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Abstract

Efforts to eradicate invasive plants in restorations can
unintentionally create conditions that favor reinvasion
over the establishment of desired species, especially when
remnant invasive propagules persist. Reducing resources
needed by the invader for seedling establishment, how-
ever, may be an effective strategy to prevent reinvasion.
Propagules of Phalaris arundinacea persist after removal
from sedge meadow wetlands and reestablish quickly in
posteradication conditions, hindering community restora-
tion. A study was conducted in two experimental wetlands
with controlled hydrologic regimes to determine if reduc-
ing light by sowing short-lived, nonpersistent native cover
crops or immobilizing soil N by incorporating soil–sawdust
amendments can prevent Phalaris reinvasion, allowing
native communities to recover. A 10-species perennial
target community and Phalaris were sown with high-
diversity, low-diversity, or no cover crops in soils with or
without sawdust, and seedling emergence, establishment,
and growth were measured. High-diversity cover crops

reduced light, decreasing Phalaris and target commun-
ity seedling establishment by 89 and 57%, respectively.
Short-term nitrogen reduction in sawdust-amended soils
delayed Phalaris seedling emergence and decreased
Phalaris seedling establishment by 59% but did not
affect total target community seedling establishment.
The target community reduced Phalaris seedling estab-
lishment as effectively as cover crops did. In plots where
the target community was grown, amending soils with
sawdust further reduced Phalaris seedling growth but
not establishment. Results show that use of cover crops
can reduce seedling establishment of desired species
and is counterproductive to restoration goals. Further,
establishing target species is more important and practi-
cal for limiting Phalaris reinvasion than is immobilizing
nitrogen.
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Introduction

Eradicating invasive species can have unintended
adverse effects on ecosystems (Zavaleta et al. 2001;
Courchamp et al. 2003; Chapuis et al. 2004; Harms &
Hiebert 2006). Often, eradication results in environmen-
tal conditions that promote reinvasion or new invasions
(Morrison 2002; Ogden & Rejmánek 2005; Adams &
Galatowitsch 2006; Hulme & Bremner 2006). Restoring
native vegetation may not be possible if invasive propa-
gules persist through eradication and resources required
for their reestablishment are abundant (sensu Adams &
Galatowitsch 2006). Alternatively, if native species
establish before the invader, they can provide the
restored ecosystem with resiliency against future inva-
sions by sequestering available resources (Barger et al.

2003; Seabloom et al. 2003; Bakker & Wilson 2004). The
availability of resources needed for plant establishment
can affect final community composition (Grubb 1977;
Schupp 1995; Eriksson 2002), making resource availabil-
ity an important factor in restoration outcomes when
propagules of both the invaders and the desired commu-
nity are present.

Reed canarygrass (Phalaris arundinacea L.; hereafter
Phalaris) is an invasive perennial grass in temperate North
American wetlands (Galatowitsch et al. 1999a). Efforts to
eradicate Phalaris from sedge meadow wetlands in the
Midwestern United States leave these ecosystems prone
to reinvasion (Adams & Galatowitsch 2006) because of
remnant Phalaris seed banks and dispersal from nearby
seed sources. Further, desired native plants are dispersion
limited, and their establishment requires direct seeding
(Kettenring 2006). Nonetheless, even when native plants
are seeded, Phalaris dominates these ecosystems within
two growing seasons because of its rapid growth and high
reproductive capacity under moist, fertile posteradication
conditions (Adams & Galatowitsch 2005, 2006). Limiting
resources needed by Phalaris at early developmental
stages may prevent reinvasions, thereby aiding restoration
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efforts, if seeded native species are more competitive at
lower resource levels (sensu Tilman et al. 1999).

Limiting light availability in sedge meadows after
Phalaris eradication may prevent reinvasion. Because Pha-
laris seeds cannot germinate in the dark, intact wetland
canopies reduce Phalaris establishment, and because of
increased structural complexity, diverse canopies possibly
block more light (Lindig-Cisneros & Zedler 2001, 2002a,
2002b). Sowing a rapidly growing native cover crop to
reduce light availability, therefore, may prevent Phalaris
reinvasions if seeded native species require less light for ger-
mination, seedling establishment, and growth (Galatowitsch
et al. 1999b; Lindig-Cisneros & Zedler 2002a).

Studies of cover crop use in wetland restorations sug-
gest that this strategy is ineffective because it might pre-
vent the establishment of native graminoids, which have
light requirements similar to those of Phalaris (Perry &
Galatowitsch 2003, 2004). Yet, the only field study of
cover crop use in wetland restorations considered compe-
tition between a single sedge meadow species, Bottlebrush
sedge (Carex hystericina Muhl.), and Phalaris grown under
two single-species cover crops (Perry & Galatowitsch
2003). No studies have investigated how multispecies
cover crops affect light competition between Phalaris and
a typical restoration seed mix.

