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Abstract Invasive species are a global issue, occur-
ring virtually everywhere on earth. The prevailing
view is that invasive species are less preferred than
the native ecosystems they invade and replace and
should therefore be extirpated. This assumption is
often made a priori to scientific investigation. Our
work tests that assumption by analyzing the grass
Phragmites australis subsp. australis, invasive to
Chesapeake Bay coastal wetlands, using ecosystem
service valuation. We review the literature and ana-
lyze published data to estimate the range of carbon
sequestration, nitrogen removal, and wildlife habi-
tat that can be expected in a Chesapeake Bay marsh
dominated by Phragmites australis and a marsh char-
acterized by typical high marsh species. Phragmites
dominated marsh was found to differ from native high
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marsh (characterized by species such as Spartina pat-
ens, Scripus oleneyi, and Distichlis spicata) in the
quantity of ecosystem services provided, with Phrag-
mites providing greater carbon sequestration and
native high marsh having greater nitrogen removal
and wildlife habitat quality. The two systems under
median conditions were found to provide very simi-
lar economic value, with native high marsh providing
greater value under optimal conditions for both sys-
tems. An analysis considering the net present value
of control costs and ecosystem service value indi-
cates that it is not a net economic benefit to control
for Phragmites, unless the cost is low to moderate and
the benefit is high, i.e. the system is able to maintain
or return to optimal wildlife habitat. These results can
be used to inform land management decisions in the
Chesapeake Bay region.

Keywords Phragmites australis - Ecosystem
services - Cost—benefit - Carbon sequestration -
Nitrogen - Wildlife habitat

Introduction

The Common Reed (Phragmites australis) is the most
abundant non-native invasive species in tidal marshes
throughout the Chesapeake Bay region and is a com-
mon invader throughout North American wetlands..
Phragmites australis, or the common reed, is a large
form grass, growing up to 5 m in height and often
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forms near monotypic stands, spreading both through
seed and rhizomes (Engolener 2009). It is likely one
of the most common wetland species globally, occur-
ring on 6 continents with the exception of Antarctica
(Tucker 1990; Canavan et al. 2018), and is one of the
most studied plant species; the subject of over 10,600
publications from 2010 to January 2025 (Google
Scholar search results for “Phragmites australis” in
the articles title). It thrives in a variety of conditions
including varied nutrient (Cott et al. 2018), wave
energy (Casahalo et al. 2023), disturbance (Minchin-
ton and Bertness 2003; Baldwin et al. 2010), tem-
perature, and salinity conditions (Sheng et al. 2024).
Contributing to this plasticity is that Phragmites is a
C3-C4 intermediate, although preferentially uses the
C4 photosynthetic pathway (Srivastava. 2014), and
that the plant typically forms near monotypic stands
with a thick rhizome mat (Kettenring 2010).

In North America two native subspecies of Phrag-
mites occur, Phragmites australis subsp. americanus,
a native haplotype, known to present throughout the
United States and Canada and Phragmites australis
var. Berlandieri, found in the American south and
Mexico, both present for at least 40,000 years (Salton-
stall 2002). Phragmites australis (hereafter referred
to as “Phragmites”) originated in the Middle East
(ibid.) and was likely introduced to North America in
the early to mid-nineteenth century with genetic evi-
dence that the M introduction originated from west-
ern Europe (Plut et al. 2011). Phragmites has spread
dramatically over the past 150 years as a cryptic
invader (Saltonstall 2002; McCormick et al. 2010a;
Saltonstall and Meyerson 2016). The first confirmed
collection of non-native Phragmites australis was
made in 1883 in Chesapeake Beach, Maryland (US
National Herbarium collections, Saltonstall 2002). By
1960 Phragmites had become prevalent throughout
North America, and has become particularly domi-
nant on the East Coast and Great Lakes regions of the
United States while the native subspecies is relatively
rare (Mozdzer et al. 2013). Historic observations
indicate that the native subspecies was never a domi-
nant component of wetland marsh species assem-
blages (ibid.). Currently the vast majority of Phrag-
mites observed in the Chesapeake Bay region is the
non-native variety, with Tulbure et al. (2012) finding
only 14 of 212 patches (~7%) sampled to be Phrag-
mites australis subsp. americanus, verified through
genetic analysis. The subspecies can be distinguished
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by morphological differences observed in the field, in
some cases, (i.e. height, stem density, adherence of
leaf sheaths, culm color/fungal presence) or in the lab
(i.e. measurement of ligule and glumes) (McTavish
et al. 2023), but genetic testing may be necessary for
identification given that hybridization is possible and
that there are multiple sublineages (Meyerson et al.
2010, Mozdzer et al. 2013, Williams et al. 2019).

