricultural runoff (e.g., waste and fertilizers)
washed directly into coastal waters (Mallin 2000). Extreme
weather events are expected to continue to increase under
climate change scenarios (Sainsbury et al. 2018), providing
large pulses of agricultural and other non-point source pollu-
tion into coastal systems (Zhang et al. 2009). Understanding
how coastal systems, and marshes in particular, respond to
increased nutrient loads is critical to assessing long-term
ecosystem function.

Phragmites australis is native to North America, but an
aggressive European haplotype has spread throughout the
region over the past several centuries (Saltonstall 2002) and all
but completely supplanted its native counterpart, particularly
in high-nutrient and disturbed conditions (Minchinton and
Bertness 2003). Unlike the native P. australis subspecies,
the salt tolerance of invasive P. australis allows it to invade
lower areas of the marsh that are typically dominated by native
species such as Spartina alterniflora or Juncus roemarianus
(Vasquez et al. 2005). Invasive P. australis can be associated
with a decrease in the biodiversity of both flora and fauna in
the marsh (Vitousek et al. 1996; Sala et al. 2000; Silliman and
Bertness 2004) and an overall decline in habitat quality due to
its monoculture growth structure (Minchinton and Bertness
2003). Other negative impacts include increased shading of
sediments and associated reduction in benthic microalgal
biomass (Currin et al. 2003) and reduced soil moisture
(Windham and Lathrop 1999). Throughout its range in North
America, invasive P. australis is considered an undesirable
species and has been subjected to eradication attempts that
have demonstrated limited success in sustained removal
(Hazelton et al. 2014). This is particularly true along the east
and gulf coasts of North America and throughout the Great
Lakes Region (Chambers et al. 1999).

Understanding the contributions of invasive P. australis
to ecosystem function is critical. Nitrogen regulation
by inter- and subtidal habitats is a crucial component of
ecosystem function (Piehler and Smyth 2011), and invasive
marsh grasses could affect this valuable ecosystem service
if associated nitrogen removal capacity varies from that of
native grasses. Previous studies have found the removal of
P. australis in wetlands reduced denitrification potential
(Alldred et al. 2016; Findlay et al. 2003) and nitrogen uptake
(Judd and Francoeur 2019). In constructed wetlands where
native P. australis was predominant, associated sediments
were found to effectively remove bioavailable nitrogen
under ambient and nitrate-enriched conditions (Soana et al.
2020). Though some prior work has measured denitrification
potential of invasive P. australis in North American salt
marshes (Granville et al. 2021; Li et al. 2021; Windham and
Meyerson 2003), direct denitrification rates in these systems
are poorly constrained.

The objective of this study was to determine the impact of
invasive P. australis on the biogeochemical cycling of nitro-
gen in marshes. Specifically, we sought to quantify the flux
of dinitrogen gas (N,) in sediments associated with P. aus-
tralis in comparison to native marsh plants and unvegetated
sediments under ambient nutrient regimes, in response to
simulated storm additions of nitrate, and following a hur-
ricane. We hypothesized that P. australis promotes sediment
denitrification at higher rates than that associated with native
plant species.

Methods
Site Description

The Albemarle-Pamlico System is a large, temperate estuary
that extends from southeastern Virginia and continues south
along the North Carolina (NC) coast. It has a total surface
area of over 8,000 km?, and an average depth of 4.9 m, mak-
ing it the second largest estuary in the USA after the Chesa-
peake Bay. Water quality in the Albemarle-Pamlico system
is predominantly affected by nutrient loads from agricultural
runoff and animal waste discharge, with 32% (~1.9 million
hectares) of the total management area’s land use comprised
of farmland and livestock operations (USDA 2012).
Research was focused primarily on the Rachel Carson
National Estuarine Research Reserve in Beaufort, NC, a
marine system that experiences a semi-diurnal tidal regime
(site name: MAR). Supplemental sites included Currituck
Banks National Estuarine Research Reserve and Kitty
Hawk Woods Coastal Reserve to encompass a range of
geographic areas and tidal regimes (Fig. 1). Both northern
sites are brackish and primarily influenced by wind driven
tides but differed in sediment organic matter (SOM), which