Because native plants can suppress Phalaris seedling
growth in low-nitrogen (N) environments (Perry et al.
2004), another resource-limiting strategy could be to re-
duce N after Phalaris eradication. Prairie pothole wet-
lands occur within agricultural landscapes, often receiving
N inputs (Neely & Baker 1989; Brinson & Malvárez
2002). Increased N availability is responsible for the dis-
placement of native vegetation by invasive species in
other ecosystems (Dukes & Mooney 1999) and may be
contributing to Phalaris outcompeting desired native wet-
land species (Green & Galatowitsch 2002; Lavoie et al.
2005).

Perry et al. (2004) tested if elevated soil N contributed
to the competitive ability of Phalaris in a greenhouse
experiment where Phalaris and C. hystericina were grown
together in wetland soils under depleted and ambient
inorganic N concentrations. Inorganic N was reduced by
incorporating pine sawdust (i.e., carbon amendment),
which caused microbial immobilization of N. Carex hyster-
icina outcompeted Phalaris in plots with depleted N, sug-
gesting that native seedlings had a greater capacity to
attain and assimilate N than Phalaris seedlings in low-N
environments (Perry et al. 2004). Reducing N by adding
carbon to soils has been effective in limiting invasive spe-
cies establishment in other ecosystems (Zink & Allen
1998; Blumenthal et al. 2003; Averett et al. 2004), but the
effects of carbon amendments on soil N concentrations
and the longevity of these effects in wetlands are
unknown.

The purpose of this study was to determine if reducing
light and N availability with cover crops and sawdust
amendments is effective in preventing Phalaris seedling

establishment after its initial removal from invaded sedge
meadows. Our objectives were to (1) determine the effec-
tiveness of cover crops varying in structural complex-
ity and sawdust amendments in reducing light and N
availability, respectively; and (2) determine how these
treatments affect seedling emergence, establishment, and
growth of a target community seed mix and Phalaris in
conditions resembling sedge meadow restorations after
Phalaris removal.

Methods

Experimental Overview and Site Description

We designed a randomized complete block experiment
with four factors. A 10-species target community seed mix
(absent or present) and Phalaris (absent or present) were
sown in plots with one of three cover crop treatments:
high diversity (5 structurally different species), low diver-
sity (1 species), or absent. These treatments were grown in
soils with or without sawdust amendments. During Octo-
ber 2004, a row of 24-one m2 plots were marked out at 1,
3, and 5 m distances from the water’s edge on the western
side of two experimental wetland basins. The 24 treatment
combinations were randomly assigned to individual plots
within each row (6 replicates blocked on both basin and
distance from water).

The basins are located at the University of Minnesota
Horticultural Research Center in Carver County, Minne-
sota, lat 44�519450N, long 93�369000W. The site, which
historically was a drained depressional wetland used for
agriculture, is classified as a Glencoe clay loam soil
(Cumulic Endoaquoll). In 1994, the area was divided by
earthen dikes into four approximately 0.20-ha basins with
separate water inlets and adjustable drainage tiles to allow
precise hydrological control in each basin.

Experimental Set Up and Sawdust Treatments

Site preparation began in fall 2004 by removing vegeta-
tion, and surveying and grading the study areas to make
them uniform in elevation relative to the basin bottoms.
Plots were re-surveyed prior to the start of the experi-
ment. On 30 September 2004, Basamid soil fumigant
(Dazomet; BASF Corp., Mt. Olive, NJ) was applied to
deplete the seed bank. The following spring, weed fabric
was affixed between plots to prevent vegetative growth
in these areas, and fiberglass screen extending approxi-
mately 15 cm above and below the soil surface was
installed around plots to prevent between-plot migration
of seeds.

Sawdust was incorporated during October 2004 follow-
ing Perry et al. (2004). In plots assigned ‘‘sawdust,’’ the
upper 7 cm of soil was removed and replaced with cedar
(Thuja sp.) sawdust. Soil removal assured that all plots
had similar soil volumes. Sawdust was hand tilled to
a depth of 20 cm, resulting in a soil:sawdust ratio of 2:1 by
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volume (8.40 ± 0.13 kg dry weight/plot). The sawdust,
acquired from Serv-a-Dock, Inc. (Victoria, MN), was
49.9% C and 1.6% N with nitrate-N and ammonium-N
concentrations of 15 and 141 mg/kg, respectively. Prelimi-
nary comparisons of chemical parameters (other than soil
N) revealed no major differences between plots with or
without sawdust (Iannone 2007). Soil–microbe recoloniza-
tion was initiated by sprinkling 250 mL of water from an
adjacent restored wetland through a 106-lm sieve (to pre-
vent introduction of nonexperimental seeds) over the soil
in each plot. Soil removal and sawdust incorporation
occurred 7 months prior to the start of the experiment,
and reinoculation occurred 1 month prior to the start of
the experiment.

Nitrate-N and ammonium-N were measured on soil
samples collected 1 week prior to the start of the experi-
ment from two randomly chosen plots (one with and one
without sawdust) in each replication. All analyses of soil
and sawdust chemistry were conducted at the University
of Minnesota Research Analytical Laboratory (St. Paul,
MN).

