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ABSTRACT The conservation of many freshwater marsh waterbirds (i.e., waterfowl, shorebirds, wading
birds, and secretive marshbirds) in the Laurentian Great Lakes requires managing invasive emergent
macrophytes, which degrade waterbird habitat by creating dense, litter‐clogged stands, and excluding
plants that produce nutritionally balanced and high‐energy food (seeds, tubers, and submerged aquatic
vegetation). The most commonly used management approach in the United States Great Lakes region
involves the application of herbicides, which can stimulate waterbird forage plants but does not address
the accumulation of plant litter, the underlying cause of plant community diversity loss and habitat
degradation. We experimentally evaluated the effects of an alternative approach, harvesting invasive
plants and their litter followed by flooding, on plant communities, focusing on the effects of these
treatments to increase the abundance of high‐energy wetland plants. At the Shiawassee National Wildlife
Refuge in Michigan, USA, we experimentally treated an invasive cattail (Typha × glauca)‐dominated
wetland in August and September of 2016, 2017, and 2018, using a randomized block design with
4 blocks and 3 treatments (sediment surface harvest, above ground harvest, and control). We monitored
the effects of these treatments on the abundance and dominance of waterbird forage‐producing plants,
plant diversity, and plant communities prior to ( Jul 2016) and during the summer following each
treatment (late Jul or early Aug 2017, 2018, and 2019). Additionally, we used pre‐ and post‐treatment
waterbird use‐day data collected at the unit scale and compared values with satellite imagery‐derived land
cover changes. Compared to control plots, 3 years of harvesting and flooding significantly increased plant
species diversity, increased the abundance of waterbird seed‐ and tuber‐producing plant species by
5 times, and increased annual plant dominance by more than 10 times, while substantially reducing all
measures of cattail and its litter. Use‐days increased for total waterbirds, including waterfowl and dab-
bling ducks, following treatment. Cattail cover decreased and open water and non‐cattail emergent
vegetation cover increased. Harvesting invasive plant biomass coupled with flooding promoted a plant
community composition and structure beneficial to waterbirds. © 2020 The Wildlife Society.
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Land conversion during the latter half of the nineteenth
century and the first half of the twentieth century has re-
duced freshwater wetlands by as much as half in the
conterminous 48 states in the United States (Brinson
and Malvárez 2002), threatening the biodiversity of plants
and animals dependent upon wetland ecosystems (Zedler
and Kercher 2005), and contributing to precipitous declines
in wetland bird populations (Valiela and Martinetto 2007).

But since the 1970s, the rate of wetland loss in the United
States has decreased, with freshwater wetland area in-
creasing in the 2000s (Dahl 2011). Despite these gains,
wetland degradation stemming from human development,
agriculture, climate change, and invasive species (Mitsch
and Hernandez 2013) continues to threaten freshwater
wetlands and the wildlife that depend upon them.
Invasive plants are particularly problematic in wetlands,

where they form monotypic stands, homogenize physical
structure, reduce biodiversity at the community scale, and
alter food webs (Zedler and Kercher 2004, Chen et al.
2010, Qian and Guo 2010). Habitat homogenization and
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reduction of forage species are of particular concern to
North American waterbirds (Catling 2005). Non‐native
cattails (Typha × glauca and T. angustifolia; i.e., cattail) are
among the most common invasive wetland plant taxa in
North America, and are particularly abundant in the Great
Lakes region (Carson et al. 2018, Bansal et al. 2019). Over
time, cattails develop dense stands with persistent standing
dead leaf litter, which exclude native plant species and form
monodominant, homogeneous conditions (Tuchman et al.
2009, Mitchell et al. 2011). Structural homogenization of
marshes by cattails degrade waterbird habitat by eliminating
patches of open water while excluding emergent and
floating plant species that produce valuable bird forage in
the form of seeds, tubers, and vegetation (Weller and
Spatcher 1965, Kantrud 1986, Murkin et al. 1997, Dugger
et al. 2007, Hagy and Kaminski 2012).
Thus, in the Great Lakes region, the conservation of

many freshwater marsh waterbirds (i.e., waterfowl, shore-
birds, wading birds, and secretive marshbirds) requires the
management of encroaching invasive emergent macro-
phytes, such as cattail, common reed (Phragmites australis
var. australis), and reed canarygrass (Phalaris arundinacea;
Zedler and Kercher 2004). In Great Lakes coastal
wetlands, approximately 36% of total wetland area is do-
minated by these invasive taxa (Carson et al. 2018).
Herbicide application is commonly used to manage in-
vasive cattail for wildlife (Solberg and Higgins 1993,
Homan et al. 2003, Linz and Homan 2011). Although
cattail mortality can stimulate native plant and seed pro-
duction, herbicide use does not address the accumulation
of plant litter, which is the underlying cause of plant
community diversity loss and habitat degradation (Vaccaro
et al. 2009, Larkin et al. 2012). Previous researchers
demonstrated that harvesting and removing cattail and its
litter from Great Lakes coastal wetlands increases plant
taxonomic and phylogenetic diversity and reduces cattail
dominance (Lishawa et al. 2015, 2017, 2019; Wilcox
et al. 2018; Keyport et al. 2019), but no one has evaluated
plant responses in the context of waterbird forage or op-
timal habitat (hemi‐marsh) structure, or combined mul-
tiple successive years of harvesting with intentional
flooding.
We experimentally evaluated the effects of the alternative

