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Plant community recovery after herbicide
management to remove Phragmites australis
in Great Lakes coastal wetlands

Jake E. Bonello!, Kristin E. Judd!-

Invasive plants, such as Phragmites australis, are a global threat to plant diversity and are commonly controlled using herbicide
management. The purpose of this study was to evaluate the plant community response 6—10 years after large-scale herbicide
management to remove Phragmites from Great Lakes coastal wetlands along the shores of western Lake Erie. Vegetation
surveys were conducted in nine wetlands undergoing herbicide management and four unmanaged Phragmites-dominated
wetlands. The relative percent cover of Phragmites was dramatically lower in the managed (1.3%) compared to unmanaged
wetlands (93.0%; p < 0.001), although relative percent cover of other non-natives following herbicide management averaged
39.2% (ranging from 6.4 to 67.6%). The cover-weighted floristic quality index was significantly higher in managed wetlands
(p <0.01), with the highest indices (12.4—17.0) at sites that received prescribed fire after herbicide treatment (p < 0.05). Species
richness and diversity were significantly higher in managed wetlands (p < 0.001); however, there was no significant difference
between wetlands treated only with herbicide and those treated with herbicide and prescribed fire. Our results indicate
that herbicide management is effective in reducing Phragmites and improving floristic quality over timescales of 6—10 years.
However, continued spot-treatment and management of new invasive species may be required, and the return of high-quality
plant communities may be unrealistic in the study region.

Key words: floristic quality assessment, floristic quality index, Great Lakes coastal wetlands, herbicide management, invasive
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factors that affect restoration outcomes remains limited due
to a lack of long-term follow-up studies (Miller & Hobbs
2007; Suding 2011; Wortley et al. 2013). Wetland degradation
worldwide is of major concern because wetlands provide a
number of critical ecosystem services, including biodiversity
support (MEA 2005). Widespread loss of wetlands over the
past century due to agricultural expansion and development
(Johnston 1994) has made restoring wetlands a high priority
(MEA 2005). Wetlands are particularly susceptible to invasive
o New invasives colonizing or emerging from the seedbank species (Zedler & Kercher 2004), and invasive species control

in the absence of competition from the targeted invasive is a central focus of wetland management (Martin & Blossey
may limit the gains in floristic quality achievable through 2013).

Implications for Practice

e Herbicide management has the potential to improve floris-
tic quality in Phragmites-invaded Great Lakes coastal
wetlands over timescales of 6—10 years when multiple
follow-up treatments are conducted. Ongoing efforts are
likely required to maintain these gains.

e Floristic quality was highest at sites that received pre-
scribed fire following herbicide treatment.

herbicide management in disturbed wetlands.

e Continued research and monitoring are needed to opti-
mize adaptive management and to understand long-term
outcomes of herbicide management and its costs and ben-
efits.

Introduction

Invasive species are major drivers of global change causing
ecosystem degradation and loss of biodiversity (Mack et al.
2000) and are therefore common targets of restoration projects
(Pysek & Richardson 2010). Extensive effort and resources are
devoted to attempting to control invasive species (D’ Antonio
et al. 2004; Quirion et al. 2018), yet our understanding of the

High-impact invasive species dramatically alter ecosystem
structure and function and are difficult to eradicate due to traits
such as high rates of growth and biomass production that result
in dense monotypic stands often with extensive networks of
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rhizomes (Hejda et al. 2009). One particularly high-impact inva-
sive wetland plant is Phragmites australis (hereafter referred
to as Phragmites), the common reed. Phragmites has a cos-
mopolitan distribution (Haslam 1972), but the introduction of
European lineages to the United States in the 1800s led to
its rapid spread (Saltonstall 2002). Phragmites produces large
amounts of biomass, outcompeting native flora and dramatically
reducing plant and animal biodiversity (Chambers et al. 1999;
Weinstein & Balletto 1999). Phragmites is considered a signif-
icant ecological and economic threat (GLRI 2015) and possess
traits that may enhance its advantage under global change sce-
narios (Caplan et al. 2014; Eller et al. 2017). Because up to
two-thirds of the plant’s biomass occurs in below-surface rhi-
zomes (Haslam 1972), it is extremely difficult to eradicate (War-
ren et al. 2001; Hazelton et al. 2014).