Cover Crop Treatments and Native Seeding

Five native species were chosen as cover crops; all were
annuals or short-lived perennials so they would not be
persistent competitors. We sought to create two different
subcanopy light environments by using cover crop species
that varied structurally (sensu Lindig-Cisneros & Zedler
2002a, 2002b). The high-diversity cover crop seed mix con-
sisted of American sloughgrass (Beckmannia syzigachne
(Steud.) Fern.), Fox sedge (Carex vulpinoidea Michx.),
Bur-marigold (Bidens cernua L.), Dock-leaved smartweed
(Polygonum lapathifolium L.), and Northern willow-herb
(Epilobium glandulosum Lehm.) sown at equal densities.
The low-diversity cover crop seed mix consisted solely of
B. syzigachne. The target community seed mix consisted
of 10 C3 perennial species sown at equal densities (listed
in Table 4). Target community species were selected from
a seed mix commonly used in public restoration projects
in Minnesota (Jacobson 2003); all are common and native
to local sedge meadows. Nomenclature followed Gleason
and Cronquist (1991).

Cover crop and target community seed mixes were
sown at 2,100 and 2,250 viable seeds/m2, respectively.
Cover crop density was based on recommendations for
public restoration projects in Minnesota (Jacobson 2003);
target community density was based on seed bank densities
of natural sedge meadows (Galatowitsch & Biederman
1998). Phalaris was sown at a density representative of a
remnant Phalaris seed bank after eradication in restora-
tions—60 viable seeds/m2 (Adams & Galatowitsch 2006).

Prior to the experiment, seeds were tested for viability
and cold stratified. Viability was estimated on 200 seeds of
each species using tetrazolium analysis (Grabe 1970).
Seeds were then stratified in moist, steam-sterilized wet-
land soil at 4�C for 4 months to mimic outdoor conditions

and aid in breaking dormancy (Baskin & Baskin 1998;
Kettenring & Galatowitsch 2007). Seeds were sown on 4
and 5 May 2005.

Seeds were acquired from suppliers in Minnesota and
Iowa. Polygonum lapathifolium, E. glandulosum, and
C. hystericina were purchased from Prairie Moon Nursery
(Winona, MN). Beckmannia syzigachne and Phalaris were
donated by Shooting Star Native Seed (Spring Grove,
MN) and the University of Minnesota, Department of
Agronomy (St. Paul, MN), respectively. All other seeds
were purchased from Ion Exchange, Inc. (Harper Ferry,
IA).

Site Maintenance and Data Collection

Site maintenance consisted of manipulating water levels
to mimic the hydrology of an adjacent restored wetland
and weeding for 10 weeks after seeding. To determine
treatment effects on N and light availability, we measured
soil nitrate-N and ammonium-N at weeks 9 and 18, and
the proportion of photosynthetically active radiation
(PAR) blocked by plant canopies at weeks 7, 10, 13, and 16.
All measurements were taken from the inner 0.8 m2 of the
plots to avoid edge effects. Soil nitrate-N and ammonium-N
were measured on a moist, 3 g subsample taken from
three homogenized 1.5-cm diameter 3 20-cm soil cores.
Soil cores were collected from three random points in all
plots of four randomly chosen replicates (two per basin).
Nitrogen values were adjusted to account for soil mois-
ture. The percentage of PAR blocked was estimated in all
plots by dividing the average of two perpendicular
ground-level PAR readings by an above-canopy PAR
reading and subtracting the value from 1. PAR readings
were made between 1100 and 1400 h on cloudless days
using a line quantum sensor attached to a LI-250A light
meter (LiCOR� Biosciences, Lincoln, NE).

Seedling emergence and establishment were estimated
from shoot counts of all species taken from five randomly
placed 10 3 10–cm subplots, within each plot every 3
weeks. Cumulative proportion of seedling emergence was
estimated during each sampling period by adding any
increase that occurred in shoot density to the prior week’s
density and dividing this value by the number of viable
seeds sown. This estimate was treated as a minimum value
because unobserved seedling emergence and mortality
likely occurred between sampling periods. We assumed that
all seeds emerged when proportions reached 1.0; values
greater than 1.0 resulted from clonal growth. Shoot densities
at week 16 were considered final seedling establishment.

To estimate growth, individual species cover, total plant
cover, and canopy heights were measured in all plots
every 3 weeks. Cover of individual species was estimated
using the following ordinal cover class system: 0 ¼ 0%;
1 ¼ less than 1%; 2 ¼ 1–4%; 3 ¼ 5–24%; 4 ¼ 25–49%; 5 ¼
50–74%; and 6 ¼ 75–100%. Total plant cover was visually
estimated to 10% increments. To limit observer bias,
one person made all cover estimates. Canopy height was
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estimated by averaging the vegetation heights from 10
random points.