approach of harvesting and removing invasive plant bio-
mass and litter followed by flooding over 4 successive years
on plant communities, focusing upon the effects of these
treatments on waterbird forage‐producing plants.
Secondarily, we measured the effects of harvesting on
vegetative land cover at the wetland scale and compared
land cover changes with waterbird use‐days. We predicted
that flooding would effectively kill cattail within harvested
plots, litter removal would stimulate seed germination of
annual plants that are preferred forage for birds from the
seedbank, harvesting would be most effective when cutting
occurred at the sediment surface, and annual harvest over
multiple years would lead to diversification of cover types
at the wetland scale, corresponding to greater water-
bird use.

STUDY AREA

The Shiawassee National Wildlife Refuge (SNWR) in
Saginaw County, Michigan, USA (Fig. 1), comprises
3,893 ha of managed lowlands (elevation ~178m) where the
Flint, Tittabawassee, Shiawassee, and Cass rivers converge
to form the Saginaw River. The ecosystem types of SNWR
include emergent marshes, bottomland hardwood forests,
and grasslands. The land use surrounding SNWR is pre-
dominantly agricultural and suburban. The climate of
central southern Michigan is humid continental, with
4 seasons. Between 2000 and 2019, the average summer
temperatures ( Jun–Aug) were 20.94± 0.35°C (SE), fall
temperatures (Sep–Oct) were 10.61± 1.32°C, winter tem-
peratures (Dec–Feb) were −3.83± 0.74°C, and spring
temperatures (Mar–May) were 7.85± 1.38°C (National
Oceanic and Atmospheric Administration 2020). The
wetlands of SNWR are considered Great Lakes coastal
marsh, although they are located kilometers inland from
Saginaw Bay of Lake Huron; the SNWR experiences strong
backwater effects, zero‐slope stalls, and reverse flows from
Lake Huron (i.e., characteristic hydrologic conditions of
Great Lakes coastal marsh; Newman 2011, Scott 2014,
Stack 2015). Heavy nutrient enrichment from agricultural
and industrial land use has enabled invasive cattail to pro-
liferate and degrade wetlands throughout SNWR, including
globally imperiled lakeplain wet prairie and coastal marsh
natural communities (Kost et al. 2007, Cohen et al. 2015).
The SNWR was established as an inviolate sanctuary
for migratory birds (U.S. Fish and Wildlife Service
[USFWS] 2001) and was designated as an Important Bird
Area globally significant to migratory waterfowl. At least
33 state‐listed species use SNWR wetlands including king
rail (Rallus elegans), common moorhen (Gallinula galeata),
and least bittern (Ixobrychus exilis; USFWS 2018). In

Figure 1. Study location, the Shiawassee National Wildlife Refuge,
Saginaw County, Michigan, USA, 2016–2019.
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addition to waterbirds, at least 79 species of reptiles,
amphibians, fishes, and mammals reside on SNWR. We
conducted our experiment in a 25.9‐ha unit (North Marsh)
within SNWR with active water‐level control (except when
the Shiawassee River is in flood stage) between July 2016
and July 2019.

METHODS

Experimental Design
We designed a 4‐year study to evaluate the effects of
2 intensities of cattail harvest treatments with post‐
treatment flooding on waterbird food‐producing plants and
vegetation structure within 1 managed unit (North Marsh)
at SNWR. We implemented harvest and removal treat-
ments of cattail in August and September of 2016, 2017,
and 2018 using a Softrak wetland plant harvester (Loglogic,
Cullompton, United Kingdom). Each fall, the management
unit was flooded and remained submerged (water depth
>20 cm) throughout winter and spring. Early in each
summer of the study (2016–2019), refuge managers pumped
water out of the management unit so that water remained at
or near the sediment surface and allowed wetland vegetation
to recover.
We used a block design with 4, 64‐m× 32‐m treatment

plots nested within each block and 4 blocks included in the
study (n= 16 plots; 3.28 ha; Fig. 2). Within each block, we

randomly assigned 4 treatments: biomass harvest at 20 cm
above the sediment surface (harvest treatment), biomass
harvest at 20 cm above the sediment surface including a
3‐m‐wide harvest at the sediment surface bisecting the plot
(harvest‐channel treatment), 3‐m‐wide sediment surface
harvest bisecting an otherwise unmanipulated plot (control‐
channel), and no‐manipulation (control; Fig. 3). In addi-
tion, because wetland‐obligate birds tend to respond to
landscape‐scale patterns in vegetation and land cover, and
not to small patches (Naugle et al. 1999), we harvested
1.5–5.6 ha of cattail within North Marsh but outside the
experimental blocks each August–September, to mimic
hemi‐marsh conditions within North Marsh and improve
the condition of the unit to promote waterbird use.