The most common approach for restoring Phrag-
mites-invaded wetlands involves repeated spraying with a
broad-spectrum herbicide, typically glyphosate products, in
combination with mechanical removal by burning or harvesting
(Kettenring & Adams 2011; Hazelton et al. 2014). A number
of studies have documented short-term (i.e. 1-3 years) effec-
tiveness of this management approach (e.g. Mozdzer et al.
2008; Zimmerman et al. 2018), but the efficacy of herbicide
management seems to be reduced as patch size increases.
For example, one study found that eradication occurred in
83% of very small plots (0.36m?), but dropped to 25% of
small patches (45 m?) and only 2% of large patches (3,000 m?)
following 7 years of herbicide treatment (Quirion et al. 2018).
Land managers’ ability to more effectively control invasive
plants is limited by a severe lack of post-restoration monitoring
data, particularly with respect to plant community composition
responses (Kettenring & Adams 2011; Hazelton et al. 2014;
Quirion et al. 2018). Between 2010 and 2014, the Great Lakes
Restoration Initiative (GLRI) spent over $25 million toward the
eradication of Phragmites in the Great Lakes Basin with the
goal of improving habitat quality and biodiversity (GLRI 2015).
In southeast Michigan, since 2011, the Detroit River-Western
Lake Erie Cooperative Weed Management Area (DR-WLE
CWMA) received just over $1 million to manage Phragmites
(DR-WLE CWMA unpublished data). However, to date, little
has been done to evaluate the longer-term response of plant
communities following this large-scale effort.

The purpose of this study was to assess the outcome of 6
or more years of herbicide management to remove Phragmites
on plant communities in wetlands along the Michigan shoreline
of Lake Erie. We hypothesized that if herbicide management
releases native plant species from competition, we would see
an increase in species richness, diversity, and floristic quality at
managed sites. Additionally, because fire removes much of the
standing dead biomass that remains after herbicide treatment,
increasing light and promoting regeneration from the seedbank,
we expected higher richness, diversity, and floristic quality in
sites that were burned following herbicide treatment. Alterna-
tively, herbicide management might fail to eradicate Phragmites
or promote other invasive species. To test these hypotheses,
plant communities were surveyed in four unmanaged Phrag-
mites-dominated and nine herbicide-treated coastal wetlands in

the summer of 2018, at least 6 years after the initiation of her-
bicide management. We measured plant species richness and
calculated diversity and a floristic quality index (FQI; Freyman
et al. 2016) to compare different plant community metrics.

Methods

Study Site

The study was conducted at 13 Great Lakes coastal wet-
lands within the Detroit River International Wildlife Refuge
(DRIWR). Nine managed sites received herbicide treatment
coordinated by the DR-WLE CWMA (Table 1; Fig. 1), most
beginning in 2011, although one site, Humbug Marsh, was
first treated in 2007 with pre-GLRI funding. Because we did
not have survey data prior to herbicide treatment, we also
surveyed four unmanaged Phragmites-dominate sites to com-
pare to the managed sites. All sites are classified as fresh-
water emergent wetlands (https://www.fws.gov/wetlands/data/
mapper.html) and were heavily invaded by Phragmites aus-
tralis, haplotype M, prior to 2011 (DR-WLE CWMA unpub-
lished data). Historically, emergent plant communities in these
wetlands included broadleaf cattail (7ypha latifolia; coefficient
of conservatism [C] = 1), soft stem bulrush (Schoenoplectus
tabernaemontani; C = 4), common arrowhead (Sagittaria lat-
ifolia; C = 4), bur reed (Sparganium eurycarpum; C = 5), pick-
erel weed (Pontederia cordata; C = 8), and wild rice (Zizania
aquatica; C = 9) (Herdendorf 1987). In 2011, 637 ha of Phrag-
mites along the Michigan shoreline of Lake Erie were aeri-
ally sprayed with a broad-spectrum herbicide [2% solution of
Aquaneat or Aquapro (53.8% solution of glyphosate) and Habi-
tat (28.7% solution of isopropylamine salt of imazapyr) with
Cygnet Plus as a surfactant] (DR-WLE CWMA 2013). The
next year, another 823 ha were treated. Following initial treat-
ment, follow-up spot treatments were conducted at all sites,
usually with a MarshMaster, an amphibious tracked vehicle,
but sometimes by helicopter or backpack spraying, although
the frequency, method, and extent of follow-up treatments dif-
fered among sites (Table 1). Three sites received prescribed fire
after the initial herbicide treatment to remove the dead thatch.
Because prescribed burns were not feasible at all sites, mowing
was sometimes used as an alternative, but few CWMA partners
kept records on when mowing occurred.