Fig. 1 a) Sampling locations for
brackish sites with high (BR-H)
and low (BR-L) organic mat-
ter, and marine site MAR (red
stars). Location of sampling
atb) BR-H, ¢) BR-L, and d)
MAR. All satellite imagery was
derived from United States Geo-
logical Survey, High Resolution
Orthoimagery Dataset
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was high in Currituck Banks (site name: BR-H) and low in
Kitty Hawk Woods (site name: BR-L). These three reserves
span the northern (BR-H), middle (BR-L), and southern
(MAR) portions of the system and are respectively located
in the Currituck Sound, Albemarle Sound, and Back
Sound. Although not formally documented, colonization of
P. australis in MAR is estimated at a minimum of 15 years
previous to the study (personal communications, North
Carolina Coastal Reserve (NCCR)). P. australis presence
in BR-H is documented in historical aerial imagery as early
as 1980 (North Carolina Coastal Reserve and Fear 2009).
No pre-existing data nor historical imagery was available
to age P. australis in BR-L; however, based on personal

observation it has been well established at this site for a
minimum of five years.

Flux incubations were conducted on sediment cores col-
lected from MAR during late spring (11/06/18; T =25 °C),
summer (04/09/18; T=29 °C), and fall (04/12/18; T=9 °C)
to capture variability through the growing season. In addi-
tion, BR-H and BR-L were sampled during late spring
(18/06/18; T=25 °C) and fall (27/11/18; T=15 °C). Follow-
ing Hurricane Florence, which impacted the area between
September 12 through 15 of 2018, an additional flux meas-
urement was conducted at MAR on September 25, 2018
(T=22 °C), roughly two weeks after the pre-storm summer
flux experiment conducted on September 4.



Sample Collection

Sediment cores were collected in triplicate at each site in
clear polyvinyl chloride (PVC) tubes measuring 6.4 cm
in diameter and 31 cm in height. Sediment height in each
core was approximately 17 cm. Cores were collected
within patches of non-native P. australis, native Juncus
roemarianus, and/or Spartina alterniflora, and from
unvegetated sediments (n =3 for each). Sediments asso-
ciated with each treatment will hereafter be referred to
by species name, unvegetated sediments, or collectively
as “sediment treatments”. Effort was made to exclude
live plant material and living organisms (e.g., snails,
crabs, etc.) from the cores. Sixty liters of water were
collected adjacent to the marsh habitat. Sediment cores
were transported to the UNC Institute of Marine Sci-
ences in Morehead City, NC, and placed in tanks of site
water maintained at in situ water temperature within an
environmental chamber (Bally Refrigerated Boxes Inc.,
Morehead City, NC). The submerged cores and water
were left overnight to ensure temperature equilibration.

Continuous flow-through sediment flux experiments
were performed according to the methods detailed in
Piehler and Smyth (2011). Gas-tight caps with inflow
and outflow ports were placed on each submerged core
excluding air bubbles and subsequently connected to the
flow through system (Supplemental Fig. 1). This system
used a multichannel peristaltic pump to pull unfiltered,
aerated site water into the surface water of each core
while drawing water just above the sediment surface
of each core a rate of 1 mL*min~! for an approximate
turnover time of five hours (i.e., replacement time of
water within sediment core tube). Following capping,
cores remained in the dark environmental chamber for a
minimum of three complete turnovers (~ 15 h) of water
within the cores to allow for equilibration. Water samples
flowing from the cores and from bypass lines (considered
“inflow waters”) were sampled periodically over the next
two days, with a minimum of one turnover time between
each collection. Though this method does not replicate
tidal cycles or extended exposed periods, it is the best
method for direct N, flux measurements (Groffman et al.
2006). Additional water samples were collected, filtered,
and frozen for later nutrient analysis of NO,~ and NH,*
with a Lachat Quick-chem 8000 (Lachat Instruments,
Milwaukee, WI, USA). NO,™ represents the sum of
nitrate (NO; ") and nitrite (NO, "), although the latter was
assumed to be negligible.