Data Collection
We collected pre‐treatment data (late‐Jul 2016) by sampling
plant composition from 4 equally spaced 1‐m2 subplots
distributed along the center of each plot. Following
treatment implementation in August 2016, we established
4 permanent 1‐m2 subplots within each plot and 3 addi-
tional 1‐m2 subplots within the channel portion of each
treatment plot containing channels (Fig. 2) In each of the
following 3 years (2017, 2018, 2019), we sampled vegeta-
tion from all subplots on dates ranging from late‐July
through early August (29 Jul–9 Aug).

Figure 2. Block, plot, and subplot layout of experimental invasive cattail treatments at Shiawassee National Wildlife Refuge, Saginaw County, Michigan,
USA, 2016–2019.
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We determined the plant community composition of each
subplot using standard cover classification methods; specifi-
cally, we assigned aerial cover values (<1–100%) for each plant
species, total vegetative cover, and litter. All plant taxonomy
followed Voss and Reznicek (2012). Additionally, we esti-
mated aboveground cattail biomass within each subplot by
measuring the height of each stem and calculating biomass
with a height‐to‐dry biomass allometric equation created in a
Michigan cattail‐dominated marsh (g= 0.52651.751×height (m),
r2= 0.81; Lishawa et al. 2015).
Every year, SNWR monitors waterbirds weekly to bi‐

weekly during the non‐breeding season as whole‐area
counts of readily observable waterbirds in geographically
explicit survey units following the Integrated Waterbird
Management and Monitoring (IWMM) protocol (Loges
et al. 2017). Targeted bird species are predominantly in the
orders of Anseriformes (waterfowl: ducks, geese, and
swans), Charadriiformes (wading shorebirds, terns, and
gulls), and Pelecaniformes (including grebes, cormorants,
and loons). During 2014–2018, SNWR completed surveys
in the North Marsh survey unit (25.9 ha) whenever con-
ditions allowed access. We compiled SNWR waterbird
abundance data by date for the North Marsh unit for
2014–2018 and determined the survey periods with the

greatest overlap across years. We defined survey periods as
any with a sequence of ≥3 surveys with gaps between sur-
veys of <16 days. We chose the early fall season of
September through October 2014 and 2018 to include in
the study because these years represented a pre‐ and post‐
treatment date and provided the most consistent multi‐year
survey overlap for the North Marsh unit. To minimize dis-
turbance during surveys, observers used vehicle transportation
and observed birds from outside the unit's perimeter, con-
sistent with The Ornithological Council's guidelines (Fair
et al. 2010). The survey also meets the criteria of a non‐
invasive field study (Pauli et al. 2010); therefore, an animal
care and use protocol was not developed. No birds were
handled in the course of this study and the sampling proce-
dures were part of a plan approved by the USFWS.
We classified the pre‐treatment (2014) and second‐year post‐

treatment (2018) land cover of the North Marsh unit using
publicly available, high resolution (1× 1‐m pixel) National
Agricultural Imagery Program (NAIP) orthorectified aerial
imagery (2014, 2018) and ArcGIS 10.7 (Esri, Redlands, CA,
USA). We identified 7 cover classes (non‐cattail emergent
vegetation, floating vegetation, litter, muskrat [Ondatra
zibethicus] mound, tree or shrub, cattail, and open water),
manually demarcated the extent of each class, and created
raster coverages of the resulting classifications for analyses.

Data Analyses
After first confirming that there were no interactions in plant
variables between channel treatments (control or harvest) and
the surrounding matrix, we analyzed the vegetation data as 1
of 3 treatments: control, harvest, or channel (Figs. 2 and 3).
We evaluated the effects of treatment and year on plant
community metrics (species richness, Shannon diversity [H'],
vegetation cover, litter cover), cattail (density, biomass,
height, dominance [i.e., % of total cover]), plant functional
groups (annuals, forbs, graminoids), and waterbird forage‐
producing plants (high‐value seed‐producing plants, high‐
value tuber‐producing plants; Bellrose and Anderson 1943),
using linear mixed effects models with block as a source of
random error. We analyzed the data in R 3.6.1 (R Core
Team 2019) using the lme function and evaluated differences
among treatments using the least squared means approach
and Tukey's honestly significant difference (HSD) tests. We
analyzed within‐year treatment effects using 1‐way analysis of
variance (ANOVA) with blocking and Tukey's HSD post hoc
tests. We analyzed within‐year plant community composition
using nonmetric multidimensional scaling (NMDS) and post
hoc vector analysis (α< 0.05), which allowed us to determine
statistical correspondence between environmental variables
and plant communities. Further, we used permutational
multivariate analysis of variance (PERMANOVA) to test for
differences in plant communities by treatment using the
adonis function (Anderson and Walsh 2013) and tested for
individual plant species fidelity to treatment using indicator
species analysis. We used the nlme package (Pinheiro
et al. 2017) for lme, the vegan package for NMDS and
adonis (Oksanen et al. 2018), and the indicspecies package
for indicator species analysis (Dufrêne and Legendre 1997).

