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and nutrient treatments showed that effects of phos-
phorus concentration were present only at longer 
hydroperiods. Lack of correlation between Typha and 
phosphorus concentrations in the field was likely due 
to the overwhelming effect of water-level regulation 
on Lake Ontario. The greenhouse study demonstrated 
that increasing concentrations of phosphorus posi-
tively influenced cattail growth in a controlled setting. 
Although phosphorus positively influenced growth, 
hydrologic regime had the greatest influence on cat-
tail growth, with increased biomass as hydroperiod 
increased. More natural hydrology and management 
of phosphorus inputs may help limit spread of Typha.

Keywords Cattail invasion · Wetland vegetation · 
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Introduction

Since European settlement of the Great Lakes 
region in the early 1800s, 50 to 90 percent of Great 
Lakes coastal wetlands have been lost due to anthro-
pogenic land-use changes, hydrological alterations, 
climate change, nutrient inputs, and invasive species 
(Moser et  al. 1996; SOLEC 2005). Loss of Great 
Lakes wetlands has continued to occur despite reg-
ulations, and their value in aquatic processes such 
as sediment and nutrient filtration and habitat for 
plants, mammals, fish, invertebrates, and birds has 

Abstract Loss of Great Lakes wetlands due to 
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invasive species led to the need for studies involv-
ing physical factors that influence growth of invasive 
cattails (Typha). Thus, in 18 Lake Ontario coastal 
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mass increased significantly for simple main effects of 
hydroperiod and phosphorus concentrations. Multiple 
pairwise interaction comparisons between hydrology 
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decreased (Maynard and Wilcox 1997; Environment 
Canada 2002). The historical and current loss and 
alteration of wetlands reinforces the importance of 
preserving and restoring these systems, including 
studying the interactions between such factors as 
nutrient inputs and invasive species.

One of the most common invasive plants found 
in emergent zones of Lake Ontario coastal wet-
lands is the cattail (hybrid cattail Typha × glauca 
Godr. and narrowleaf cattail Typha angustifolia L.) 
(Galatowitsch et al. 1999; Wilcox et al. 2005, 2008; 
Vaccaro et al. 2009; Bansal et al. 2019; Smith et al. 
2021). Several traits allow Typha to proliferate in 
Lake Ontario wetlands. Clonal expansion via rhi-
zomes allows it to spread rapidly, and aerenchyma 
tissue enables it to tolerate high water conditions. 
Typha also has a great capacity for biomass produc-
tion (Grace and Wetzel 1981). The large amount of 
above-ground biomass of Typha allows it to shade 
out competitors, while rapid rates of nutrient uptake 
enable it to out-compete native species (Galatow-
itsch et al. 1999; Bansal et al. 2019).

Water availability to Typha rhizomes is critical 
for survival, and hydrologic alterations can influ-
ence cattail invasion. When operation of the St. 
Lawrence Seaway began in about 1960 following 
construction of the Moses-Saunders hydroelec-
tric dam, regulation of Lake Ontario water levels 
under Plan 1958DD reduced annual fluctuations 
from 1.5 to 0.7 m, approximately half the pre-reg-
ulation amplitude (Wilcox and Xie 2007). Wilcox 
et al. (2008) showed that these regulated lake levels 
enabled Typha × glauca invasion in the sedge/grass 
meadow marsh zone, as native sedge and grass spe-
cies lost the competitive advantage they held over 
Typha during low lake-level periods, which no 
longer occurred. Typha angustifolia invasion was 
generally in the emergent zone, often as floating 
mats (Wilcox et  al. 2005, 2008). In January 2017, 
a new water-level-regulation plan was enacted (Plan 
2014) that “strives to return the Lake Ontario-St. 
Lawrence River system to a more natural hydro-
logic regime, while limiting impacts to other inter-
ests” (IJC 2014). However, extreme water flows 
from the upper Great Lakes resulted in high water 
levels in Lake Ontario in 2017 and 2019, so inva-
sion of Typha × glauca into sedge/grass meadow has 
likely continued, and floating mats of T. angustifo-
lia likely survived.

If high water conditions also carry nutrients, the 
competitive advantage of high nutrient uptake rates 
may allow Typha to maintain and expand its domi-
nance (Miao and Sklar 1997; Bansal et al. 2019). Due 
to its relatively fast growth rates and ability to take up 
nutrients rapidly, Typha thrives in areas of high nutri-
ent input (i.e., nitrogen and phosphorous) (Newman 
et al. 1996; Miao and Sklar 1997; Mack et al. 2000). 
Woo and Zedler (2002) conducted nitrogen- and phos-
phorous-addition experiments with T. × glauca and 
native sedge-meadow species to determine if these 
additions accelerated the expansion of T. × glauca 
into wet meadow zones. They found that T. × glauca 
increased above-ground biomass, stem density, and 
height with nutrient additions, while native sedge 
species showed no significant response. In addition, 
phosphorus binds to oxidized  Fe3+ in dewatered soil 
during low water conditions but is released under 
flooded conditions when redox reactions convert the 
iron to  Fe2+. Boers and Zedler (2008) determined that 
this reaction caused “internal eutrophication,” which 
increased cattail growth. Thus, on regulated Lake 
Ontario, lack of periodic years with low water levels 
likely kept phosphorus available, even in the higher 
elevation sedge/grass meadow.

Nutrient loading to Lake Ontario wetlands likely 
comes from non-point sources that include but are not 
limited to agriculture, urban runoff, and atmospheric 
deposition of nitrogen (Makarewicz 2009; DeBues 
et al. 2019). Modeling by Hamlin et al. (2020) showed 
agricultural fertilizer to be a major nutrient source 
along the southern shore of Lake Ontario. Agricul-
tural and urban land use in wetland catchments of the 
Great Lakes has been shown to affect nutrient enrich-
ment, water clarity, and sediment quality (Crosbie 
and Chow-Fraser 1999; Trebitz et  al. 2007; Morrice 
et al. 2008; Robertson and Saad 2011; Harrison et al. 
2020). In a basin-wide study, Lougheed et al. (2001) 
concluded that the proportion of agricultural and 
urban land in wetland watersheds was a statistically 
significant predictor of water quality.

Experiments with nutrient additions involving 
Typha have involved either a mesocosm approach 
(Woo and Zedler 2002; Boers and Zedler 2008) 
or cattail species other than T. × glauca, which 
we chose to study (Farmer et al. 2005; Macek and 
Rejmánková 2007). Lishawa et al. (2014) combined 
field and mesocosm approaches to assess effects of 
T. × glauca populations on wetland functions along 
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Lake Michigan. There has been relatively little or 
no research performed with T. × glauca from Lake 
Ontario coastal wetlands involving phosphorus and 
altered hydroperiods, leaving much to be learned 
from further studies.