Vegetation Surveys

We characterized the plant community composition in late
summer 2018, when most species were flowering, by running
transects along a gradient of shallow to deep water. If a depth
gradient was not present, the transect was randomly oriented.
Surveys consisted of three 100 m transects at each site in areas
that were formerly monocultures of Phragmites, determined by
the analysis of aerial imagery from 2009 (DR-WLE CWMA
unpublished data). We surveyed eleven 1-m? plots located every
10 m along each transect at each site (33 plots per site). In each
plot, we identified all plant species and estimated percent cover
of each. Water depth measurements were taken at the center of
each quarter of each plot.
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Table 1. Table of herbicide treatment history at each study site from 2011 ("11) through 2017 ("17). “H” indicates herbicide treatment and “F” indicates
prescribed fire. *Humbug Marsh was first treated with herbicide in 2007. MDNR, michigan department of natural resources; USFWS, US fish and wildlife

service; HCMA, huron-clinton metropolitan authority.

Site and Abbreviation Latitude, Longitude Owner '11 '12 "13 '14 '15 '16 '17
Vermet unit Ver 42.011, —83.189 MDNR H,F H H H H
Strong Str 41.992, —83.240 USFWS H H,F H H H H H
Fix Fix 41.975, —83.260 USFWS H H HF H H H H
Walpatch unit Wal 42.023, —-83.216 MDNR H H H H H H
Gibraltar Bay Gib 42.089, —83.209 USFWS H H H H H H
Plum Creek Bay PC 41.893, —83.387 USFWS H H H H H H H
Tishkof Tis 41.984, —83.248 USFWS H H

Lake Erie Metro Park LE 42.076, —83.201 HCMA H H H H
Humbug Marsh* HM 42.112, —83.190 USFWS H H H H H H H
Pointe Mouillee North PMN 42.043, —83.202 MDNR

Humbug South HS 42.101, —83.191 USFWS

Pointe Aux Peaux PAP 41.944, —83.271 MDNR

Gibraltar Wetland GW 42.084, —83.217 USFWS
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Figure 1. Map of study sites within the Detroit River-Western Lake Erie
Cooperative Weed Management Area (see Table 1 for site name
abbreviations). *, sites treated with herbicide; **, sites treated with
herbicide + prescribed fire.

Data Analysis

Plant community response to herbicide treatment was charac-
terized using several metrics, including species richness (S),
the most commonly collected vegetation metric (Stirling &
Wilsey 2001), the Shannon-Wiener diversity index (H; H' = )
([p;1x1In[p;]), where p; is the relative abundance of the jth
species), and the FQI. The floristic quality assessment (FQA)

calculator (https://universalfqa.org/) was used to calculate the
FQI using Michigan as the geographic region (Freyman et al.
2016). The FQA provides a cover-weighted FQI (wFQI) based
on S, the relative abundance of each species (based on percent
cover), and C, a measure of the “quality” of each species, when
percent cover data are available (Bourdaghs et al. 2006). FQI
calculated without relative abundance data using only S and Cis
referred to as total FQI. A site with an FQI greater than 19 is con-
sidered a “high-quality aquatic resource” (USFWS FQA 2019).
All three indices (S, H’, and FQI) were calculated at the site level
(rather than the mean of individual quadrats). We also looked
at the relative importance of plant functional groups identified
by the FQA (non-native grass, native forbs, non-native forbs)
using relative percent cover, the percent of the total cover for
each species.