Figure 3. Visual representation of invasive cattail management treatments:
harvest, biomass cut and collected at 20 cm above the sediment; harvest‐
channel, biomass harvest treatment plus a 3‐m‐wide channel in which
biomass was cut and removed at the sediment surface; control‐channel, a
sediment surface‐harvest channel within an untreated matrix; and control,
no manipulation. Experimental cattail management study conducted at the
Shiawassee National Wildlife Refuge, Saginaw County, Michigan, USA,
2016–2019.
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We calculated bird use‐days for 1 September through
31 October in 2014 and 2018 as the area‐under‐the‐curve
(AUC) using the standard trapezoid method (Hilborn
et al. 1999) with the reporting tools provided in the IWMM
database (IWMMD 2019). The curve in the AUC ap-
proach was a plot of bird counts against day of the migration
period. The use‐day values represented a measure of sea-
sonal abundance for species and species groups (Farmer and
Durbian 2006). Species groups included dabbling ducks as
observed species in the tribe Anatini (Anas spp. and Mareca
spp.), and waterfowl as all observed species in the order
Anseriformes. We did not conduct statistical analysis be-
cause waterbird data were not sufficiently replicated. We
used data from the same period in 2014 pre‐harvest,
and 2018 post‐harvest, to evaluate short‐term changes in
waterbird use‐days in North Marsh.
We imported the land cover class rasters from the treated

North Marsh unit into R and conducted spatial pattern
analysis (McGarigal and Marks 1995, McGarigal 2015)
with the landscapemetrics package (Hesselbarth et al.
2019). We evaluated the following spatial patterns using
landscape cover classes: proportion of each land cover type,
landscape division index, percentages of like adjacencies,
total edge, and land cover class Shannon diversity (Table 1).
Because we only analyzed land cover for 1 year before
treatment and 1 year after treatment, we did not analyze the
resulting data; instead we used the data to illustrate the land
cover change that occurred as a result of treatments, and for
comparison with waterbird census data from the same years.

RESULTS

Plant Communities
Pre‐treatment (2016), there were no differences among as-
signed treatment plots in measures of plant diversity,
functional group dominance, or waterbird forage metrics

(Figs. 4 and 5). Correspondingly, plant communities did
not differ among assigned treatments as multivariate rep-
resentations of plant communities overlapped in ordination
space (Fig. 6A) and PERMANOVA revealed no difference
by assigned treatment (F= 0.95; P= 0.42).
In the 3 years following treatment (2017–2019), nearly all

measures of plant communities responded to the harvest
and channel treatments (Figs. 4 and 5; Table 2). For
roughly half of these metrics, the channel treatment
changed the plant community more substantially than the
harvest treatment, when compared to control conditions.
Across all years post‐treatment, harvest and channel treat-
ments significantly increased the proportion of waterbird
forage‐producing plants compared to controls: seed forage‐
producing plants increased more than 6‐fold and tuber
forage‐producing plants increased more than 4‐fold
(Table 2). Similarly, beyond the first year post‐treatment,
in 2018 and 2019 plant species richness and diversity (H')
were significantly greater in the harvest and channel plots
compared to controls (Fig. 4), whereas total vegetation
cover did not differ by treatment (Table 2). Treatments
shifted the plant communities away from cattail dominance
toward a more even mix of annuals, non‐cattail graminoids,
and forbs. Though cattail was still present in all plots, all
measures of cattail (density, biomass, height, dominance,
litter cover) were substantially and significantly lower in
harvest and channel treatments compared to controls. A
group of 6 plant taxa with waterbird forage value were
significant indicator species for the channel treatment alone,
and an additional 6 wetland forage taxa were indicators of
either the channel or harvest treatments. In contrast, none
of the 5 species with significant indicator status in control or
control+ harvest treatments were preferred waterbird forage
species (Table 3).
Multivariate representations of plant communities re-

inforce these patterns, with communities clearly diverging

Table 1. Cover class derived metrics, calculation, and representation for 5 metrics: land cover proportion, landscape division index, percent of like
adjacencies (PLADJ), edge, and Shannon diversity formula (McGarigal and Marks 1995, McGarigal 2015). Experimental cattail management study
conducted at the Shiawassee National Wildlife Refuge, Saginaw County, Michigan, USA, 2016–2019.