Sediment samples (1 cc) were collected directly adjacent to
cores at 1 cm depth for determination of benthic chlorophyll-
a (chl-a) concentration and percent carbon (C) and nitrogen

(N) content. Sediment chl-a was extracted in a solvent mix
(45:45:10 ratio of methanol/acetone/deionized water), soni-
cated, and analyzed with a UV mini 1240 spectrophotometer
(Shimadzu Instruments, Columbia MD) using an acidification
method (Lorenzen 1967). The molar concentrations of C and
N in dried, ground, and hydrochloric acid fumed sediment
samples were measured with a Model 2400 Series II CHN
analyzer (Perkin Elmer, Waltham, MA; Dalsgaard et al. 2000).
Upon completion of core incubations, a 3-cm deep subsample
from each core was collected for analysis of sediment organic
matter (SOM) via loss on ignition. Efforts were made to mini-
mize the number of roots and rhizomes present in the subsam-
ples used for these analyses.

Nitrogen Enrichment

Ambient concentrations of NO, were close to minimum detec-
tion limits and never exceeded 1 pM on any seasonal sample
date in any location. Following collection of three sample
timepoints on day one of the flux experiment, NaNO; was
added to the inflow waters, raising the initial nitrate concen-
tration by 20 pM NO;™ to simulate a storm pulse of nitrogen
based on NO;™ concentrations in runoff from stormwater out-
falls draining into Taylor’s Creek across from the Rachel Car-
son Reserve (MAR). Following nitrate enrichment, cores were
allowed to equilibrate for a minimum of 15 h, approximately
three turnover times. Sampling after this period included three
collections of water for dissolved gas analysis spaced at five
hours and one collection of water for dissolved nutrient analy-
ses as described above.

Hurricane Florence

Coastal North Carolina was impacted by Hurricane Florence dur-
ing September 2018. Approximately 64 cm of precipitation fell
over four days (Sept. 12—15) and caused over two weeks of wide-
spread inland and coastal flooding. Measurements completed one
week before the storm represent “‘summer’ in our seasonal sam-
pling scheme, while measurements one-and-a-half weeks after
the storm are compared to pre-storm rates but are not included in
seasonal analyses. Ambient nitrate concentration in waters col-
lected during the post hurricane experiment was 2.5 pM.

Flux Calculations

Dissolved gas samples were analyzed using a Balzers Prisma
QME 200 quadrupole membrane inlet mass spectrometer
(MIMS; Bay Instruments, Easton, MD; Kana et al. 1994) for
N,/Ar and O,/Ar. N, and O, fluxes from the sediments were
calculated with the following equation (Kana et al. 1998;
Fulweiler and Nixon 2009; Piehler and Smyth 2011):



Fl ((OMIﬂOW concentration (um) — Inflow concentration (um)) * pump rate (L hr_l) >
ux =

core surface area (mz)

Using equation 1, a positive number represents net den-
itrification, and a negative number represents net nitro-
gen fixation. To convert the O, flux to sediment oxygen
demand (SOD), results were multiplied by —1.