Similar to many invasive species, occurrence of
Phragmites is often associated with human distur-
bance (McCormick et al. 2010b, 2020). Humans are
often the vector for transporting the species, but also
typically create conditions that facilitate the spread
and dominance of non-native species. It is theorized
that this has occurred withPhragmites, which thrives
in disturbed coastal areas, and in high nutrient condi-
tions, common in highly urbanized or agriculturally
dominated watersheds (Chambers et al. 2008; Sciance
et al. 2016). Kettering et al. (2012) found significant
variability in sublineages of introduced Phragmites
and their ecological impact across North America,
with the “short b” variant present in the Chesapeake
Bay region found to be the most invasive. Phragmites
is considered one of the most significant issues for
wetland land managers in the Chesapeake Bay region,
often targeted for removal (MD DNR 2025; Chesa-
peake Bay Program 2003). It is notoriously difficult to
successfully eliminate, often requiring repeated her-
bicide spraying over multiple years. Landscape level
elimination has proven not to be successful (Martin
et al. 2013; Quirion et al. 2018), but small patches
in areas with low abundance likely can be controlled
(Hazelton et al. 2014, Rohal et al. 2022, Brooks et al.
2024).

In the Chesapeake Bay, a Phragmites dominated
wetland has different characteristics than native poly-
haline or mesohaline high marshes, which are typi-
cally comprised of Spartina patens, Scripus oleneyi,
and Distichlis spicata and is the ecosystem most com-
monly invaded by Phragmites, with altered wetland
functions and associated ecosystem services. a It is
the prevailing view in the field of invasion ecology
or biology that an invaded ecosystem is less prefer-
ential, i.e. beneficial, than a native ecosystem, due to
decreased ecosystem function and supported diversity
in flora and fauna (Correa et al. 2021; Renault et al.
2022). However, this a priori assumption has been
controversial among some scientists, with criticism
(Guiasu and Tindale 2018; Sagoft 2018, Sagoff 2020)
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support (Warren et al. 2017; Ricciardi and Ryan
2018,) and attempts at reconciliation (Cassini 2020,
Guareschi et al. 2024) in the literature. For environ-
mental land management, invasive species are almost
universally viewed as a negative and framed in this
way when communicating to the public and among
peers.

This paper examines the assumption that Phrag-
mites invaded areas are less beneficial to people than
native ecosystems in Chesapeake Bay. We do this by
conducting an ecosystem function and service assess-
ment comparing a hectare of Phragmites marsh to a
hectare of native high marsh typical to the Chesa-
peake Bay region. The results from this analysis are
combined with the predicted cost to eliminate Phrag-
mites from 1 ha of marsh to estimate the cost-ben-
efit of controlling Phragmites in Chesapeake Bay
wetlands. Cost-benefit analysis has been suggested
as a useful framework for assessing invasive species
control (Courtois et al. 2018; Blaalid et al. 2021) and
has been applied to specific invasive species, such
as the Canada Goose (Branta canadensis)in north-
ern Belgium (Reyns et al. 2018), invasive vegetation
in the western United States (Munson et al. 2020),
and invasive aquatic plants in Florida (Wainger et al.
2018, Weber et al. 2020). However, these approaches
typically account for the cost for control and the
benefits of the native species, relatively few of these
approaches account for the economic benefits of the
invaded ecosystem (Hanley and Roberts 2019, Bol-
tozsky et al. 2022). Prior work examining the eco-
system services provided by Phragmites include
Cizkova et al. (2023), focusing on European Phrag-
mites marshes and their use for bioenergy, reed mate-
rials, hunting, grazing, and fish farming. The work
notes techniques for restoring systems to Phragmites
dominated systems. Kiviat (2013) evaluated ecosys-
tem services of invasive Phragmites in North Amer-
ica, concluding that it provides valuable services and
functions for both humans and other organisms. We
provide a data driven approach to informing environ-
mental land management of the Chesapeake Bay’s
coastal wetlands.