Metric Calculationa What it represents

Land cover (proportion) Cover type area/total area Proportion of the basin covered by cattail, non‐cattail emergent cover, open
water, tree‐shrub, or muskrat mounds
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a aij= area (m2) of patch ij. A= total landscape area (m2). gii= number of like adjacencies between pixels of class type i based on the double‐count method.
gik= number of adjacencies between pixels of class types i and k based on the double‐count method. Pi= proportion of the landscape occupied by patch
type i.
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by treatment; both the harvest and channel plots separated
in ordination space from the control plots in each year post‐
treatment (Fig. 6). Vector analyses illustrated that cattail
and litter cover corresponded significantly and strongly with
control plots, whereas seed producer cover, annual plant
cover, and species richness (in 2018 and 2019) corresponded

with the harvest and channel treatments (Fig. 6).
Permutational multivariate analysis of variance confirmed
that treatment significantly altered plant communities each
year post‐treatment (2017: F= 17.23, P= 0.01; 2018:
F= 18.25, P= 0.01; 2019: F= 18.03, P= 0.01).

Waterbird Use and Land Cover Change
Within the North Marsh survey unit, waterbird use‐days for
the September through October period more than doubled
from 2014 (pre‐treatment) to 2018. Compared to pre‐
treatment, 2018 total waterbird use more than doubled,
waterfowl use‐days increased by 77%, and dabbling duck
use‐days increased by 58% (Table 4). Canada goose (Branta
canadensis), gadwall (Mareca strepera), and mallard (Anas
platyrhynchos) increased in abundance and American black
duck (Anas rubripes), great egret (Ardea alba), green‐winged
teal (Anas crecca), northern pintail (Anas acuta), northern
shoveler (Spatula clypeata), and sandhill crane (Antigone
canadensis) were only observed post‐treatment. American
wigeon (Mareca americana), blue‐winged teal (Spatula
discors), great blue heron (Ardea herodias), and wood
duck (Aix sponsa) declined by 9%, 58%, 52%, and 12%,
respectively, following 2 years of harvest treatments.
The distribution and abundance of the classified land

cover types changed as a result of treatments. Pre‐treatment
(2014), 58% of the North Marsh unit was covered by cattail,
whereas 40% of the unit was covered by cattail following
2 years of harvest treatments (2018). Additionally, non‐
cattail emergent marsh and open water types increased by
10.9% and 12.8%, respectively, in 2018. Similarly, landscape
division index values increased between years indicating an
increase in the patchiness of land cover types, with slight
increases in land cover Shannon diversity and edge
(Table 4).

DISCUSSION

Annual harvesting at the sediment surface (channel) and at
20 cm (harvest) followed by flooding over 3 years effectively
reversed many of the common ecological and legacy effects
of invasive cattail dominance (Zedler and Kercher 2004,
Tuchman et al. 2009, Mitchell et al. 2011, Larkin
et al. 2012, Bansal et al. 2019). Specifically, harvesting in-
creased plant diversity, waterbird use, and waterbird forage
species abundance, while reducing vegetation height and
litter cover. This caused a shift in the wetland plant
community composition, resulting in conditions comparable
to early successional wetlands (van der Valk 1981).
Furthermore, harvested plots (harvest and channel treat-
ments) retained substantial emergent plant growth; total
vegetation cover did not differ statistically between control
and treatment plots. The community composition shifted
from low‐diversity and cattail‐dominated vegetation to a
more diverse mixture of annuals, non‐cattail graminoids,
and forbs, many of which were waterbird forage‐producing
taxa. Channel treatments more effectively promoted high‐
value forage species for ducks, including long scaled nut
sedge (Cyperus strigosus), barnyard grass (Echinochloa
crusgalli), common arrowhead (Sagittaria latifolia), and

Figure 4. Invasive cattail treatment effects (box and whisker plots
represent interquartile range and largest value within 1.5 times the
interquartile range) on plant measures: species richness (A) and Shannon
diversity (B). Significant within‐year treatment effects (determined by
analysis of variance [ANOVA] with Tukey's honestly significant difference
[HSD] post hoc tests; P< 0.05) denoted by non‐overlapping letters below
box‐plots; NS denotes no difference between treatments. Experimental
cattail management study conducted at the Shiawassee National Wildlife
Refuge, Saginaw County, Michigan, USA, 2016–2019.
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amaranth (Amaranthus spp.; Bellrose and Anderson 1943),
species that were nearly absent in the untreated (control)
plots. The plant community shifts and increase in waterbird
forage species occurred passively (i.e., without any planting
or seeding). By increasing light penetration and reducing
litter cover, harvesting to the sediment surface (and to a
lesser extent harvesting to 20 cm above the sediment sur-
face) created mudflat conditions within the formally cattail‐
dominated marsh, facilitating regeneration from the extant
seedbank, a natural successional process that follows peri-
odic water‐level declines in Great Lakes wetlands (Keddy
and Reznicek 1986).
In addition to improved waterbird forage, the more