To determine whether % Phragmites, S, H', wFQI, and %
cover of each plant functional group differed between man-
aged and unmanaged sites, we used a two-sample 7 test (nine
herbicide-treated sites and four untreated sites). To assess
whether fire affected recovery after herbicide treatment, we split
the herbicide-treated sites into two categories, based on whether
they had also received prescribed fire, and used a one-way anal-
ysis of variance to determine if there were differences in S, H’,
and wFQI across three different treatments (untreated [n = 4],
herbicide only [n = 6], herbicide + fire [z = 3]), using a Tukey
HSD test for pairwise comparisons across the three treatments.
We examined the role of water depth and frequency of herbi-
cide treatment on wFQI by running regression analyses using
(1) all sites (managed and unmanaged) and (2) only managed
sites. The latter approach allowed us to evaluate whether water
depth or treatment history affected plant community recovery at
the managed sites. All tests were run using VassarStats (Www
.vassarstats.net) with a = 0.05.

Results

A total of 60 species were found at the 13 sites (11
non-native and 49 native), with C values ranging from 0
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Figure 2. Relative percent cover of Phragmites in unmanaged (n = 4) and
managed (n = 9) sites. Letters indicate significant differences; error bars
indicate + SE.

to 8 (Tables S1-S13; Note that the FQA classifies Phalaris
arundinacea [C = 0] as a native grass, although many geno-
types of this species are non-native [Nelson et al. 2014]). There
was a dramatic difference in the average percent cover of
Phragmites between managed (1.2%) and unmanaged sites
(93%) (p <0.001; Fig. 2), although the relative percent cover of
other non-natives in the managed sites averaged 39.2% (range
of 6.4-67.6%; Table 2). The average S, H', and wFQI were all
significantly higher in managed wetlands than in unmanaged
sites. When compared to unmanaged sites, S was two times
greater (p =0.017; Fig. 3; Tables S2—-S14), H’' was over four
times higher (p <0.001; Fig. 4), and wFQI was three and a half
times higher (p <0.001; Fig.5) in managed sites. Variation
in wFQI within the managed sites ranged from 6.2 to 17.0,
with no site achieving the FQI threshold of 19, indicative of
high-quality habitat (Table 2). Within managed sites, wFQI was
60% higher in sites that received prescribed fire than those that
were treated only with herbicide (Fig. 5B; p <0.05), but there
was no significant difference in S or H' between sites that were
burned and those that were not (Figs. 3B & 4B).

No significant relationship was detected between water
depths and wFQI for all sites or for only the managed sites
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Figure 3. Species richness in (A) unmanaged (n = 4) and managed (n = 9)
sites, and (B) unmanaged (n = 4), herbicide-treated only (n = 6), and
herbicide-treated and burned (n = 3) sites. Letters indicate significant
differences; error bars indicate + SE.
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Figure 4. Shannon-Wiener diversity index in (A) unmanaged (n = 4) and
managed (n = 9) sites and (B) unmanaged (n = 4), herbicide-treated only
(n = 6), and herbicide-treated and burned (n = 3) sites. Letters indicate
significant differences; error bars indicate + SE.

(p > 0.05). There was a positive relationship between the num-
ber of years a site was treated with herbicide and wFQI
(r? = 0.322; y =0.858x+4.630; p <0.05); however, this was

Table 2. Plant species richness (S), the number of non-native species (N), Shannon-Wiener diversity (H'), cover-weighted floristic quality index (WFQI),
total FQI (FQIy), relative percent cover of non-native species (R%C NN), and mean coefficient of conservatism (C) for each site. H + F (herbicide-treated and

prescribed fire), H (herbicide-treated), and U (unmanaged).

