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a b s t r a c t

Sedges and grasses have a competitive advantage over cattails at higher elevations in Great Lakes wet-
lands where periodic low lake levels result in soils too dry to support cattails. Regulation of Lake
Ontario water levels eliminated low lake-level years, resulting in cattail invasion. At a wetland scale at
two Lake Ontario sites, we tested restoration methods by dredging channels through cattails, using spoil
materials to create mounds suitable for sedge/grass growth, seeding mounds, and controlling cattails
(T. � glauca) using methods adapted from experimental studies. Soil moisture and subsidence of mound
soils were monitored. Vegetation was sampled pre-restoration and in shoreline sedge/grass meadow,
emergent, and mound zones for two years following implementation. Although spoil mounds decreased
in elevation at both sites, soil moisture increased more at the site with greater subsidence. Mean percent
cover and ramet counts of cattails were reduced in sedge/grass and emergent zones at both sites. Mounds
with greater soil moisture held more cattails post-construction. Across years at both sites, Carex lacustris
and Calamagrostis canadensis increased in the sedge/grass meadow zone with reduction in Typha;
Calamagrostis increased on the mounds. Key factors affecting results were cattail litter and, on the
mounds, a second year of seeding with in situ cold, moist stratification, as well as soil moisture related
to subsidence. Recommendations for future restorations include conducting more detailed soil surveys
to assess potential subsidence, dredging wider and deeper channels to provide spoil for higher mounds,
actively controlling invasive species, and conducting additional years of post-restoration data collection.
� 2022 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction

The diversity of wetland plant communities in the Laurentian
Great Lakes is maintained by climate-driven, quasi-periodic fluctu-
ations in lake levels (Baedke and Thompson, 2000; Wilcox et al.,
2007; Johnston et al., 2012; Argyilan et al., 2018). High lake levels
occurring every several decades eliminate upland invaders and
canopy-dominating emergent plants while intervening low levels
allow less competitive understory plants to grow from seeds or
propagules (Keddy and Reznicek, 1986; Wilcox, 2004; Wilcox
and Nichols, 2008). At higher elevations, sedges and grasses hold
a competitive advantage over larger plants, such as cattails (Typha
spp.), because they can tolerate periods with low lake levels when
soil moisture is lessened (Wilcox et al., 1984; Wilcox et al., 2008).

This competitive advantage was lost on Lake Ontario when the
annual range of water levels was compressed from approximately
1.5 m to about 0.7 m following regulation of lake levels beginning

with operation of the St. Lawrence Seaway in about 1960 under
Plan 1958DD (Wilcox et al., 2005; Wilcox and Xie, 2007). Years
with low lake levels and low soil moisture at higher elevations
were also eliminated. During the International Joint Commission
(IJC) Great Lakes Water-Levels Reference Study that began in the
late 1980s, concerns arose that Lake Ontario wetlands may have
been affected by lack of the natural hydrologic forcing. Research
conducted during that study and the subsequent Lake Ontario-St.
Lawrence River Study (LOSLR) documented that wetland sedge/-
grass meadow habitat had decreased substantially, mostly due to
invasion by cattails (Wilcox and Meeker, 1995; Wilcox et al.,
2008). The ultimate goal of the overall LOSLR study was to generate
a new regulation plan that benefitted interests, including the envi-
ronment, without harming other interests, which were hydro-
power, water supply, shipping, recreational boating, and
shoreline property.

However, even a plan that maximized benefits to wetlands was
deemed unlikely to reverse cattail invasion of sedge/grass meadow
without further human intervention. Thus, additional experimen-
tal studies were conducted to develop methods for that purpose
(Wilcox et al., 2018). The most effective treatment was cutting cat-
tails when rhizome carbohydrate reserves were reduced, followed
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by hand-wicking resprouted ramets with herbicide in late sum-
mer; two years of treatment provided the best results.

Wilcox et al. (2018) recommended trials of those methods at a
broader wetland scale in cattail-invaded wetlands. With state and
federal agencies emphasizing the restoration of sedge/grass mea-
dow habitat, we secured funding through the Great Lakes Restora-
tion Initiative to restore sedge/grass habitat at two sites at the
Rochester Embayment Area of Concern on the south shore of Lake
Ontario in collaboration with Ducks Unlimited, New York State
Department of Environmental Conservation, the Town of Greece,
and the U.S. Fish and Wildlife Service. The objectives of our study
were to assess the efficacy of transferring the methods of Wilcox
et al. (2018) for cattail control and sedge/grass meadow enhance-
ment from the local (plot) scale to a larger wetland scale. Because
our study was part of a larger restoration project at the Braddock
Bay Wildlife Management Area, we also sought to determine if
manipulating elevation, soil moisture, and bulk density by creating
spoil mounds, as well as supplemental seeding, could affect man-
agement results. Such methods were later reviewed for tidal wet-
land restoration by Diefenderfer et al. (2018). Excavation and spoil
placement by a different design had also been conducted by Regan
(2016) in St. Lawrence River sites. Finally, we anticipated that
results of our field study could be used to improve outcomes of
future restoration projects of this type.

Methods

Study sites

We conducted the study at two coastal wetland units in the
Braddock Bay Wildlife Management Area, an 860-ha coastal wet-
land embayment on the southern shore of Lake Ontario managed
by the New York State Department of Environmental Conservation
(Fig. 1). The two units were Buck Pond, a shallow, 510-ha protected
coastal embayment (draining a 4400-ha watershed), and Button-
wood Creek, a 610-ha shallow drowned-river-mouth tributary to
Braddock Bay (draining a 2300-ha watershed) (Makarewicz,
1989; Albert et al., 2005; NYSDEC, 2007). While habitat character-
istics were generally equivalent across units—prominent cattail
encroachment and a greatly diminished sedge/grass meadow com-
munity—Buck Pond supported areas of increased microtopography
and more remnant sedge/grass meadow (Makarewicz and
Lampman, 1994). Restoration actions and accompanying surveys
were performed within a 54-ha project area within each coastal
wetland unit.

Restoration implementation

In collaboration with non-profit organization Ducks Unlimited,
17 channels, totaling approximately 1100 m at Buck Pond and
945 m at Buttonwood Creek, were created to mimic naturally
occurring Great Lakes wetland shoreline passages that provide
access to northern pike (Esox lucius) habitat (Farrell et al., 1996;
Mingelbier et al., 2008). Earth-moving activities took place from
December 2014 to March 2015 using long-arm excavators oper-
ated by private contractors. Channel depths were no greater than
1.25 m, with 2:1 side slopes and variable widths of approximately
15 to 20 m. Dimensions were based on equipment capabilities
determined by past experience of the contractors.

More than 6800 m3 of material excavated during channel con-
struction were placed on the landward side of new channels to cre-
ate spoil mounds—14 at Buck Pond totaling about 3.0 ha and seven
at Buttonwood Creek totaling 1.3 ha. The mounds were engineered
and surveyed by the contractor to achieve final peak elevations of
no <75.35 m (IGLD 85) (about 0.45 m above typical growing season

lake level), which is within the optimal elevation (75.35 to 75.60 m
IGLD 85) for sedge/grass meadow vegetation resistance to cattail
invasion (Wilcox and Xie, 2007). All mounds were broadcast-
seeded immediately following spoil placement with project-
specific, regionally sourced wet meadow mixes (Electronic Supple-
mentary Material (ESM) Table S1) prepared by Ernst Conservation
Seeds (Meadville, Pennsylvania) and mulched using a standard cer-
eal grain straw (Bucharova et al., 2018). Standing dead plants from
the previous year’s growth of cattail was pushed to the ground by
long-arm excavators without affecting roots while channeling and
mounding were being performed.

Following the methods of Wilcox et al. (2018) but as recom-
mended for a larger spatial scale that consisted of initial litter
removal followed by two years of both cutting and hand-wicking
with herbicide, in late July 2015, the U.S. Fish and Wildlife Service
mowed portions of the emergent cattail treatment zone between
the mounds and the remnant sedge/grass meadow zone using a
hydraulically driven amphibious tracked vehicle fitted with an
auxiliary mowing platform (Marsh Master MM-2LX, Baton Rouge,
LA). However, the Marsh Master could not cut in areas with water
exceeding 45 cm, so a licensed contractor finished cattail cutting
using steel-blade brush cutters in mid-August 2015, extending
landward into remnant sedge/grass meadow. The same contractor
returned in late September 2015 to apply herbicide to resprouting
Typha ramets using an aquatic-approved glyphosate formulation.
In areas of extensive cattail regrowth, herbicide was administered
using pump backpack sprayers; however, hand-wicking with a
cloth glove over a rubber glove was conducted in areas having
diverse vegetation and/or restoration-targeted sedge/grass mea-
dow vegetation. These actions were timed according to docu-
mented reductions of carbohydrates in Typha rhizomes resulting
from ramet, leaf, and flower production (Linde et al., 1976; Sojda
and Solberg, 1993). In mid-July 2016, the licensed contractor again
cut re-emerging cattail ramets using steel-blade brush cutters.
Herbicide was applied in late September 2016 via backpack spray-
ing and hand-wicking.

Field surveys

Abiotic
To document the influence of hydrological changes resulting

from restoration actions with respect to their impacts on floristic
development, we launched an assessment of in situ soil moisture
in July to November 2015 and April to December 2016 at both
sites. We deployed five Decagon EC-5 soil moisture sensors in
the upper 3 to 5 cm of substrate along each of three treatment
transects at both sites on the created spoil mounds; they collected
hourly percent volumetric water content (% vwc). In 2016, we sup-
plemented this design with additional moisture sensors in the
remnant sedge/grass meadow zone at each site to facilitate com-
parisons between the remnant sedge/grass meadow zone and spoil
mounds. Lake-level data were obtained from NOAA (2021).

To assist in understanding how subsidence of spoil mounds
affected soil moisture and vegetation (re)colonization, a small-
scale soil bulk density study was conducted in 2015. One soil sam-
ple was collected from a random location atop each spoil mound.
Each soil sample consisted of three individual soil cores of a known
volume (450 cm3) collected to a depth of 10 cm. Soil samples were
stored on ice out of direct sunlight until transported to SUNY
Brockport facilities and refrigerated at 4� C until preparation and
analyses. Analysis of bulk density (g/cm3) followed Blake (1965),
which required removal of a 75 cm3 subsample from each amassed
sample, preliminary weighing, drying at 104� C to constant weight,
and secondary weighing. To quantify subsidence of the mounds in
the field over time, geographic coordinates and elevations atop all
mounds were collected in 2015 and 2016 (averages of 14/year at
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Buck Pond and 11/year at Buttonwood Creek) using a Trimble R6
Real Time Kinematic-GPS (RTK) with 3-cm vertical accuracy and
corrected to the International Great Lakes Datum (IGLD 85). Total
rates of subsidence of the marsh substrate were calculated for each
site as the change in elevation over time.

