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Invasive species are a threat to biodiversity and can cause ecological degradation,

however, well-established invasive species may serve valuable ecological functions.

For example, in the Laurentian Great Lakes, where nutrient pollution is a major issue,

highly productive Phragmites australis (European Common Reed) may provide a nutrient

retention service. Yet there is a lack of research comparing carbon and macronutrient

stocks in P. australiswith resident plant communities, such as cattail andmeadowmarsh.

We quantified the effect of P. australis invasion on carbon and macronutrient standing

stocks in a freshwater coastal marsh by comparing the above- and belowground

biomass, tissue nutrient concentrations, and annual nutrient standing stocks in marsh

invaded by P. australis with cattail marsh (dominated by Typha spp.) and meadow marsh

(dominated by Calamagrostis canadensis), which are being displaced by P. australis

in Lake Erie coastal marsh. We conclude that the effect of P. australis invasion on

carbon and macronutrient standing stocks is dependent on the plant community being

replaced. The annual standing stock of carbon, nitrogen, phosphorus, and potassium

are consistent between cattail marsh and P. australis-invaded marsh, though cattail

marsh contains more magnesium (112% mean increase) and calcium (364% mean

increase). In contrast, when P. australis replaces meadow marsh, the standing stocks

of all measured nutrients and carbon increase significantly (103–188% mean increase).

Our study highlights that plant invasions may create trade-offs between ecosystem

services. In our case, the increase in nutrient standing stocks when P. australis invades

meadow marsh should be weighed against the documented reductions in biodiversity

and habitat value.

Keywords: Canada bluejoint, cattail marsh, common reed, exotic species, invasive species, meadow marsh,

nutrient retention, nutrient stocks

INTRODUCTION

Invasive species are considered a major threat to biodiversity and a driver of ecological degradation
(Zedler and Kercher, 2005; Simberloff, 2011). Recent research, however, has found evidence that
invasive species can provide ecological functions equal to or greater than those provided by native
species (Norkko et al., 2012; Bertness and Coverdale, 2013; Grutters et al., 2015) and may even lead
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to increased local and regional biodiversity (Sax and Gaines,
2003). Recognition of the potential for invasive species to provide
ecological functions has led to debate about whether conservation
objectives should include the eradication of all invasive species
(Schlaepfer et al., 2011, 2012; Vitule et al., 2012). It has been
proposed that the decision to control invasive species should be
made on a case-by-case basis through evaluation of the impact
of a given invasive species on ecological function (Hershner and
Havens, 2008; Hobbs et al., 2009; Davis et al., 2011).

Throughout North America, the invasive lineage of
Phragmites australis (hereafter P. australis) is increasing in
abundance and distribution (Catling and Mitrow, 2011).
For example, in Lake Erie coastal marsh, P. australis took
advantage of historically low lake levels during the 1990s
(Tulbure et al., 2007; Tulbure and Johnston, 2010) and increased
nutrient loading in the watershed (Croft and Chow-Fraser,
2007) to rapidly expand, primarily replacing cattail marsh
(dominated by Typha spp.) and rare “Graminoid Coastal
Meadow Marsh” (Imperiled [S2]; Ministry of Natural Resources
Forestry, 2018; dominated by Calamagrostis canadensis) (Wilcox
et al., 2003). These resident plant communities are naturally
stratified by water depth with cattail marsh in deeper water
(11–52 cm) and meadow marsh in shallower water (0–27 cm;
Supplementary Materials 1), indicating the relatively broader
niche of invasive P. australis.

Phragmites australis forms dense monocultures that replace
resident plant communities (Keller, 2000; Mal and Narine, 2004;
Tulbure et al., 2007) and can negatively affect wetland birds
(Robichaud and Rooney, 2017), amphibians (Greenberg and
Green, 2013), and turtles (Bolton and Brooks, 2010; Markle
et al., 2018). The stem density of P. australis typically increases
with age (Rooth et al., 2003), and while these negative effects
on wildlife are reported from dense, established P. australis
stands (e.g., 100 live stems m−2), some research suggests
that at lower densities P. australis can provide habitat value
(Meyer et al., 2010; Kiviat, 2013).

There is also evidence that P. australis invasion may affect
nutrient and carbon cycling (Rothman and Bouchard, 2007;
Windham and Ehrenfeld, 2013) as a result of high net primary
production (Windham, 2001; Rothman and Bouchard, 2007;
Duke et al., 2015), high rates of carbon assimilation (Farnsworth
and Meyerson, 2003; Tho et al., 2016) and high nitrogen
content in its foliar tissues (Findlay et al., 2002; Hirtreiter
and Potts, 2012). Indeed, in its native range, P. australis
is often used in constructed wetlands to remove nutrient
pollution (Gumbricht, 1993; Bhatia and Goyal, 2014), suggesting
it could provide an important water quality improvement
function where it has invaded. Yet, despite the importance of
carbon and macronutrients phosphorus, potassium, calcium,
and magnesium (Ehrenfeld, 2010), research on P. australis
invasion and its effects on nutrient stocks in freshwater coastal
marsh has primarily focused on nitrogen (but see Findlay
et al., 2002; Ouellet-Plamondon et al., 2004). In addition,
prior work has focused on differences between Typha spp.
and P. australis (e.g., Findlay et al., 2002; Farnsworth and
Meyerson, 2003; Hirtreiter and Potts, 2012), ignoring critically
imperiled meadow marsh, which differs markedly in vegetation

diversity and physical structure from stands of P. australis and
Typha spp.

Given that climate change and eutrophication are two
immense environmental threats facing Lake Erie (Watson et al.,
2016; Environment and Climate Change Canada and the U.S.
Environmental Protection Agency, 2017; Jarvie et al., 2017) the
capacity of a marsh plant, regardless of its origin, to take up and
store carbon andmacronutrients represents a critically important
ecosystem function. With the limited success (Lombard et al.,
2012; Quirion et al., 2018) and high costs (Martin and Blossey,
2013) of P. australis control in North America, quantifying
the ecosystem functions provided by P. australis should inform
decision makers considering whether to attempt its eradication.

We therefore sought to evaluate the influence of P. australis
invasion on carbon andmacronutrient standing stocks, including
nitrogen, phosphorus, calcium, magnesium, and potassium.
Further, we aimed to contrast this effect in areas where P.
australis is displacing cattail marsh with areas where meadow
marsh is being displaced. Thus, we compared standing crop
above- and belowground biomass, tissue nutrient concentrations,
and annual nutrient standing stocks in marsh invaded by
P. australis with marsh dominated by Typha spp. or by C.
canadensis (Canadian bluejoint grass). Because wetland plants
can carry out luxury consumption of nutrients (Gumbricht,
1993 and references therein), we contrasted the three vegetation
communities in two adjacent marshes, one with higher soil
nutrients than the other. Because emergent vegetation may
allocate more resources to aboveground biomass in deeper
water (Wetzel and van der Valk, 2005; Duke et al., 2015),
we also evaluated sites spanning a range in water depth. We
hypothesized that, due to the high net primary production,
foliar chlorophyll and nitrogen content of P. australis (Windham,
2001; Rothman and Bouchard, 2007; Duke et al., 2015), invaded
areas would support higher carbon and nutrient standing stocks
and tissue carbon and nutrient concentrations (Findlay et al.,
2002; Hirtreiter and Potts, 2012). We also hypothesized that
tissue concentrations and standing crop biomass would be
greater in areas with more plentiful soil nutrients. Lastly, we
hypothesized that standing crop biomass would be greater in
deeper water.