complex mixture of plant functional groups found in our
harvested plots will likely increase the wetland's ability to

resist future invasion (Pokorny et al. 2005). Similarly, a suite
of ecological functions will likely improve correspondingly
with the increase in plant functional group diversity and
plant phylogenetic diversity (PD; Díaz and Cabido 2001,
Cadotte et al. 2012, Srivastava et al. 2012) indicating
that treatment plots support greater ecosystem multi‐
functionality than cattail stands. Though we did not analyze
PD in this study, Lishawa et al. (2019) reported that
measures of PD increased following cattail harvest treat-
ments in Great Lakes wetlands.
The plant community changes documented in this study

reflect findings of other recent research investigating
wetland plant response to harvesting cattail in the Great
Lakes region (Lishawa et al. 2015, 2017, 2019; Keyport
et al. 2019); however, plant community changes in the

Figure 5. Invasive cattail treatment effects (box and whisker plots represent interquartile range and largest value within 1.5 times the interquartile range) on
cattail and waterbird forage‐producing plant dominance (% cover): cattail (A) waterbird forage: seed producer (B), waterbird forage: tuber producer (C), and
annual plants (D) compared to untreated controls. Significant within‐year treatment effects (determined by analysis of variance [ANOVA] with Tukey's
honestly significant difference [HSD] post hoc tests; P< 0.05) denoted by non‐overlapping letters below box‐plots; NS denotes no difference between
treatments. Experimental cattail management study conducted at the Shiawassee National Wildlife Refuge, Saginaw County, Michigan, USA, 2016–2019.
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present study were more pronounced than in the other
referenced studies, as illustrated by the universally sig-
nificant response of the harvested plots (harvest and
channel) relative to control plots across almost all measures
and metrics. The clarity of these changes can be attributed
to 2 factors: we repeated harvesting of all treatment plots in
late summer of each year, thereby introducing a succession‐
resetting disturbance that favored annual plants and short‐
term perennials that reproduce by seed over long‐lived
clonal species such as cattail (van der Valk 1981), and
we flooded the wetland following each harvest, which
by depriving the rhizomes of oxygen, is an effective and
well‐documented method to kill cattail (Sale and
Wetzel 1983, Mallik and Wein 1986, Ball 1990). As an-
ticipated, channel treatments were significantly more effec-
tive at reducing cattail than harvesting at 20 cm above the
sediment surface 1 year post‐treatment, likely owing to the
complete removal of stalks and standing dead litter, which
are key to the air‐ventilation system of cattail clones, al-
lowing the plant to thrive under flooded conditions
(Tornberg et al. 1994). After a second year's harvest at
20 cm, the harvest treatment cattail cover did not differ from

the channel treatment indicating that repeated, less‐
intensive treatments produced similar cattail reducing ef-
fects. We observed a similar pattern in many other plant
community responses, wherein following consecutive years
of harvesting, the harvest plots did not differ from the
channel plots (2018 and 2019; Figs. 4 and 5; Table 2). The
success of harvesting to control cattail will likely be short‐
term, owing to the ability of the plant to spread rapidly
through a clonal habit (Boers and Zedler 2008), and peri-
odic repeated treatments will be necessary to maintain de-
sired wetland conditions. Longer‐term monitoring is crucial
to predicting the periodicity of treatments required, though
it is encouraging that Keyport et al. (2019) found that native
sedge (Carex spp.) abundance continued to increase for
5 years following a single aboveground cattail harvest.
Because wetland‐obligate birds tend to respond to

landscape‐scale patterns in vegetation and land cover, and not
to small patches (Naugle et al. 1999) like the 64‐m× 32‐m
intensively measured treatment plots in this study, mon-
itoring seasonal nonbreeding waterbird use at the manage-
ment unit scale was useful for evaluating wetland restoration
effects (Hagy et al. 2017, Tapp et al. 2017). Within North

Figure 6. Nonmetric multidimensional scaling (NMDS) ordinations of plant communities by treatment pre‐treatment (A; 2016), and 1 (B; 2017), 2
(C; 2018), and 3 (D; 2019) years post‐treatment. Differences among plant communities by treatment as determined by permutational multivariate analysis of
variance (PERMANOVA) illustrated by ** (P< 0.01) or NS (not‐significant). Experimental cattail management study conducted at the Shiawassee National
Wildlife Refuge, Saginaw County, Michigan, USA, 2016–2019.
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Marsh, waterbird use‐days more than doubled following
2 years of treatments and this corresponded to decreases in
cattail cover, increased land cover complexity, and increased
open water area, mimicking hemi‐marsh conditions. Though
we collected bird data only during a limited window of time
and we were not able to statistically evaluate the waterbird use
change (n= 1) that resulted from treatments, the increase in
waterbird use‐days points to increased bird use in the ma-
nipulated unit, and demonstrates that cattail harvest in
combination with water‐level management is an effective
management technique to improve wetland conditions for
waterbirds. Further, increased use by waterfowl with such a
treatment regime has positive feedbacks on the moist‐soil
wetland plant species present because waterfowl effectively
distribute a variety of wetland plant seeds (Mueller and van
der Valk 2002). But a larger‐scale study seeking to statistically