Studies have found spatio-temporal correlations 
between a watershed’s agricultural land use and 
phosphorus loading in streams and their outputs 
(Makarewicz and Lewis 2002, 2009; Makarewicz 
2009). In this study, we hypothesized that as the 
proportion of agriculture (croplands) increases in 
a wetland’s watershed, the concentration of total 
phosphorus (TP) within wetland waters would also 
increase. Concentrations of TP might also be pre-
dicted by the total length of lotic surface waters. 
We expected that in watersheds with greater total 
lengths of lotic surface waters, wetland waters 
would have decreased concentrations of TP and 
vice versa based on the adage, “dilution is the 
solution to pollution.” Previous studies also dem-
onstrated a positive relationship between the bio-
mass of aquatic micro- and macrophytes and TP at 
stream mouths in littoral systems of Lake Ontario 
(Makarewicz and Lampman 1994; Makarewicz 
2009). Ultimately, we predicted that increases in 
TP would increase the density (as percent cover) of 
Typha in Lake Ontario wetlands.

To assess relationships between land use, phos-
phorus concentrations, and Typha invasion, data 
were collected on mean wetland water phosphorus 
concentrations and densities of the cattail in 18 
Lake Ontario wetlands over a 2-year span during 
the growing seasons of 2011 and 2012. We also 
assessed percent cropland in wetland watersheds 
and length of lotic waters flowing into wetlands. 
To augment field observations, we conducted a 
greenhouse growth experiment on cattail (select-
ing T. × glauca) using several combinations of 
hydroperiods and phosphorus concentrations. We 
hypothesized that the cattail would amass greater 
amounts of above- and below-ground biomass as 
the duration of hydroperiods increased. We also 
hypothesized that the cattail would respond to the 
interaction of hydroperiod and increasing phospho-
rus concentrations by increasing total biomass; this 
interaction would be increasingly pronounced with 
simultaneous increases in hydroperiod and phos-
phorus additions.

Methods

Field studies

Study sites

Eighteen Lake Ontario coastal wetlands were sam-
pled from May to August in 2011 and 2012 (Fig. 1). 
The sites were selected randomly as part of the U.S. 
Environmental Protection Agency, Great Lakes Res-
toration Initiative, Coastal Wetland Monitoring Pro-
gram (Uzarski et al. 2017). Lacustrine, riverine, and 
barrier-protected wetlands (Albert et  al. 2005) sam-
pled were all connected to Lake Ontario. Submer-
gent and emergent vegetation zones were present at 
all sites, but due to anthropogenic influences, includ-
ing lake-level regulation and land use, some wet-
lands sampled did not contain a wet meadow zone. 
Where present, wet meadow was often restricted to 
a narrow fringe (< 12 m) between the emergent zone 
and upland edge, and cattail invasion was largely by 
T. × glauca. Emergent zones were dominated by cat-
tails, T. × glauca and T. angustifolia, and associated 
standing dead material. Substrate in all emergent 
zones often was composed of floating mats of organic 
material, in many cases > 250  cm thick. Relative 
water quality in sampled sites ranged from hypere-
utrophic and turbid to mesotrophic with low turbidity. 
All sampled wetlands met the following criteria: (1) 
4 ha or larger, (2) a direct, obvious surface-water con-
nection to Lake Ontario, (3) close enough to the lake 
to be influenced by it, and (4) herbaceous or stand-
ing‐water wetland zones present (Uzarski et al. 2017).

Transect sampling

Data collection at each site focused on identification 
and quantification of all wetland plant species occur-
ring in 1‐m2 quadrats on three transects that ran per-
pendicular to depth contours and therefore crossed 
submergent, emergent, and wet meadow vegetation 
zones (if present). The starting point of each transect 
was randomly located along the upland or swamp for-
est edge or the outer wetland edge. The width of each 
vegetation zone on a transect was established using a 
100-m measuring tape, and that width was divided by 
six to establish where five equidistant quadrats would 
be placed in each zone. Forty-five quadrats were sam-
pled per wetland (15 quadrats/zone) if all zones were 
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present. Within each quadrat, all macrophyte species 
were identified to lowest possible taxonomic unit, 
generally to species level. Visual estimates were made 
for percent cover of each plant species, total vegeta-
tion cover, standing dead cover, and detritus cover 
to the nearest one percent up to ten percent, then by 
five percent increments. Only percent cover of Typha 
was used for analysis here. Starting and ending loca-
tions for each transect and associated quadrats were 
recorded using a Garmin Rino model 530HCx global 
positioning system.

Water quality: macronutrient quantification

Water quality sample collection and analyses also 
followed protocols set by the Coastal Wetland Moni-
toring Program (Uzarski et  al. 2017). In summary, 
in situ samples were collected in clean containers at 
mid‐depth at each of three locations where fish sam-
pling was conducted by fyke net as part of the overall 
sampling program (Uzarski et al. 2017), with special 
care that substrates were not disturbed before or dur-
ing sample collection. Our samples were all taken 
from the SAV zone adjacent to the emergent (cat-
tail) zone. Water samples were immediately placed in 

coolers and then frozen for shipment to the Natural 
Resource Research Institute at University of Minne-
sota-Duluth for analysis. Laboratory and field meas-
urement parameter objectives, precision, accuracy, 
and method detection limits are found in Uzarski 
et al. (2017). Lab results were averaged for TP (mg/L) 
across three fyke net sampling locations in each wet-
land for ease of analysis.

Wetland watershed land use and surface waters

ESRI ArcGIS v10.1 was used to determine size of 
sampled wetlands (ha), size of wetland watersheds 
(ha), length of lotic surface waters (km), and size (ha) 
and extent (percent) of croplands at each of the 18 
wetland watersheds. The National Hydrography Data-
set (NHD), which provides an ArcGIS base layer for 
lotic surface waters, was accessed to aid in determin-
ing the area of each wetland’s watershed. However, 
the available GIS-layer datasets for agricultural land 
use were out-of-date for the years of 2011 and 2012. 
Therefore, the current size and extent of croplands 
within watersheds were revised by manually digitiz-
ing each cropland and creating maps using ArcGIS 
orthoimagery basemaps, which are updated on a more 

Fig. 1  Location of Lake Ontario coastal wetlands sampled in 2011 and 2012
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frequent basis than land-use GIS layers. After digiti-
zation, cropland areas were converted to percentage 
of the wetland’s total watershed area to represent the 
proportion of influence that agriculture may have 
on other site variables. Lacustrine wetlands were 
assigned zero values for the variables total watershed 
area, percentage of agriculture in wetland watershed, 
and total length of lotic surface waters in the wetland 
watershed.