Statistical Analyses

Treatment effects on average soil nitrate-N and soil ammo-
nium-N concentrations for the length of the study and on
changes in soil nitrate-N and soil ammonium-N concentra-
tions were determined by analysis of covariance
(ANCOVA) on the averages and differences of values
from weeks 9 and 18, respectively. Two outliers, having
ammonium-N concentrations 53 and 193 greater than any
other values in their treatment combinations, were
removed from the analysis. A randomized mixed-effects
model was used to determine treatment effects on the per-
centage of PAR blocked. Linear regression was used to test
for a relationship between total vegetative cover from
weeks 7 through 16 and percent PAR blocked. Cumulative
Phalaris and total target community seedling emergence
were analyzed for each sampling period using Kruskal–
Wallis or Wilcoxon rank sum tests. ANCOVA and logistic
regression were used to test for treatment effects on shoot
densities and ordinal cover classes, respectively. Bonferroni
adjustments were made for the whole-model test of indi-
vidual target community species (a/10). The effects of saw-
dust amendments on total vegetative cover for weeks 7
through 16 and canopy heights at week 16 were analyzed
by Wilcoxon rank sum tests. Model terms and transforma-
tions used in analyses are given in the appropriate tables.

All statistical analyses were performed using JMP 6.0
(SAS Institute, Cary, NC, U.S.A.), except for PAR
blocked, which was analyzed using ‘‘R’’ (R Development
Core Team 2008). All models considered plot elevation as

a covariate because plot settling occurred between experi-
mental set up and seeding. Differences were considered sig-
nificant at p < 0.05 except for Bonferroni-adjusted test (a ¼
0.05/10). Differences between treatment levels were deter-
mined using Tukey’s honestly significantly different test (a
¼ 0.05). For reporting, values were back transformed and
expressed as mean ± SE unless otherwise noted. Some sig-
nificant model terms were not discussed if significant higher
order interactions provided an explanation of the response.

Results

Soil N and Light Availability

Sawdust amendments initially reduced soil nitrate-N
concentrations from 8.6 to 3.8 mg/kg (56%) and soil
ammonium-N concentrations from 14.7 to 5.9 mg/kg
(60%) (data not shown). These effects were short lived.
After 9 weeks, differences between nitrate-N concentra-
tions in plots with versus without sawdust amendments
decreased to 25%, on average, and by the end of the
experiment (week 18), were not observed (F ¼ 5.71; df ¼
1, 68; p ¼ 0.02) (Table 1). After 9 weeks, sawdust raised
ammonium-N concentrations by 46% (F ¼ 32.52; df ¼ 1,
66; p < 0.0001). Ammonium-N was higher in most treat-
ments with sawdust by week 9 and all treatments with
sawdust by the end of the study (Table 1).

Vegetation strongly influenced soil N. Throughout the
study, plots with low-diversity cover crops had 86 and
44% more ammonium-N than plots with high-diversity or
no cover crops, respectively (F ¼ 3.45; df ¼ 2, 66; p ¼
0.04), and high-diversity cover crops marginally reduced
nitrate-N concentrations by 16% (p ¼ 0.05) (Table 1). The

Table 1. Mean soil ammonium-N and soil nitrate-N concentrations in plots with different vegetative treatment combinations grown in soils with

and without sawdust amendments.*

Vegetation in Plot

X NH 1
4 -N ± SE (mg/kg) X NO �

3 -N ± SE (mg/kg)

Plots Without Sawdust Plots With Sawdust Plots Without Sawdust Plots With Sawdust

Week 9 Week 18 Week 9 Week 18 Week 9 Week 18 Week 9 Week 18

High-diversity, target community,
Phalaris

12 ± 7.4 1.7 ± 0.2 7.1 ± 2.3 3.2 ± 1.2 6.8 ± 0.9 11 ± 1.8 6.7 ± 1.2 13 ± 1.9

High-diversity, target community 3.2 ± 0.6 1.6 ± 0.2 9.8 ± 4.2 2.0 ± 0.2 6.5 ± 1.5 11 ± 2.6 6.5 ± 0.5 9.7 ± 1.5
High-diversity, Phalaris 3.7 ± 0.4 1.5 ± 0.2 6.2 ± 1.2 2.5 ± 0.6 6.6 ± 1.0 8.4 ± 1.0 5.6 ± 0.7 10 ± 1.2
High-diversity 3.7 ± 0.7 1.6 ± 0.2 9.2 ± 1.8 2.0 ± 0.2 7.3 ± 1.4 8.9 ± 1.2 5.8 ± 1.1 10 ± 1.8
Low-diversity, target community,

Phalaris
14 ± 8.8 1.4 ± 0.1 6.8 ± 2.8 3.0 ± 0.7 7.9 ± 2.1 7.8 ± 0.9 5.5 ± 1.8 9.5 ± 3.2