Denitrification efficiency (DNE) was calculated as the
percentage of dissolved inorganic nitrogen released from
the sediments as N, gas during the flux experiment. This
measure of the portion of net denitrification to the overall
nitrogen flux was calculated using the following equation
(Eyre and Ferguson 2002):

Denitrification Efficiency(%)

N, Flux
* 100
N,Flux + (NO,” Flux + NH ,* Flux)

Statistical Analyses

All data from this study were analyzed using JMP Pro 16.0
and R software packages. Data were assessed for normal-
ity using the Shapiro—Wilk test. It was determined that
these results were not normally distributed (Shapiro—Wilk
p <0.001). The assumption of normality and homoge-
neity of variance was also violated with Log and Box-
Cox transformations (Shapiro-Wilk p <0.001; Levene
p <0.001). We ran both nonparametric (Kruskal-Wallis)
and parametric analyses (one-way and two-way ANOVAs)
and found results did not differ qualitatively, and thus we
present only analyses using parametric tests. Tukey HSD
and Newman—Keuls tests were used for post-hoc analysis.
Correlation analysis was performed between N, flux and
other relevant variables, and only significant results are
presented. A p-value less than 0.05 was used to determine
statistical significance.

Economic Evaluation of Nitrogen Removal Service
Associated with P. australis

The value of nitrogen removal via denitrification was
estimated using the rates from the North Carolina Nutri-
ent Offset Credit Program, a regionally derived number
developed from significant stakeholder input in its deter-
mination. The current trading price of the North Carolina
Nutrient Offset Credit Program for the Tar-Pamlico region
is $21.67 per kilogram of nitrogen removed (15A North

Carolina Administrative Code 2B.0703). To best estimate
the annual value of habitat specific nitrogen removal, the
range of seasonal rates of net denitrification measured in
sediments associated with P. australis at MAR were mul-
tiplied by $21.67 and constrained to relate to in situ condi-
tions (3 hr dark/inundation daily during 9 months per year).

Results
MAR (Rachel Carson Reserve)
N, Fluxin P. australis and Native Grasses

Over the course of the year, denitrification rates measured in
sediments associated with three species of marsh grass and
unvegetated sediments ranged from 32 to 139 pmol N,-N
m~2 h~! under ambient conditions and 72 to 219 pmol N,-N
m~2 h™! under nitrate-enriched conditions (Fig. 2a). P. aus-
tralis sediments exhibited a significantly higher annual mean
rate of denitrification than sediments associated with native
species or unvegetated sediments under both ambient and
nitrate-enriched conditions (Fig. 2a; Table 1). No signifi-
cant differences in annual denitrification rates were observed
between any of the other three sediment treatments sampled
under either ambient or nitrate-enriched conditions (Fig. 2a).
Denitrification rates increased following nitrate enrichment
in all sediment treatments, though this increase was signifi-
cant only in unvegetated and J. roemarianus sediments.

P. australis sediments exhibited higher SOM and lower
benthic chl-a relative to native species and unvegetated sedi-
ments (Table 1). A weak but significant positive relationship
was observed between SOM and N, flux for P. australis sedi-
ments (r>=0.29), and no significant relationships between
SOM and N, flux were observed for other species (Fig. 3).
Benthic chl-a concentrations decreased significantly with
increasing elevation of marsh vegetation, and P. australis
sediments had a significantly higher % N than unvegetated
or native species (Table 1).

Seasonal Patterns in N, Flux

Comparing seasonal N, fluxes provided context
for variations in microbial processing of nitrogen
throughout the growing season among marsh species.
For each season, denitrification rates in P. australis
sediments surpassed rates measured in native species