Growth experiment

An 8-week hydroponic greenhouse growth experi-
ment initiated on 1 June 2012 was used to assess the 
potential interaction and discrete effects of variable 
hydrology and phosphorus concentrations on cattail 
growth and biomass allocation. Eighty individual 
T. × glauca plants were collected randomly at dis-
tance from each other, to avoid sampling the same 
individual, from Brush Creek, a Lake Ontario coastal 
wetland, on 31 May 2012. Leaves were trimmed to 
a standard length of 20 ± 1  cm from the base of the 
plant where the leaf sheaths meet the rhizomes. Rhi-
zomes were trimmed to 10 ± 1 cm in length measured 
from the start of the rhizome below the leaf sheaths. 
Roots on all rhizomes were trimmed to 1 ± 0.2  cm. 
Trimmed plants were then cleaned of residual soil 
with deionized water and placed in deionized water 
for 12  h to clean remaining wetland soil from the 
samples and to help flush nutrients from the rhizomes.

Rhizomes with attached 20-cm leaves were 
weighed prior to the growth experiment to provide 
the initial weight for measuring rhizome growth. At 
the end of the experiment, the leaves were trimmed 
to a same length of 20 ± 1  cm from the base of the 
plant where the leaf sheaths meet the rhizomes, and 
the remaining rhizome plus leaves were used for 
post-experiment weighing, with roots on all rhizomes 
again trimmed to 1 ± 0.2  cm. The trimmed leaves 
from above the 20-cm mark were used for measuring 
leaf growth. Leaves, rhizomes, and roots were then 
dried and weighed.

A two-factor balanced and complete random block 
design was used for the growth experiment (Fig. 2), 
which was blocked by hydroperiod (hydro-block) 
to limit variation among units within blocks rather 
than between blocks. The experiment was designed 
with the intent of using MANOVA, as it assesses 
two (or more) related dependent variables (leaf and 

rhizome biomass) while controlling for the correla-
tion between the dependent variables.

Twenty trimmed cattails were randomly assigned 
to each of four hydro-blocks: static standing, pulsed 
every two weeks then drained, pulsed every four 
weeks then drained, and pulsed just one time then 
drained. For pulsed treatments, nutrient solutions 
were applied for 15 min to allow for complete media 
saturation and then gravity-drained. Nutrient treat-
ments varied only by phosphorus concentrations: 
control group with no phosphorus (C), low concen-
trations as treatment one (T1), moderate concentra-
tions as treatment two (T2), and high concentrations 
as treatment three (T3) (Fig. 2). Each of the nutrient 
treatments was assigned to cattail samples randomly, 
with five replicates each in the four hydro-blocks for 
a total N = 80.

Nutrient additions were performed with modi-
fied Hoagland’s nutrient solutions (with ammonium 
to lower pH) mixed with deionized water (Table  1) 
(Hoagland and Arnon 1950; Epstein 1972). Higher 
plants are able to assimilate nitrogen as  NH4

+ and 
 NO3

−. In aerated soils with a pH above 4,  NO3
− is 

the prevailing nitrogen compound, and  NH4
+ is found 

in low concentrations, but in waterlogged soils, this 
ratio is reversed as a consequence of depressed bac-
terial nitrification activity and denitrification of 
 NO3

− (Brix et  al. 2002). Ammonium was included 
in the micronutrient solution (Table  2), which was 
applied similarly in all treatments, in this experi-
ment in the form  (NH4)6Mo7O24*4H2O; nitrate was 
included in the macronutrient solution in the forms 
of Ca(NO3)2*4H2O and  KNO3. Phosphorus was 
added in the form of  KH2PO4, a form commonly used 
in cattail growth experiments (Shipley and Keddy 
1988; Woo and Zedler 2002; Macek and Rejmánková 
2007; Escutia-Lara et  al. 2009). All stock solutions 
were prepared with deionized water and stored in a 
refrigerator at 3 °C for the duration of the experiment. 
Stock solutions were not combined into macro- and 
micro-mixes until the day of application to avoid 
chemical reactions that would alter availability. Once 
solutions were mixed, pH was adjusted to 6 with 1 M 
HCl or 1  M NaOH and set aside until ambient air 
temperature was reached before application.

The cultivation medium was a 50:50 mix of silica 
sand and granulated absorbent rockwool in individual 
5 mm 4.7 L hydroponic polyethylene film containers, 
which were then placed in 5 L HDPE containers for 
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stability and isolation. There was no artificial aeration 
of hydroponic solutions in any block. Before applica-
tion of new nutrient solutions in pulsed and constant 
block treatments, the growth media were drained and 
containers flushed with deionized water to avoid toxic 
salt accumulation.

Daily records for ambient air temperature and 
relative humidity inside the greenhouse were 
recorded with General Tools© HT50 RH/Temp 
Data Loggers (Appendix Table 5). Weekly measure-
ments of volumetric water content (percent) were 
recorded using a Vegetronix™ VG-METER-200 

Fig. 2  Random block design of eight-week greenhouse experiment on Typha × glauca with varying phosphorus treatments and 
hydroperiods. Individual cells are hydrologically isolated

Table 1  Macronutrients and concentrations of modified Hoagland’s solution used in 8-week Typha × glauca greenhouse growth 
experiment

Macronutrients Control T1 (low) T2 (moderate) T3 (high)

Form g  L−1 Stock (M) mL stock  L−1 µM mL stock  L−1 µM mL stock  L−1 µM mL stock  L−1 µM

KH2PO4 136.09 1 0 0 0.50 500 2.00 2000 6.00 6000
KNO3 101.11 1 5.10 5100 5.10 5100 5.10 5100 5.10 5100
Ca(NO3)2 * 4H2O 236.15 1 2.02 2020 2.02 2020 2.02 2020 2.02 2020
MgSO4 *  7H2O 246.48 1 1.00 1000 1.00 1000 1.00 1000 1.00 1000
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soil moisture meter before solution renewals to 
ensure consistency.

During the course of the experiment, a leaf or 
genet was considered dead if more than two-thirds 
of its length was brown and dry; its mortality then 
was noted and final length recorded. Any cattail 
not surviving past week three was not included in 
analyses as it was most likely using stored starches 
for growth until mortality and was not responding 
to treatment. At test termination on 28 July 2012, 
leaves were cut above the 20-cm starting point and 
all plants were rinsed in deionized water before 
being fractionated into leaves, rhizomes, and roots 
and placed in labeled paper bags. Bagged samples 
were then placed in a drying oven at 60  °C to dry 
for biomass determination. After 24 h, each bag was 
weighed hourly until weight changes were less than 
0.01 g, which was achieved at 29 h.

Statistical analyses

Field studies

Mean percent cover of combined T. angustifolia and 
T. × glauca was calculated based on total number of 
quadrats in the emergent and wet meadow zones, 
including those with no Typha. As some parameters 
quantified were not normally distributed, Spear-
man’s rank correlation in Minitab V. 18 was used to 
assess the relations among field data—mean con-
centration of TP vs. percent of watershed in crop-
land, mean TP vs. length of surface lotic waters, 
and mean percent cover Typha vs. mean TP. Signifi-
cance was determined at p ≤ 0.05.