Methods

The review focused on seven ecosystem services:
carbon sequestration, methane emissions, nitrogen

utilization and removal, other pollutant removal, wave
attenuation/storm surge reduction, marsh resilience to
loss, and wildlife habitat. We compared these services
for the native high marsh and Phragmites marsh by
reviewing the literature and synthesizing relevant past
studies. It was determined that three of these (carbon
sequestration, nitrogen utilization and removal, and
wildlife habitat) had sufficient data available to quan-
tify the ecological function and monetary ecosystem
service value for native high marsh and Phragmites
in the Chesapeake Bay region. Landscape context
is highly influential on Phragmites occurrence and
native marsh type, along with ecological function
and resulting ecosystem service provision. To reflect
this, we present results in the form of low, median,
and high to reflect the expected range, roughly cor-
responding to a normal distribution of observations
found in existing data (see supplemental materials). In
order to assess these ecosystem services, the literature
was reviewed and synthesized with a focus on work
in the Chesapeake Bay region. To perform this review
the Google Scholar search engine was prompted with
“Phragmites australis” combined with the following
terms sequentially: carbon sequestration; methane
emissions; sea level rise; nitrogen utilization; phy-
toremediation; wildlife habitat; biodiversity; ecosys-
tem services; “ecology; invasion; and control.

Carbon sequestration

Phragmites is extraordinary among marsh plants in
its growth, having been observed exceeding rates of
20 mt of carbon per ha per year (Silan et al. 2024;
Wang et al. 2022), a rate rivaling that of forests in
their most productive age class (Hoover et al. 2021).
However, there is a large range in sequestration obser-
vations found in the scientific literature, with nitrogen
availability being an influential factor (Caplan et al.
2015). Silan et al. (2024) applied a model estimat-
ing Phragmites production under different growth
conditions and assumptions for the percentage of net
primary production entering long term storage (i.e.
carbon sequestration). They found a minimum of 2.7
tonnes C ha™' and a maximum of 25.6 tonnes C ha™",
with an average of 14.38 tonnes of annual sequestra-
tion. Many factors influence the percentage of NPP
that enters long term storage, e.g. climate condi-
tions, lateral flux and export, herbivory, and peri-
odic disturbance. Prior studies suggest the range for
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percent of NPP entering long term carbon storage in
the marsh sediment averages 24% for global coastal
marshes (Algoni 2020), but regional work suggest the
rate is approximately 33% for marshes in the Chesa-
peake Bay region (Hermann et al. 2015, Najar et al.
2018), and there is some support for Phragmites hav-
ing higher than average rates of carbon sequestra-
tion, attributed to forming thick rhizome mats and
having persistent stalks (Gu et al. 2020). There is
growing evidence that lateral flux of carbon to adja-
cent waterbodies can be a significant component of
carbon sequestration (Wang et al. 2016, Tan et al.
2020, Rethmair et al. 2023, Song et al. 2023). This
flux has high temporal and spatial variability (Santos
et al. 2021, Li-Shan 2020), so we present estimates
with and without this pathway. Here we present a
likely range for carbon sequestration in the Chesa-
peake Bay region derived from aboveground and
belowground biomass data for Phragmites and native
species (predominately Scirpus olneyi; Spartina pat-
ens; and Distichlis spicata) collected at the Smithso-
nian Environmental Research Center’s Global Change
Research Wetland (Mozdzer et al. 2025; Drake et al.
2025). The biomass data was collected at the stem
scale for Phragmites and at the m? scale for the native
species. The Phragmites biomass data was converted
to a comparable m?> by assuming a density of 100
stems per m>. The site hosts a number of experiments
where conditions are manipulated (e.g. temperature,
CO2), we only used data from plots that were not
manipulated. The site is a temperate (mean annual air
temperate — 4 °C — 31 °C), brackish marsh with salin-
ity varying between 4—15 ppt with a mean of 10 ppt,
the marsh platform is between 40 and 60 cm above
mean low water level with organic soils. Caplan et al.
(2015) describes the experimental set up and site
conditions in additional detail. The economic value
estimate for carbon sequestration is taken from the
US EPA’s 2023 report on the social cost of carbon
(USEPA 2023).

Methane emissions

When considering the ecosystem service of climate
mitigation it can be important to include emissions
of greenhouse gases in addition to net CO, removal
from the atmosphere, with methane being the pri-
mary greenhouse gas (GHG) emitted from wetlands
(Poffenbarger et al. 2011; Holmquist et al. 2018;
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Arias-Ortiz et al. 2024). Evidence of Phragmites
invasion impacting methane emissions is mixed, with
some results indicating an increase in invaded marsh
relative to native marshes (Neubauer and Megonigal
2015; Martin and Moseman-Valtierra 2015; Fuchs
et al. 2025), and others a decrease or neutral effect
(Yarwood et al. 2016), with Mueller et al. (2016) con-
cluding that innate properties of soil are more influ-
ential on methane than the plant community type.
Given this mixed evidence and ability of Phragmites
to exist in a wide range of salinity regimes, methane
emissions were not included in the ecosystem service
valuation calculations.