Fig.2 Annual mean and stand-
ard error for N, flux grouped by
vegetation under ambient and
nitrate-enriched conditions at
a) MAR b) BR-H and ¢) BR-L.
Positive values represent net
denitrification, and negative
values indicate net nitrogen
fixation. Significance for all
comparisons was set at p <0.05.
Asterisks (*) indicate significant
differences between ambient
and nitrate enriched conditions
for each species or unvegetated
sediments. Lower case letters
indicate significant differences
between sediment treatments
under ambient conditions and
Upper-case letters indicate
significant differences between
treatments under nitrate
enriched conditions
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Fig.3 N, flux as a function of 400
% sediment organic matter at
MAR demonstrates a significant
(p<0.05) positive linear rela-
tionship between % sediment
organic matter and net N, flux
(*=0.29) for P. australis sedi-
ments only, indicated by the line
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and unvegetated sediments under both ambient and
nitrate enriched conditions. However, in contrast to
annual means, these differences were only significant
between P. australis and S. alterniflora during the spring
enriched conditions and between P. australis and all other
treatments during summer for both ambient and enriched
conditions (Fig. 4). No significant differences were
observed between treatments during the fall (Fig. 4). In
the spring and summer, native species and unvegetated
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sediments showed an increase in denitrification with
nitrate enrichment over respective ambient rates, which
was significant for unvegetated sediments in the spring
and for all native and unvegetated sediments in the summer
(Fig. 4). Denitrification in P. australis sediments showed
a significant increase with nitrate addition during the
spring only (Fig. 4). Seasonal variation in N, flux was
only significant in S. alterniflora sediments between spring
and fall (ANOVA, p<0.001).
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Fig.4 a) Seasonal mean and standard error of N, flux at MAR
grouped by sediment type under ambient and nitrate-enriched condi-
tions. N, flux for summer preceded Hurricane Florence and post hur-
ricane rates measured under ambient nitrate conditions are outlined
in red with * denoting significant (p <0.05) differences between pre-
and post-hurricane for respective treatment sediments. Significant dif-
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ferences (p <0.05) between ambient and nitrate-enriched rates associ-
ated with each species are denoted by *. Lower-case letters indicate
significant differences between species during each season under
ambient conditions. Upper-case letters denote significant differences
between N, flux within each season under nitrate-enriched conditions.
N.D. indicates no data



Hurricane Florence

Both before and after Hurricane Florence, all sediment treat-
ments exhibited net denitrification, and significantly higher
rates of ambient denitrification were measured in P. australis
sediments compared with native species and unvegetated
sediments (Fig. 4). Denitrification rates after Hurricane
Florence were significantly higher than pre-storm rates for
P. australis sediments only (Fig. 4). Following Hurricane
Florence, the average denitrification rate in P. australis sedi-
ments was 322 umol N,-N m~2 h~! under ambient conditions
(Fig. 4) which surpassed the mean annual rates observed
under ambient (139 umol N,-N m~2 h™!) or enriched
(219 pmol N,-N m~2h™!) conditions in these sediments.

Regional Comparison

BR-H (Currituck Banks) and BR-L (Kitty Hawk Wood)
Reserves

Ambient denitrification rates in P. australis sediments were
lower at BR-H and BR-L (the brackish-high and -low sedi-
ment organic matter sites) compared with MAR (ANOVA;
p <0.001), and there were no differences in N, flux between
sediment treatments within either brackish site on an annual
scale (Fig. 2b, c). At BR-H, unvegetated sediments and J.
roemarianus sediments exhibited net nitrogen fixation under
ambient conditions, and N, flux significantly increased in
these sediments following nitrate enrichment (Fig. 2b). P.
australis was the only sediment treatment in BR-H to exhibit
annual net denitrification but had no significant response
to nitrate enrichment (Fig. 2b). In BR-L, the low organic
site, no differences in mean annual N, fluxes were observed
between sediment treatments under ambient or nitrate
enriched conditions (Fig. 2c).

Sediment attributes and fluxes for P. australis sediments
compared between three sites showed that P. australis at
MAR was distinct from the two brackish sites in terms of
higher SOD and N, flux but benthic chl-a did not differ for
this species among sites (Tables 1 and Is). Elevated NH, flux
in P. australis sediments at MAR in the spring and summer
relative to native and unvegetated sediments resulted in
lower DNE for P. australis sediments (61%) compared with
native and unvegetated sediments (69-84%; Table 1). In the
brackish sites, NH, fluxes associated with P. australis were
not distinct from native or unvegetated sediments (Table 1s).
The range in DNE for all sediment treatments were high in
BR-L (90- 99%) and lower in BR-H (31-64%) (Table 15s).