Growth experiment

Two-way MANOVA with the General Linear Mod-
els multivariate procedure in SPSS was used, with 
the independent variables (IV) hydro-block and 
nutrient treatments alone, as well as with interac-
tions, to determine possible effects on the depend-
ent variables (DV), dried leaf weight (g), dried root 
weight (g), and dried rhizome weight (g). Signifi-
cance was determined at p ≤ 0.05. Data were tested 
for normality using the Descriptive Statistics func-
tion of SPSS. For testing normality with a two-way 
MANOVA, the file was split to organize the output 
based on groups—in this case, the hydro-block and 
phosphorus treatment. Skewness, normality plots, 
histograms, and Shapiro-Wilks outputs were exam-
ined for the assumption of normality. Assessments 
of Q-Q plots were used to check the assumption of 
linearity, and boxplots were checked for outliers. 
Heteroscedasticity was assessed by Levene’s Test of 
Equality of Error Variances. Box’s Test of Equality 
of Covariance Matrices was produced and assessed 
for violation of the assumption of equal covariance 
matrices. Since sample sizes were equal, if data 
failed Box’s test of equality of covariance matri-
ces, this result can be ignored, as MANOVA test 
statistics are robust to violations of this assumption 
(Field 2009). Pearson’s Correlation analysis was 
used to determine if the dependent variables were 
significantly correlated to determine if multicollin-
earity was present. If data did not meet the assump-
tions, they were transformed and assumptions were 
re-investigated. Pearson’s Correlation was also run 
for dried rhizome and dried root weights, as these 
two variables are likely correlated.

Table 2  Micronutrients 
and concentrations of 
modified Hoagland’s 
solutions used in eight-
week Typha × glauca 
greenhouse growth 
experiment

Micronutrients Final 
concentra-
tion

Form G  L−1 Stock solution 
(M)

mL stock  L−1 of DI 
water

(µM)

MnCl2·4H2O 1.979 0.010 0.406 4.06
ZnSO4·7H2O 0.288 0.001 0.618 6.18
CuSO4·5H2O 0.250 0.001 0.420 4.20
(NH4)6Mo7O24·4H2O 1.236 0.001 0.278 2.78
H3BO3 0.618 0.010 1.936 19.36
NaFe-DTPA (10% Fe) 33.240 0.071 1.000 71.00
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A full factorial two-way multivariate linear model 
with main effects of the independent variables, as 
well as interactions using Type III sum of squares, 
was then performed with Tukey’s Post Hoc test to 
identify if significant interactions occurred once the 
data met required assumptions. The six combina-
tions produced for each pairwise comparison among 
hydro-blocks, nutrient treatments, and their interac-
tions allowed determination of whether there were 
any significant differences on their effects on leaf and 
rhizome biomass.

Mortality after Week 3 occurred in three of the 
four hydro-blocks. There was no mortality in the 
static standing hydroperiod. When pulsed every 
two weeks, average mortality occurred in week 7, 
in week 6 when pulsed every four weeks, and in 
5.9 weeks when pulsed just once. To maintain a bal-
anced design and account for this systematic loss, a 
randomly chosen replicate of each treatment in each 

block was selected to be removed from the dataset. 
The removal of a replicate using the random func-
tion in SPSS resulted in four replicates per treat-
ment remaining, for a total population of N = 64.

Results

Field studies

The mean concentration of TP by site ranged 
from 0.015 to 0.214  mg/L and increased with 
percent of watershed in cropland (Spearman’s 
rho = 0.717,  p = 0.001); however, there was 
no increase in mean TP with increased lotic 
length  (rho = 0.402,  p = 0.098) (Table  3). Percent 
cover of Typha showed no relation to mean concen-
tration of TP (rho = 0.124, p = 0.624) (Table 3).

Table 3  Lake Ontario wetland field sites showing geomorphic type, wetland area, watershed area, percent cropland in watershed, 
length of lotic surface waters, mean total phosphorus, and mean percent cover of Typha from sampling in wetlands

Spearman’s rank correlation showed mean concentration of TP to increase with percent of watershed in cropland 
(rho = 0.717, p = 0.001) but not with increase in lotic length (rho = 0.402, p = 0.098). Mean percent cover of Typha was not related to 
mean concentration of TP (rho = 0.124, p = 0.624)

Wetland site Geomorphic Wetland Watershed Percent Lotic Mean total Mean percent
Type Area (ha) Area (ha) Cropland Length (km) P (mg/L) Cover Typha

Adolphus Reach Lacustrine 20.3 0 0 0 0.015 0
Chaumont R. mouth Lacustrine 11.3 0 0 0 0.038 18.1
East Creek Riverine 14.2 863 55.3 14.5 0.214 38.1
Eight Mile Creek Riverine 6.3 2638 7.9 22.9 0.086 0.9
Golden Hill Riverine 3 5506 36.9 91 0.173 0
Isthmus South Lacustrine 6.5 0 0 0 0.034 19
Little Pond Riverine 16.3 1423 0 12.2 0.085 22.3
Long Carry Lacustrine 7.7 0 0 0 0.094 27.9
Long Pond Barrier Beach 233.9 6400 17.6 78.6 0.122 33.2
Maxwell Bay Barrier Beach 19.2 11,829 17.2 136.8 0.201 10.5
Mud Bay Riverine 113.6 5898 15.7 99.6 0.201 18.9
North Pond Barrier Beach 1020.8 21,720 7.7 311.8 0.023 11.1
Parrot Bay Lacustrine 31.4 0 0 0 0.042 25.2
Payne Beach Barrier Beach 77 443 24.9 5.8 0.115 0
Red Creek Riverine 154.3 6843 19 85 0.054 30.6
Sand Bay Lacustrine 9.8 0 0 0 0.016 27.6
South Colwell Barrier Beach 85.4 26,177 7.5 435.6 0.072 9.3
South Pond Barrier Beach 143.6 7209 11.7 99 0.053 0.1
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Growth experiment

Cattail biomass, hydroperiod, and phosphorus 
treatments

As expected, rhizome weights and root weights were 
significantly correlated (r = 0.933, p ≤ 0.001), so root 

weights were removed before MANOVA was initi-
ated. Roots consistently measured only 3 to 5% of the 
weight of the individual rhizomes from which they 
came. The main effects of hydroperiod, phosphorus 
treatments, and their interaction all had significant 
effects on cattail, generally increasing all biomass 
measurements as duration of hydroperiod and phos-
phorus concentrations increased. Although all the 
main effects were significant, rhizome weights were a 
better fit of the corrected model (F = 153.657, df = 15, 
p ≤ 0.001) than leaf weights (F = 75.710, df = 15, 
p ≤ 0.001).