Nitrogen utilization and removal

Phragmites continues to utilize nitrogen at high load-
ing rates (Chlot 2015; Milke et al. 2020), contributing
to its common use for phytoremediation (Rodriguez
and Brisson, 2015, Nguyen et al. 2017, Milke et al.
2020). Nitrogen removal is a particularly important
service in the Chesapeake Bay region, as the Chesa-
peake Bay is often eutrophic with excess nutrients
causing issues such as hypoxia. Nitrogen utilization
is correlated with primary production, as the primary
pathway of nitrogen use is plant growth, but much of
this nitrogen eventually reenters the system as plant
matter decays. Denitrification by bacteria in marsh
soils is a more permanent removal pathway (Cornwell
et al. 1999; Martinez-Espinosa et al. 2021). In natural
systems the rate of nitrogen utilization and denitrifi-
cation in wetland soils is highly variable (Chesapeake
Bay Program 2019), varying with factors such as
inundation frequency, salinity, plant community, and
soil chemistry. High nutrient levels in soil likely facil-
itates Phragmites invasion in certain native systems
(Farnsworth and Meyerson 2003, Kettering et al.
2011, Uddin and Robinson 2018, Saltonstall and Ste-
venson 2007, Piehler and Yacono 2019), with Phrag-
mites having been shown to sequester higher nitrogen
content in biomass (Farnsworth and Meyerson 2003,
Findlay et al. 2002). However, some native species
have been shown to be more effective than Phrag-
mites in utilizing nitrogen (Cott et al. 2018 and 2020).
Additionally, nutrient loading is often confounded
with disturbance rates and urbanization (Kettering
et al. 2011). Here we assume Phragmites and native
marsh to provide very similar nutrient removal, and
derive the rate for the median values for native marsh
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from a literature review conducted by the Chesapeake
Bay Program Expert Panel on Shoreline Stabilization
(Chesapeake Bay Program 2019) and Phragmites low,
median, and high estimates from Lopez et al. (2016)
and Geurts et al. (2020) that performed experiments
observing Phragmites nitrogen utilization. The high
estimate for native marsh is derived from Cotts et al.
(2018) who showed that certain native species (Spar-
tina patens) were able to utilize very high rates of
nitrogen in elevated conditions. A caveat to this value
is that it is unknown how often native marsh of this
type is exposed to very high nitrogen conditions. The
economic value is taken from Campbell et al. (2020)
estimate for nitrogen removal and updated to 2024
dollars.

Other pollutant attenuation

Phragmites has been shown to be effective at remov-
ing heavy metals in a treatment wetland context, with
Nguyen et al. (2017) demonstrating its effectiveness
in treating iron mine drainage. Many studies (Kleche
et al. 2018, Rezania et al. 2019, Milke et al. 2020;
Nikoli¢ et al. 2023, Tlili et al. 2023), have reviewed
its effectiveness in wastewater treatment with the con-
clusion it is an effective species for this application
due to its ability to remove a wide variety of pollut-
ants and tolerate broad conditions. This service is not
included in the analysis because it is uncertain where
and how frequently on the landscape of the Chesa-
peake Bay marshes are exposed to these pollutants.

Wave attenuation/storm surge reduction

Phragmites has traits which contribute to reducing
wave energy and storm surge, such as large, thick
stems which grow close together (Engolener 2009).
Prior studies show that Phragmites does significantly
reduce wave energy and storm surge (Casahalo et al.
2023), but studies differ on if the reduction provided
by Phragmites marsh is more or less than native
marsh, with some evidence that Phragmites provides
more reduction for large waves but similar reduc-
tion for medium and small waves (Sheng et al. 2021,
Coleman et al. 2022, Cashallo et al. 2023). Based on
this evidence, the ecosystem service value is assumed
to be the same for both marsh types. The economic
value of marsh related to reduction of damages asso-
ciated with large storms has been assessed in prior

studies (Costanza et al. 2008, Narayan et al. 2017,
Rezaie et al. 2020, Sheng et al. 2021,Al-Attabi et al.
2023, Taylor-Burns et al. 2024), with highly variable
results based on the chosen methodology and region
being analyzed (~$185—$8240 per ha of marsh per
year from these selected studies). Given the large
range of values and lack of distinction between the
ecosystems this service is not included in the com-
parison presented here.