P. australis Nitrogen Removal as an Ecosystem Service

Value of nitrogen removal service provided by P. austra-
lis in MAR was estimated as a range of US$0.32 to $0.52

*ha~*hr~! based on the annual range of denitrification rates
measured under ambient nitrate conditions. Neither inunda-
tion times nor habitat area for P. australis was available for
this site. Scaling with assumptions to approximate in situ
conditions (3 hr of dark/inundation period daily for 9 months
per year) resulted in annual cost for replacing this service of
US$266-$426 *ha~'*yr~! although inundation of P. australis
sediments at MAR may be restricted to extreme high tides
and flooding events. The valuation assessment would be
improved by measurement of additional site-specific char-
acteristics as well as quantification of denitrification rates
for sediments exposed to air and light that were not possible
with the methodology employed here.

Discussion

This study found that sediments associated with invasive P.
australis had higher mean annual rates of denitrification than
those of native marsh species or unvegetated sediments in
a tidal marine setting (MAR) in ambient conditions. Rates
of denitrification in P. australis sediments exceeded those
of native and unvegetated sediments at MAR under nitrate-
enriched conditions as well. The difference in denitrification
rates between invasive and native marsh sediments at MAR
was particularly distinct following Hurricane Florence, when
N, flux in P. australis sediments surpassed all other meas-
ured rates.

Differences Between P. australis and Native Grasses

At MAR, P. australis sediments appear to play a key role in
nitrogen removal. The marsh species within MAR are clearly
defined by tidal zonation, and the higher denitrification rates
observed may be driven by bacterial communities associated
with P. australis benefitting from characteristics of upland
vegetation zones that include higher carbon availability
(Cao et al. 2008), less competition with benthic microalgae
(Sullivan and Currin 2002), and potentially higher rates of
remineralization and nitrification at this higher elevation
(Table 1; Garner and Allen 2013; Marton et al. 2015).

P. australis is known to increase sediment accretion rates
in tidal marshes, more effectively trapping litter and par-
ticulate matter than adjacent native vegetation due to dense
stands formed by the plant (Rooth et al. 2003). P. austra-
lis grows at the highest elevation in MAR and accretion in
this upland section of the marsh is likely affected by reten-
tion of litter following seasonal die off as well as sediment
trapping of runoff during storm events and flooding during
spring tides (Asaeda et al. 2002; Bedford 2005). As readily
decomposable organic matter drives denitrification by pro-
viding the electron donor for nitrate reduction (Burford and
Bremner 1975), the organic matter trapped by P. australis



and made available to the underlying sediments is likely a
key factor in the consistently elevated rates associated with
this species in MAR and is supported by the positive rela-
tionship observed between net N, flux and sediment organic
matter for P. australis sediments (Fig. 3).

Despite higher rates of denitrification and % N in P. aus-
tralis sediments, ammonium flux from P. australis sediments
was variable, which resulted in the lowest denitrification effi-
ciency of the sediments studied, though efficiencies across
all sediment treatments were extremely high. The driver
of this variability is unclear but suggests that P. australis
sediments can both act as a pathway for nitrogen release as
ammonium, indicated by the higher ammonium flux in the
spring and summer, and as a sink for nitrogen, such as in the
fall when the ammonium flux is low.

Seasonal Influence on Denitrification Rates in MAR

The lower rates of denitrification observed in the spring
could reflect competition for nitrogen between the marsh
plants and microbial communities (Burdick and Konisky
2003). Though minimal above-ground plant material was
present in the sampled cores, we speculate that the high
growth rates of all marsh species in the spring may lower
nitrogen availability in the sediments and thus limit denitri-
fication (Kuzyakov and Xu 2013). Increases in denitrifica-
tion following nitrate enrichment for most treatments in the
spring support this interpretation. The absence of differences
in denitrification following nitrate enrichment in P. australis
sediments during the summer suggests alternate limitation of
denitrification associated with this species during the middle
of the growing season (Fig. 4) or alternate, unmeasured fates
of nitrate, such as dissimilatory nitrate reduction to ammo-
nium (DNRA) or release of N,O. The decrease in sediment
organic matter in P. australis sediments between the spring
and summer and low sediment organic matter in the fall
may indicate seasonal carbon limitation for denitrification
(Table 1; Fig. 4; Van de Broek et al. 2016).