Vegetation
To document floristic changes resulting from restoration

actions, we performed pre-restoration surveys along 10 linear
transects at each site in July-August 2014. Transects averaged
60 m in length and were situated perpendicular to the elevation
gradient between the upland boundary of the remnant sedge/grass
meadow and the farthest reach of the emergent cattail, which later
became the post-restoration created spoil mound.

Following implementation, five 60-m post-restoration treat-
ment transects were laid out in the central channelized area at
each site, and five control transects were situated marginally
where no channels had been created (Fig. 2). We designated three
contiguous vegetation zones for transects in the treatment area at
both sites (waterward from the shoreline): remnant sedge/grass
meadow (SGM), emergent/cattail treatment (EMERG), and mound
(MOUND) (Fig. 3). Zones for control transects in unchannelized
areas were SGM and CTL, consistent with pre-restoration zones.

Pre- and post-restoration, we sampled vegetation at 19 strati-
fied random points along each transect using a 1-m2 quadrat
(pre-restoration: 5 quadrats in SGM and 14 quadrats in CTL;
post-restoration: 5 quadrats in SGM, 9 quadrats in EMERG, 5 quad-
rats in MOUND). We identified all extant vascular species within
each quadrat, visually estimated percent cover for each taxon (1%
increments from 1 to 20% and at 5% increments thereafter),

recorded live Typha � glauca ramet counts, and estimated percent
cover of standing dead litter. All plant nomenclature and abbrevi-
ations were based on the Integrated Taxonomic Information Sys-
tem (ITIS 2020) and the USDA NRCS (2020) USDA NRCS Plants
Database (2020), respectively. Post-restoration sampling was con-
ducted in these zones on treatment and control transects in 2015
and 2016.

Statistical analyses

We performed all analyses in the R software programming envi-
ronment using R version 3.5.2 and RStudio version 1.1.463 (R Core
Team, 2020; RStudio Team, 2020). We incorporated different
groups of field measurements for different analyses by integrating
all accumulated abiotic and vegetation data to generate summary
statistics of each factor at varying levels. For mixed model fitting,
selection, and validation, we included only those data from treat-
ment transects where soil moisture was measured to correlate
relationships among biotic and abiotic covariates accurately.

Environmental variable analyses
To assess the temporal variability of abiotic factors, we gener-

ated summary statistics by calculating appropriate measures of
central tendency and standard deviation for the following: mean
surface elevation at the mound and zone levels; median bulk den-
sity at the mound level; and annual mean soil moisture at the zone,
transect, and site levels. We used nonparametric 2-sample Mann-
Whitney tests for between-site and between-zone comparisons
of soil bulk density and soil moisture, as well as for within-site sur-

Fig. 1. Map showing Buck Pond and Buttonwood Creek in the Braddock BayWildlife Management Area on the southern shore of Lake Ontario managed by the New York State
Department of Environmental Conservation.
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face elevation between years (2015 and 2016) and within-site ele-
vation between zones (SGM and MOUND).

Vegetation analyses
To evaluate basic spatial and temporal floristic trends following

treatment, we condensed the repeatedly measured quadrat-level
vegetation data to annual mean values per zone per transect per
site per year (Schober and Vetter, 2018). We generated summary
statistics using three measures for Typha � glauca abundance: per-
cent live Typha cover, Typha ramet density, and percent dead
standing litter cover, as well as percent cover for two sedge/grass
meadow matrix dominants, Calamagrostis canadensis and Carex
lacustris.

To evaluate the significance of vegetation changes across the
three-year study period attributable to restoration actions, we per-
formed Wilcoxon signed rank tests by comparing pre- (2014) and
post- (2016) restoration abundance using the rstatix package

(Kassambara, 2021). This is a common approach to evaluate the
impacts of anthropogenic perturbations on ecological systems
when observed data occur on an interval scale or repeated mea-
sures are made.

To evaluate the effects of biotic and abiotic variables associated
with restoration activities on plant community composition, we
ran generalized linear mixed models (GLMMs) for treatment tran-
sects using package glmmTMB (Magnusson et al., 2020) in the R
statistical programming environment (R Core Team, 2020). Such
models are recommended due to their improved statistical infer-
ence and reduced bias estimates than the alternative of raw data
transformation (Bolker et al., 2009; Zuur et al., 2009).

We fitted beta distribution GLMMs with logit link function to
examine if the proportional abundance (0–1) of live Typha cover,
standing dead Typha litter, number of Typha ramets, C. canadensis,
and C. lacustris changed over sampling years across sites (Douma
and Weedon, 2019). After verifying model assumptions
(heteroskedasticity, homogeneity of variance, multicollinearity,
normality, and outliers) and residuals using the DHARMa package
(Hartig, 2021), we tested for the effects of soil moisture (fixed con-
tinuous), treatment vegetation zone (fixed categorical), Typha vari-
able cover (fixed continuous), Typha ramet count (fixed
continuous), and year (fixed categorical) on overall species cover-
age. Significance of fixed effects was evaluated using Type II Wald
chi-squared tests using the Anova.glmmTMB function within the
glmmTMB package (Magnusson et al., 2020). To avoid multi-
collinearity, elevation was not included as an explanatory variable,
as it is inversely correlated with soil moisture in lacustrine coastal

Fig. 2. Map showing the locations of vegetation sampling transects at A) Buck Pond and B) Buttonwood Creek. Black bars are restoration treatment transects; white bars are
control transects.

Fig. 3. Cross-section illustration (not to scale) showing habitat zones for channel (C,
not sampled), MOUND (M), EMERG (EM), and Sedge/Grass Meadow (SGM) sampled
for vegetation at Buck Pond and Buttonwood Creek.
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wetlands (Fu et al., 2020) and in both natural and restored wetland
settings (Kettenring and Galatowitsch, 2011). To account for spa-
tial autocorrelation, we included transect nested within site as a
hierarchical effect. To account for temporal autocorrelation of
repeated measurements along transects appropriately, we
included year as a random effect in all models and examined its
significance by fitting full and reduced models, then making com-
parisons using Type II Wald chi-squared likelihood ratio tests using
the lrtest function within the lmtest package (null-hypothesis sig-
nificance testing) (Hothorn et al., 2020).

We used the model.sel function within the MuMIn package to
select among a series of ecologically appropriate models, then val-
idated those results using the dredge function, which generates dif-
ferent sets of models representing all possible subsets of fixed
effects (Bartón, 2020). Selection of optimal models was based on
their corrected Akaike Information Criterion scores (AICc), which
express the quality of a model as a function of the goodness-of-
fit (maximum likelihood) and the number of parameters (DAICc <2)
(bblme package, Bolker, 2020). We calculated Nakagawa’s condi-
tional R2 (with random effects) and marginal R2 (without random
effects) using the performance package to assess the relative impor-
tance of fixed and random effects in GLMMs and to validate model
fits further (Nakagawa and Schielzeth, 2013; Lüdecke et al., 2021).
We then calculated 95% confidence intervals for each predictor
included in the set of models with <2 DAIC and identified informa-
tive predictors as those not overlapping zero (Arnold, 2010; Thiele
and Markussen, 2012; Bolker, 2020).

Results

Environmental variables

Mean mound elevation at Buck Pond was 75.47 m in 2015 and
was significantly reduced to 75.35 m in 2016 (U = 174, p = 0.01).
Mean mound elevation at Buttonwood Creek was 75.34 m in
2015, which decreased significantly to 75.21 m in 2016
(U = 184.5, p = 0.003). No differences were observed between
mound and remnant sedge/grass meadow elevations at either Buck
Pond (U = 581, p = 0.054) or Buttonwood Creek (U = 508, p = 0.395).

Mean mound soil moisture at Buck Pond was 32.5% vwc in
2015, which decreased to 31.0% vwc in 2016. At Buttonwood Creek,
mean mound soil moisture was 44.2% vwc in 2015 and increased to
48.2% vwc the subsequent year. However, between-year changes
were significant at neither site (W = 62, p = 0.583 and W = 17,
p = 0.322, respectively). While mean mound soil moisture was
lower at Buck Pond than Buttonwood Creek in 2015, this difference
only became significant in 2016 (U = 171, p < 0.001).

Generally, Buck Pond maintained higher mound elevations and
significantly lower soil moisture values than Buttonwood Creek
across the two-year post-restoration period (U = 47.5, p = 0.007;
U = 1105, p < 0.0001). However, comparable mound subsidence
rates, expressed as change in elevation over time, were observed
at both sites across the same period (mean 12.7 cm/year).

Mean soil moisture in the remnant SGM zone at Buck Pond
(29.7% vwc) was significantly lower than at Buttonwood Creek
(43.8% vwc) (U = 544, p < 0.0001). Although reduced, SGM soil
moisture was not significantly different from that in the newly cre-
ated mound zone when observed across sites (U = 424, p = 0.055).

Closer evaluation of mound edaphic features at both sites
demonstrated that Buttonwood Creek, while underlain by deep
organic muck and heavy clays, did not have a median soil bulk den-
sity (0.098 g/cm3) significantly greater than that at Buck Pond
(U = 65.5, p = 0.122), which displayed a greater proportion of des-
iccated, fibric cattail mat ‘‘peat” (0.076 g/cm3). In contrast, the
median bulk density in the remnant sedge/grass meadow zone

was significantly greater than mound bulk density across both sites
(0.258 g/cm3; U = 13, p < 0.001).

Floristics

Buck Pond
A total of 34 plant taxa was found in 2014 pre-restoration sam-

pling in the SGM zone of the treatment area in Buck Pond. Key taxa
were C. lacustris (mean cover 14.1%), C. canadensis (9.8%), and
T. � glauca (9.5%) (Table 1). Following restoration, 23 taxa were
sampled in 2015, with C. lacustris (26.9%), C. canadensis (16.6%),
and T. � glauca at 0.5% mean cover after treatment. One year later
in 2016, 27 taxa were sampled, with C. lacustris (29.2%) and C.
canadensis (23.3%); T. � glauca cover remained low (3.7%). Increase
in C. canadensis cover across years was significant (W = 80,
p = 0.02).