evaluate the effects of similar harvest treatments on waterbird
use across multiple wetland units is warranted.
Our results have global implications for invasive wetland

macrophyte control. Invasive cattails threaten the ecological
integrity and habitat value of wetlands across much of the
North American continent, from the Florida Everglades in
the southern United States to the coastal wetlands of Lake
Manitoba in Canada. Although invasive cattails have been
present for >100 years on the continent, the taxa continues
to increase its dominance throughout much of its current
range (Bansal et al. 2019). Additionally, the mechanisms by
which cattails achieve wetland dominance, through clonal
habit, high rates of productivity, and the accrual of standing
dead litter (Larkin et al. 2012), reflect the patterns of
dominance by other globally important invasive wetland
macrophytes (Galatowitsch et al. 1999, Zedler and

Table 2. Post‐treatment (2017–2019) effects of cattail management treatments (control = no‐treatment; harvest = biomass cut at 20 cm above sediment and
removed; channel = biomass cut at sediment surface and removed) on plant variables at Shiawassee National Wildlife Refuge, Saginaw County, Michigan,
USA, 2016–2019. We present results of linear mixed effects models (with block as a source of random effects) testing the effects of treatment, year, and their
interaction and plant variables (x̄ ± SE) grouped across years. Statistical differences between treatments, determined by the least‐squared means method, are
indicated by non‐overlapping superscript letters.

Control Harvest Channel

Variable Factor df F Pa x̄ SE x̄ SE x̄ SE

Waterbird forage: seed producers (% of total) Treatment 2 103.24 *** 6.77A 1.07 43.59B 3.04 44.76B 2.81
Year 2 16.74 ***
Treatment × year 4 4.81 **

Waterbird forage: tuber producers (%) Treatment 2 46.12 *** 5.53A 0.96 24.56B 2.48 31.48B 2.81
Year 2 13.19 ***
Treatment × year 4 3.43 *

Plant richness (taxa/m2) Treatment 2 29.66 *** 5.38A 0.18 6.40B 0.18 7.49C 0.27
Year 2 23.74 ***
Treatment × year 4 5.24 ***

Shannon diversity Treatment 2 24.24 *** 0.79A 0.04 1.13B 0.04 1.12B 0.06
Year 2 13.97 ***
Treatment × year 4 34.82 ***

Total vegetation cover (% cover) Treatment 2 2.47 NS 37.44 1.83 33.17 2.75 28.90 3.69
Year 2 106.61 ***
Treatment × year 4 15.83 ***

Cattail density (stems/m2) Treatment 2 66.04 *** 43.94A 2.29 15.36B 2.13 2.90C 0.58
Year 2 54.10 ***
Treatment × year 4 15.45 ***

Cattail biomass (kg/m2) Treatment 2 1.18 *** 3.38A 0.30 0.40B 0.94 0.09C 0.03
Year 2 55.97 ***
Treatment × year 4 21.29 ***

Cattail stem height (m) Treatment 2 170.88 *** 2.06A 0.07 0.78B 0.06 0.46C 0.06
Year 2 33.26 ***
Treatment × year 4 22.83 ***

Cattail dominance (%) Treatment 2 110.86 *** 75.33A 2.38 26.95B 3.33 5.58C 0.96
Year 2 36.26 ***
Treatment × year 4 18.98 ***

Litter (% cover) Treatment 2 80.73 *** 53.89A 3.30 19.55B 2.53 5.19C 1.39
Year 2 8.21 ***
Treatment × year 4 18.35 ***

Annuals (%) Treatment 2 42.73 *** 1.44A 0.39 21.05B 2.90 22.88B 2.31
Year 2 13.84 ***
Treatment × year 4 4.57 ***

Non‐cattail Graminoids (%) Treatment 2 23.01 *** 10.41A 1.43 16.16A 1.72 27.16B 2.70
Year 2 27.48 ***
Treatment × year 4 7.52 ***

Forbs (%) Treatment 2 32.83 *** 7.36A 1.18 38.43B 3.04 39.05B 2.91
Year 2 6.81 **
Treatment × year 4 3.31 *

a NS: P> 0.05; * P< 0.05; ** P< 0.01; *** P< 0.001.
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Table 3. Results of indicator species analysis of 3 years of post‐treatment (2017, 2018, 2019) plant data by treatment zone. Indicator value represents the
proportion of perfect indication within a treatment or combination of treatments (e.g., channel+ harvest). Experimental cattail management study con-
ducted at the Shiawassee National Wildlife Refuge, Saginaw County, Michigan, USA, 2016–2019.