Site and Treatment S NN H Mean C wFQI FOI; R%C NN (%)
Ver H+F 21 5 33 2.3 17.0 15.1 25
Str H+F 13 3 32 2.1 13.7 11.5 27
Fix H+F 29 5 3.4 1.6 12.4 18.3 67
Wal H 19 5 2.8 2.0 13.1 12.2 8
Gib H 15 4 2.4 1.8 9.3 9.3 58
PC H 10 3 3.1 1.1 6.3 9.8 6
Tis H 18 4 3.6 1.9 11.0 15.3 53
LE H 12 4 3.0 1.5 8.0 104 53
HM H 12 2 32 1.5 6.2 11.1 68
PMN U 11 3 3.1 0.4 6.0 10.3 95
HS U 5 3 22 0.6 1.3 4.9 88
PAP U 8 5 1.9 0.2 1.1 5.4 99
GW U 7 2 1.4 0.1 1.1 3.7 99
4 Restoration Ecology
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Figure 5. Cover-weighted FQI in (A) unmanaged (n = 4) and managed
(n =9) sites, and (B) unmanaged (n = 4), herbicide-treated only (n = 6),
and herbicide-treated and burned (n = 3) sites. Letters indicate significant
differences; error bars indicate + SE.
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Figure 6. Relative percent cover of plant functional groups in unmanaged
and managed coastal wetlands. Stars indicate significant difference
between unmanaged and managed sites for each functional group; error
bars indicate + SE.

driven largely by the low wFQI in the unmanaged sites. When
unmanaged sites were removed from the analysis, there was no
significant relationship between years of treatment and wFQI
(p =0.43).

Plant community functional group composition differed
between managed and unmanaged sites. Unmanaged wet-
lands were dominated by non-native grasses (i.e. Phragmites),
while managed wetlands were dominated by both native and
non-native forbs (Fig. 6). Relative abundance of non-native
grass was 92% lower (p <0.001), of non-native forbs was
37% higher (p =0.012), and of native forbs was 48% higher
(p <0.001) in managed wetlands compared to unmanaged
wetlands. Native grasses and sedges comprised only a small
proportion of species at both managed and unmanaged sites.

Discussion

Our study documented the extent of wetland plant community
recovery after at least 6years of herbicide management and
establishes a baseline for longer-term assessment. The findings
suggest that the model of herbicide management is effective in
reducing the cover of Phragmites and improving floristic quality

and diversity over timescales of 6—10 years. We found dramat-
ically lower coverage of Phragmites and significantly higher
values of S, H’, and wFQI in managed wetlands compared to
unmanaged wetlands. Our study also indicates that prescribed
fire following herbicide treatment may produce additional ben-
efits in terms of floristic quality, but more research is needed to
determine if these benefits are worth the costs. There was no
evidence that water levels influenced floristic quality after treat-
ment.

Plant species richness was more than two times greater at
managed sites, indicating that increased light and reduced com-
petition following herbicide treatment promotes germination
from the seedbank and/or rapid colonization of many species. H’
was more than four times higher in managed than unmanaged
sites, highlighting the increase in evenness following manage-
ment. wFQI was also much higher in managed than unmanaged
wetlands (approximately three and a half times). Because FQI is
sensitive to non-native species, it may be more suitable than S or
H’ for assessing invasive species management. However, while
wFQI was higher in the managed wetlands, no site was above the
threshold of 19 required to be considered a high-quality aquatic
resource (USFWS FQA 2019). The western Lake Erie shoreline
has experienced high levels of disturbance, and warmer temper-
atures in the southern portion of the Great Lakes facilitate the
spread of invasives. Thus pre-settlement plant communities and
an FQI value of 19 may be unrealistic goals in this region. John-
ston et al. (2010) found a positive relationship between total
FQI and latitude in coastal wetlands throughout the Great Lakes,
which they argue could be used to establish targets for restora-
tion. Average total FQI in our managed sites was about 6 points
higher than the average total FQI in Lake Erie wetlands used
in that study and was similar to total FQI found in wetlands at
higher latitudes, providing some measure of the success of her-
bicide management in our wetlands.