Marsh resilience to loss

Marsh loss to erosion and sea level rise is a grow-
ing issue in the Chesapeake Bay region (Kirwan
et al. 2016; Mitchell et al. 2017, 2020) that experi-
ences some of the highest rates of relative sea level
rise globally (Boesch et al. 2023). Phragmites has an
uncertain impact on marsh erosion and the ability of
marshes to keep up with sea level rise through sedi-
ment accretion, but identifying the specific role of
the species is difficult given the many factors at play
(Kirwan et al. 2025). Studies have found that Phrag-
mites has higher than average accretion rates (Rooth
and Stevenson 2000; Weis et al. 2021), but may func-
tion as a barrier to migration of native species land-
ward with sea level rise (Smith 2013). Phragmites is
typically the first wetland species to colonize previous
uplands (often coastal forests in the Chesapeake Bay
region) as sea level rises (Shaw and Gedan, 2022;
Xiong et al. 2024), making understanding its role
an important direction for future research. Given the
uncertainty and lack of direct comparison between
ecosystems marsh resilience to loss was not included
in the comparison presented here.

Wildlife habitat

The decline in habitat quality is almost universally
cited as the primary concern related to invasion of
Phragmites into native marsh. However, when this
conclusion is examined it is not clear that Phragmites
provides low quality habitat for wildlife. When com-
paring Phragmites australis to the native subspecies
(P. australis subsp. americanus) they support very
similar microbial, macroinvertebrate, and vertebrate
communities and have similar co-occurring plant spe-
cies in North America and native range (Kiviat 2019).
Phragmites australis invasion has been found to have
minimal to no effect on the soil microbial community
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(Song et al. 2014, Lee et al. 2021; Bickford et al.
2022), fish community (Warren et al. 2001), mammal
community (Kiviat 2011), and amphibian community
(Meyer 2003, Tozier and Mackenzie 2019). Phrag-
mites australis stands do have lower plant diversity
than native high marsh, but do not form monoculture
at scales above the individual 1 m? plot (Keller 2000,
Meyerson et al. 2000). Studies show that Phragmites
supports an avian community that is similar in spe-
cies abundance, but lower in overall richness and is
different from the native marsh community (Kiviat
2011, Lazaran et al. 2013, Gagnon et al. 2015). It has
been found to provide critical habitat for some nest-
ing wading birds (Parsons 2003).

An important management consideration is that
certain species of conservation concern that are
dependent on high marsh such as the salt marsh spar-
row, willets, and rails, do not prefer Phragmites as
a habitat and are thought to not nest in Phragmites
(Benoit and Askins 1999; Meiman et al. 2012; Wiest
et al. 2018). Loss of native high marsh to Phragmites
invasion (along with other loss drivers, sea level rise
being the primary concern but also coastal develop-
ment) is contributing to the decline of these species in
the Chesapeake Bay region (Coreel et al. 2017, Hart-
ley and Weldon 2020). Campbell et al. (2020) created
the Wildlife Habitat and Biodiversity Potential Index
for Maryland using mapped occurrences of rare spe-
cies, habitat types (MD DNR 2016), and habitat con-
nectivity (MD DNR 2024). The index was related to
the economic value of acquiring land for the primary
purpose of wildlife conservation. The overlap of
Phragmites shoreline occurrence data (Virginia Insti-
tute of Marine Science 2024) and the DNR wildlife
index was calculated with spatial selection in ArcMap
10.8. The stats package in R version 4.1.2 was used to
test the effect of Phragmites occurrence on the wild-
life indicator (R Core Team 2021). It was assumed
that the relationship between habitat quality and
Phragmites occurrence would hold true for marshes
in the Virginia portion of the Chesapeake Bay.

Phragmites control

Phragmites is a notoriously difficult to control inva-
sive species. Employed methods of control include
repeated application of herbicide, typically glypho-
sate, mechanical removal, and smothering (Rohal
et al. 2019). Biological control through grazing has
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been suggested as an alternative to chemical control
(Brundage 2010), but this is not commonly prac-
ticed. Studies indicate that control of Phragmites is
more likely at a small scale (Quirion et al. 2018) and
with repeated management (Rohal et al. 2019; Hazel-
ton et al. 2018, Brooks et al. 2024), but large scale
regional elimination of Phragmites is not seen as a
feasible goal (Martin and Blossey 2013). Both land-
scape and site-specific factors influence probability
of successfully controlling Phragmites and reestab-
lishing a native high marsh, with watershed land use
and local site hydrology both influential (Rohal et al.
2019, 2023). We include costs for Phragmites control
based on personal communication with DNR biolo-
gists who regularly contract for and perform this ser-
vice (Pers. Comm. 2024). Based on the literature and
the experience of DNR biologists it is assumed that in
low Phragmites pressure, i.e., optimal conditions, one
year of control efforts can successfully control Phrag-
mites, in conditions with median Phragmites pres-
sure control efforts would need to be repeated every
10 years, and in conditions with high Phragmites
pressure control efforts would need to be repeated
every 5 years, for the purposes of calculating the net
cost-benefit across this spectrum. Twenty five years
was chosen as the period of analysis to represent a
typical time horizon for decision making by land
managers and three discount rates (the rate future
dollar flows are discounted annually) were applied,
representing how different land managers may value
future costs and benefits. Net present value (NPV) is
not an ideal economic tool, particularly when applied
to ecosystem services (Costanza et al. 2021), but is
utilized here for scenario comparison with the spe-
cific monetary value being less important for influ-
encing the management decision whether or not to
control for Phragmites than the relative difference
between scenarios.