The EMERG zone had 17 taxa in pre-restoration 2014, with
T. � glauca dominant at 56.6% mean cover (Table 1). Following
restoration, 2015 sampling found 37 taxa, and mean cover of
T. � glauca was 27.8%, while C. lacustris was at 7.2%. In 2016, 69
taxa were sampled, led by T. � glauca (14.2%).

The MOUND zone created during channel construction sup-
ported 28 taxa in 2015, but only T. � glauca had substantial cover
(9.7%) (Table 1). In 2016, 53 taxa were sampled, with C. canadensis
at 10.1% cover, and T. � glauca reduced to 5.7%. Mean percent cover
of C. canadensis increased significantly from 2014 (0%) to 2016
(10.1%) (W = 21, p = 0.036).

The control area, which was sampled outside the treatment
area, consisted of SGM and CTL zones. In the SGM zone, 16 taxa
were sampled in pre-restoration 2014, with T. � glaucamost abun-
dant (38.1% mean cover), followed by C. lacustris (22.4%) and C.
canadensis (10.0%) (Table 1). In 2015, 35 taxa were sampled, with
mean cover of C. lacustris at 25.9%, C. canadensis (21.2%), and
T. � glauca (7.3%). Sampling in 2016 found 28 taxa, with mean cov-
ers of C. lacustris (25.0%), T. � glauca (20.2%), and C. canadensis
(16.0%).

In the CTL zone of the control area, 24 taxa were sampled in
2014, with only T. � glauca abundant (mean cover 60.9%) (Table 1).
In 2015, T. � glauca was the most prominent of the 23 taxa sam-
pled (28.0%). Also prevalent were C. lacustris (16.8%) and C.
canadensis (13.5%). In 2016, 18 taxa were sampled, with only
T. � glauca abundant (57.7%).

Buttonwood Creek
Among 41 plant taxa present in the 2014 pre-restoration SGM

treatment area at Buttonwood Creek, the most prominent were
T. � glauca (mean cover 21.8%), C. canadensis (10.4%), and C. lacus-
tris (6.8%) (Table 2). In post-restoration 2015, 52 taxa were identi-
fied, with C. lacustris at 27.0% mean cover. After treatment,
T. � glauca was reduced to 5.2% mean cover. In 2016, 53 taxa were
sampled. Carex lacustris had increased to 31.7%, followed by C.
canadensis (16.2%), while T. � glauca remained low at 3.9% mean
cover. Increase in C. lacustris cover across years was significant
(W = 103, p = 0.02).

In the EMERG zone, 19 taxa were sampled in pre-restoration
2014. Typha � glauca mean cover was 51.5% (Table 2). In the
EMERG zone in 2015, 21 taxa were sampled, and T. � glauca was
reduced to 40.9%. In 2016, 55 taxa were identified, with
T. � glauca further reduced to 17.3%.

In the MOUND zone created in portions of pre-restoration CTL,
28 taxa were identified in 2015, although only T. � glauca (24.8%)
provided much cover (Table 2). In 2016, T. � glauca (13.6%), Carex
comosa (7.9%), and C. canadensis (5.6%) were abundant among the
47 taxa sampled.

In the SGM zone of the control area, sampling in 2014 found 42
taxa, with greatest mean cover for C. lacustris (26.2%) and
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T. � glauca (23.8%); C. canadensis (8.2%) was also prominent
(Table 2). In 2015, 45 taxa were sampled, with C. lacustris (20.2%)
and C. canadensis (19.0%) prevalent, and T. � glauca was at 3.7%.
In 2016, 50 taxa were sampled in the control SGM.
Typha � glauca had 13.4% mean cover, followed by C. canadensis
(8.6%) and C. lacustris (7.4%).

In the CTL zone of the control area, T. � glauca had the greatest
mean cover (55.0%) in 2014, when 28 taxa were sampled (Table 2).
In 2015, 42 taxa were sampled, with T. � glauca (23.2%), C. lacustris
(18.0%), and C. canadensis (6.0%) prevalent. In 2016, 30 taxa were
sampled, and T. � glauca was the only one with substantial cover
(21.2%).

Typha response to treatment at sites by zone

Buck Pond
In the SGM zone at Buck Pond, mean percent cover of T.� glauca

decreased significantly from 9.5% in pre-restoration 2014 to 0.5% in
2015 following treatment but increased to 3.7% in 2016 (W = 0,
p = 0.014) (Table 3A). Mean count of Typha ramets decreased sig-
nificantly from 9.9 in 2014 to 0.9 in 2015 but increased to 3.3 in

2016 (W = 1, p = 0.005) (Table 3A). Mean percent cover of standing
dead Typha litter was 36.7% in 2014, 45.3% in 2015, and 47.3% in
2016, but the differences were not significant (W = 90, p = 0.09)
(Table 3A).

In the EMERG zone, mean percent cover of T. � glauca decreased
significantly from 56.6% in pre-restoration 2014 to 27.8% in post-
treatment 2015 and 14.2% in 2016 (W = 31, p < 0.001 and
W = 13.5, p < 0.001), demonstrating an overall significant reduction
from 2014 to 2016 (W = 0, p < 0.0001) (Table 3A). Mean count of
Typha ramets decreased significantly from 34.9 in 2014 to 21.6 in
2015 to 13.0 in 2016 (W = 36.5, p < 0.001 and W = 24,
p < 0.001), representing an overall significant reduction from
2014 to 2016 (W = 1, p < 0.0001) (Table 3A). Annual mean percent
cover of standing dead Typha litter decreased significantly from
84.5% in 2014 to 56.7% in 2015 to 39.8% in 2016 (W = 59.5,
p = 0.018 and W = 71.5, p = 0.015), demonstrating a significant
reduction between 2014 and 2016 (W = 18, p < 0.0001) (Table 3A).

In the MOUND zone at Buck Pond, mean percent cover of
T. � glauca decreased significantly from 9.7% in 2015 to 5.7% in
2016 (W = 14, p = 0.009) (Table 3A). Mean count of Typha ramets
decreased significantly from 13.9 in 2015 to 6.6 in 2016

Table 1
Vegetation zone-level dominant vegetation at Buck Pond with corresponding mean cover percentages for 2014, 2015, and 2016. SGM = remnant sedge/grass meadow,
EMERG = emergent and cattail-control, MOUND = spoil mound, CTL = cattail. Only those taxa with greater than 5 percent coverage and occurring in greater than three zones/years
are shown. Non-native species marked with an asterisk*.

Plant taxa Treatment Zone Control

SGM EMERG MOUND SGM CTL

2014 2015 2016 2014 2015 2016 2015 2016 2014 2015 2016 2014 2015 2016

Apios americana 9.3 29.2 12.7 1.7 9.2 22.2 0.3 3.2 15.0 38.5 38.3 – 15.3 3.1
Bidens cernua 0.2 – – – 0.3 9.9 0.1 10.7 – – – – – –
Calamagrostis canadensis 9.8 16.6 23.3 1.4 0.3 0.4 0.1 10.1 10.0 21.2 16.0 0.1 13.5 0.8
Carex lacustris 14.1 26.9 29.2 1.7 7.2 3.2 – 0.6 22.4 25.9 25.0 16.8 2.9
Cephalanthus occidentalis – – – – – – – – 0.3 14.9 3.0 – – –
Cornus amomum – 12.3 1.5 – – 0.7 0.3 – 0.5 0.1 1.2 – – –
Cornus racemosa – 5.0 2.8 – – – – – – 0.2 – – – –
Fraxinus pennsylvanica 3.8 0.1 0.4 – – – – – – – 5.3 – – –
Lythrum salicaria* 0.3 – – – 0.2 1.4 0.1 5.5 – 0.4 – 1.1 0.5 0.1
Persicaria amphibia 4.8 1.7 9.9 2.9 0.3 1.6 2.5 10.2 5.4 3.4 5.5 2.0 8.6 3.2
Persicaria lapathifolia – – – – 0.1 1.1 3.8 7.2 – – – – – –
Populus deltoides 25.3 21.3 11.3 – – 1.2 – 0.5 – 20.2 3.8 – 2.3 –
Scutellaria galericulata – – – – 0.1 1.1 0.1 8.0 – – – 0.1 – 0.1
Solidago canadensis 0.3 – – – – – – – 0.8 14.6 0.5 – – –
Thelypteris palustris – – – 0.4 4.4 1.4 3.7 9.5 – – – 4.7 0.1 0.6
Typha � glauca* 9.5 0.5 3.7 56.6 27.8 14.2 9.7 5.7 36.7 7.3 20.2 60.9 28.0 57.7

Table 2
Vegetation zone-level dominant vegetation at Buttonwood Creek with corresponding mean cover percentages for 2014, 2015, and 2016. SGM = remnant sedge/grass meadow,
EMERG = emergent and cattail-control, MOUND = spoil mound, CTL = cattail. Only those taxa with greater than 5 percent coverage and occurring in greater than three zones/years
are shown. Non-native species marked with an asterisk*.

Plant taxa Treatment Zone Control

SGM EMERG MOUND SGM CTL

2014 2015 2016 2014 2015 2016 2015 2016 2014 2015 2016 2014 2015 2016

Apios americana 2.2 1.4 11.8 – – – – – 2.6 5.8 2.0 – 1.6 –
Bidens frondosa – – 0.3 0.1 – 11.7 – – – – – 0.4 1.7 1.2
Calamagrostis canadensis 10.4 3.4 16.2 – – 0.2 – 5.6 8.2 19.0 8.6 – 6.0 0.7
Carex lacustris 6.8 27.0 31.7 4.5 3.8 2.0 – 0.7 26.2 20.2 7.4 0.3 18.0 –
Cephalanthus occidentalis 0.03 4.4 4.5 2.2 – 0.5 1.7 2.0 5.7 20.8 0.8 0.1 0.7 0.9
Cornus racemosa 1.1 – 7.2 – – – – 0.1 0.8 5.0 0.7 – – –
Cornus sericea 0.5 5.5 6.1 – – 0.3 – – 2.7 – – – – –
Galium trifidum – 0.8 0.1 – 0.3 6.1 0.5 0.7 0.1 – 0.5 0.1 0.8 0.6
Juncus effusus 0.9 12.7 3.0 – – 0.2 1.8 2.6 – – 0.1 – – –
Persicaria amphibia 4.1 3.4 9.3 2.6 0.9 1.1 – – 2.3 4.4 2.9 1.4 9.6 2.8
Quercus alba – – – – – – – – 9.6 16.6 0.2 – – –
Salix nigra – 0.3 – – 14.8 0.2 – – 2.5 15.8 0.3 – 2.6 –
Typha � glauca* 21.8 3.5 3.9 51.5 40.9 17.3 24.8 13.6 23.8 3.7 13.4 55.0 23.2 21.2
Verbena hastata – 3.7 3.2 – – 0.7 0.6 12.9 – – 0.1 – 0.5 –
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(W = 7.5, p = 0.003) (Table 3A). Annual mean percent cover of
standing dead Typha litter decreased significantly from 31.7% in
2015 to 9.3% in 2016 (W = 12, p = 0.012) (Table 3A).