METHODS

Study Area
We conducted the study in freshwater coastal marshes within
the Long Point peninsula (42◦ 34′ N, 80◦ 24′ W), a 35 km long
sandspit formation located on the north shore of Lake Erie,
Ontario. We sampled in the Big Creek National Wildlife Area
and Long Point Provincial Park management units (Figure 1).
The Long Point peninsula constitutes more than 70% of the
remaining intact coastal marsh on the north shore of Lake
Erie (Ball et al., 2003) and is designated as a Ramsar wetland
and an UNESCO World Biosphere Reserve. Over the past 30
years, resident coastal marsh communities in this area have been
increasingly replaced by invasive P. australis (Wilcox et al., 2003;
Jung et al., 2017).

Frontiers in Environmental Science | www.frontiersin.org 2 July 2019 | Volume 7 | Article 112

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Yuckin and Rooney Phragmites Invasion Changes Nutrient Stocks

FIGURE 1 | Study location in the Big Creek National Wildlife Area (42◦ 35′ N, 80◦ 27′ W) and Long Point Provincial Park (42◦ 34′ N, 80◦ 22′ W) management units of

the Long Point peninsula. Circles are meadow marsh sites, squares are cattail marsh sites, and triangles are P. australis-invaded sites. Black symbols were sampled in

2017, white symbols were sampled in 2016.

Experimental Design
In 2016, we evaluated the influence of soil nutrient
conditions by comparing carbon and macronutrient
pools and tissue concentrations among three vegetation
community types (P. australis-invaded marsh, cattail marsh
and meadow marsh) between two regions of the Long Point
peninsula that have differing soil nutrient levels (Table 1,
Supplementary Materials 1). In this experiment, we measured
nutrient concentrations in plant tissues, as well as above and
belowground biomass from 15 sites in the Big Creek National
Wildlife Area (higher nutrient environment) and 15 sites in
the Long Point Provincial Park (lower nutrient environment;
Figure 1). The Big Creek National Wildlife Area is located in
a drainage basin that is 71.1% agricultural land cover (Essex
Region Conservation Authority, 2013) and receives substantial
amounts of phosphorus and nitrate from the Big Creek tributary;
phosphorus levels within the marsh were above the Provincial
Water Quality Objectives (>0.03 mg/L) although nitrate levels
were below the Canadian Environmental Quality Guidelines
(<2.93 mg/L; Essex Region Conservation Authority, 2013). In
contrast, Long Point Provincial Park, which is approximately

four kilometers away, is located on nutrient poor sand substrate.
Regardless of vegetation community type, sites in the Big Creek
National Wildlife Area consisted of taller, lower diversity plant
communities growing in deeper water than sites in the Long
Point Provincial Park (Table 1).

In 2017, we evaluated the influence of water depth
by comparing carbon and macronutrient pools and tissue
concentrations among the same three vegetation community
types spanning a gradient in lake water depth. In this experiment,
we measured plant tissue levels and plant biomass in 20 sites
in the Long Point Provincial Park (10 P. australis-invaded sites
and 10 uninvaded sites: 5 shallower meadow marsh sites and 5
deeper cattail marsh sites). The invaded and uninvaded sites were
selected to be paired by May water depth to span a common
gradient (14–56 cm). Note we also measured water depth at each
site in July because seasonal water depth changes could differ
among vegetation community types.

In both experiments, we selected a focal species to represent
each community to characterize nutrient stocks in the three
vegetation community types. These focal species were P. australis,
C. canadensis, and Typha spp. for the P. australis-invaded,

Frontiers in Environmental Science | www.frontiersin.org 3 July 2019 | Volume 7 | Article 112

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Yuckin and Rooney Phragmites Invasion Changes Nutrient Stocks

TABLE 1 | Average site characteristics of meadow, cattail, and P. australis-invaded marsh, based on measurements from three quadrats per site.

Site characteristic Plant

community

type

#Sites July water depth (cm) Canopy height (cm) Living (stems/m2) Living (% cover) Species richness

2016 Big Creek

National Wildlife Area

Meadow 5 20.5 (±6.0) 178 (±13) 837 (±165) 81 (±8) 3.2 (±5.7)

Cattail 5 15.5 (±3.0) 276 (±30) 47 (±6) 74 (±10) 3.0 (±2.1)

P. australis 5 20.5 (±2.0) 409 (±29) 59 (±18) 81 (±6) 2.6 (±2.2)

2016 Long Point

Provincial Park

Meadow 5 2.5 (±3.5) 101 (±16) 802 (±284) 65 (±3) 14.4 (±1.1)

Cattail 5 14.5 (±3.5) 265 (±7) 71 (±45) 70 (±7) 3.4 (±1.0)

P. australis 5 15.5 (±9.0) 319 (±27) 125 (±53) 78 (±7) 5.8 (±1.8)

2017 Long Point

Provincial Park

Meadow 5 17.5 (±7.0) 102 (±26) 776 (±160) 59 (±14) 11.4 (±4.4)

Cattail 5 41.0 (±8.5) 266 (±14) 83 (±66) 63 (±9) 3.0 (±1.9)

P. australis 10 36.0 (±10.5) 350 (±48) 91 (±48) 80 (±9) 3.7 (±2.5)

Sites sampled in 2016 contrasted a higher (Big Creek National Wildlife Area) and lower nutrient environment (Long Point Provincial Park). Sites sampled in 2017 captured a water depth

gradient in the lower nutrient environment. Standard deviation in brackets.

meadow marsh and cattail marsh communities, respectively.
This approach is justified by the low evenness of these
communities, wherein 50% or more of total plant cover comes
from the selected focal species (Figure 2). Notably, evenness
in meadow marsh in the Big Creek National Wildlife Area
was lower than in meadow marsh from the Long Point
Provincial Park, with the C. canadensis comprising 80% or
more of total plant cover in Big Creek vs. 59–65% in Long
Point (Table 1).

Typha latifolia, Typha angustifolia, and Typha × glauca are
known to occur in the Long Point area (Freeland et al., 2013), but
due to hybridization and extensive back-crossing with parental
species, they are not reliably separable in the field (Kirk et al.,
2011). Based on morphological characteristics and growth form
(Swearingen et al., 2012), we determined that the P. australis in
our study was all the non-native European lineage rather than the
native North American lineage. This assessment was supported
by prior genetics work in our study area, which concluded that
90% of the P. australis stands tested were the non-native lineage
(Wilcox et al., 2003).