Treatment Taxa Waterbird forage species Indicator value P

Control
River‐bank grape (Vitis riparia) No 0.51 **
Marsh skullcap (Scutellaria galericulata) No 0.27 **

Channel
Long scaled nut sedge (Cyperus strigosus) Yes 0.49 **
Barnyard grass (Echinochloa crusgalli) Yes 0.46 **
Common arrowhead (Sagittaria latifolia) Yes 0.40 **
Ticklegrasses (Agrostis spp.) Yes 0.33 **
Amaranth (Amaranthus sp.) Yes 0.30 *
Northern water‐plantain (Alisma triviale) Yes 0.29 **
Pondweed (Potamogeton natans) No 0.24 *

Channel+ harvest
Amaranth (Amaranthus sp.) Yes 0.79 **
Velvet‐leaf (Abutilon theophrasti) No 0.48 **
Sedges (Cyperus spp.) Yes 0.44 **
Coontail (Ceratophyllum demersum) Yes 0.41 **
Nodding beggar‐ticks (Bidens cernua) Yes 0.41 **
Pondweeds (Potamogeton spp.) No 0.35 **
Thistles (Cirsium spp.) No 0.28 *
Pondweed (Potamogeton gramineus) Yes 0.26 *
Sedges (Carex spp.) Yes 0.24 *

Control+ harvest
Hybrid cattail (Typha × glauca) No 0.91 **
False nettle (Boehmeria cylindrica) No 0.30 *
Poison‐ivy (Toxicodendron radicans) No 0.24 *

* P< 0.05.
** P< 0.01.

Table 4. Waterbird use‐days pre‐cattail harvest (2014; pre‐treatment) and 1‐year post‐cattail harvest (2018; post‐treatment), and change between sampling
periods. We also present values of aerial imagery and cover class‐derived landscape metrics pre‐cattail harvest (2014), post‐cattail harvest (2018), and change
between periods for North Marsh. Experimental cattail management study conducted at the Shiawassee National Wildlife Refuge, Saginaw County,
Michigan, USA, 2016–2019.

Pre‐treatment Post‐treatment
Change in use‐days

2014 2018 Total %

Species and group
American black duck 0 45 +45 ∞
American wigeon 266 243 −23 −8.6
Blue‐winged teal 401 167 −234 −58.4
Canada goose 119 586 +467 +392.4
Gadwall 7 172 +165 +2,357.1
Great blue heron 64 31 −33 −51.6
Great egret 0 25 +25 ∞
Green‐winged teal 0 342 +342 ∞
Mallard 698 1,115 +417 +59.7
Northern pintail 0 63 +63 ∞
Northern shoveler 0 16 +16 ∞
Sandhill crane 0 1,539 +1,539 ∞
Wood duck 370 326 −44 −11.9
Total waterbirds 1,925 4,670 +2,745 +142.6
Total waterfowl 1,742 3,075 +1,333 +76.5
Total dabbling ducks 1,372 2,163 +791 +57.7

Cover types (%)
Cattail cover 57.7 39.7 −18.0
Emergent cover 9.0 19.9 +10.9
Open water 0.1 12.7 +12.8
Tree‐shrub 27.1 27.6 +0.5
Muskrat 0.1 0.1 +0.0

Landscape variables
Landscape division index (proportion) 0.57 0.78 +0.21
Percent of like adjacencies (%) 99.0 98.5 −1.5
Shannon diversity 1.1 1.3 +0.2
Total edge (m) 200.0 303.0 +103.0
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Kercher 2004). Therefore, approaches that target biomass
accumulation in other invasive macrophytes, such as har-
vesting, burning, or herbiciding followed by burning (Hagy
et al. 2014), are promising but insufficiently quantified
management interventions that may achieve similarly pos-
itive results for plant communities and waterbirds.
In addition to our specific findings, our study more gen-

erally advances the science of wetland restoration ecology by
adding to the growing body of large‐scale experimental
studies. Large‐scale experimental wetland restoration re-
search is notably lacking in the scientific literature; Wagner
et al. (2008) found that only 13 wetland restoration ex-
periments >1 ha in size were described in the scientific lit-
erature of leading restoration‐focused journals between 2001
and 2006. The current study would be considered large‐
scale by this definition, with the total experimental plots
covering 3.28 ha.

MANAGEMENT IMPLICATIONS

Harvesting cattails increased the availability of waterbird
forage while retaining wetland‐scale habitat complexity,
which is critical to waterbirds because they respond to
wetland‐scale patterns in plant community composition and
structure. Furthermore, this management approach can
benefit a variety of waterbird taxa that use freshwater
marshes for feeding, nesting, and cover. Intermixing har-
vested patches with unharvested cattail patches can create
hemi‐marsh conditions favorable to waterfowl while main-
taining some cattail cover as preferred habitat for some se-
cretive marsh birds such as sora (Porzana carolina) and
American bittern (Botaurus lentiginosus).
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