Buttonwood Creek
In the remnant SGM zone at Buttonwood Creek, mean percent

cover of T. � glauca decreased from 21.8% in pre-restoration 2014
to 5.2% in post-treatment 2015 and to 3.9% in 2016 (W = 19.5,
p = 0.041), demonstrating an overall significant decrease between
2014 and 2016 (W = 4.5, p = 0.005) (Table 3B). Mean count of Typha
ramets decreased significantly from 20.3% in 2014 to 6.5% in 2015
to 2.2% in 2016 (W = 5, p = 0.005 and W = 6, p = 0.018) (Table 3B).
Mean percent cover of standing dead Typha litter decreased signif-
icantly from 72.5% in 2014 to 13.9% in 2015 (W = 3, p = 0.001) but
increased to 46.7% in 2016; however, it still represented an overall
significant decrease from 2014 to 2016 (W = 14, p = 0.01)
(Table 3B).

In the EMERG zone, mean percent cover of T. � glauca decreased
significantly from 51.5% in 2014 to 40.9% in post-treatment 2015 to
17.3% in 2016 (W = 16, p < 0.0001), demonstrating an overall sig-
nificant reduction from 2014 to 2016 (W = 1, p < 0.0001)
(Table 3B). Mean count of Typha ramets decreased from 31 in
2014 to 27.9 in 2015 then significantly to 10.6 in 2016 (W = 7,
p < 0.0001), representing an overall significant reduction from
2014 to 2016 (W = 2, p < 0.0001) (Table 3B). Mean percent cover
of standing dead Typha litter decreased significantly from 54.5%
in 2014 to 23.1% in 2015 but increased to 43.1% in 2016
(W = 36.5, p < 0.001) (Table 3B).

In the MOUND zone at Buttonwood Creek, mean percent cover
of T. � glauca decreased significantly from 24.8% in 2015 to 13.6%
in 2016 (W = 9, p = 0.007) (Table 3B). Mean count of Typha ramets
decreased significantly from 23.2 in 2015 to 7.1 in 2016 (W = 0,
p < 0.001) (Table 3B). Mean percent cover of standing dead Typha
litter increased significantly from 20% in 2015 to 46.7% in 2016
(W = 96.5, p = 0.006) (Table 3B).

Generalized linear mixed-effects modeling

Our generalized linear mixed-effects models revealed how
treatment outcomes were affected by the complex relationships
between biotic and abiotic site variables at varying scales. Soil
moisture, zone, and year explained � 91% of the variation in Typha
cover among transects across both sites over the three-year study
period (R2c = 0.913; R2m = 0.583) (ESM Table S2). Approximately
half of this variance was explained by the effect of year
(v2 = 39.743, p < 0.0001) (ESM Table S2), with markedly reduced
cover in transects measured in post-restoration years. Among the
fixed effects, mean annual soil moisture had by far the strongest
influence (log odds, LO = 1.313, p = 0.003) (ESM Table S2), with
an overwhelming increase in Typha cover. The effect of zone had

a moderate effect on Typha cover and was particularly apparent
on newly created mounds where Typha dramatically increased
(LO = 0.762, p = 0.025) (ESM Table S2).

Year and vegetation zone together explained �85% of the vari-
ation in Typha ramet count among transects across years
(R2c = 0.855; R2m = 0.494) (ESM Table S2). More than a third of this
variance was explained by year (v2 = 39.962, p < 0.0001) (ESM
Table 2), which consequently supported a significant decrease in
Typha ramets in the post-restoration period. The fixed effect of
zone was notably apparent in both the EMERG (LO = 1.371,
p < 0.0001) and MOUND (LO = 1.191, p < 0.0001) (ESM Table S2).

For standing dead Typha litter, 86.5% of the variation in cover
was explained by the fixed effects of soil moisture, site, and zone
(R2c = 0.865; R2m = 0.786) (ESM Table S2). Mean annual soil mois-
ture and site had a positive effect on cover (LO = 2.050, p = 0.004
and LO = 1.268, p = 0.004, respectively) (ESM Table S2). The effect
of zone was more strongly negatively experienced in MOUND
(LO = �0.917, p = 0.042) than in EMERG (LO = �1.390, p = 0.045)
(ESM Table S2). The random effect of year had no impact on litter
cover.

Our C. canadensis model showed a significant positive effect of
co-occurring native species (C. lacustris) on coverage (LO = 4.013,
p < 0.0001; R2c = 0.691; R2m = 0.621) and a similar response of cov-
erage to the random effect of year (v2 = 15.874, p = 0.014) (ESM
Table S3). Mean annual soil moisture had a negative effect on C.
canadensis (LO = �0.878, p = 0.004) (ESM Table S3). Fixed effects
(C. lacustris and soil moisture) accounted for �67% of the variance
in the model. The effect of year showed a positive influence in the
post-restoration period (v2 = 15.874, p = 0.014) (ESM Table S3).

Zone, year, and coinciding native species explained �79% of the
variation in C. lacustris cover among transects across both sites
over the 3-year study period (R2c = 0.786; R2m = 0.716) (ESM
Table S3). Among the fixed effects, zone had by far the strongest
influence, with an overwhelmingly negative effect on C. lacustris
cover. This was apparent on newly created mounds where C. lacus-
tris dramatically decreased (LO = �1.849, p < 0.0001) and in the
emergent zone under consistent ponding and saturation
(LO =�1.193, p < 0.0001) (ESM Table S3). The random effect of year
showed an increasingly positive influence in the post-restoration
period (v2 = 12.624, p = 0.049) (ESM Table S3).

Discussion

The effects of species invasions on native plant communities are
undoubtedly complex and often difficult to measure. Although
their potential to cause detrimental effects is frequently observed,
the mechanisms at play and overall effects on native communities
often remain unclear (Flory and Clay, 2009). The mechanism by
which Lake Ontario coastal wetlands have become degraded is
complex, so the means to restore them are likewise complicated.

Table 3
Vegetation zone-level Typha � glauca percent cover, ramet count, and litter at Buck Pond (A) and Buttonwood Creek (B) with corresponding annual mean values for 2014, 2015,
and 2016. SGM = remnant sedge/grass meadow, EMERG = emergent and cattail-control, MOUND = spoil mound, CTL = cattail.

Variable Treatment Zone Control

SGM EMERG MOUND SGM CTL

2014 2015 2016 2014 2015 2016 2015 2016 2014 2015 2016 2014 2015 2016

A
Typha � glauca % cover 9.5 0.5 3.7 56.6 27.8 14.2 9.7 5.7 38.1 7.3 20.2 60.9 28.0 57.7
Typha � glauca ramet count 9.9 0.9 3.3 34.9 21.6 13.0 13.9 6.6 25.5 3.6 11.7 36.2 17.5 36.4
Typha � glauca litter 36.7 45.3 47.3 84.5 56.7 39.8 31.7 9.3 73.0 98.6 32.2 85.3 93.4 72.2

B
Typha � glauca % cover 21.8 5.2 3.9 51.5 40.9 17.3 24.8 13.6 23.8 3.7 13.4 55.0 23.1 21.2
Typha � glauca ramet count 20.3 6.5 2.2 31.0 27.9 10.6 23.2 7.1 13.9 2.5 15.5 34.3 15.1 31.4
Typha � glauca litter 72.5 13.9 46.7 54.5 23.1 43.1 20.0 46.7 56.4 64.6 28.9 58.9 67.8 27.8
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Our attempts to isolate and evaluate the population dynamics of
non-native and native taxa within this system served to confirm
this. Using a multifaceted approach, we determined that soil mois-
ture processes, as mediated by edaphic conditions, were the most
influential factors in our study system, with a subsequent cascad-
ing effect on plant community dynamics.

Effects of Typha-control treatments

In plot-level treatments at their Kents Creek experimental site
on Lake Ontario, Wilcox et al. (2018) found reductions in both
Typha mean ramet counts and mean cover using methods similar
to ours. In the meadow zone, they reported a decrease in mean
cover of C. lacustris and an increase in C. canadensis. However, in
the cattail zone (the treatment most resembling ours in the EMERG
zone), they found an increase in both C. lacustris and C. canadensis.
Our wetland-scale cattail treatments in sedge/grass meadow were
similarly effective, as two-year Typha reductions (mean cover and
ramet counts) were sustained in the SGM zone at Buck Pond and
Buttonwood Creek, while mean cover of C. lacustris and C. canaden-
sis increased from pre-restoration 2014 to post-restoration 2016.
Increases in C. lacustris and C. canadensis were likely partially
related to release from competition due to reductions in Typha,
as well as reductions in litter (Costello, 1936; van der Valk, 1986;
Ashworth, 1997; Farrer and Goldberg, 2009; Vaccaro et al., 2009;
Hall and Zedler, 2010).

Larger-scale applications of cattail-control treatments in the
EMERG zone at Buck Pond and Buttonwood Creek showed similar
effectiveness to plot-level experiments in two-year Typha reduc-
tions. At Buck Pond, C. lacustris mean cover also increased slightly,
and C. canadensis mean cover decreased marginally from pre-
restoration 2014 to post-restoration 2016. However, C. lacustris
mean cover decreased and C. canadensis was nearly non-existent
at Buttonwood Creek. Although C. lacustris is tolerant of greater
water depths than C. canadensis (Ashworth, 1997; Yetka and
Galatowitsch, 1999), consistent depths in the EMERG zone at Buck
Pond and Buttonwood Creek (approximately 10 cm and 18 cm)
were likely not conducive to growth of either species, even with
reduced competition from Typha and decreased Typha litter.
Reduction of C. lacustris under constant inundation at comparable
depths has been observed in other studies, wherein biomass pro-
duction was markedly reduced in water depths over 30 to 38 cm
across a three-year period (Harris and Marshall, 1963; Budelsky
and Galatowitsch, 2000). This demonstrates that C. lacustris growth
is often more contingent on flooding duration than depth
(Budelsky and Galatowitsch, 2000).