These data suggest that marine sediments associated with P.
australis have the capacity to remove greater loads of bioavaila-
ble nitrogen as it enters the system in pulses (i.e., associated with
larger storm events) than native counterparts, particularly during
the early growing season when the microbial communities are
likely otherwise nitrogen limited (Fig. 4). Net removal may be
offset by higher ammonium fluxes compared to sediments in S.
alterniflora, J. roemarianus, or unvegetated sediments in the
early part of the growing season (Table 1).

Mitigation of Storm Nitrogen Inputs to Estuarine
Systems

Though coastal marshes cannot entirely negate the impacts
of major storm events, the ecosystem services offered by this

habitat can mitigate these impacts (Arkema et al. 2013; Smith
et al. 2018; Adame et al. 2019). This is directly observed in
our data, with significantly higher rates of denitrification in
P. australis’ sediments at MAR following sustained flooded
conditions from Hurricane Florence than rates measured
under ambient or nitrate-enriched conditions in any season.
The response of P. australis sediments to Hurricane Florence
is likely driven by an advantageous land position in a tidal
marsh with established marsh species zonation. Specifically,
the combination of P. australis’ high density and habitat
position promote increased trapping of sediment and wrack
which may be reflected in a (non-significant) increase in
sediment organic matter following the storm compared
with sediment samples collected two weeks prior. As storm
surge receded, the position of P. australis at the wrack line
of freshly deposited organic matter likely fueled the high
denitrification rates, as aboveground litter has been shown
to drive denitrification in sediments underlying P. australis
(Li et al. 2021). This suggests P. australis sediments perform
a key ecosystem service to mitigate storm impacts during a
vulnerable period.

Denitrification Variability by Site

The higher rates of denitrification associated with P. austra-
lis relative to native species observed in the marine system
(MAR) were not evident at the brackish sites (BR-H and
BR-L), where irregular, wind-driven tides and smaller range
in elevation did not result in clear zonation of marsh spe-
cies. BR-H is characteristic of marshes fringing the northern
sounds with regard to organic matter while BR-L presented
the opportunity to examine denitrification associated with P.
australis in a disturbed context, where it is known to colo-
nize quickly and extensively (Bart et al. 2006). Additionally,
BR-L is subject to high wave energy due to open water expo-
sure and proximity to residential canals where boat wakes
are frequent.

In the high sediment organic matter site (BR-H),
ambient N, flux in unvegetated sediments and native J.
roemarianus were negative, indicative of nitrogen fixation,
but switched to net denitrification following nitrate
enrichment. This suggests nitrate limitation, possibly
resulting from competition with macrophytes in this highly
productive habitat (Kuzyakov and Xu 2013). We speculate
that diminished nitrification during extended periods of
anoxia caused by sustained inundation at this site may also
be a factor (Bollmann and Conrad 1998). The low organic
matter site (BR-L) showed no variation in denitrification
rates between species nor with nitrate enrichment for each
species. Although age and origin of this marsh are unknown,
the site appeared to be a recent colonization of a sandy over-
wash or dredge spoil. It is likely that carbon availability



is limiting denitrification in sediments for all marsh
species at this site (Smith and Duff 1988). If P. australis
density and extent increase, sediment organic matter may
eventually accumulate at this site (de Groot et al. 2011). If
so, denitrification is predicted to increase and ameliorate
storm loaded nitrogen, but the evidence from BR-H does
not support a distinct effect of P. australis on this process.