Sites treated with prescribed fire following herbicide man-
agement had significantly higher wFQI (Fig. 5B), but not S or
H’ (Figs. 3B & 4B), than sites treated only with herbicide. The
positive effect of burning appears to occur through promoting
high-quality native species; burning did not have a significant
effect on non-native species cover (although the site with the
lowest non-native cover was burned; Table 2). Prescribed fire
removes standing dead Phragmites that can persist for mul-
tiple growing seasons blocking sunlight in the same manner
as living Phragmites. Burning may be most effective when a
strong native seed bank exists. Prescribed fire has been shown
to increase diversity in other habitat types such as short- and
tall-grass prairies (e.g. Bowles & Jones 2013) and oak savannas
(e.g. Lettow et al. 2014). Unfortunately, the difficult nature of
prescribed fire limits its use; only three of our study sites used
this treatment method.

Reinvasion by the same or different invasive species is a
key challenge in invasive species management because distur-
bance, reduced competition, and increased resources following
management activities favor invasives (D’ Antonio & Meyerson
2002; Kettenring & Adams 2011). While Phragmites did not
appear in the study plots at some of the managed sites, total
eradication was not observed at any site (i.e. it was spotted
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outside the plots). Other studies have found that multiple years
of intense follow-up treatments are typically needed, and total
eradication is rare and may not be a realistic goal (Warren et al.
2001; Quirion et al. 2018). We found no relationship between
the frequency of follow-up treatments and wFQI; however, our
study was not well designed to test this, because most of the
sites received herbicide treatment in 6 or 7 of the 7 years of the
study.

While the overall coverage of Phragmites was low at the man-
aged sites (1.2%; Fig. 2), other non-native species were com-
mon (Table 2; Fig. 6). A number of these non-natives are known
to spread rapidly and outcompete natives and had a relative per-
cent cover of >10% in at least one of the managed sites. At five
of the nine managed sites, the plant species with the highest rel-
ative percent coverage was a non-native species (two additional
sites had a non-native species as the second most abundant).
European frog’s bit (Hydrocharis morsus-ranae) was the most
abundant non-native species found in managed sites, with an
average relative percent coverage of 24% (maximum of 62% in
the Fix Unit). This species was not common in the unmanaged
sites (0.3%), likely due to increased shading (Zhu et al. 2014),
suggesting that large-scale removal of Phragmites in the region
has provided the opportunity for European frog’s bit to expand.
Narrow-leaved cattail (Typha x glauca and Typha angustifolia)
was the next most abundant non-native species with an average
relative percent cover of 10%. Other non-natives found in lower
abundances in the managed wetlands included flowering rush
(Butomus umbellatus 3.3%), spiny naiad (Najas marina 2.2%),
Phragmites (1.2%), and purple loosestrife (Lythrum salicaria
<1%). The first record of water primrose (Ludwigia grandi-
flora) in the state of Michigan was also discovered in a managed
site. Other studies have found that reinvasion or the arrival of
new invasives can prevent the reestablishment of native vege-
tation, ultimately preventing desired restoration outcomes (e.g.
Aronson & Galatowitsch 2008; Prach & Hobbs 2008). While
we did not find a significant relationship between the num-
ber of times a site received follow-up treatment and wFQI, the
presence and ubiquity of non-native species in our plots sug-
gest that ongoing management may be required to maintain
or improve floristic quality or gains in floristic quality may be
lost.
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Supporting Information
The following information may be found in the online version of this article:

Table S1. Species information for the Vermet unit of Pointe Mouillee (Herbi-
cide + prescribed fire).

Table S2. Species information for the Strong site (Herbicide + prescribed fire).
Table S3. Species information for the Fix site (Herbicide + prescribed fire).

Table S4. Species information for the Walpatch unit of Pointe Mouillee (Herbicide).
Table S5. Species information for the Gibraltar Bay Wetland (Herbicide).

Table S6. Species information for the Plum Creek Bay site (Herbicide)

Table S7. Species information for the Tiskoff site (Herbicide).

Table S8. Species information for the Lake Erie Metropark site (Herbicide)

Table S9. Species information for the Humbug Marsh site (Herbicide)

Table S10. Species information for the North Pointe Mouillee site (Untreated)
Table S11. Species information for the South Humbug Marsh site (Untreated)
Table S12. Species information for the Pointe Aux Peaux site (Untreated).

Table S13. Species information for the Gibraltar Wetlands site (Untreated).
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