Although Wilcox et al. (2018) had no comparable treatment
site, cattail treatments in the MOUND zone resulted in two-year
reduced Typha mean ramet counts and mean cover at Buck Pond
and Buttonwood Creek. Expansion of C. canadensis on the created
mounds resulted in mean cover of 10.1% at Buck Pond and 5.6%
at Buttonwood Creek after two years. In wetland restoration efforts
at two St. Lawrence River sites where spoils from a rotary dredger
were used to create habitat mounds with no other treatments,
Regan (2016) found less Typha and more diverse vegetation than
in the surrounding marsh, but reliance on the exposed seed bank
did not successfully establish sedge meadow vegetation.

Effects of non-treatment factors

Owing to the overwhelming complexity observed in coastal
wetlands following restoration, the interaction of wetland-scale
biotic processes and landscape-level physicochemical dynamics is
likely to capture a wider range of effects than consideration of
either independently or treatment effects alone. In this manner,

we believe it imperative to account for other factors that may have
influenced our results.

Seeding
Recovery of native plant communities following invader

removal is often limited by a depauperate native seedbank, indi-
cating that active revegetation methods may be required (Bansal
et al., 2019). In Typha-invaded wetlands, native seed banks become
increasingly degraded with stand age (Lishawa et al., 2015). While
seed addition in post-invasive restoration yields mixed success, it
is often viewed as a worthwhile bet-hedging strategy (e.g.,
Pastorok et al., 1997; Bucharova and Krahulec, 2020; Kettenring
and Tarsa, 2020; Sinks et al. 2021).

Our broadcast-seeding of native taxa increased sedge/grass
meadow species atop created mounds two years after seeding.
While only nine of 13 seeded species were observed in the first
post-restoration season, a second round of in situ cold, moist strat-
ification appeared to enable increased germination by C. lacustris
(van der Valk et al., 1999; Kettenring and Galatowitsch, 2007)
and contributed to at least minor cover in 2016. Many temperate
carices require a substantial period of cold to break dormancy
and germinate successfully, supporting the practice in restoration
efforts such as these for in situ seed stratification as a means to
encourage establishment of Carex while reducing invasive species
(Leck and Schütz, 2005; Kettenring and Galatowitsch, 2007).

Litter
Typha litter alters vegetation patterns in Great Lakes wetlands,

with negative effects on sedges (Tuchman et al., 2009; Vaccaro
et al., 2009; Lishawa et al., 2010; Larkin et al., 2012; Farrer and
Goldberg, 2014). Mean percent cover of standing dead Typha litter
was greater in the SGM zone at Buck Pond than at Buttonwood
Creek in both 2015 and 2016, while it was far greater in the
MOUND zone of Buttonwood Creek in 2016 in response to more
live Typha cover in 2015.

Lake level and soil moisture
Mean water levels on Lake Ontario during the growing season

were similar in 2014 (75.07 m IGLD1985), 2015 (75.11 m), and
2016 (74.94 m) (NOAA, 2021) and likely did not influence differ-
ences in soil moisture in SGM at Buck Pond and Buttonwood Creek
across post-restoration years. Soil moisture in the SGM zone
seemed amenable for C. canadensis and C. lacustris, which increased
in mean percent cover across years at both sites following cattail
treatment.

Year-round standing water in the EMERG zone in both years
resulted in 100% soil moisture at both sites, hampering the ability
of emergent native taxa to establish (Keddy and Reznicek, 1986;
Wilcox, 1994). This zone likely also had depleted seedbanks due
to a combination of isolation from dispersal sources, litter accumu-
lation, and duration of Typha invasion (Frieswyk and Zedler, 2006;
Hall and Zedler, 2010; Mitchell et al., 2011; van der Valk and
Baalman, 2018; Lishawa et al., 2019). Clonal perennials under per-
manent flooding may also have reduced shoot, tiller, and rhizome
regeneration in wetland restorations (Yetka and Galatowitsch,
1999; Kercher and Zedler, 2004). We posit that these co-
occurring phenomena contributed to the general lack of native gra-
minoid release following effective Typha control in the EMERG
zone at both sites.

Soil moisture was found to decrease with mound elevation in
tidal wetlands of the Pacific Northwest (Hough-Snee et al., 2011;
Diefenderfer et al., 2018). At Buck Pond and Buttonwood Creek, soil
moisture in the MOUND zone was driven by mound elevations and
proximity to water at lake level. Mean elevations at Buck Pond
were 0.41 m above growing season lake levels in 2016, with mean
soil moisture at 30.6%. Buttonwood Creek elevations were only
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0.27 m above lake level, and mean soil moisture was 48.5%. Greater
soil moisture at Buttonwood Creek may have allowed increased
regrowth of Typha, which does not fare well without an adequate
water supply (Wilcox et al., 2008). Calamagrostis canadensis
increased on the mounds at both sites, as it can tolerate periods
of low soil moisture (Wilcox et al., 2008).

Significant differences in soil moisture, bulk density, and eleva-
tion between the SGM and MOUND zones in 2016 indicated that
efforts to duplicate the edaphic and hydrological conditions of
native sedge meadows through mound creation and cattail control
were not fully effective, as described below.

Mound spoil properties and subsidence
Few studies have documented the design, implementation, and

outcomes of spoil mound creation in coastal freshwater wetland
restoration projects of the Great Lakes. However, studies in tidal
wetlands of the Pacific Northwest and a broader review of wetland
mound construction elsewhere, enabled Diefenderfer et al. (2018)
to conclude that elevation to control soil moisture was of greatest
importance. Other key construction elements included preference
for organic matter in the source material, even for use as a top
layer; avoidance of compaction or smoothing of the surface that
could restrict water penetration or plant growth; creation of topo-
graphic heterogeneity to promote plant survival; and timing of
excavation/creation to enhance planting. Using a bet-hedging
strategy similar to that of other researchers (e.g., Biederman and
Whisenant, 2011; Doherty and Zedler, 2015), we found that
mounding facilitated variable environmental conditions that,
while conducive to overall plant recruitment and survival, also
required substantial invasive management. Surface elevation of
the created spoil mounds was significantly lower at both Buck
Pond and Buttonwood Creek after one year (2015 to 2016). Trig-
gered by excavation and subsequent dewatering of spoil material,
subsidence is the best explanation for diminishing mound eleva-
tions, which often exposed emerging plants to saturated conditions
and enabled Typha re-invasion.

Greater bulk densities may result from marsh restoration,
where values exceed those of the natural wetlands that they are
intended to replace or replicate (Galatowitsch and van der Valk,
1996; Craft et al., 1999; van der Valk et al., 1999; Kettenring and
Galatowitsch, 2011). Median bulk density in the MOUND zone at
the Buttonwood Creek restoration site was slightly greater than
at Buck Pond, although not significantly different. However, visual
inspection of spoil materials that were used to create mounds did
identify some differences in properties. Spoils from Buttonwood
Creek were generally sapric, dense and soft, brown to black, with
highly degraded remains of organic detritus and Typha rhizomes.
In contrast, spoils from Buck Pond were generally more fibric and
highly porous. Differences in spoil materials likely contributed to
greater subsidence of the mounds at Buttonwood Creek. Although
plant species establishment may be affected by soil bulk density
(Liu et al., 2020), the range of values in the MOUND zone was quite
low across both sites (0.04 to 0.24 g/cm3). Thus, if spoil materials
affected mound vegetation, it would have been in rates of subsi-
dence and consequent ability to hold soil moisture.

Models
Modeling that portrays temporal changes in elevation when

pre-elevations were not recorded prior to the development of spoil
mounds may be of concern. However, in a similar additive study
within a Jamaica Bay (NY) salt marsh, researchers used thin-layer
placement of dredged sediments to restore surface elevations
and analyzed their longitudinal elevation data using linear mixed
models (Cahoon et al., 2019). As well, Buchbinder (2018) evaluated
pre- and post-restoration elevation changes of experimental salt

marsh mounds using a similar generalized linear model method
across two years in San Pablo Bay, San Francisco.

Our modeling results validated the complexity previously
described in post-restoration coastal wetland communities. Soil
moisture was the leading driver in most plant models, which con-
firms similar findings in other wetlands (Matthews et al., 2009;
Todd et al., 2010; Rohal et al., 2019). Meanwhile, treatment zone
was demonstrated to be the most widespread explanatory variable
across all models, indicating that applied restoration actions suc-
cessfully generated distinct environmental conditions on the land-
scape (chiefly achieved via mound creation). Moreover, models
showed that increasing years since implementation (here, repre-
sentative of duration and intensity of restoration effort) served to
improve site suitability for native species significantly by reducing
Typha cover and live ramets but not litter. This relationship with
litter appears to be an artifact of control efforts not keeping pace
with Typha development on the created spoil mounds. Over-
whelmingly, model outcomes suggested that our attempts to
recreate conditions most appropriate for native sedge/grass mea-
dow taxa inadvertently facilitated the incursion of Typha through
various processes, most notably augmented soil moisture and pos-
sibly via decreased bulk density.

Management recommendations for future projects

In light of our findings, we propose the following recommenda-
tions to improve the understanding of the links between invasive
Typha control, substrate topographic engineering, revegetation
practices, and the long-term viability and resilience of coastal wet-
land restorations.

We combined several Typha suppression methods in the
restoration in Buck Pond and Buttonwood Creek wetlands -- exci-
sion (cutting and mowing), herbicide treatment, soil moisture
amelioration via elevation augmentation (spoil mound creation),
and seed addition. Use of multiple methods is recommended and
has become more common in invasive control efforts and more
often successful than single methods alone (Galatowitsch et al.,
1999; Wilcox et al., 2018; Bansal et al., 2019; Lishawa et al.,
2019; Sinks et al., 2021).

As nearly every coastal wetland on Lake Ontario has been
invaded by cattail at the expense of sedge/grass meadow (Wilcox
et al., 2005; Wilcox et al., 2008; Wilcox and Bateman, 2018), addi-
tional large-scale restoration projects similar to those at Buck Pond
and Buttonwood Creek are needed to return to some semblance of
natural conditions. Efforts at Braddock Bay (Silva et al., 2021), But-
tonwood Fen (Graham et al., 2021), and Cranberry Pond in the
Rochester Embayment Area of Concern have already used some
of the lessons learned from our study, but from our more detailed
analyses, we suggest the following additional recommendations.