Cattail grown in the static standing hydroperiod 
accumulated a greater amount of below-ground 
(F = 703.657, df = 3, p ≤ 0.001) and above-ground 
(F = 328.823, df = 3, p ≤ 0.001) biomass than in 
all other hydro-blocks. On average, cattails also 
responded to increasing phosphorus concentrations 
by increasing both below-ground (F = 37.742, df = 3, 
p ≤ 0.001) and above-ground (F = 24.850, df = 3, 
p ≤ 0.001) biomass. In the static standing hydrop-
eriod, increases in mean dried rhizome weight was 
11.74 g in the control and increased across low phos-
phorus treatment T1 to moderate phosphorus treat-
ment T2 to 16.75 g in high phosphorus treatment T3 
(Table 4, Fig. 3). When pulsed and drained every two 
weeks, the range from control to T3 was from 5.30 
to 7.12 g; when pulsed and drained every four weeks, 

Table 4  MANOVA Tukey’s HSD post-hoc multiple com-
parisons of the interaction effects within hydro-blocks (static 
standing, pulsed and drained every two weeks, every four 
weeks, and once) among control (C), 500 µM (T1), 2000 µM 
(T2), and 6000 µM (T3) phosphorus treatments after an eight-
week Typha × glauca growth experiment

Increases in rhizome and leaf weights (g) over eight weeks are 
presented. Paired superscripts indicate significant differences 
(p ≤ 0.05)

C T1 T2 T3

Rhizome
 Static 11.74a,b 12.46 15.48a 16.75b

 2-Week 5.30c 5.24d 5.80e 7.12c,d,e

 4-Week 4.80 5.14 4.95 5.85
 Once 4.97 4.28f 5.41 5.61f

Leaf
 Static 6.88g 8.76g,h,i 10.08g,h 10.94g,i

 2-Week 4.05j,k 4.66l 5.24j 6.24k,l

 4-Week 3.86 3.54 3.95 4.20
 Once 3.58m 2.39m 3.20 3.37

Fig. 3  Means and 95% confidence intervals (error bars) of 
dried rhizome weights (g) and dried leaf weights (g) within 
hydro-blocks between nutrient treatments in an eight-week 
Typha × glauca greenhouse growth experiment. The hydrop-
eriod of Block 1 was static, Block 2 was pulsed once, Block 
3 pulsed every 2 weeks, and Block 4 pulsed every 4 weeks. 

Treatments consisted of a control (C) with no phosphorus 
additions, treatment T1 with low phosphorus concentra-
tions (500  µM), T2 with moderate phosphorus concentra-
tions (2000 µM), and T3 with high phosphorus concentrations 
(6000 µM)
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it was from 4.80 to 5.85 g; and for pulsed only once, 
it was 4.97 to 5.61  g. Increases in mean dried leaf 
weight in the static standing hydroperiod ranged from 
6.88 g in the control to 10.94 g in high phosphorus 
treatment T3 (Table 4, Fig. 3). That range was from 
4.05 to 6.24  g when pulsed and drained every two 
weeks, from 3.86 to 4.20 g when pulsed and drained 
every four weeks, and from 3.58 to 3.37  g when 
pulsed only once.

Cattail biomass response to hydroperiod 
and phosphorus interactions

Since independent variables of duration of hydro-
period and phosphorus concentrations gener-
ally showed increases in cattail rhizome and leaf 
weights (Table  4), interaction of these two vari-
ables was expected to produce similar results. How-
ever, such was not the case. For rhizome biomass 
(F = 8.962, df = 9, p ≤ 0.001), Tukey’s Post-Hoc 
(Table  4) revealed there were four significant dif-
ferences in the interactions by cattails grown in the 
static hydro-block (C vs. T2 and T3, T1 vs. T2 and 
T3; all p ≤ 0.001). There were three significant dif-
ferences within the hydro-block pulsed every two 
weeks (C vs. T3, p = 0.002; T1 vs. T3, p = 0.001; T2 
vs. T3, p = 0.040). However, there were none within 
the hydro-block pulsed every four weeks and one 
within the hydro-block pulsed just once (T1 vs. T3, 
p = 0.039).

For leaf biomass (F = 8.292, df = 9, p ≤ 0.001), 
Tukey’s Post-Hoc assessment showed five signifi-
cant differences in the interactions by those cattail 
grown in the static hydro-regime (C vs. T1, T2, and 
T3, all p ≤ 0.001; T1 vs. T2, p = 0.018; T1 vs. T3, 
p ≤ 0.001). There were three differences in the hydro-
block pulsed every two weeks (C vs. T2, p = 0.012; C 
vs. T3, p ≤ 0.001; T1 vs. T3, p = 0.003). There were 
none in the hydro-block pulsed every four weeks and 
one in the hydro-block pulsed only once (C vs. T1, 
p = 0.039).

With little interaction between hydroperiod and 
phosphorus concentration when pulsed only every 
four weeks or just once, it seems that the effect of 
phosphorus on rhizome and leaf biomass mostly 
depended on hydroperiod. Phosphorus had sig-
nificant impacts in the static hydroperiod and the 

every-2-week hydroperiod but was rarely important 
in the other hydroperiods that remained drier.

Discussion

Field studies

Percent of croplands, but not lotic length, was a sig-
nificant influence on TP concentrations. With more 
croplands in a watershed relative to watershed area, 
there could be more sources for nutrient inputs into 
individual wetlands. Similar conclusions have been 
drawn in other studies of land use and nutrient input 
into waterbodies (e.g., Johnes and Heathwaite 1997; 
Johnson and Rejmankova 2005). However, Debues 
et  al. (2019) found that total phosphorus concentra-
tions were typically greater in urban Lake Ontario 
stream watersheds in Canada than in agricultural 
watersheds. Lack of significance for lotic length into 
wetlands on TP concentration is likely because stream 
size differs and the volume or rate of water flowing 
into a wetland would not affect phosphorus inputs by 
itself. Large volumes and seasonality of inflowing 
water could have differing dilution effects in down-
stream wetlands. Riparian buffers and concentration/
frequency of nutrient applications to lands along 
inflowing streams could also influence the amount 
of phosphorus transported from terrestrial sources to 
wetlands (Dillaha et al. 1989; Keddy 2010).

All but one of the riverine wetlands/two of the 
barrier beach wetlands were along the south shore of 
the lake, where agriculture is generally more preva-
lent than on the eastern or northern shores. How-
ever, those wetlands did not have uniformly greater 
lotic lengths or phosphorus concentrations (Fig.  1, 
Table  3). Lacustrine wetlands with no inflowing 
streams mostly had lower phosphorus concentrations, 
likely due to dilution from lake waters.

In the field studies, mean percent cover of Typha 
did not increase with mean TP concentration. 
Although water samples for TP were taken in the 
adjacent SAV zone, most of the cattail stands con-
sisted of floating mats where water was derived from 
lake waters. Cattails in the wetlands may respond 
to increased concentrations of phosphorus and lim-
ited variability in inundation by increasing biomass 
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(which was not measured), especially below-ground 
biomass, which is the main method by which cattails 
propagate (Grace and Harrison 1986; Bansal et  al. 
2019). Cover of Typha varied broadly with wetland 
geomorphic type and shore of the lake (Table  3). 
This was unexpected because lacustrine wetlands 
are generally subjected to greater erosive forces and 
short-term hydrologic variability than barrier beach 
and riverine systems (Minc 1997; Keough et al. 1999; 
Lishawa et  al. 2010). However, the lacustrine wet-
lands sampled in this study were mostly in bays that 
were oriented away from prevailing winds. One lacus-
trine wetland (Parrot Bay) was located behind a road 
bridge that narrowed the hydrologic connection point 
to Lake Ontario and served as a buffer from waves.