Measuring Biomass and Leaf:Shoot
Mass Ratios
To standardize the vegetation sampling time, we sampled
above and belowground biomass during the period of peak
seasonal aboveground biomass. Because this can vary year
to year, we established the timing of peak aboveground
biomass in 2016 and 2017 independently. To determine the
timing of peak aboveground biomass we clipped all live
rametes from three replicate 0.25 m2 quadrats in meadow,
cattail and P. australis-invaded sites every 10 days during
the growing season. Clipped tissues were air dried for 48 h
and then weighed. Biomass plateaued around 16 August in
2016 and 22 July in 2017. At this time, we carried out
extensive sampling of aboveground and belowground standing
crop biomass.

Because all three focal species are rhizomatous perennials,
we employed a modified soil ingrowth method (Neill, 1992) to

restrict belowground biomass collection to the current season’s
growth.We removed soil cores (11.3 cm deep by 4.8 cm diameter)
and replaced them with an artificial growth medium at each
sampling location (Figure 1). This depth was selected to capture
the peak rooting depth for each of the vegetation communities,
though it likely did not capture all root and rhizome growth.
Belowground biomass measurements in our study thus reflect
the annual belowground biomass production within the upper
11.3 cm of soil.

In 2016, to compare the higher (Big Creek) and lower (Long
Point Provincial Park) nutrient environments, we installed 5
replicate cores made of a mixture of sand and peat in early May at
each site and retrieved them during peak aboveground biomass
(August 16–19) for a 91–99 day incubation period. We then
removed all roots, rhizomes, and shoots (live and dead) from the
cores and oven dried them at 100◦C for 48 h before weighing
them to the nearest 0.01 g (Advanced Balance PB602-S, Mettler
Toledo, ON, Canada).

In 2017 to evaluate the influence of water depth, we installed
7 replicate cores made of vermiculite at each sample site in
Long Point Provincial Park, and then retrieved them during peak
aboveground biomass (July 22–25) for a 60–65 day incubation
period. This shorter incubation period was due to earlier onset
of peak aboveground biomass in 2017. As in 2016, we removed,
dried and weighed all roots, rhizomes, and shoots from the
cores, but due to oven availability, the drying temperature in
2017 was reduced to 80◦C. Though the 2 years were not directly
compared, we note that the differences in incubation period
and drying oven temperature did not result in a significant
difference in belowground biomass when we compared Long
Point Provincial Park samples collected in 2016 with those from
2017 (Tables S2a,b).

We measured the aboveground biomass from each vegetation
community type following the same schedule as ingrowth core
retrieval. At each site (Figure 1), we randomly deployed three
0.25 m2 quadrats and harvested all aboveground living tissues by
clipping vegetation just above the sediment (including all plant
species in a quadrat, not simply the focal species). We then dried
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FIGURE 2 | Comparison of mean total living plant cover and mean cover of the dominant focal species (C. canadensis, Typha spp., and P. australis, in meadow

marsh, cattail marsh, and P. australis invaded marsh, respectively) in a higher nutrient (Big Creek) and lower nutrient (Long Point) environment. Bars from July 2016

average across five sites per nutrient environment, whereas sampling in 2017 in the Long Point Provincial Park covered a common gradient in water depth between

resident communities [meadow (n = 5) and cattail (n = 5)] and P. australis invaded marsh (n = 10). Standard error bars shown.

and weighed all aboveground tissues following the same protocol
as for belowground tissues.

In addition, in 2017, we determined the mass ratio of leaf
tissues to stem tissues for the focal species at each sample site.
Deploying a fourth 0.25 m2 quadrat randomly at each site, we
harvested all the P. australis rametes from P. australis invaded
sites, the Typha spp. rametes from cattail marsh sites, and the C.
canadensis rametes frommeadowmarsh sites. We then separated
the leaf and shoot tissues and dried these for 48 h at 80◦C
before weighing them to the nearest 0.01 g (Advanced Balance
PB602-S, Mettler Toledo, ON, Canada). From the resulting
data, we calculated the average leaf to stem mass ratio for each
focal species.

Plant and Soil Nutrients
In August 2017, we revisited the 2016 sample sites that had
the highest, median, and lowest total biomass from each plant
community in Big Creek and Long Point (n = 18) and collected
soil samples using a 11.3 cm deep corer. We dried the samples
at 35◦C for 1 week, and then sieved samples through a 2mm
screen to remove roots. We sent the sieved soil samples to
the Agriculture and Food analytical services laboratory at the
University of Guelph for determination of total nitrogen, total
carbon, and plant available phosphorus, potassium, magnesium
and calcium. Total nitrogen and carbon were measured using
thermal conductivity detection, plant available phosphorus was
extracted using sodium bicarbonate (Reid, 1998), and the other
nutrients were extracted using ammonium acetate prior to
measurement withmass spectrometry (Simard, 1993; Agriculture
and Food Laboratory University of Guelph, 2017).

In July 2016, during peak aboveground biomass, we collected
leaf, stem, and below ground tissues from our focal species
in ten sites from each of the meadow marsh, cattail marsh,

and P. australis-invaded marsh communities in Big Creek
and Long Point Provincial Park. We oven-dried the tissues at
100◦C for 48 h, homogenized and then submitted them to the
Agriculture and Food Laboratory at the University of Guelph
for measurement of total nitrogen and carbon (% dry weight),
using thermal conductivity detection (Reid, 1998) and total
phosphorus, potassium, magnesium and calcium (% dry weight),
using mass spectrometry.

Nutrient Standing Stocks
Using the carbon and macronutrient concentrations for different
tissue types, we estimated annual nutrient standing stocks (in
g m−2) characteristic of the P. australis-invaded, cattail, and
meadow marsh community types. To achieve this, we multiplied
tissue nutrient concentrations (% dry weight) by the above and
belowground biomass weights of the total community (g m−2

dry weight) and the leaf: stem and root: shoot mass ratios for
the focal species. Note that this approach assumes all the plant
biomass in a community has the same tissue nutrient levels
and tissue mass ratios as the focal species. The validity of this
assumption is greater for cattail marsh and P. australis-invaded
marsh than for meadow marsh in Long Point Provincial Park
(Figure 2). As a sensitivity analysis, we also estimated nutrient
standing stocks (g m−2) of only the focal species in their
respective communities, excluding biomass attributable to other
co-occurring species. Based on this comparison, the assumption
that all biomass in our samples came from the focal species did
not sway our conclusions.

Statistical Analysis
To test for differences in aboveground biomass, belowground
biomass, total biomass, and root: shoot mass ratios among P.
australis-invaded, emergent cattail and meadow marsh habitats,
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we used general linear models. All the model forms we tested are
defined in Table 2. To meet normality assumptions, we square-
root transformed belowground biomass (g m−2) and root: shoot
ratio, and log-transformed magnesium (g m−2) and calcium (g
m−2). All general linear models were calculated using the “lm”
function from the “stats” package (R Core Team, 2016). Even
if interaction terms were non-significant, we retained them in
our final models if the model itself had a good fit. To determine
the best fit for the 2017 biomass response variable, we used
the “AICc” function in the “MuMIn” package (Barton, 2018).
Significant differences in response variable among treatments
were determined at p< 0.05, and we performed all statistical tests
using R Studio (R Core Team, 2016). We interpreted the model
fit to be strong at the arbitrary threshold where R2 ≥ 0.6.