Similar to Kongchum et al. (2017), we observed that the ability
to meet or exceed targeted restoration objectives is a function of
project design and post-construction surface elevations and con-
comitant soil moisture levels. However, our soil surveys were not
sufficiently detailed to predict the degree of subsidence on the
spoil mounds. Mound elevations were designed to range from
75.35 m to 75.60 m (IGLD1985) to discourage cattail growth
(Wilcox and Xie, 2007; Wilcox et al., 2008), but not all remained
at that height. For spoil mounds in future projects to retain desired
elevations, and consequently maintain suitable soil moisture, this
means conducting more extensive soil surveys to determine bulk
densities and to characterize the proportion of organic vs. mineral
content further.

Conservative engineering specifications should also be fol-
lowed, with mounds built to higher elevations and overall subsi-
dence anticipated to be greater than expected, perhaps initially
at 25 to 35% of the designed height (Riley, 1981). Despite lake-
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level regulation (IJC, 2014), water levels on Lake Ontario remain
variable, and record highs occurred in 2017 and 2019 (75.81 m
and 75.91 m, respectively). Thus, plans for mound elevations
should also consider potential inundation, as occurred at both Buck
Pond and Buttonwood Creek in both years.

Mounds built to higher elevations will require more spoil mate-
rial. Channels would then need to be wider and/or deeper, which
we recommend regardless of mound elevation to reduce closure
of channels due to cattail mat expansion. An added bonus of larger
channels is assurance that northern pike access to sedge/grass
spawning habitat is maintained.

Based on many observations across the Great Lakes, coastal
wetland restoration requires both the removal of invasive plants
and re-establishment of native plant communities (Robichaud
and Rooney, 2021). As in the restoration of sedge/grass wetland
adjacent to West Creek, a tributary to nearby Braddock Bay
(Wilcox and Healy, 2016), our results suggest that active seeding
of mounds can facilitate development of the plant community. A
similar conclusion was drawn for reed canarygrass control in tidal
freshwater wetlands (Sinks et al., 2021). Diefenderfer et al. (2018)
concluded that plant associations on mounds were different from
other areas of wetlands and that seeding plans should relate to ele-
vation/soil moisture preferences of desired species. In addition, a
study by Polzer (2018) suggests that transplants in conjunction
with Typha control measures can help facilitate establishment of
sedge/grass meadow habitat. Selection of species should reflect
desirable native taxa observed in pre-restoration reconnaissance
or other regional studies. When re-seeding or planting, we suggest
incorporating a diversity of functional groups, which will help to
stabilize the plant community and more readily dissuade invasion
(Byun et al., 2018; Kettenring and Tarsa, 2020). Seeds of many
Carex species require cold-stratification before they can germinate;
we recommend that they be seeded in early autumn to allow over-
winter stratification on site. Finally, we recommend that seeds and
plugs for planting come from regional sources or, alternatively, the
use of appropriate provenancing practices (Breed et al., 2018;
Kettenring and Tarsa, 2020).

Because restoration is highly context-dependent, land man-
agers should anticipate that actions may sometimes have unex-
pected or unintended consequences. When performing
restoration activities, therefore, adaptive management plans
should be made. Multiple years of data collection should be incor-
porated into the planning process to guide adaptive management
and provide a better representation of how successful the restora-
tion truly will be in the long term (Galatowitsch, 2012; Clewell and
Aronson, 2013). Unmanned aerial vehicles (drones) have the
potential to provide fast and spatially expansive monitoring of
large, cattail-dominated wetlands (Lishawa et al., 2017; Doughty
et al., 2021). When there is a high likelihood of re-invasion, man-
agers should be prepared to repeat control treatments to prevent
establishment of the invasive species in the revegetated commu-
nity. If channels become closed or restricted from cattail-mat
expansion, re-excavation in selected locations may be warranted,
along with mound re-construction.

Invasive species incursions should be monitored closely, and
early detection followed by immediate management using
mechanical or biological treatments should be used to decrease
the chance of establishment of satellite populations. For instance,
Lythrum salicaria has the potential to become dominant at higher
elevations where initial disturbance of the restoration site allows
for colonization by seed (Holvick et al., 2011). NYSDEC has an
active program for release of Neogalerucella beetles in Lake Ontario
wetlands that should be incorporated into planning (Boag and
Eckert, 2013). In addition, sequential application of herbicide has
been demonstrated to provide effective control over time
(Knezevic et al., 2018). Best management practices going forward

would include continued targeting of cattails and other high
impact invaders (e.g., Phragmites australis, Hydrocharis morsus-
ranae, Trapa natans, Myriophyllum spicatum).

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

This study was largely funded by EPA Grant No. GL00E01296-0
under the 2014 Great Lakes Restoration Initiative. Additional fund-
ing was provided by the New York State Wetlands Forum and the
Wetland Foundation. Thanks to Sarah Fleming (Ducks Unlimited)
for grant coordination; Heidi Kennedy (NYSDEC) and the Wegman
family for site coordination and access; U.S. Fish and Wildlife Ser-
vice for use of the Marsh Master; and Applied Ecological Services
for assistance in cutting and herbicide treatment of cattails. Assis-
tance in conducting field work was provided by Alex Silva, Tyler
Ohle, Steve Hart, Greg Lawrence, Amy Jessmer, Kira Broz, Holly
Jackson, Kevin Berend, Alex Fisher, Steph Monk-George, Kamil
Monk-George, HavenMonk-George, Andie Graham, Brad Mudrzyn-
ski, John Bateman, and Chris Norment’s 2016 Field Biology class.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jglr.2022.03.002.

References

Albert, D.A., Wilcox, D.A., Ingram, J.W., Thompson, T.A., 2005. Hydrogeomorphic
classification for Great Lakes coastal wetlands. J. Great Lakes Res. 31 (Suppl. 1),
129–146.

Argyilan, E.P., Johnston, J.W., Lepper, K., Monaghan, G.W., Thompson, T.A., 2018.
Lake-level, shoreline, and dune behavior along the Indiana southern shore of
Lake Michigan. In: Florea, L.J. (Ed.), Ancient oceans, orogenic uplifts, and glacial
ice: geologic crossroads in America’s heartland. Geol. Soc. Am. Field Guide 51,
181–203.

Arnold, T.W., 2010. Uninformative parameters and model selection using Akaike’s
information criterion. J. Wildlife Manage. 74, 1175–1178.

Ashworth, S.M., 1997. Comparison between restored and reference sedge meadow
wetlands in south-central Wisconsin. Wetlands 17, 518–527.

Baedke, S.J., Thompson, T.A., 2000. A 4,700-year record of lake level and isostasy for
Lake Michigan. J. Great Lakes Res. 26, 416–426.

Bansal, S., Lishawa, S., Newman, S., Tangen, B., Wilcox, D.A., Albert, D., Anteau, M.,
Chimney, M., Cressey, R., DeKeyser, S., Elgersma, K., Finkelstein, S.A., Freeland, J.,
R. Grosshans, R., Klug, P., Larkin, D., Lawrence, B., Linz, G., Marburger, J., Noe, G.,
Otto, C., Reo, N., Richards, J., Richardson, C.J., Rogers, L., Schrank, A., Svedarsky,
D., Travis, S., Tuchman, N., van der Valk, A.G., Windham-Myers, L., 2019. Typha
(cattail) invasion in North American wetlands: biology, regional problems,
impacts, desired services, and management. Wetlands 39, 645–684.

Bartón, K., 2020. MuMIn: Multi-Model Inference. R package version 1 (43), 17.
Biederman, L.A., Whisenant, S.G., 2011. Using mounds to create microtopography

alters plant community development early in restoration. Restor. Ecol. 19, 53–
61.

Blake, G.R., 1965. Bulk density in methods of soil analysis. In: Black, C.A. (Ed.),
Methods of Soil Analysis, Part 1: Physical and Mineralogical Properties,
Including Statistics of Measurement and Sampling. Agronomy Monograph No.
9. American Society of Agronomy, Madison, WI, pp. 374–390.

Boag, A.E., Eckert, C.G., 2013. The effect of host abundance on the distribution and
impact of biocontrol agents on purple loosestrife (Lythrum salicaria, Lythraceae).
EcoScience 20, 90–99.

Bolker, B., 2020. bblme: Tools for General Maximum Likelihood Estimation. R
package version 1.0.23.1.

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H.,
2009. Generalized linear mixed models: a practical guide for ecology and
evolution. Trends Ecol. Evol. 24, 127–135.

Breed, M.F., Harrison, P.A., Bischoff, A., Durruty, P., Gellie, N.J.C., Gonzalez, E.K.,
Havens, K., Karmann, M., Kilkenny, F.F., Krauss, S.L., Lowe, A.J., Marques, P.,
Nevill, P.G., Vitt, P.L., Bucharova, A., 2018. Priority actions to improve
provenance decision-making. BioScience 68, 510–516.

Bucharova, A., Krahulec, F., 2020. Native seed addition as an effective tool for post-
invasion restoration. Basic Appl. Ecol. 43, 34–41.

E.L. Polzer and D.A. Wilcox Journal of Great Lakes Research 48 (2022) 756–767

765

https://doi.org/10.1016/j.jglr.2022.03.002
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0005
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0005
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0005
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0015
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0015
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0020
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0020
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0025
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0025
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0035
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0040
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0040
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0040
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0050
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0050
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0050
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0060
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0060
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0060
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0065
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0065
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0065
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0065
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0070
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0070


Bucharova, A., Bossdorf, O., Hölzel, N., Kollmann, J., Prasse, R., Durka, W., 2018. Mix
and match: Regional admixture provenancing strikes a balance among different
seed-sourcing strategies for ecological restoration. Conserv. Genet. 20, 7–17.

Buchbinder, M.V., 2018. Facilitating ecological recovery of a salt marsh restoration
site through active restoration. San Francisco State University, San Francisco,
CA. MS thesis.

Budelsky, R.A., Galatowitsch, S.M., 2000. Effects of water regime and competition on
the establishment of a native sedge in restored wetlands. J. Appl. Ecol. 37, 971–
985.

Byun, C., de Blois, S., Brisson, J., 2018. Management of invasive plants through
ecological resistance. Biol. Invasions 20, 13–27.

Cahoon, D.R., Lynch, J.C., Roman, C.T., Schmit, J.P., Skidds, D.E., 2019. Evaluating the
relationship among wetland vertical development, elevation capital, sea-level
rise, and tidal marsh sustainability. Estuaries Coast 42, 1–15.