Results
Ecosystem service quantification and valuation

In total ecosystem service value was found to be very
similar between native high marsh and Phragmites
dominated marsh, with Phragmites having a slightly
higher median value, $6,201 ha~'yr™' compared
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to $5,827 ha~'yr~! for native high marsh (Tables 1
and 2). However, the high end of the range for
native high marsh exceeds that of Phragmites, at
$10,140 ha~'yr~! compared to $8,748 ha~'yr.™!

Carbon sequestration

Carbon sequestration values for Phragmites austra-
lis ranged from 7.33 to 22 Mt CO?% per ha per year
based on observations of aboveground and below-
ground net primary production made over 28 years
of field data collection at the Smithsonian Environ-
mental Research Center’s Global Change Research
Wetland (GCRW) (Drake et al. 2025, Mozdzer et al.
2025). We applied the carbon sequestration assump-
tions of 25% as a lower bound, 33% (only burial of
carbon in sediments) or 50% (33% carbon burial and
17% lateral flux that enters long term storage). The
same assumptions for carbon fate was applied to the
GCRW data for native high marsh species NPP (see
supplemental materials for full calculations).

Nitrogen utilization and removal

While literature values for rates of nitrogen utilization
and denitrication in tidal wetlands are highly variable
(Chesapeake Bay Program 2019, Cott et al. 2019) the
median rate for native high marsh and Phragmites
was found to be similar, at 120 and 108 kg ha™! yr~!,
respectively. A broader range of values was found
for the native high marsh compared to Phragmites,
resultingly the high estimate for native high marsh
is more than double that of Phragmites, at 261 com-
pared to 114 kg ha™! yr.

Wildlife habitat

The Wildlife Habitat and Biodiversity Index (Camp-
bell et al. 2020) was evaluated for wetlands with
Phragmites and those without for the Chesapeake
Bay. Coastal marshes were found to be some of the
most valuable habitat types in Maryland (Camp-
bell et al. 2020). The median value for both classes
was 5 with 81% of the native high marsh and 68%
of the Phragmites dominated marsh within this cat-
egory. The distributions of wildlife habitat and bio-
diversity index significantly differed when com-
paring the two classes with Chi-Square test X° (4,
n=1,012,738)=16,752, p<0.001. To capture this

variability in our analysis we examined the data by
5% quantiles to find where the habitats differed.
Native high marsh had a value of 3 and 4 for the
10% and 15% quantiles, respectively. While Phrag-
mites had values of 2 and 3 for those same quantiles.
Therefore, these values were utilized as our low and
medium values. While the GIS analysis indicated
both native high marsh and Phragmites would have
high values of 5 we adjusted the Phragmites high to
be a 4 based on the extensive literature documenta-
tion of Phragmites not being suitable habitat for cer-
tain priority species (Benoit and Askins 1999; Mei-
man et al. 2012; Wiest et al. 2018) (Figs. 1, 2 and 3).

Cost—benefit for Phragmites control

The cost of controlling Phragmites was estimated to
be $150 acre™! (~$370 ha™') for aerial application of
herbicides, $500 acre™! (~ $1240 ha™!) for hand appli-
cation of herbicides from personnel communication
with MD DNR staff. Total costs for successful con-
trol were estimated at $1000—$2000 acre™! ($2500-
$5000 ha™') with a median estimate of $3000 ha™".
Using our median ecosystem service value ($ yr™!)
control for Phragmites would not be cost effective. In
our calculations, we assume the site conditions will
produce similar results in the range of value for car-
bon and nitrogen benefits between the two communi-
ties. We estimate the maximum potential net benefit
for Phragmites control to be $761 ha™' yr~! based

10.000 ¢Native High

Marsh
¢ Phragmites

7,500

5,000

Value ($)

2,500 T

: '

Wildlife Habitat Total
Ecosystem Service

Carbon Nitrogen

Fig. 1 Range of Ecosystem Service Economic Value Esti-
mates, units are $ ha™! yr~!. The range represents low and high
value scenarios derived from the literature
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on the difference between the mid point estimates for
carbon and nitrogen and the difference between opti-
mal native high marsh habitat (index rank 5) and min-
imal value Phragmites marsh (Tables 1 and 2). This
is assumed to be an optimistic outcome for control;
prior research shows it is unlikely target native spe-
cies recover after control actions (Rohal et al. 2023).
This optimistic scenario coupled with high control
effort results in a negative or very slightly positive
net present value (NPV) over a 25 year time period
(Fig. 4), low effort and medium effort control exhibit
a positive NPV over the three presented discount
rates.