To test for the effect of soil nutrient availability on
any differences in these response variables among vegetation
community types, we used the 2016 samples to cross vegetation
community type with soil nutrient level, comparing the high
nutrient (Big Creek NWA) and low nutrient (Long Point
Provincial Park) environments and included their interaction
(Table 3).

To test for an effect of water depth on any differences in
these response variables among vegetation community types,
we used the 2017 samples from Long Point Provincial Park
to include water depth as a covariate (Table 4). Because the
water depths measured at each site in May differed from the
July measurements, we tested general linear models for each
response variable using both measurement dates and selected the
measurement date generating the lowest Akaike’s Information
Criterion (corrected for small sample size) as our final model.

Next, we used a general linear model to test whether soil
nutrients differed significantly between the Big Creek NWA and
the Long Point Provincial Park, combining the three vegetation

TABLE 2 | General linear model fit tests for 2016 and 2017 biomass response

variables (g m−2 aboveground, belowground, total biomass, root: shoot), soil

nutrient concentration (total carbon, total nitrogen and plant available phosphorus,

potassium, magnesium, and calcium), tissue carbon and macronutrient

concentrations (% dry weight of carbon, nitrogen, phosphorus, potassium,

magnesium, and calcium), and carbon and macronutrient standing stock (g m−2

of carbon, nitrogen, phosphorus, potassium, magnesium, and calcium).

Response

variable

Model

2016 Biomass y = β0 + β1 plant community + β2 nutrient environment

+ β3 (plant community * nutrient environment)

2017 Biomass y = β0 + β1 plant community + β2 water depth gradient

+ β3 (plant community * water depth gradient).

Soil nutrient

concentration

y = β0 + β1 plant community + β2 nutrient environment

+ β3 (plant community * nutrient environment)

Tissue nutrient

concentration

y = β0 + β1 plant species+ β2 tissue type + β3 (plant

species * tissue type)

Nutrient

standing stock

y = β0 + β1 plant community

Plant community type refers to meadow, cattail and P. australis-invaded marsh. Nutrient

environment refers to high nutrient (Big Creek National Wildlife Area) or low nutrient (Long

Point Provincial Park). Plant species refers to C. canadensis, Typha spp., or P. australis.

Tissue type refers to belowground, stems, or leaves.

community types (Table 2). We also used general linear models
to test whether differences in nutrient concentrations (% dry
weight) among focal species (P. australis, Typha spp., and C.
canadensis), plant tissue types (leaf, stem, and belowground
tissue), and their interaction were significant (Table 2). Similarly,
we used general linear models to test whether nutrient
standing stocks (g m−2) differed among vegetation communities
(meadow, cattail, and P. australis-invaded; Table 2).

RESULTS

Biomass
The models predicting biomass measurements based on
plant community (meadow, cattail and P. australis-invaded),
nutrient environment (low and high) and their interaction
provided a statistically significant fit (Table 3). There was
no significant interaction between the effect of nutrient
environment and plant community on any biomass response
variable (Supplementary Materials 2). The higher nutrient
environment produced significantly greater aboveground

TABLE 3 | Results of general linear model fit tests for the response variables

aboveground, belowground, and total live biomass, as well as root:shoot ratio.

Response variable F-test (d.f.) p-value R2

Aboveground biomass 23.340 (5, 24) <0.001 0.829

SQRT (Belowground biomass) 4.252 (5, 24) 0.007 0.470

Total live biomass 15.200 (5, 24) <0.001 0.760

SQRT (Root:shoot) 6.017 (5, 24) 0.001 0.556

The general model form is y = β0 + β1 plant community + β2 nutrient environment +

β3 (plant community *nutrient environment), wherein plant community refers to meadow

marsh (n = 10), emergent cattail (n = 10) or P. australis-invaded marsh (n = 10), and

nutrient environment refers to the Big Creek National Wildlife Area (higher nutrients)

or the Long Point Provincial Park (lower nutrients). Belowground biomass and root to

shoot ratio were square-root transformed to meet the assumption of normality (see

Supplementary Materials 2 for more details).

TABLE 4 | Results of general linear model fit tests for biomass response variables,

as predicted by y = β0 + β1 plant community + β2 water depth gradient + β3

(plant community * water depth gradient).

Response

variable

Water

measurement

F-test (d.f.) p-value R2

Aboveground

biomass

July 5.250 (5, 14) 0.006 0.652

SQRT

(Belowground

biomass)

May 10.080 (5, 14) <0.001 0.783

Total live

biomass

July 5.770 (5, 14) 0.004 0.673

SQRT

(Root:shoot)

May 4.190 (5, 14) 0.015 0.599

Plant community refers to meadow marsh (n = 5), emergent cattail (n = 5), or P.

australis-invaded marsh (n= 10). Water depth measurement date (May or July 2017) was

determined from the glm producing the lower AICc value (Supplementary Materials 2).

Belowground biomass and root: shoot were square root transformed to meet the

assumption of normality. See Supplementary Materials 2 for detailed results and

AICc values.
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and total biomass, though nutrient environment evidenced
no significant effect on belowground biomass or root:shoot
ratio (Tables S2a–f). Regardless of the nutrient environment,
aboveground and total biomass were greatest in P. australis-
invaded communities, intermediate in cattail marsh, and lowest
in meadow marsh (Figure 3). Differences in belowground
biomass and root:shoot ratio among plant communities were
not statistically significant (Tables S2d,f), though cattail marsh
produced more belowground biomass on average than the other
two communities (Figure 3).

The models predicting biomass response variables based on
plant community type (meadow, cattail and P. australis invaded),
water depth, and their interaction all provided a reasonable fit
with R2 ≥ 0.6 (Table 4). Interestingly, both aboveground and
total biomass were best predicted by July 2017 water depth
measurements, tending to increase with water depth, whereas the
model fit for belowground biomass and root:shoot ratio was best
using May 2017 water depths (Tables S2g–n). Both belowground
biomass and root:shoot ratio evidenced a significant interaction
effect for cattail marsh (Tables S2i–j,m,n). In water depths above
40 cm, cattail had significantly greater belowground biomass than
P. australis invaded sites (Figure S3a), while meadow sites had
the lowest belowground biomass at all water depths. Similarly,
the root:shoot ratio of cattail sites was greater than the root:shoot
of P. australis invaded sites at water depths >40 cm.

Given that P. australis invaded and resident plant community
plots established in May 2017 were intentionally paired by
water depth, it is not surprising that average May water depths
were similar (36 cm ± 12 SD in P. australis-invaded, 37 cm ±

11 SD in resident plant communities; Figure S1a). Yet, when
remeasured in July 2017, the average water depth of resident

FIGURE 3 | Stacked bar graph indicating annual production as total live

biomass, partitioned into aboveground (solid bars) and belowground (stripped

bars) components. Bars contrast meadow marsh (green), cattail (blue) and P.

australis-invaded plant communities (purple) in a higher nutrient (Big Creek

NWA 2016) and lower nutrient (Long Point Provincial Park 2016) environment.