The emergent zones in Lake Ontario coastal wet-
lands have expanded since lake-level regulation 
began in about 1960, in large part influenced by the 
altered hydrologic regime (Wilcox and Xie 2007). 
Lack of periodic years with low lake levels allowed 
moisture-requiring T. × glauca to invade into sedge/
grass wet meadow at upper elevations of wetlands, 
where sedges and grasses that can tolerate low soil 
moisture once held a competitive advantage (Wilcox 
et al. 2008). Typha angustifolia expanded broadly off-
shore, largely as floating mats that were not affected 
by higher waters (Wilcox et  al. 2008; Wilcox and 
Bateman 2018). Much of the cover of Typha as meas-
ured in this study was similarly in response to lake-
level history.

Growth experiment

The cattail response of increased growth in above- 
and below-ground biomass to increasing durations 
of hydroperiod and increasing phosphorus concen-
trations was consistent with other growth experi-
ments with cattails involving nutrient additions and 
variable water regimes (Farmer et al. 2005; Boers and 
Zedler 2008). This pattern of growth was especially 
pronounced in the constantly flooded conditions of 
hydro-block 1. Cattails grown in all hydro-blocks 
were greater in below-ground than above-ground 
biomass allocation (Table  4, Fig.  3), which was the 
pattern shown by Boers and Zedler (2008), especially 
with greater hydroperiod. This result may be due to 

the season in which cattails for this experiment were 
collected. Commencing in late spring, they had begun 
metabolizing starch reserves that were stored during 
the winter months to grow leaves (Sojda and Solberg 
1993). By the time the cattails were collected in late 
May, they had used some of their starch reserves for 
above-ground biomass growth. In future experiments, 
the cattails could be collected for a similar experi-
ment in late fall, when starch reserves in the rhizomes 
are greatest, to test if they would respond similarly.

Decreasing water availability in hydro-blocks 
impacted the growth of the cattails, resulting in ear-
lier weekly mean mortality as the duration between 
pulses of water increased. Constant flooding may 
result in anaerobic conditions, and cattails are 
adapted to saturated, anaerobic conditions (Bendix 
et al. 1994; Tornberg et al. 1994). A growth experi-
ment involving the parent species, Typha latifolia, 
reported similar results in biomass allocation with 
increasing water depths (Grace 1989). With extended 
anoxic conditions in another experiment, T. latifolia 
responded with increased shoot elongation (Braen-
dle and Crawford 1987). Constantly flooded condi-
tions in the block with a static hydroperiod over the 
eight-week experiment may also have created condi-
tions under which phosphorus that was bound to  Fe3+ 
was released when the iron was reduced to  Fe2+. This 
would be consistent with results from similar studies 
(Farmer et  al. 2005; Boers and Zedler 2008). Cronk 
and Fennessey (2001) hypothesized that rapid leaf 
and rhizome growth enables such a plant to have 
greater access to light,  O2, and  CO2.

Conclusions

Lake Ontario coastal wetlands have been degraded 
by unnaturally managed hydrologic regimes, nutrient 
inputs, and other cultural factors that negatively influ-
ence natural processes. Anthropogenically induced 
stressors increase susceptibility of wetland systems 
to invasion by Typha, which often outcompetes and 
displaces native species in emergent and wet meadow 
zones.

In our growth experiment, as hydroperiod and 
phosphorus concentrations increased, so did cattail 
biomass. However, the effect of increased phosphorus 
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concentration was diminished as water availabil-
ity decreased from hydro-blocks with static to two-
week to four-week to single pulsing, suggesting that 
hydroperiod, as on Lake Ontario, had an over-riding 
influence. In the Lake Ontario wetland field stud-
ies, although TP concentration in wetland waters 
increased with greater percent land use as croplands, 
mean percent cover of Typha did not increase corre-
spondingly. Cover of Typha as measured in this study 
showed the response to lake-level regulation that was 
seen in other studies (Wilcox and Xie 2007; Wil-
cox et  al. 2008; Wilcox and Bateman 2018). These 
responses of Typha to hydrology in the field and vari-
able hydrology and nutrient inputs in the greenhouse 
study may provide insight into effective methods of 
cattail control and restoration in many wetlands. In 
managed wetlands or waterbodies, control methods 
could include mimicking natural hydrologic regimes 
that favor wet meadow species and decrease habitat 
availability for cattails. While it is not possible to 
eliminate nutrient inputs into wetlands and waterbod-
ies, increasing the width of vegetative buffers around 
riparian areas and abutting uplands could reduce 
transport of nutrients into these systems through 
reduced erosion and nutrient uptake by the vegetation 
in the buffers. Landowners, soil and water conserva-
tion districts, scientists, and the agricultural industry 
could use the results of this study to aid in making 
informed decisions regarding nutrient applications 
and their effects on the spread of the cattail.

Specific to Lake Ontario, implementation of a new 
lake-level regulation plan (Plan 2014) in 2017 that 
seeks to return the Lake Ontario-St. Lawrence River 
system to a more natural hydrologic regime (IJC 
2014) could reduce cattail invasion of wet meadows. 
However, periods of low water supply from the upper 
Great Lakes and the surrounding Lake Ontario water-
shed will be necessary for the new plan to provide 
lower water levels during the growing season that 
can restore the competitive advantage of sedges and 
grasses. In the interim, active restoration via excava-
tion and herbicide treatments seeks to reduce existing 
stands of cattail and increase wet meadow (Wilcox 
et al. 2018; Neveldine et al. 2019; Massa and Farrell 

2020; Graham et  al. 2021; Silva et  al. 2021; Polzer 
and Wilcox 2022).
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Appendix

See Table 5.