Clewell, A.F., Aronson, J., 2013. Ecological Restoration: Principles, Values, and
Structure of an Emerging Profession. Island Press, Washington, DC.

Costello, D.F., 1936. Tussock meadows in southeastern Wisconsin. Bot. Gaz. 97,
610–648.

Craft, C., Reader, J., Sacco, J.N., Broome, S.W., 1999. Twenty-five years of ecosystem
development of constructed Spartina alterniflora (Loisel) marshes. Ecol. Appl. 9,
1405–1419.

Diefenderfer, H.L., Sinks, I.A., Zimmerman, S.A., Cullinan, V.I., Borde, A.E., 2018.
Designing topographic heterogeneity for tidal wetland restoration. Ecol. Eng.
123, 211–225.

Doherty, J.M., Zedler, J.B., 2015. Increasing substrate heterogeneity as a bet-hedging
strategy for restoring wetland vegetation. Restor. Ecol. 23, 15–25.

Doughty, C.L., Ambrose, R.F., Okin, G.S., Cavanaugh, K.C., 2021. Characterizing spatial
variability in coastal wetland biomass across multiple scales using UAV and
satellite imagery. Remote Sens. Ecol. Conserv. 7, 411–429.

Douma, J.C., Weedon, J.T., 2019. Analysing continuous proportions in ecology and
evolution: A practical introduction to beta and Dirichlet regression. Methods
Ecol. Evol. 10, 1412–1430.

Farrell, J.M., Werner, R.G., Lapan, S.R., Claypoole, K.P., 1996. Egg distribution and
spawning habitat of northern pike and muskellunge in a St. Lawrence River
marsh. New York. Trans. Am. Fish. Soc. 125, 127–131.

Farrer, E.C., Goldberg, D.E., 2009. Litter drives ecosystem and plant community
changes in cattail invasion. Ecol. Applic. 19, 398–412.

Farrer, E.C., Goldberg, D.E., 2014. Mechanisms and reversibility of the effects of
hybrid cattail on a Great Lakes marsh. Aquat. Bot. 116, 35–43.

Flory, S.L., Clay, K., 2009. Invasive plant removal method determines native plant
community responses. J. Appl. Ecol. 46, 434–442.

Frieswyk, C.B., Zedler, J.B., 2006. Do seed banks confer resilience to coastal wetlands
invaded by Typha � glauca? Can. J. Bot. 84, 1882–1893.

Fu, H., Yuan, G., Ge, D., Li, W., Zou, D., Huang, Z., Wu, A., Liu, Q., Jeppesen, E., 2020.
Cascading effects of elevation, soil moisture and soil nutrients on plant traits
and ecosystem multi-functioning in Poyang Lake wetland. China. Aquat. Sci. 82,
1–10.

Galatowitsch, S.M., 2012. Ecological Restoration. Sinauer Associates, Sunderland,
MA.

Galatowitsch, S.M., Anderson, N.O., Ascher, P.D., 1999. Invasiveness in wetland
plants in temperate North America. Wetlands 19, 733–755.

Galatowitsch, S.M., van der Valk, A.G., 1996. Vegetation and environmental
conditions in recently restored wetlands in the prairie pothole region of the
USA. Plant Ecol. 126, 89–99.

Graham, A., Mudrzynski, B., Polzer, E., Wilcox, D.A., 2021. Restoration of a Lake
Ontario-connected fen through invasive Typha removal. Restor. Ecol. 29, 13562.

Hall, S.J., Zedler, J.B., 2010. Constraints on sedge meadow self-restoration in urban
wetlands. Restor. Ecol. 18, 671–680.

Harris, S.W., Marshall, W.H., 1963. Ecology of water-level manipulations on a
northern marsh. Ecology 44, 331–343.

Hartig, F., 2021. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/
Mixed) Regression Models. R package version (4), 3.

Holvick, S.M., Bunker, D.E., Peterson, C.J., Carson, W.P., 2011. Purple loosestrife
suppresses plant species colonization far more than broad-leaved cattail:
experimental evidence with plant community implications. J. Ecol. 99, 225–234.

Hothorn, T., Zeileis, A., Farebrother, R.W., Cummins, C., 2020. lmtest: Testing Linear
Regression Models. R package version 0.9-38.

Hough-Snee, N., Long, A.L., Jeroue, L., Ewing, K., 2011. Mounding alters
environmental filters that drive plant community development in a novel
grassland. Ecol. Eng. 37, 1932–1936.

IJC, 2014. Lake Ontario-St. Lawrence River Plan 2014: protecting against extreme
water levels, restoring wetlands, and preparing for climate change.
International Joint Commission, Washington, DC and Ottawa, ON.

ITIS, 2020. Integrated Taxonomic Information System. http://www.itis.gov/.
Johnston, J.W., Argyilan, E.P., Thompson, T.A., Baedke, S.J., Lepper, K., Wilcox, D.A.,

Forman, S.L., 2012. A Sault-outlet-referenced mid- to late-Holocene
paleohydrograph for Lake Superior constructed from strandplains of beach
ridges. Can. J. Earth Sci. 49, 1263–1279.

Kassambara, A., 2021. rstatix: Pipe-Friendly Framework for Basic Statistical Tests. R
package version (7).

Keddy, P.A., Reznicek, A.A., 1986. Great Lakes vegetation dynamics: the role of
fluctuating water levels and buried seeds. J. Great Lakes Res. 12, 25–36.

Kercher, S.M., Zedler, J.B., 2004. Flood tolerance in wetland angiosperms: a
comparison of invasive and noninvasive species. Aquat. Bot. 80, 89–102.

Kettenring, K.M., Galatowitsch, S.M., 2007. Tools for Carex revegetation in
freshwater wetlands: understanding dormancy loss and germination
temperature requirements. Plant Ecol. 193, 157–169.

Kettenring, K.M., Galatowitsch, S.M., 2011. Carex seedling emergence in restored
and natural prairie wetlands. Wetlands 31, 273–281.

Kettenring, K.M., Tarsa, E.E., 2020. Need to seed? Ecological, genetic, and
evolutionary keys to seed-based wetland restoration. Front. Environ. Sci. 8, 1–
30.

Knezevic, S.Z., Osipitan, O.A., Oliveira, M.C., Scott, J.E., 2018. Lythrum salicaria
(purple loosestrife) control with herbicides: Multiyear applications. Invas. Plant
Sci. Mana. 11, 143–154.

Kongchum, M., Materne, M.D., Williamson, G.B., Bissett, L., 2017. Effect of elevation
and on soil properties in reconstructed back barrier island coastal marsh using
dredged materials. Wetlands 37, 301–311.

Larkin, D.J., Freyman, M.J., Lishawa, S.C., Geddes, P., Tuchman, N.C., 2012.
Mechanisms of dominance by the invasive hybrid cattail Typha � glauca. Biol.
Invasions 14, 65–77.

Leck, M.A., Schütz, W., 2005. Regeneration of Cyperaceae, with particular reference
to seed ecology and seed banks. Perspect. Plant Ecol. 7, 95–133.

Linde, A.F., Janisch, T., Smith, D., 1976. Cattail: the significance of its growth,
phenology, and carbohydrate storage to its control and management. Technical
Bulletin No. 94, Department of Natural Resources, Madison, WI.

Lishawa, S.C., Albert, D.A., Tuchman, N.C., 2010. Water-level decline promotes Typha
� glauca establishment and vegetation change in Great Lakes coastal wetlands.
Wetlands 30, 1085–1096.

Lishawa, S.C., Carson, B.D., Brandt, J.S., Tallant, J.M., Reo, N.J., Albert, D.A., Monks, A.
M., Lautenbach, J.M., Clark, E., 2017. Mechanical harvesting effectively controls
young Typha spp. Invasion and unmanned aerial vehicle data enhances post-
treatment monitoring. Front. Plant Sci. 8, 619.

Lishawa, S.C., Lawrence, B.A., Albert, D.A., Larkin, D.J., Tuchman, N.C., 2019. Invasive
species removal increases species and phylogenetic diversity of wetland plant
communities. Ecol. Evol. 9, 6231–6244.

Lishawa, S.C., Lawrence, B.A., Albert, D.A., Tuchman, N.C., 2015. Biomass harvest of
invasive Typha promotes plant diversity in a Great Lakes coastal wetland.
Restor. Ecol. 23, 228–237.

Liu, Q., Liu, G., Huang, C., Li, H., 2020. Variation in soil bulk density and hydraulic
conductivity within a quasi-circular vegetation patch and bare soil area. J. Soils
Sediments 20, 2019–2030.

Lüdecke, D., Makowski, D., Ben-Shachar, M.S., Patil, I., Waggoner, P., 2021.
performance: Assessment of Regression Models Performance. R package
version (7), 1.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Mächler, M., van
Benthem, K., Bolker, B., 2020. glmmTMB: Generalized Linear Mixed Models
using Template Model Builder. R package 1.0.2.1.

Makarewicz, J.C., 1989. Chemical analysis of water from Buttonwood, Larkin, Round
Pond, and Northrup Creeks, Lake Ontario Basin West: May 1987-May 1988.
Report to the Monroe County Department of Environmental Health, SUNY
Brockport, Brockport, NY.

Makarewicz, J.C., Lampman, G.G., 1994. Water quality of Long, Cranberry, Buck, and
Round Ponds 1993–1994. Report to the Monroe County Department of
Environmental Health, SUNY Brockport, Brockport, NY.

Matthews, J.W., Peralta, A.L., Flanagan, D.N., Baldwin, P.M., Soni, A., Kent, A.D.,
Endress, A.G., 2009. Relative influence of landscape vs. local factors on plant
community assembly in restored wetlands. Ecol. Appl. 19, 2108–2123.

Mingelbier, M., Brodeur, P., Morin, J., 2008. Spatially explicit model predicting the
spawning habitat and early stage mortality of Northern pike (Esox lucius) in a
large system: the St. Lawrence River between 1960 and 2000. Hydrobiologia
601, 55–69.

Mitchell, M.E., Lishawa, S.C., Geddes, P., Larkin, D.J., Treering, D., Tuchman, N.C.,
2011. Time-dependent impacts of cattail invasion in a Great Lakes coastal
wetland complex. Wetlands 31, 1143–1149.

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2

from generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133–142.
NOAA, 2021. Great Lakes water levels dashboard. National Oceanic and

Atmospheric Administration. https://www.glerl.noaa.gov/data/dashboard/
GLWLD.html/(accessed 05.02.2021).