Bars from Long Point Provincial Park 2017 average across a water depth

gradient (14–56 cm water depth). Standard error bars shown. Note that

belowground biomass is one growing season’s production within the upper

11.3 cm of soil.

plant community sites had decreased to an average 29 cm (± 14
SD), whereas the average water depth for P. australis-invaded
sites was unchanged from May values (36 cm ± 11 SD in July;
Table S1a; Figure S1a).

Plant Morphology
Overall, there was little difference in leaf:stem ratio between P.
australis (0.36 ± 0.10 SD) and C. canadensis (0.33 ± 0.08 SD).
Typha spp., however, had a much higher leaf:stem ratio (0.90 ±

0.33 SD).

Soil and Plant Tissue
Nutrient Concentrations
The models predicting soil carbon and macronutrient levels
based on plant community (meadow, cattail and P. australis-
invaded), the nutrient environment (low and high), and their
interaction all provided a good fit with R2 ≥ 0.7 (Table 5).
There were no significant interactions between the influence
of wetland and plant community on any of the measured soil
carbon and macronutrients (Supplementary Materials 2). All
measured soil carbon and macronutrients, except potassium,
were significantly higher in Big Creek NWA than in Long
Point Provincial Park, regardless of plant community
(Supplementary Materials 2). Averaging the two nutrient
environments, for the most part we detected no significant
difference in soil carbon or macronutrients among the plant
community types (Supplementary Materials 2), although
meadow marsh in the Long Point Provincial Park generally had
the lowest levels (Supplementary Materials 4). Plant available
calcium was an exception, being significantly higher in the soil
collected from cattail marsh than meadow marsh in Long Point
Provincial Park (Supplementary Materials 4).

The models predicting plant tissue carbon and macronutrient
concentrations based on plant species (C. canadensis, Typha
spp., or P. australis), tissue type (leave, stem, or roots and
rhizomes) and their interaction provided a strong fit (R2 ≥

0.8) for all macronutrients but not for total carbon (Table 6).
This model also failed to predict nitrogen to phosphorus
ratios (Table 6).

TABLE 5 | Results of general linear model fit tests for soil nutrient content in the

higher nutrient Big Creek National Wildlife Area and the lower nutrient Long Point

Provincial Park sites.

Soil carbon or macronutrient F-test (d.f.) p-value R2

Total Nitrogen 11.370 (5, 12) <0.001 0.826

Carbon 9.490 (5, 12) <0.001 0.798

Plant available Phosphorus 7.943 (5, 12) 0.002 0.768

Potassium 5.866 (5, 12) 0.006 0.710

Magnesium 11.920 (5, 12) <0.001 0.832

Calcium 10.090 (5, 12) <0.001 0.808

The general model form is predicted soil carbon and macronutrient concentration =

β0 + β1 plant community + β2 nutrient environment + β3 (plant community *nutrient

environment). Plant community refers to meadow marsh (n = 6), emergent cattail

(n = 6), or P. australis-invaded marsh (n = 6) (see Supplementary Materials 2 for

detailed results).
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Generally, phosphorus, potassium and magnesium in plant
tissues exhibited no interaction between plant species and
tissue type (Supplementary Materials 2). These were lowest
in the stem tissues and higher in the leaf and belowground
tissues (Figure 4). Specifically, leaf tissue contained significantly
higher phosphorus and potassium, while belowground tissues
had significantly higher magnesium. In addition, phosphorus
and potassium concentrations differed among plant species
(Supplementary Materials 2). Phosphorus and potassium levels
in plant tissues also differed among species: P. australis tissues
contained significantly more phosphorus and potassium than C.
canadensis and significantly more potassium than Typha spp.
(Figure 4, Supplementary Materials 2).

Trends with carbon, nitrogen and calciumweremore complex
as they exhibited significant interactions between plant species
and tissue type (Supplementary Materials 2). For example,
Typha spp. contained significantly more carbon in its roots and
rhizomes than its leaves, whereas the other species did not exhibit
differences in carbon content among tissues (Figure 4). Nitrogen
wasmuch higher in P. australis leaf tissue than inC. canadensis or
Typha spp. leaves, but there were no differences in the nitrogen
concentration of stems and belowground tissue among species
(Figure 4). Calcium concentrations in Typha spp. stem tissue was
much higher than in C. canadensis or P. australis, but similar
calcium concentrations were present in P. australis and Typha
spp. foliar tissue and C. canadensis and Typha spp. belowground
tissue (Figure 4).

Nutrient Standing Stocks
The models predicting annual nutrient standing stock (g
m−2) for carbon and the five macronutrients based on plant
community type (meadow, cattail, or P. australis-invaded marsh)
provided a statistically significant fit (Table 6). Overall, the stocks
of carbon, nitrogen, phosphorus and potassium were lower in
meadow marsh, but were equivalent in P. australis-invaded and
emergent cattail (Figure 5, Supplementary Materials 2). Stocks
of calcium and magnesium were also lowest in meadow marsh
but were lower in P. australis-invadedmarsh than in cattail marsh
(Figure 5). We compared analyses wherein carbon and nutrient
standing stocks were estimated by assuming that all species in
the plot were the focal species with estimates considering only
the fraction of total biomass attributable to the focal species itself
(estimates in Supplementary Materials 5), but the model results
were unchanged.

DISCUSSION

Invasive species may provide valuable ecological services in
invaded ecosystems (Kopf et al., 2017). In the Great Lakes, where
nearshore eutrophication and climate change are two of the most
pressing environmental threats, a wetland plant that enhances
carbon and other macronutrient assimilation could be an asset,
even if it is non-native in origin. Decisions about P. australis
control should weigh the ecological costs and benefits of invasion
(Hershner and Havens, 2008; Hobbs et al., 2009; Davis et al.,
2011), but a lack of research comparing nutrient pools and
fluxes in habitat invaded by P. australis with those in the cattail

TABLE 6 | General linear model fit test results for carbon and macronutrients in

plant tissue and estimated standing stocks.

Carbon or Macronutrient Units F-test (d.f.) p-value R2

Tissue carbon % dry weight 2.288 (8, 21) 0.062 0.466

Tissue nitrogen 51.480 (8, 21) <0.001 0.952

Tissue carbon:nitrogen 32.020 (8, 21) <0.001 0.924

Tissue phosphorus 10.380 (8, 21) <0.001 0.798

Tissue nitrogen:phosphorus 1.381 (8, 21) 0.261 0.345

Tissue potassium 16.240 (8, 21) <0.001 0.861

Tissue magnesium 13.490 (8, 21) <0.001 0.837

Tissue calcium 112.500 (8, 21) <0.001 0.977

Standing stock carbon g m−2 16.450 (2, 47) <0.001 0.412

Standing stock nitroge 14.840 (2, 47) <0.001 0.387

Standing stock phosphorus 14.330 (2, 47) <0.001 0.379

Standing stock potassium 29.760 (2, 47) <0.001 0.559

Log10 (Standing stock

magnesium)

35.760 (2, 47) <0.001 0.604

Log10 (Standing stock

calcium)

150.000 (2, 47) <0.001 0.865

The general model form for plant tissue nutrient concentration (% dry weight) is y = β0

+ β1 plant species + β2 tissue type + β3 (plant species *tissue type). Tissue types were

leaf, stem or belowground tissues. Plant species were either C. canadensis, Typha spp.,

or P. australis. The general model form for carbon and macronutrient standing stocks (g

m−2) is y= β0 + β1 plant community. Plant community refers to meadow marsh (n= 15),

cattail marsh (n = 15), or P. australis-invaded marsh (n = 20). Standing stocks (g m−2)

of magnesium and calcium were log-transformed to meet the normality assumption (see

Supplementary Materials 2 for detailed results).

and meadow marsh that P. australis is replacing prevents such
calculations. Our research addressed this gap, comparing annual
plant production (above and belowground) and carbon and
nutrient standing stocks in P. australis invadedmarsh with values
typical of the marsh types P. australis is replacing. Importantly,
we also examined the effects of environmental conditions like
nutrient availability and water depth, which can influence plant
production and nutrient assimilation.