Discussion
This work finds that, on average, native high

marshes in the Chesapeake Bay provide a similar,
but slightly lower, ecosystem service value than

@ Springer

Phragmites marsh when measured through non-
market economic metrics. The specific services
of carbon sequestration are likely to be higher in
Phragmites dominated marshes and native high
marsh likely provides greater nitrogen removal
and wildlife habitat services. The range of val-
ues was found to be greater in native high marsh
than in Phragmites, to be expected given that we
included multiple different species assemblages in
the native high marsh category. The range of val-
ues is expected to vary geographically, and there are
likely areas of the Chesapeake Bay region where a
Phragmites marsh provides greater ecosystem ser-
vice value than native high marsh species. This
finding is particularly important in the Chesapeake
Bay region as Phragmites is considered to be the
primary invasive species of concern in coastal wet-
lands with land managers spending $4.6 million per
year across the United States (Martin and Blossey
2013) and the Maryland DNR spends thousands of
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Fig. 3 Comparison of Wildlife Habitat and Biodiversity Index (panel a) and occurrence of Phragmites australis (panel b) in the
Chesapeake Bay region

Table 1 Ecosystem Services, 1 ha native high marsh species

Unit Low esti- Median value  High estimate  Economic value, $ per Median Likely range
mate unit economic
value
Carbon sequestration Mt CO2¢ ha™! yr~! 1.4 5.11 7.7 $204 $1,042 $286-$1571
Nitrogen processing kg N, ha~! yr~! 95 120 261 $24 $2,880 $2280-6283
Wildlife habitat Index 1 2 3 5 is max index $1,905 1524-2286
value=$3811 ha™! yr™!
Total $5,827 $4090-10140

Table 2 Ecosystem Services, 1 ha Phragmites australis

Unit Low esti- Median value ~ High estimate ~ Economic value, $ per Median eco-  Likely range
mate unit nomic value
Carbon sequestration Mt CO2¢ ha™! yr! 7.33 14 22 $204 $2,856 $1495-4488
Nitrogen processing kg N, ha~' yr~! 81 108 114 $24 $2,592 $ 1944-2736
Wildlife habitat Index 1 1 2 5 is max index $762 $762-1524
value=$3811 ha~! yr™!
Total $6,210 $4,201- 8,748
dollars every year on management actions on state Management implications

lands and restoration projects.

The results of this study have implications for land
management decisions. The potential for ecosystem
service value to be higher for Phragmites than some

@ Springer
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Fig. 4 Net Present Value
Over 25 Years for the
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native high marsh, the cost associated with Phrag-
mites control and the uncertainty of long term suc-
cess of those control measures indicates that Phrag-
mites control actions are not likely to be optimal in
all situations, from an economic perspective. In cer-
tain cases the goals of the land management entity
will recommend controlling for Phragmites as a
general rule, regardless of the economic cost—bene-
fit (e.g. a wetland with known occurrence of certain
bird species), but in many other instances it would
be beneficial to apply these criteria to the decision
whether or not to recommend attempting Phrag-
mites removal. For instance, the Maryland DNR
currently requires controlling Phragmites on lands
under conservation easement, in some cases that
may not be consistent with the goals of the ease-
ment or feasible given the landscape context. Given
that the median value for Phragmites ecosystem ser-
vices was found to be higher than the median value
for native high marsh, this would indicate that con-
trolling for Phragmites would typically not provide
an economic benefit. In an area where the value of
wildlife habitat ranked the highest, controlling for
Phragmites does provide a net economic benefit
when analyzed over 25 years, if the management
effort required is low or medium. A situation requir-
ing high effort, repeating control every 5 years, did
not provide a net economic benefit unless there was
not a discount rate applied to the future costs and

@ Springer
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ecosystem service benefits. Future work is neces-
sary to apply these results by spatially analyzing
the factors contributing to the likely degree of effort
necessary for control and the areas of high priority
marsh to suggest areas where control should be pri-
oritized. Potentially influential site characteristics to
consider are elevation, extent Phagmites, salinity,
historic change, sea level rise, and wildlife habitat.