Low-diversity, target community 3.5 ± 0.7 1.6 ±0.1 7.7 ± 2.4 2.6 ± 0.4 6.5 ± 0.8 10 ± 1.1 5.7 ± 1.3 8.7 ± 1.7
Low-diversity, Phalaris 16 ± 11 2.8 ± 0.8 20 ± 12 4.4 ± 1.8 7.3 ± 0.6 14. ± 3.1 4.9 ± 1.3 10 ± 2.1
Low-diversity 15 ± 12 2.8 ± 1.1 19 ± 9.3 9.3 ± 3.8 11 ± 2.5 16 ± 4.4 7.9 ± 2.7 14 ± 1.7
Target community, Phalaris 5.2 ± 1.1 1.6 ± 0.1 7.0 ± 2.1 2.4 ± 0.3 9.3 ± 3.2 6.9 ± 2.5 6.2 ± 2.6 9.8 ± 1.2
Target community 9.2 ± 5.6 1.6 ± 0.1 14 ± 7.3 2.3 ± 0.2 9.6 ± 1.8 9.0 ± 1.3 7.1 ± 1.3 10 ± 4.1
Phalaris 4.2 ± 0.7 1.5 ± 0.4 7.4 ± 2.5 3.1 ± 0.6 5.9 ± 1.6 14 ± 3.2 4.7 ± 0.3 17 ± 5.2
No vegetation 4.4 ± 1.8 1.7 ± 0.3 15 ± 6.7 7.3 ± 1.3 11 ± 2.5 20 ± 2.2 4.7 ± 1.5 22 ± 6.7
Weekly experimental X ± SE 8.1 ± 1.7 1.8 ± 0.1 11 ± 1.6 3.3 ± 0.5 7.9 ± 0.5 11 ± 0.8 6.0 ± 0.41 12 ± 0.97

* Values are from samples collected at the halfway-point (week 9) and the end of the growing season (week 18).
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target community reduced nitrate-N by 16% across all treat-
ments (F ¼ 10.04; df ¼ 1, 68; p ¼ 0.002) and ammonium-N
by 54% in plots with low-diversity cover crops (F ¼ 3.56;
df ¼ 2, 66; p ¼ 0.03; cover crops 3 target community)
(Table 1). By the end of the experiment, the target com-
munity reduced nitrate-N in plots with low-diversity and
no cover crops by 35 and 52%, respectively (F ¼ 10.40; df
¼ 2, 68; p ¼ 0.0001; cover crops 3 target community)
(Table 1). Phalaris reduced nitrate-N concentrations by
13% in all treatments (F ¼ 4.53; df ¼ 1, 68; p ¼ 0.04) and
ammonium-N by 27% in sawdust-amended plots (F ¼
11.48; df ¼ 1, 66; p ¼ 0.001; Phalaris 3 sawdust) (Table 1).

There was a strong positive relationship between total
vegetative cover and the proportion of PAR blocked
(R2 ¼ 0.91; p < 0.0001), explaining the high number of sig-
nificant model terms (Table 2). High-diversity cover crops
reduced light availability by 69% throughout the experi-
ment and 96% by the end of the experiment (Tables 2 &
3). Given that B. cernua dominated the canopy of the
high-diversity cover crop (modal cover ¼ 75–100%), the
reduction in light availability caused by this treatment was
not attributable to structural complexity. Modal covers of
the remaining species in this treatment never exceeded
4%. The target community reduced light availability by
52% throughout the experiment and almost as much as
high-diversity cover crops by the end of the experiment
(90%) (time 3 cover crops 3 target community) (Tables 2
& 3). The effects of both low-diversity cover crops and
Phalaris on light reduction were only detected when these
treatments were grown alone (time 3 cover crop 3 target
community 3 Phalaris) (Tables 2 & 3).

Sawdust amendments indirectly affected light availabil-
ity by reducing plant growth. Sawdust amendments
decreased mean total cover from 60 to 32% (v2 ¼ 81.52;
df ¼ 1; p < 0.0001) throughout the experiment and final
canopy height from 39 ± 2.5 to 23 ± 2.1 cm (41%) (v2 ¼
19.05; df ¼ 1; p < 0.0001). This decrease in growth in saw-
dust-amended plots reduced the amount of light that plant
treatments blocked, while having the greatest impact on
Phalaris and the low-diversity cover crop growing alone
(time 3 target community 3 Phalaris 3 sawdust; time 3

cover crops 3 sawdust) (Tables 2 & 3). By the end of the
study, the ability of both the high-diversity cover crop and
the target community to block light was less affected by
sawdust (time 3 cover crops 3 target community 3 saw-
dust) (Tables 2 & 3). In addition, as plot elevation
increased, light reduction decreased, but by week 16 this
relationship reversed (time 3 elevation) (Table 2). Al-
though significant, this relationship was weak.

Phalaris Seedling Emergence, Establishment, and Growth

Reducing light availability did not delay Phalaris seedling
emergence, but sawdust amendments and growth of the
target community did. By week 7, all seeded Phalaris
emerged in plots with high-diversity and no cover crops
(Fig. 1A). Phalaris seedling emergence was delayed in

plots with low-diversity cover crops (Fig. 1A). Although
sawdust had short-lived effects on soil N, and the effects
of the target community on resource levels were not pro-
nounced until later in the study (Tables 1 & 3), both treat-
ments delayed Phalaris seedling emergence (Fig. 1B & 1C).