Outcome of Invasion Contingent on
Community Being Replaced
Our most important result is arguably that when rare meadow
marsh is replaced by P. australis, we see a major increase
in plant biomass, carbon and macronutrient standing stocks.
Yet, when P. australis replaces cattail marsh, little change in
biomass, carbon or nutrient standing stocks takes place, despite
significantly higher nitrogen and marginally higher phosphorus
and potassium in P. australis leaves than in Typha spp. leaves.
Indeed, the only significant difference in standing stocks between
cattail marsh and P. australis-invadedmarsh was that P. australis-
invaded marsh had lower calcium and magnesium stocks. Our
research thus emphasizes that the magnitude and direction of
change in carbon and macronutrient standing stocks caused by
plant invasion is contingent on the vegetation community that
is being replaced. Phragmites australis invasion cannot simply be
assumed to increase carbon and macronutrient assimilation in
invaded coastal marsh, even on the basis of differences in tissue
carbon and macronutrient concentrations.
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FIGURE 4 | Carbon and nutrients (% dry-weight) in C. canadensis, Typha spp., and P. australis leaves, stems, and belowground tissues (called “Root” in plots for

simplicity). Samples collected from meadow (n = 5/wetland), cattail (n = 5/wetland) and P. australis-invaded marsh (n = 5/wetland) in the Big Creek National Wildlife

Area (n = 15) and the Long Point Provincial Park (n = 15) in August 2016. Note that this averages tissues from a relatively high nutrient environment (Big Creek) with

tissues from a relatively low nutrient environment (Long Point). Error bars represent standard error. Letters above bars indicate significant differences in nutrient content

between plant species and tissue type at p < 0.05 (Supplementary Materials 2).

To our knowledge, no other field studies have compared C.
canadensis carbon and macronutrient concentrations to Typha
spp. or P. australis tissues, nor carbon and macronutrient stocks
in meadow, with those in cattail and P. australis-invaded marsh.
A study by Kao et al. (2003) established that C. canadensis had
a low ability to assimilate nitrogen and phosphorus pollutants
compared to other wetland macrophytes (∼7 g m−2 N, ∼1 g
m−2 P), suggeting that nutrient stocks may increase following
P. australis invasion of C. canadensis dominated meadow marsh.
Based on equivalent concentrations of carbon, phosphorus, and
potassium in the tissues of C. canadensis and those of Typha

spp. and P. australismeasured in our study, this inferior nutrient
assimilation is likely attributable to lower standing crop biomass
in meadow marsh. Indeed, the aboveground biomass in meadow
marsh reported in our study is similar to that reported in a
greenhouse experiment (1,057 ± 12 g/m2; Ouellet-Plamondon
et al., 2004), and lies well below the standing crop biomass values
for cattail marsh and P. australis-invaded marsh.

Our conclusion that P. australis invasion in cattail marsh
does not increase nutrient stocks conflicts with some published
studies. For example, Findlay et al. (2002) reported that P.
australis retained almost two times more nitrogen than Typha
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FIGURE 5 | Estimated annual carbon and nutrient standing stocks in the three plant community types broken down by tissue type. The values combine 2016

samples from the Big Creek National Wildlife Area (n = 5 each from meadow, cattail, and P. australis-invaded marsh) and the Long Point Provincial Park (n = 5 each

from meadow, cattail, and P. australis-invaded marsh) with the 2017 samples from Long Point Provincial Park (n = 5 meadow, n = 5 cattail, and n = 10 P. australis

invaded sites). Error bars reflect standard error in total nutrient standing stock, summed from all tissues. Letters above bars indicate significant differences among

plant community types at p < 0.05 (Supplementary Materials 2).

angustifolia in living aboveground biomass (Findlay et al., 2002).
They concluded that P. australis had both a higher nitrogen
tissue concentration and 50% more biomass production than
T. angustifolia (Findlay et al., 2002). The discrepancy between
Findlay et al. (2002)’s results and ours is likely due to a focus
on different species of Typha. The Typha spp. dominating
cattail marsh in our study could not be identified to species
by their morphology and most likely comprised the hybrid

Typha × glauca with varying degrees of backcrossing to parental
T. angustifolia and T. latifolia (Freeland et al., 2013). Typha
× glauca, like P. australis, is a highly productive, tall, clonal,
non-native monocot that forms monocultures and can have
a negative impact on native species diversity (Larkin et al.,
2012). Consequently, the difference in nutrient assimilation by
P. australis and cattail marsh reported by other authors might
occur in study areas where T. angustifolia or T. latifolia are
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more common or when only foliar nitrogen stocks are examined
(Findlay et al., 2002; Farnsworth and Meyerson, 2003; Hirtreiter
and Potts, 2012).

Yet our conclusion regarding P. australis invasion of
cattail marsh agrees with some recent field studies in the
Great Lakes region (Rothman and Bouchard, 2007; Duke
et al., 2015), potentially because the Typha spp. in these
studies likely also included Typha × glauca. These studies
reported wide ranges in aboveground biomass values that were
similar to our observations (cattail: 1,661–2,930 g/m2 and P.
australis-invaded: 1,522–3,378 g/m2; Rothman and Bouchard,
2007; Duke et al., 2015). This variation in aboveground
biomass may be due to differences in water or nutrient
regimes, which is why we repeated our comparisons in higher
and lower nutrient environments as well as along a water
depth gradient.

Outcome of Invasion Depends on Nutrient
Environment and Water Depth
Invasive P. australis has been noted to allocate more resources
to aboveground biomass in high nitrogen environments, which
is believed to facilitate its spread in disturbed environments
(Minchinton and Bertness, 2003). Such a response could
contribute to its nutrient retention service: higher loading
would trigger higher uptake, a desirable property. However,
we observed that all focal species exhibited lower root:shoot
ratios and higher biomass and nutrient tissue concentrations
in the more nutrient rich Big Creek compared to the lower
nutrient Long Point Provincial Park. This agrees with widespread
studies concluding that increasing nutrient loads led to increased
total biomass of vegetation, foliar nitrogen and phosphorus,
and decreased root: shoot ratios (e.g., Powelson and Lieffers,
1992; Kvet et al., 2008; Rong et al., 2014; Caplan et al., 2015;
Graham and Mendelssohn, 2016; Li et al., 2016). In fact,
the largest difference in annual production between nutrient
environments was observed in meadow marsh, not P. australis
invadedmarsh. Consequently, any nutrient retention benefit of P.
australis invasion of meadow marsh would be minimized under
high nutrient loading environments, which are the conditions
under which increased nutrient stocks would be desirable. The
difference in nutrient tissue concentrations between higher and
lower nutrient environments could be due to either nutrient
limitation in Long Point Provincial Park or luxury consumption
in Big Creek NWA (e.g., Gumbricht, 1993). Regardless of
mechanism, clearly nutrient loading will influence the degree to
which P. australis invasion alters carbon andmacronutrient pools
in coastal marsh.