The observed regional differences in denitrification rates
associated with P. australis sediments are likely driven by
landscape position of P. australis in these marshes. Though
P. australis can survive and grow in salinities up to and
exceeding 32 ppt (Achenbach et al. 2013), it shows a decline
in growth rate and germination in salinities higher than 10
ppt (Mauchamp and Mesleard 2001) and thus is typically
found at higher elevations in marshes which experience full
salinity (Lissner and Schierup 1997). By contrast, the inter-
spersion of marsh species over a smaller elevation range in
the brackish marshes likely results in less distinct differences
in microbial communities associated with the sediments of
particular marsh species (Barry et al. 2021).

An additional consideration of the landscape position of
P. australis in the marine setting is inundation frequency
and duration. Inundation patterns that varied among
sites have implications for denitrification rates that were
measured only under simulated flooded conditions in this
study. For instance, wind-driven tides, characteristic of the
brackish sites, result in longer periods of both exposure
and inundation. Extended exposure would favor aerobic
processes including mineralization and nitrification, while
inundation could enhance denitrification of available
nitrate, but limit coupled nitrification—denitrification. In
contrast, semi-diurnal tides foster a regular balance of these
processes that shift along the elevation gradient. It is likely
that experimental inundation of upland P. australis at MAR
resulted in favorable anoxic conditions for denitrification
that are less frequent at this higher elevation but relevant
to extreme tide and storm events. The differences in
denitrification associated with P. australis at both BR-H and
BR-L relative to MAR appear to be driven most directly
by tidal regime (Knights et al. 2017) that affects landscape
position (Kaplan et al. 1979) and distribution of sediment
organic matter (Eyre et al. 2013). However, denitrification
associated with the presence of P. australis in all sites
showed this ecosystem service to be at least on par with that
associated with native species.

Management Implications

Traditional ecosystem management has focused on attempts
to control or eradicate P. australis from marsh habitats.
These eradication attempts are often costly, harmful to
adjacent native communities, and have varying degrees of

success (Hazelton et al. 2014; Quirion et al. 2018; Lombard
et al. 2012; Back et al. 2012). In the rare cases of successful
eradication, there is limited literature assessing longer-term
success of restoration efforts (Hazelton et al. 2014).

Between 2005 and 2009, an estimated US$ 4.6 million
was spent annually managing ~80,000 hectares of invasive
P. australis, equating to a cost of approximately US$ 58
*ha~"*yr~! (Martin and Blossey 2013). We appraise nitrogen
removal performed by P. australis at MAR at US$ 266-426
*ha~!*yr~! This estimate underscores a potential value
of P. australis to coastal systems in contrast to the cost of
often unsuccessful eradication. This assessment aligns with
other recent work focused on the role of invasive species in
maintaining ecosystem services and function that can bet-
ter inform management (Ramus et al. 2017; Hershner and
Havens 2008; Davis et al. 2011).

This study highlights P. australis’ ability to foster higher
rates of denitrification in underlying sediments in marine
systems relative to predominant native species such as S.
alterniflora and J. roemarianus. The evidence suggests that
the presence of P. australis enhances the capacity of salt
marshes to act as a sink for nitrogen, particularly during
times of increased nutrient loading such as storm events. In
contrast, nitrogen removal capacity was lower and not differ-
entiated from native species at brackish sites; an important
distinction when considering management. In light of the
expense and poor success of eradication (Martin and Blossey
2013; Lombard et al. 2012), coastal managers should con-
sider the role P. australis plays in different settings in provid-
ing ecosystem services such as nitrogen removal, shoreline
stabilization, and increased vertical accretion (Rooth and
Stevenson 2000; Rooth et al. 2003; Theuerkauf et al. 2017;
Kiviat 2013; Soana et al. 2020; Sheng et al. 2021). Given
this growing body of evidence, the net benefits of eradica-
tion efforts should receive further analysis from both eco-
logical and economic perspectives.
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