No treatment completely prevented Phalaris seedling
emergence, but they did affect the extent of seedling
establishment. Phalaris seedling establishment was re-
duced 87% by high-diversity cover crops (420 ± 120 to
51 ± 14 shoots/m2) and 81% by low-diversity cover crops

Table 2. Results of randomized mixed-effects model analysis for per-

centage of PAR blocked.*

Model Term df p Values

Basin 1 —
Distance from water 2 —
Elevation 1 0.001
Cover crops 2 <0.0001
Target community 1 0.0004
Phalaris 1 0.07
Sawdust 1 —
Cover crops 3 target community 2 0.05
Cover crops 3 Phalaris 2 —
Cover crops 3 sawdust 2 <0.0001
Target community 3 Phalaris 1 0.02
Target community 3 sawdust 1 —
Phalaris 3 sawdust 1 —
Cover crops 3 target community 3 Phalaris 2 —
Cover crops 3 target community 3 sawdust 2 0.07
Cover crops 3 Phalaris 3 sawdust 2 —
Target community 3 Phalaris 3 sawdust 1 0.02
Cover crops 3 target community 3

Phalaris 3 sawdust
Error term

Time 1 —
Time 3 elevation 1 0.0007
Time 3 cover crops 2 0.009
Time 3 target community 1 <0.0001
Time 3 Phalaris 1 <0.0001
Time 3 sawdust 1 —
Time 3 cover crops 3 target community 2 <0.0001
Time 3 cover crops 3 Phalaris 2 0.003
Time 3 cover crops 3 sawdust 2 <0.0001
Time 3 target community 3 Phalaris 1 <0.0001
Time 3 target community 3 sawdust 1 —
Time 3 Phalaris 3 sawdust 1 0.0009
Time 3 cover crops 3 target community 3

Phalaris
2 0.02

Time 3 cover crops 3 target community 3
sawdust

2 0.07

Time 3 cover crops 3 Phalaris 3
sawdust

2 —

Time 3 target community 3 Phalaris 3
sawdust

1 0.0009

Time 3 cover crops 3 target community 3
Phalaris 3 sawdust

Error term

Residual 525
Total 575

* Basin and distance from water were included into the model as random ef-
fects. Time was included as a continuous variable. Values were arcsine square
root transformed prior to analysis. Only significant or marginally significant
values are shown. Values in italics are marginally significant (0.10 > p > 0.05).

Altering Light and Soil N to Limit Phalaris arundinacea Reinvasion

DECEMBER 2008 Restoration Ecology 693



(420 ± 120 to 81 ± 21 shoots/m2) compared to plots with-
out cover crops (F ¼ 5.23; df ¼ 2, 54; p ¼ 0.008). Sawdust
amendments reduced Phalaris seedling establishment by
61% (260 ± 82 to 100 ± 35 shoots/m2) compared to plots
without sawdust amendments (F ¼ 7.83; df ¼ 1, 54; p ¼
0.007). In addition, the target community reduced Phalaris
establishment as much as cover crops did (F ¼ 5.12; df ¼
2, 54; p ¼ 0.009; cover crops 3 target community). Saw-
dust had no effect on Phalaris shoot density in plots where
the target community was present.

Phalaris growth was highest when growing alone in plots
without sawdust amendments (Fig. 2B). Under these condi-
tions, Phalaris cover was greater than 50% (v2 ¼ 15.61; df
¼ 2; p ¼ 0.0004; cover crops 3 target community 3 saw-
dust). Cover crops reduced the maximum cover of Phalaris
from greater than 75% to less than 24%, with Phalaris’
modal cover classes being 3 (5–24%) and 2 (1–4%) in plots
with low- and high-diversity cover crops, respectively (v2 ¼
32.08; df ¼ 2; p < 0.0001). Sawdust reduced Phalaris growth,
which decreased maximum Phalaris cover from greater
than 75% to less than 24% (v2 ¼ 56.13; df ¼ 1; p < 0.0001).
The target community reduced Phalaris growth as much as
cover crops did (v2 ¼ 26.92; df ¼ 2; p < 0.0001; cover crop
3 target community) (Fig. 2A) but not as much as sawdust
amendments. Phalaris growth was most reduced in plots
having both sawdust amendments and the target commu-
nity present (v2 ¼ 7.71; df ¼ 1; p ¼ 0.006; target community
3 sawdust) (Fig. 2A & 2B).

Target Community Seedling Emergence, Establishment, and

Growth

Decreasing light reduced target community seedling emer-
gence. By the end of the experiment, high-diversity cover

crops reduced target community seedling emergence from
0.61 ± 0.03 to 0.33 ± 0.02 (Fig. 3A). Low-diversity cover
crops only delayed seedling emergence, whereas initial N
reduction in sawdust-amended plots and competition from
Phalaris had no effects (Fig. 3A–C).