Water depthmay also influence plant production and resource
allocation to different tissue types, with consequences for
carbon and macronutrient standing stocks. Depending on the
plant species, standing crop biomass may increase, decrease
or not change with water depth (e.g., Fraser and Karnezis,
2005; Miller and Zedler, 2013; Middleton et al., 2015). In a
greenhouse experiment, Wetzel and van der Valk (2005) reported
higher C. canadensis aboveground biomass in flooded conditions
compared to well-watered and dry conditions, leading to our

prediction that standing crop biomass for our focal species would
increase with water depth. The response of P. australis biomass
to water depth has been reviewed by Engloner (2009) who
reported inconsistency that might be attributable to differences
in water depth stability. In our study, the total biomass of P.
australis and C. canadensis both increased with water depth,
though a natural community turnover takes places between 30
and 40 cm of standing water (May measurements), where higher
biomass cattail marsh replaces lower biomass meadow marsh.
The relationship between cattail marsh standing crop biomass
and water depth in our study is less clear, with aboveground
biomass decreasing with water depth and belowground biomass
increasing. In contrast, Duke et al. (2015) reported that Typha
spp. aboveground biomass was positively related to water depth
in a Great Lakes wetland. Our results also differ from previous
studies that did not find a difference in belowground biomass
between cattail and P. australis-invaded communities (Ouellet-
Plamondon et al., 2004; Rothman and Bouchard, 2007). A
major difference between our study and others examining below
ground biomass in P. australis-invaded marhes (e.g., Farnsworth
and Meyerson, 2003; Rothman and Bouchard, 2007) is that we
used the in-growth core technique because our interest was
in annual standing stocks, whereas other field studies typically
used traditional soil core methods to measure total belowground
standing crop biomass. Our approach would exclude any
roots and rhizomes produced during previous seasons, and
consequently yields lower estimates of belowground biomass
than many other studies (e.g., Farnsworth and Meyerson, 2003;
Ouellet-Plamondon et al., 2004; Rothman and Bouchard, 2007).

The mechanism driving the relationships between plant
production and water depth are uncertain. Some studies suggest
that differences in biomass allocation above or belowground
may occur because of increased oxygen demands in rooting
systems, greater availability of some nutrients in saturated soil,
or higher nutrient uptake within the roots due to increased
root length: root mass ratios (Rubio et al., 1995; Rubio and
Lavado, 1999). It is also possible that plants may grow taller
in deeper water to increase structural support or to access
light. Regardless, we recommend that future studies examining
nutrient stocks of wetland plants consider nutrient availability
and water depths explicitly, as the total biomass production
and allocation among tissues types is contingent on these
two factors.

Less Well-Studied Nutrients: Calcium
and Magnesium
A novel contribution of our work is that we considered elements
beyond the commonly studied carbon, nitrogen and phosphorus.
For example, calcium, and magnesium, despite their potential
importance in nutrient cycling, receive much less attention
in the literature (Ehrenfeld, 2010). Typha spp. had a higher
concentration of calcium than the other focal species in all
tissues and a higher concentration of magnesium in its stems.
Consequently, the annual cattail nutrient standing stock of
calcium and magnesium was significantly greater than in P.
australis-invaded or meadow marsh. Though the difference in
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terms of magnesium was only one to two grams per meter
squared, the difference in calcium standing stock was more
pronounced: nearly 10-fold higher in cattail marsh than meadow
marsh, for example. One possible explanation is that Typha
spp. produces calcium oxalate raphide crystal bundles (Borrelli
et al., 2011), which may be used for structural support, defense
against herbivores, or produced as a metabolic end-product
(Franceschi and Horner, 1980). In general, it appears that Typha
spp. often accumulates high levels of calcium and magnesium
(Olivares et al., 2002; Parzych et al., 2015). However, based on
the similarity in soil calcium and magnesium concentrations,
the activity of Typha spp. is not sufficient to deplete soil levels
to a detectable degree. Nor is the distribution of Typha spp.
restricted to areas with higher calcium or magnesium levels in
the soil. This is somewhat surprising for calcium, as 19.2 g m−2

± 4.5 SD calcium in standing stock in cattail marsh is not an
insignificant concentration, given the soil concentration of 6.1 g
kg−1 ± 2.0 SD (Supplementary Materials 4). The ecological
consequences of these macronutrient differences between
P. australis-invaded and cattail marsh communities require
further study.

Scaling Up
Our study scaled up from carbon and macronutrient
concentrations at the tissue-level to estimate annual vegetative
standing stocks per meter-squared of wetland habitat. It is
important not to base assessments of carbon assimilation and
nutrient retention services solely on tissue concentrations,
as different tissue types typically support different carbon
and nutrient levels and the ratio of tissue types can vary
substantially among species. This is exemplified in our
work by the higher concentration of nitrogen in P. australis
leaves being offset by the greater proportion of leaf tissues
in Typha spp. such that their nitrogen standing stock
estimates are equivalent. If we had relied only on tissue
concentrations, we would have drawn the erroneous conclusion
that P. australis invasion provided enhanced nitrogen and
phosphorus assimilation, regardless of which community was
being replaced.

Scaling-up from tissues to standing stocks does introduce
uncertainty. In our study, C. canadensis is a less dominant
component of its community compared with Typha spp. and P.
australis (Table 1). Consequently, when scaling up from tissue
concentrations to marsh-level annual standing stocks, meadow
marsh estimates have greater uncertainty than estimates for
the cattail and P. australis-invaded marsh. We do not believe
that this assumption undermines our conclusions, however, as
recalculating carbon and macronutrient stocks based only on
biomass contributed by the focal species (i.e., excluding biomass
contributed by non-focal species) did not change our general
conclusions.Moreover, our conclusions are supported by obvious
differences in relative canopy heights and total biomass, which
were significantly lower in meadow marsh than in cattail and P.
australis-invaded marsh.