A spatial decision tool could help public and pri-
vate landowners in assessing whether or not control-
ling for Phragmites is 1) feasible given the level of
Phragmites abundance and urbanization in the water-
shed/adjacent shoreline and 2) likely to be a net eco-
system service benefit, considering habitat suitability
for target wildlife species. Adjusting governmental
policy around requiring Phragmites control only in
areas with optimal benefits to wildlife and with a rea-
sonable probability of success would allow limited
resources to be used more effectively.

Future work to better understand the response of
Phragmites in conjunction with other species, in the
context of the elevation continuum of the coastal
ecosystem, will likely be influential in best manage-
ment practices for these systems. As presented ear-
lier, Phragmites appears likely to be better equipped
to keep up with sea level rise than other marsh sys-
tems, but also may present an impediment to land-
ward migration of other marsh types. A better under-
standing of landscape level marsh vulnerability and
the potential for Phragmites to reduce or enhance it
would likely influence how land managers approach
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managing the Phragmites. A Phragmites marsh is
undoubtedly preferable to marsh loss, if that is a
binary choice given contemporary observations and
future projections of sea level rise.

Other ecosystem services

This study is not comprehensive in terms of assessing
all ecosystem services associated with coastal wet-
lands in the Chesapeake Bay region. The additional
ecosystem services discussed in the literature review
(other pollutant attenuation, marsh loss, and wave
attenuation/storm surge reduction) to those that were
quantified are likely to be greater for Phragmites, but
there is evidence that Phragmites may have some
harmful economic impacts. One study (Isley et al.
2017) found that Phragmites occurrence decreased
home values, and that there would be a significant
economic benefit from removing it from properties.
This benefit was associated with the improved view
of local water bodies. Anecdotal impacts reported
in the grey literature include Phragmites not being
preferential for hunting or recreational water craft
access due to its density impeding navigation, possi-
ble increased risk of wildfire due to its tendency to
retain aboveground biomass post-growing season,
possible risk of road hazards due to its large growth
form, and crop shading in agricultural fields, again
due to its large growth form. Robichaud and Rooney
(2017) found that Phragmites excludes many ground
nests for commercially important waterfowl. While
these impacts bear additional investigation, native
species of a similar growth form, such as Typha spp.
or Phragmites australis subsp. americanus, could cre-
ate the same or very similar issues as the non-native
Phragmites (Bellavance and Brisson 2010, Hirtreiter
et al. 2012).

Uncertainty

This study did not calculate the uncertainty associ-
ated with the ecosystem functions, GIS analysis, or
economic values presented here, but we acknowl-
edge that all elements presented here are uncertain,
and uncertainty would undoubtedly be significant if
calculated. That said, we believe the values presented
here to be representative of the current best state of
knowledge and useful to inform decision making.

Implications for other invasive species

While assessing ecosystem service costs and benefits
associated with invasive species and their control has
been suggested as a useful framework for informing
decision making (Courtois et al. 2018; Blaalid et al.
2021), it has been rarely applied. Phragmites is an
ideal case study for this approach because it has been
the subject of extensive scientific study, it has a cos-
mopolitan distribution, its perception as a great threat
to native species and ecological functioning, and the
failure of controlling its spread in the region, despite
a long history of attempts (Hazelton et al. 2014). A
similar approach could be taken in assessing spe-
cies such as the invasive plant Hydrilla verticillata
or mollusk Dreissena polymorpha in the freshwater
aquatic environment of much of the United States or,
what is essentially the inverse of this study, the inva-
sion of Spartina alterniflora into Phragmites marsh
that is being experienced in China (Nie 2023). Ide-
ally the subject of this type of analysis would be spe-
cies with abundant existing literature and a situation
where there are both positive and negative impacts of
the invasion that can be quantified and economically
valued.

Conclusion

Spread of invasive species is typically considered
to be a negative for ecosystem functioning, biodi-
versity, and people, a priori. This work shows that
objective analysis of ecosystem functioning and eco-
nomic value resulting from changes in that function
can be applied to an invasive species to help guide
decisions on how that invasive species should be
managed. Given these results a definitive conclusion
that can be applied to all cases cannot be made, but
we recommend that landscape factors and manage-
ment goals be considered when making these deci-
sions for marshes in the Chesapeake Bay Region. It
is clear that the invasive species Phragmites austra-
lis provides value to society and the ecosystem in the
Chesapeake Bay region; how that value is recognized
and incorporated into public perception and decision
making remains to be seen.
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