Cover crops greatly reduced target community seedling
establishment. By lowering densities of Calamagrostis cana-
densis, Carex scoparia, Scirpus atrovirens, and Glyceria
grandis, both the high- and the low-diversity cover crops
decreased total graminoid establishment, on average, by 73
and 32%, respectively (Tables 4 & 5 panel A). Although
cover crops did not affect individual forb species, total forb
establishment was marginally reduced by high-diversity
cover crops (p ¼ 0.06) (Tables 4 & 5 panel A). High-diversity
cover crops reduced total target community establishment
by 57% (Tables 4 & 5 panel A). High-diversity cover crops
had less effect on forb versus graminoid seedling establish-
ment, resulting in forbs representing a higher percentage of
the established target community in plots with high-diversity
cover crops (66%) versus plots with low-diversity (47%) or
no cover crops (49%).

Phalaris and sawdust amendments had little effect on
target community establishment. Although sawdust amend-
ments reduced C. canadensis and G. grandis establish-
ment, they had no effect on total graminoid or target
community establishment (Tables 4 & 5 panel A). Sawdust
amendments did, however, reduce total forb establish-
ment by 46% in plots with low-diversity cover crops,
decreasing their percentage in the target community from
60 to 36% (cover crops 3 sawdust) (Tables 4 & 5 panel
A). When Phalaris was present without cover crops, total
forb establishment more than doubled, increasing the per-
centage of forbs in the target community from 32 to 48%
(cover crops 3 Phalaris) (Tables 4 & 5 panel A).

Table 3. The mean percentage of PAR blocked by different vegetative treatment combinations grown in plots with and without sawdust

amendments.*

Vegetation in Plot

% PAR Blocked ± SE

Plots Without Sawdust Plots With Sawdust

Week 7 Week 10 Week 13 Week 16 Week 7 Week 10 Week 13 Week 16

High-diversity, target community,
Phalaris

68 ± 8.6 83 ± 4.1 93 ± 2.2 99 ± 0.24 19 ± 10 37 ± 11 65 ± 10 93 ± 2.3

High-diversity, target community 73 ± 9.4 83 ± 5.6 93 ± 1.5 98 ± 0.62 10 ± 3.6 43 ± 4.9 70 ± 4.6 96 ± 11
High-diversity, Phalaris 66 ± 9.3 83 ± 3.6 90 ± 1.2 98 ± 0.76 13 ± 2.9 35 ± 5.8 69 ± 6.6 93 ± 3.2
High-diversity 70 ± 6.8 78 ± 7.2 91 ± 2.0 97 ± 0.60 8.7 ± 3.6 30 ± 3.2 62 ± 6.0 91 ± 2.7
Low-diversity, target community,

Phalaris
18 ± 4.5 39 ± 5.1 69 ± 6.7 93 ± 1.9 4.0 ± 1.7 7.1 ± 1.4 34 ± 3.4 84 ± 4.2

Low-diversity, target community 12 ± 0.81 45 ± 8.7 73 ± 4.3 94 ± 1.6 4.9 ± 2.1 9.1 ± 4.3 28 ± 8.6 65 ± 9.6
Low-diversity, Phalaris 8.7 ± 2.3 27 ± 7.9 45 ± 7.9 62 ± 7.0 3.1 ± 1.8 2.0 ± 0.21 1.9 ± 1.3 9.3 ± 4.1
Low-diversity 18 ± 7.4 33 ± 11 43 ± 11 59 ± 8.1 5.7 ± 4.4 5.1 ± 3.1 9.6 ± 5.0 15 ± 5.3
Target community, Phalaris 16 ± 5.6 47 ± 6.7 80 ± 4.2 97 ± 0.58 1.8 ± 0.80 5.9 ± 1.9 27 ± 6.1 85 ± 5.9
Target community 8.6 ± 3.7 37 ± 3.6 78 ± 4.1 95 ± 1.4 4.4 ± 1.5 6.0 ± 3.0 27 ± 3.5 84 ± 5.0
Phalaris 8.4 ± 1.5 23 ± 5.4 53 ± 5.9 76 ± 2.9 0.58 ± 0.54 1.4 ± 0.61 1.2 ± 0.71 6.4 ± 2.1
No vegetation 0.0 ± 0.80 0.0 ± 1.8 0.1 ± 1.1 2.0 ± 0.63 0.0 ± 0.76 0.0 ± 0.78 1.0 ± 1.2 1.0 ± 1.1
Weekly experimental X ± SE 31 ± 3.7 48 ± 3.6 67 ± 3.5 81 ± 3.4 6.3 ± 1.2 15 ± 2.2 33 ± 3.4 60 ± 4.7