Nysdec, 2007. The 2004 Lake Ontario Basin waterbody inventory and priority
waterbodies list. New York State Department of Environmental Conservation,
Bureau of Watershed Assessment and Research, Division of Water, Albany, NY.

Pastorok, R.A., MacDonald, A., Sampson, J.R., Wilber, P., Yozzo, D.J., Titre, J.P., 1997.
An ecological decision framework for environmental restoration projects. Ecol.
Eng. 9, 89–107.

Polzer, E.L., 2018. Coastal sedge/grass meadow restoration in a peri-urban wetland
via alteration of environmental filters: can hydrological constraint be trumped?
MS thesis, SUNY–The College at Brockport. Brockport, NY.

Regan, M.J., 2016. Plant community response to wetland enhancement techniques
in coastal wetlands of the upper St. Lawrence River. SUNY—College of
Environmental Science and Forestry, Syracuse, NY. MS thesis.

Riley, H.C.F., 1981. Relationships between soil moisture-holding properties and soil
texture, organic matter content, and bulk density. NASA Technical
Memorandum 76674, National Aeronautics and Space Administration,
Washington, DC.

Robichaud, C.D., Rooney, R.C., 2021. Effective suppression of established invasive
Phragmites australis leads to secondary invasion in a coastal marsh. Invasive
Plant Sci. Manag. 14, 9–19.

E.L. Polzer and D.A. Wilcox Journal of Great Lakes Research 48 (2022) 756–767

766

http://refhub.elsevier.com/S0380-1330(22)00050-8/h0075
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0075
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0075
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0080
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0080
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0080
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0085
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0085
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0085
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0090
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0090
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0095
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0095
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0095
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0100
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0100
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0105
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0105
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0110
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0110
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0110
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0115
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0115
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0115
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0120
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0120
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0125
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0125
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0125
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0130
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0130
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0130
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0135
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0135
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0135
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0140
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0140
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0145
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0145
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0150
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0150
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0155
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0155
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0155
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0160
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0160
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0160
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0160
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0165
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0165
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0175
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0175
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0175
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0180
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0180
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0185
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0185
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0190
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0190
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0195
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0195
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0200
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0200
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0200
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0210
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0210
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0210
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0225
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0225
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0225
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0225
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0230
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0230
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0235
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0235
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0240
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0240
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0245
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0245
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0245
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0250
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0250
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0255
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0255
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0255
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0260
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0260
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0260
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0265
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0265
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0265
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0270
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0270
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0270
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0270
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0275
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0275
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0285
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0285
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0285
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0290
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0290
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0290
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0290
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0295
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0295
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0295
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0300
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0300
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0300
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0305
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0305
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0305
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0310
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0310
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0310
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0320
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0320
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0320
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0320
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0325
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0325
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0325
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0330
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0330
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0330
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0335
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0335
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0335
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0335
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0340
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0340
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0340
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0345
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0345
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0355
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0355
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0355
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0360
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0360
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0360
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0365
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0365
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0365
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0370
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0370
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0370
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0380
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0380
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0380


Rohal, C.B., Cranney, C., Hazelton, E.L.G., Kettenring, K.M., 2019. Invasive Phragmites
australis management outcomes and native plant recovery are context
dependent. Ecol. Evol. 9, 13835–13849.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.
org/.

RStudio Team. 2020. RStudio: Integrated Development for R (Version 3.3.2).
RStudio, PBC, Boston, MA. http://www.rstudio.com/.

Schober, P., Vetter, T.R., 2018. Repeated measures designs and analysis of
longitudinal data: If at first you do not succeed—try, try again. Anesth. Analg.
127, 569–575.

Silva, A.O., Wilcox, D.A., Polzer, E.L., 2021. Wetland restoration in Typha-dominated
Braddock Bay of Lake Ontario. Ecol. Rest. 39, 247–259.

Sinks, I.A., Borde, A.B., Diefenderfer, H.L., Karnezis, J.P., 2021. Assessment of methods
to control invasive reed canarygrass (Phalaris arundinacea) in tidal freshwater
wetlands. Nat. Areas J. 41, 172–185.

Sojda, R.S., Solberg, K.L., 1993. Management and control of cattails. U.S. Fish and
Wildlife Service Leaflet 3.4.13.

Thiele, J., Markussen, B., 2012. Potential of GLMM in modelling invasive spread. CAB
Reviews 7, 1–10.

Todd, M.J., Muneepeerakul, R., Pumo, D., Miralles-Wilhelm, F., Rinaldo, A.,
Rodriguez-Iturbe, I., 2010. Hydrological drivers of wetland vegetation
community distribution within Everglades National Park. Florida. Adv. Water
Resource. 33, 1279–1289.

Tuchman, N.C., Larkin, D.J., Geddes, P., Wildova, R., Jankowski, K., Goldberg, D.E.,
2009. Patterns of environmental change associated with Typha � glauca
invasion in a Great Lakes coastal wetland. Wetlands 29, 964–975.

USDA NRCS., 2020. The PLANTS Database. National Plant Data Team, Greensboro,
NC 27401-4901 USA. http://plants.usda.gov/.

Vaccaro, L.E., Bedford, B.L., Johnston, C.A., 2009. Litter accumulation promotes
dominance of invasive species of cattails (Typha spp.) in Lake Ontario wetlands.
Wetlands 29, 1036–1048.

van der Valk, A.G., 1986. The impact of litter and annual plants on recruitment from
the seed bank of a lacustrine wetland. Aquat. Bot. 24, 13–26.

van der Valk, A.G., Baalman, M.A., 2018. Effects of seed treatments, delayed planting
and groundwater levels on the restoration of sedge meadows. Wetlands 38,
875–883.

van der Valk, A.G., Bremholm, T.L., Gordon, E., 1999. The restoration of sedge
meadows: seed viability, seed germination requirements, and seedling growth
of Carex species. Wetlands 19, 756–764.

Wilcox, D.A., 2004. Implications of hydrologic variability on the succession of plants
in Great Lakes wetlands. Aquat. Ecosyst. Health Manage. 7, 223–232.

Wilcox, D.A., Apfelbaum, S.I., Hiebert, R.D., 1984. Cattail invasion of sedge meadows
following hydrologic disturbance in the Cowles Bog Wetland Complex, Indiana
Dunes National Lakeshore. Wetlands 4, 115–128.

Wilcox, D.A., Bateman, J.A., 2018. Photointerpretation analysis of plant communities
in Lake Ontario wetlands following 65 years of lake-level regulation. J. Great
Lakes Res. 44, 1306–1313.

Wilcox, D.A., Buckler, K., Czayka, A., 2018. Controlling cattail invasion in sedge/grass
meadows. Wetlands 38, 337–347.

Wilcox, D.A., Healy, A.J., 2016. Sedge/grass meadow restoration on former
agricultural lands along a Lake Ontario drowned-river-mouth tributary. Ecol.
Rest. 34, 136–147.

Wilcox, D.A., Ingram, J.W., Kowalski, K.P., Meeker, J.E., Carlson, M.E., Xie, Y., Grabas,
G.P., Holmes, K.L., Patterson, N.J., 2005. Evaluation of water-level regulation
influences on Lake Ontario and Upper St. Lawrence River coastal wetland plant
communities, Report to the International Joint Commission, Washington, DC
and Ottawa, ON.

Wilcox, D.A., Kowalski, K.P., Hoare, H.L., Carlson, M.L., Morgan, H.N., 2008. Cattail
invasion of sedge/grass meadows in Lake Ontario: photointerpretation analysis
of sixteen wetlands over five decades. J. Great Lakes Res. 34, 301–323.

Wilcox, D.A., Meeker, J.E., 1995. Wetlands in regulated Great Lakes. In: LaRoe, E.T.,
Farris, G.S., Puckett, C.E., Doran, P.D., Mac, M.J. (Eds.), Our Living Resources: a
Report to the Nation on the Distribution, Abundance, and Health of U.S. Plants,
Animals, and Ecosystems. U.S. DOI, National Biological Service, Washington, DC,
pp. 247–249.

Wilcox, D.A., Nichols, S.J., 2008. The effect of water-level fluctuations on plant
zonation in a Saginaw Bay, Lake Huron wetland. Wetlands 28, 487–501.

Wilcox, D.A., Thompson, T.A., Booth, R.K., Nicholas, J.R., 2007. Lake-level variability
and water availability in the Great Lakes. U.S, Geological Survey Circular, p.
1311.

Wilcox, D.A., Xie, Y., 2007. Predicting wetland plant community responses to
proposed water-level-regulation plans for Lake Ontario: GIS-based modeling. J.
Great Lakes Res. 33, 751–773.

Yetka, L.A., Galatowitsch, S.M., 1999. Factors affecting revegetation of Carex lacustris
and Carex stricta from rhizomes. Restor. Ecol. 7, 162–171.

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed Effects
Models and Extensions in Ecology with R. Springer, New York.

E.L. Polzer and D.A. Wilcox Journal of Great Lakes Research 48 (2022) 756–767

767

http://refhub.elsevier.com/S0380-1330(22)00050-8/h0385
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0385
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0385
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0390
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0390
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0390
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0400
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0400
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0400
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0415
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0415
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0420
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0420
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0425
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0425
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0425
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0425
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0430
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0430
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0430
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0430
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0440
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0440
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0440
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0445
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0445
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0450
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0450
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0450
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0455
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0455
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0455
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0460
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0460
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0465
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0465
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0465
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0470
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0470
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0470
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0475
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0475
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0480
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0480
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0480
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0485
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0485
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0485
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0485
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0485
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0490
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0490
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0490
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0500
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0500
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0505
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0505
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0505
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0510
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0510
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0510
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0515
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0515
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0520
http://refhub.elsevier.com/S0380-1330(22)00050-8/h0520

	Testing restoration methods for Lake Ontario wetlands at a wetland scale
	Introduction
	Methods
	Study sites
	Restoration implementation
	Field surveys
	Abiotic
	Vegetation

	Statistical analyses
	Environmental variable analyses
	Vegetation analyses


	Results
	Environmental variables
	Floristics
	Buck Pond
	Buttonwood Creek

	Typha response to treatment at sites by zone
	Buck Pond
	Buttonwood Creek

	Generalized linear mixed-effects modeling

	Discussion
	Effects of Typha-control treatments
	Effects of non-treatment factors
	Seeding
	Litter
	Lake level and soil moisture
	Mound spoil properties and subsidence
	Models

	Management recommendations for future projects

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