Table 5  Monthly mean maximum and minimum temperatures 
(°C) and relative percent humidity inside greenhouse during 
eight week Typha × glauca growth experiment

Month Mean 
maximum 
temperature 
(°C)

Mean 
minimum 
tempera-
ture (°C)

Mean 
maximum 
relative 
humidity 
(%)

Mean mini-
mum relative 
humidity (%)

June 32.02 16.70 98.20 78.93
July 35.04 19.50 99.03 76.32



Wetlands Ecol Manage 

1 3
Vol.: (0123456789)

References

Albert DA, Wilcox DA, Ingram JW, Thompson TA (2005) 
Hydrogeomorphic classification for Great lakes coastal 
wetlands. J Great Lakes Res 31(Suppl 1):129–146

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

Bendix M, Tornberg T, Brix H (1994) Internal gas transport in 
Typha latifolia L. and Typha angustifolia L. 1. Humidity-
induced pressurization and convective throughflow. Aquat 
Bot 49:75–89

Boers AM, Zedler JB (2008) Stabilized water levels and Typha 
invasiveness. Wetlands 28:676–685

Braendle R, Crawford RMM (1987) Rhizome anoxia tolerance 
and habitat specialization in wetland plants. Plant life in 
aquatic and amphibious habitats. Blackwell Scientific, 
Oxford

Brix H, Dyhr-Jensen K, Lorenzen B (2002) Root-zone acid-
ity and nitrogen source affects Typha latifolia L. growth 
and uptake kinetics of ammonium and nitrate. J Exp Bot 
53:2441–2450

Canada E (2002) Where land meets water: understanding wet-
lands of the Great Lakes. Environment Canada, Toronto

Cronk JK, Fennessey MS (2001) Wetland plants: biology and 
ecology. Boca Raton, Lewis Publishers

Crosbie B, Chow-Fraser P (1999) Percentage land use in the 
watershed determines the water and sediment quality of 
22 marshes in the Great Lakes basin. Can J Fish Aquat Sci 
56:1781–1791

DeBues MJ, Eimers MC, Watmough SA, Mohamed MN, 
Mueller J (2019) Stream nutrient and agricultural land-use 
trends from 1971 to 2010 in Lake Ontario tributaries. J 
Great Lakes Res 45:752–761

Dillaha TA, Reneau R, Mostaghimi S, Lee D (1989) Vegeta-
tive filter strips for agricultural non-point source pollution 
control. Trans ASABE 32:513–519

Epstein E (1972) Mineral nutrition of plants: principles and 
perspectives. Wiley, London

Escutia-Lara Y, Gomez-Romero M, Lindig-Cisneros R (2009) 
Nitrogen and phosphorus effect on Typha domingen-
sis Presl. rhizome growth in a matrix of Schoenoplectus 
americanus (Pers.) Volkart ex Schinz and Keller. Aquat 
Bot 90:74–77

Farmer LM, Pezeshki SR, Larsen D (2005) Effects of hydrop-
eriod and iron on Typha latifolia grown in a phosphorus-
enhanced medium. J Plant Nutr 28:1175–1190

Field A (2009) Discovering statistics using SPSS. SAGE Publi-
cations Inc, Thousand Oaks

Galatowitsch SM, Anderson NO, Ascher PD (1999) Invasive-
ness in wetland plants in temperate North America. Wet-
lands 19:733–755

Grace JB (1989) Effects of water depth on Typha latifolia and 
Typha domingensis. Am J Bot 76:762–768

Grace JB, Harrison JS (1986) The biology of Canadian weeds: 
Typha latifolia L., Typha angustifolia L., and Typha × 
glauca Godr. Can J Plant Sci 66:361–379

Grace JB, Wetzel RG (1981) Habitat partitioning and competi-
tive displacement in cattails (Typha): experimental field 
studies. Am Nat 118:463–474

Graham AS, Mudrzynski B, Polzer E, Wilcox DA (2021) Res-
toration of a Lake Ontario-connected fen through invasive 
Typha removal. Restor Ecol 29:13562

Hamlin QF, Kendall AD, Martin SL, Whitenack HD, Roush 
JA, Hannah BA, Hyndman DW (2020) Quantifying 
landscape nutrient inputs with spatially explicit nutri-
ent source estimate maps. J Geophys Res Biogeosci 
125:e2019JG005134

Harrison AM, Reisinger AJ, Cooper MJ, Brady VJ, Ciborowski 
JJH, O’Reilly KE, Ruetz CR III, Wilcox DA, Uzarski DG 
(2020) A basin-wide survey of coastal wetlands of the 
Laurentian Great Lakes: development and comparison of 
water quality indices. Wetlands 40:465–477

Hoagland DR, Arnon DI (1950) The water-culture method for 
growing plants without soil. Circular. California Agricul-
tural Experiment Station, Berkeley

IJC (2014) Lake Ontario-St. Lawrence River Plan 2014: pro-
tecting against extreme water levels, restoring wetlands, 
and preparing for climate change. International Joint 
Commission, Washington

Johnes PJ, Heathwaite AL (1997) Modelling the impact of land 
use change on water quality in agricultural catchments. 
Hydrol Process 11:269–286

Johnson S, Rejmankova E (2005) Impacts of land use on nutri-
ent distribution and vegetation composition of freshwater 
wetlands in northern Belize. Wetlands 25:89–100

Keddy PA (2010) Wetland ecology: principles and conserva-
tion. Cambridge University Press, Cambridge

Keough JR, Thompson TA, Guntenspergen GR, Wilcox 
DA (1999) Hydrogeomorphic factors and ecosystem 
responses in coastal wetlands of the Great Lakes. Wet-
lands 19:821–834

Lishawa SC, Albert DA, Tuchman NC (2010) Water-level 
decline promotes Typha × glauca establishment and veg-
etation change in Great Lakes coastal wetlands. Wetlands 
30:1085–1096

Lishawa SC, Jankowski K, Geddes P, Larkin DJ, Monks AM, 
Tuchman NC (2014) Denitrification in a Laurentian Great 
Lakes coastal wetland invaded by hybrid cattail (Typha × 
glauca). Aquat Sci 76:483–495

Lougheed VL, Crosbie B, Chow-Fraser P (2001) Primary 
determinants of macrophyte community structure in 
62 marshes across the Great Lakes basin: latitude, land 
use, and water quality effects. Can J Fish Aquat Sci 
58:1603–1612

Macek P, Rejmánková E (2007) Response of emergent mac-
rophytes to experimental nutrient and salinity additions. 
Funct Ecol 21:478–488

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M, 
Bazzaz FA (2000) Biotic invasions: causes, epidemiology, 
global consequences, and control. Ecol Appl 10:689–710

Makarewicz JC (2009) Nonpoint source reduction to the 
nearshore zone via watershed management practices: 



 Wetlands Ecol Manage

1 3
Vol:. (1234567890)

nutrient fluxes, fate, transport and biotic responses—back-
ground and objectives. J Great Lakes Res 35:3–9

Makarewicz JC, Lampman G (1994) Water quality of Long, 
Cranberry, Buck, and Round Ponds 1993–1994. http:// 
digit alcom mons. brock port. edu/ cgi/ viewc ontent. cgi? artic 
le= 1013& conte xt= books helf accessed 16 Apr 2015

Makarewicz JC, Lewis TW (2002) Small intermittent rivulets 
versus major tributaries: the loss of soil and nutrients from 
selected small subwatersheds compared to the major sub-
watersheds of Canandaigua Lake. http:// digit alcom mons. 
brock port. edu/ tech_ rep/ 23 accessed 16 Apr 2015

Makarewicz JC, Lewis TW (2009) Oak Orchard Creek water-
shed the location of sources of pollution, annual loss of 
nutrients and soil to Lake Ontario, and a test of effective-
ness of zone tillage as a best management practice. http:// 
www. epa. gov/ great lakes/ lakeo nt/ repor ts/ lo_ oakor chard. 
pdf accessed 16 Apr 2015