The difference in carbon, nitrogen and phosphorus
assimilation between meadow marsh and invaded marsh is
not negligible. Scaled up to metric tons per hectare of invaded

wetland, P. australis-invaded marsh has an annual standing
stock of carbon that is 3.87 T ha−1 greater than meadow marsh
(a 2-fold increase). Canada is implementing a carbon pricing
system beginning in 2019 that would price one ton of CO2 or
equivalent at $16 USD, and by 2,022 plans to increase that price
to $39 USD/T CO2 (Goyal et al., 2018). After converting tons
of carbon to CO2, every conversion of one hectare of meadow
marsh to P. australis-invaded marsh would be worth $227.32 in
2019 and $554.10 in 2022. Currently, large portions of Lake Erie
are invaded by P. australis, with invasion estimates ranging from
2,553 ha within Lake Erie coastal wetlands (Carson et al., 2018)
to 8,233 ha invaded within 10 km of the American side of Lake
Erie (Bourgeau-Chavez et al., 2013). Where P. australis replaced
cattail marsh, this would yield no change in annual carbon
stocks, but where it replaced the much rarer and biodiverse
meadow marsh, we may have experienced a significant increase
in carbon uptake.

While the overall amount of phosphorus in the annual
vegetative standing stock of P. australis-invaded marshes is
much smaller than the annual carbon standing stock, it still
represents an almost 3-fold increase compared to meadowmarsh
(a difference of 0.01 T ha−1). If we assumed that 10% of the Lake
Erie coastal marsh considered P. australis-invaded by Carson
et al. (2018) and Bourgeau-Chavez et al. (2013) was formerly
meadow marsh, the annual standing stock of phosphorus would
only have increased by 2.0–6.4 T in total. This is notably less than
the phosphorus output from smaller tributaries; for example,
phosphorus output from Big Creek is about 19 T phosphorus
year−1 (OMECC, 2017). Cleary, even a 3-fold increase in
annual phosphorus stock is insufficient to make a meaningful
contribution toward Lake Erie phoshorus load reduction targets,
given that the current Great Lakes Water Quality Agreement
between Canada and the United States of America has an interim
target load for phosphorus of 11,000 T year−1 for Lake Erie
(United States-Canada, 2013).

Phragmites australis invaded marshes also incorporate 3-fold
more nitrogen into the annual vegetative standing stock than
meadow marsh (an increase of 0.12 T N ha−1). Scaled up to the
Lake Erie basin using the same estimates for the area of invasion,
invasion of meadow marsh by P. australis would result in an
30.7–99.0 T increase in annual nitrogen standing stock. As with
phosphorus, this is merely a drop in the bucket: nitrogen loading
in Lake Erie was estimated at 136,000 T in 2002 (Robertson and
Saad, 2013). Overall, despite extensive invasion by P. australis,
increases in annual standing stocks of nitrogen and phosphorus
are likely inconsequential for Lake Erie.

Nutrient Retention vs. Nutrient
Standing Stocks
Importantly, our study focuses on the assimilation of nutrients
into the vegetative standing stock of different plant communities
during a single growing season but does not examine their
long-term storage, which should ultimately determine
nutrient retention services. In wetlands, nutrients taken up
by macrophytes are quickly cycled by decomposition (Maltby
and Barker, 2009). Long term retention of nutrients in plants
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varies by species and by nutrient. For example, P. australis
litter and standing dead stems can decrease in nitrogen
by approximately 40–60% and in phosphorus by 75–85%
compared to the living tissue (Findlay et al., 2002). In contrast,
T. angustifolia litter nitrogen concentration exceeds that of
living tissues, whereas phosphorus in litter is 0–25% lower
than in living tissues (Findlay et al., 2002). Calamagrostis
canadensis litter can retain 70% of the nitrogen and 51% of
the phosphorus it assimilated (Kao et al., 2003). This litter,
typically shed by the plant each fall, then decomposes in the
wetland at a rate usually dependent on the ratio of carbon to
nitrogen and nitrogen to phosphorus (Enriquez et al., 1993).
Because the fraction of carbon, nitrogen, and phosphorus
retrieved by the plant from senescing tissues before they are
shed as litter can vary among species, there could be differences
in litter decomposition rates among our focal species, even
though we observed no differences in carbon: nitrogen or
nitrogen: phosphorus ratios among our focal species for any
of the plant tissues. Importantly, our study did not address the
speciation of carbon or nutrients in plant tissues. Obviously,
differences in the extent or proportion of bioavailable inorganic
fractions will have important ecological and biogeochemical
ramifications. For example, Judd and Franceour (2019) found
that ammonium in surface and pore water increased but nitrate
did not change in marshes where invasive P. australis was
controlled with herbicide. Though both of these forms of
nitrogen are bioavailable to plants, increasing the dominance of
ammonium over nitrate can lead to ammonium toxicity in plants
and changes in soil pH. More, if nutrient storage in invasive
P. australis is only temporary, all the nutrients assimilated by
P. australis may be released back into the watershed during
natural senescence and decomposition in the same manner
as following herbicide-caused mortality, unless plant biomass
is harvested and removed for disposal by wetland managers
(Carson et al., 2018). We recommend that future work establish
decomposition rates and nutrient fluxes from decomposing
plant litter of our three focal species to further investigate the
effects of P. australis invasion on carbon and nutrient cycling
and retention services. This future work should partition
total carbon and nutrient values into organic and inorganic
fractions to better inform the biogeochemical consequences
of changes in stock and tissue concentrations due to
P. australis invasion.

CONCLUSION

Phragmites australis has the capacity to assimilate carbon and
nutrients at an amount and rate equal to or greater than meadow
marsh communities though not more than cattail marsh. In the
case of carbon stocks, invasion may even yield an economic
benefit, though increases in nitrogen or phosphorus stocks where
meadow marsh was invaded were negligible compared to overall
nutrient loading rates and are unlikely to ameliorate nearshore
eutrophication. It is also important to recognize that annual
carbon and nutrient stocks offer temporary storage, and an
unknown proportion will be released following senescence and
decomposition of plant litter.

We caution that, as suggested by Alldred et al. (2016),
invasion by P. australis triggers a variety of opposing changes
in wetland ecosystem services that reflect trade-offs among
service types. A net assessment of the effects of P. australis
invasion must also account for the resulting loss of plant
biodiversity (Keller, 2000; Tulbure et al., 2007) and associated
degradation of bird (Robichaud and Rooney, 2017) and turtle
habitat (Markle and Chow-Fraser, 2018). In economic terms,
replacing biodiverse and rare meadow marsh habitat with P.
australis-invaded marsh could increase carbon stocks by 3.87 T
ha−1 and under future carbon pricing could reflect about $550
USD ha−1 in carbon savings. Yet, P. australis invasion is a
recognized threat to 25% of the 217 species at risk in Ontario
(Bickerton, 2015), which exerts a much larger economic cost.
For example, between 2012 and 2017, the Ontario Ministry of
Natural Resources and Forestry, through the Species at Risk
Stewardship Program, spent $89,826 USD on the threatened
eastern hog-nosed snake (Heterodon platirhinos) alone, which
makes use of meadow marsh habitat, but not P. australis-
invaded marsh in our study area (Ministry of Natural Resources
and Forestry, 2017). Thus, the funds allocated to species at
risk conservation likely dwarf any benefits in increased carbon
and nutrient stocks resulting from P. australis invasion. These
trade-offs in ecosystem services need to be weighed to arrive
at effective management decisions regarding species at risk
(Hershner and Havens, 2008; Hobbs et al., 2009; Davis et al.,
2011), but such a comprehensive analysis is too frequently
impaired by knowledge gaps like the ones we addressed in
this study.
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