Massa EA, Farrell JM (2020) Improving habitat connectivity in 
a Typha-dominated wetland shows increased larval north-
ern pike survival. Wetlands 40:273–386

Maynard L, Wilcox DA (1997) Coastal wetlands. State of the 
Lakes Ecosystem Conference proceedings. Report EPA 
905-R-97-015b, Environment Canada, Burlington and 
U.S. Environmental Protection Agency, Chicago

Miao SL, Sklar FH (1997) Biomass and nutrient allocation of 
sawgrass and cattail along a nutrient gradient in the Flor-
ida Everglades. Wetl Ecol Manag 5:245–264

Minc L (1997) Great Lakes coastal wetlands: an overview of 
controlling abiotic factors, regional distribution, and spe-
cies composition. Report 1997–12. Michigan Natural Fea-
tures Inventory, Lansing

Morrice JA, Danz NP, Regal RR, Kelly JR (2008) Human 
influences on water quality in Great Lakes coastal wet-
lands. Environ Manage 41:347–357

Moser M, Prentice C, Frazier S (1996) A global overview of 
wetland loss and degradation. Selected Proceedings of the 
Conference of the Contracting Parties (Ramsar), Brisbane

Neveldine B, Leblanc JP, Farrell JM (2019) Vegetation 
response and juvenile northern pike (Esox lucius) outmi-
gration following connectivity enhancement of a Typha-
dominated coastal wetland. Wetlands 39:921–934

Newman S, Grace JB, Koebel J (1996) Effects of nutrients and 
hydroperiod on Typha, Cladium, and Eleocharis: implica-
tions for Everglades restoration. Ecol Appl 6:774–783

Polzer EL, Wilcox DA (2022) Testing restoration methods for 
Lake Ontario wetlands at a wetland scale. J Great Lakes 
Res 48:756

Robertson DM, Saad DA (2011) Nutrient inputs to the Lauren-
tian Great Lakes by source and watershed estimated using 
Sparrow watershed models. J Am Water Resour Assoc 
7:1011–1032

Shipley B, Keddy PA (1988) The relationship between rela-
tive growth rate and sensitivity to nutrient stress in 
twenty-eight species of emergent macrophytes. J Ecol 
76:1101–1110

Silva AO, Wilcox DA, Polzer EL (2021) Wetland restoration 
in Typha-dominated Braddock Bay of Lake Ontario. Ecol 
Rest 39:247

Smith IM, Fiorino GE, Grabas GP, Wilcox DA (2021) Wetland 
vegetation response to record-high Lake Ontario water 
levels. J Great Lakes Res 47:160–167

Sojda RS, Solberg KL (1993) Management and control of cat-
tails. U.S. Fish and Wildlife Service Leaflet 3.4.13

SOLEC (2005) State of the Great Lakes Report, State of the 
Lakes Ecosystem Conference. Environment Canada, 
Toronto and U.S. Environmental Protection Agency, 
Chicago

Tornberg T, Bendix M, Brix H (1994) Internal gas transport in 
Typha latifolia L. and Typha angustifolia L. 2. Convective 
throughflow pathways and ecological significance. Aquat 
Bot 49:91–105

Trebitz AS, Brazner JC, Cotter AM, Knuth ML, Morrice 
JA, Peterson GS, Sierszen ME, Thompson JA, Kelly JR 
(2007) Water quality in Great Lakes coastal wetlands: 
basin-wide patterns and responses to an anthropogenic 
disturbance gradient. J Great Lakes Res 33:67–85

Uzarski DG, Brady VJ, Cooper MJ, Wilcox DA, Albert DA, 
Axler RP, Bostwick P, Brown TN, Ciborowski JH, Danz 
NP, Gathman JP, Gehring TM, Grabas GP, Garwood 
A, Howe RW, Johnson LB, Lamberti GA, Moerke AH, 
Murry BA, Niemi GJ, Norment CJ, Ruetz CR, Steinman 
AD, Tozer DC, Wheeler R, O’Donnell TK, Schneider JP 
(2017) Standardized measures of coastal wetland condi-
tion: implementation at a Laurentian Great Lakes basin-
wide scale. Wetlands 37:15–32

Vaccaro LE, Bedford BL, Johnston CA (2009) Litter accu-
mulation promotes dominance of invasive species of cat-
tails (Typha spp.) in Lake Ontario wetlands. Wetlands 
29:1036–1048

Wilcox DA, Bateman JA (2018) Photointerpretation analysis 
of plant communities in Lake Ontario wetlands follow-
ing 65 years of lake-level regulation. J Great Lakes Res 
44:1306–1313

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

Wilcox DA, Kowalski KP, Hoare HL, Carlson ML, Morgan 
HN (2008) Cattail invasion of sedge grass meadows in 
Lake Ontario: photointerpretation analysis of sixteen wet-
lands over five decades. J Great Lakes Res 34:301–323

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

Wilcox DA, Ingram JW, Kowalski KP, Meeker JE, Carlson 
ML, Xie Y, Grabas GP, Holmes KL, Patterson NJ (2005) 
Evaluation of water-level regulation influences on Lake 
Ontario and Upper St. Lawrence River coastal wetland 
plant communities. Report to the International Joint Com-
mission, Ottawa and Washington

Woo I, Zedler JB (2002) Can nutrients alone shift a sedge 
meadow towards dominance by the invasive Typha × 
glauca? Wetlands 22:509–521

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

http://digitalcommons.brockport.edu/cgi/viewcontent.cgi?article=1013&context=bookshelf
http://digitalcommons.brockport.edu/cgi/viewcontent.cgi?article=1013&context=bookshelf
http://digitalcommons.brockport.edu/cgi/viewcontent.cgi?article=1013&context=bookshelf
http://digitalcommons.brockport.edu/tech_rep/23
http://digitalcommons.brockport.edu/tech_rep/23
http://www.epa.gov/greatlakes/lakeont/reports/lo_oakorchard.pdf
http://www.epa.gov/greatlakes/lakeont/reports/lo_oakorchard.pdf
http://www.epa.gov/greatlakes/lakeont/reports/lo_oakorchard.pdf

	Response of€Typha to€phosphorus, hydrology, and€land use in€Lake Ontario coastal wetlands and€a€companion greenhouse study
	Abstract 
	Introduction
	Methods
	Field studies
	Study sites
	Transect sampling
	Water quality: macronutrient quantification
	Wetland watershed land use and€surface waters

	Growth experiment
	Statistical analyses
	Field studies
	Growth experiment


	Results
	Field studies
	Growth experiment
	Cattail biomass, hydroperiod, and€phosphorus treatments
	Cattail biomass response to€hydroperiod and€phosphorus interactions


	Discussion
	Field studies
	Growth experiment

	Conclusions
	Acknowledgments 
	References