* Starting at week 7, measurements were made every 3 weeks during the growing season.
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Use of cover crops reduced the growth of more target
community species than sawdust did (Tables 5 panel B &
6). High-diversity cover crops had the greatest impact,
lowering the modal cover classes of C. scoparia, S. atrovi-
rens, Mimulus ringens, Vernonia fasciculata, Pycnanthe-
mum virginianum, and Eupatorium maculatum by 1–3
classes (Table 6). Low-diversity cover crops reduced C.
scoparia and S. atrovirens’ modal cover classes from 3 (5–
24%) to 2 (1–4%). Only M. ringens experienced decreased
growth due to sawdust amendments (Table 6). In plots

with high-diversity cover crops, V. fasciculata’s modal
cover increased from 3 to 4 (25–49%) if sawdust was
added (cover crops 3 sawdust) (Table 5 panel B) but
decreased from 4 to 3 when Phalaris was present (cover
crop 3 Phalaris) (Table 5 panel B). Other significant inter-
action terms regarding individual target community spe-
cies growth involved species whose modal cover class
never reached greater than 2 or marginally significant
results (Table 5 panel B).

Analyses revealed block and covariate effects on target
community establishment and growth (Table 5). Forb
establishment was 22% higher in one basin. As plot eleva-
tion increased, the growth of two species decreased. The
growth of three species also varied by block (basin 3 dis-
tance from water). Although significant, these effects were
trivial to experimental outcomes.

Discussion

Developing effective restoration strategies that rely on
cover crops and soil amendments will be difficult although
they effectively reduce resource levels. Only high-
diversity cover crops reduced light availability, but in
doing so, they prevented native community establishment.
This reduction in light availability likely resulted from the
dominance of the broad-leaved species B. cernua rather
than structural complexity. In addition to structural com-
plexity, Lindig-Cisneros and Zedler (2002a, 2002b) noted
the importance of broad-leaved species in reducing light
availability. Because low-diversity cover crops blocked lit-
tle light, their effects on target community and Phalaris
seedling emergence, establishment, and growth were
likely attributable to competition for another resource.
Cedar sawdust depleted inorganic N in the short term but
later increased ammonium-N. A study conducted at the
same site, however, revealed that sawdust with higher C:N
ratios than cedar reduced nitrate-N longer (Iannone
2007). Therefore, practitioners using sawdust for Phalaris
control must time seeding with potentially short-lived
periods of N depletion and should choose sawdust with
high C:N ratios.

The increased soil ammonium-N concentrations caused
by sawdust amendments may have important implications
for restoration outcomes. The cedar sawdust used had a
low C:N ratio (cedar C:N ’ 31) and high ammonium-N con-
centrations, possibly explaining the increase of ammonium-
N in the soil. Perry et al. (2004) also noted an increase in
ammonium-N using pine sawdust with a higher C:N ratio
than the sawdust used in our study (pine C:N ’ 187).
Given that increasing resources can affect competition
and invasion (Tilman 1982; Johnstone 1986; Davis et al.
2000), elevated ammonium-N in sawdust-amended soils
suggests that using sawdust as Phalaris control may alter
plant communities and increase the invasibility of restored
wetlands. Reduced vegetative growth, despite elevated
ammonium-N, may be explained by the timing of N
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depletion in sawdust-amended plots, which occurred early
in the growing season when C3 species typically exhibit
high productivity (Ode et al. 1980).

Phalaris seedling emergence, establishment, and growth
were limited more by N than light. Cover crops did not
establish fast enough to achieve the intended goal of pre-
venting Phalaris germination, which occurs after short
photoperiods (Lindig-Cisneros & Zedler 2001). In con-
trast, Phalaris seedling emergence was delayed in plots
with sawdust amendments. Both cover crops and sawdust
amendments reduced Phalaris seedling establishment.
Phalaris seedlings grown with high-diversity cover crops,
however, reached similar shoot lengths as seedlings grow-
ing alone and greater shoot lengths than seedlings growing
in sawdust-amended plots (Iannone unpublished data).
These results suggest that although reducing either light
or N can limit Phalaris seedling establishment, only N

reduction will slow Phalaris seedling emergence and limit
Phalaris seedling growth.

In contrast to Phalaris, target community seedling em-
ergence, establishment, and growth were limited more by
light than N. Both cover crop treatments either reduced
or delayed target community seedling emergence, whereas
sawdust amendments did not. The low-light environment
below high-diversity cover crops may explain reduced
seedling emergence because Carex spp. need long photo-
periods to germinate and because high levels of far-red
light typical of dense plant canopies can reverse germina-
tion induction (Kettenring et al. 2006). In addition, target
community seedling establishment and growth were
reduced more by high-diversity cover crops than sawdust
amendments. These results confirmed predictions that
reducing light availability with cover crops will prevent
native species establishment (Perry & Galatowitsch 2003,
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2004). Sawdust amendments did, however, reduce native
grass establishment, which has been noted in other studies
(Averett et al. 2004; Eschen et al. 2007) and suggests that
practitioners using sawdust should expect species-specific
rather than community-level responses (Eschen et al.
2006).

The target community reduced Phalaris reinvasion.
This result was unexpected because Phalaris typically out-

competes wetland species (Wetzel & van der Valk 1998;
Green & Galatowitsch 2002; Adams & Galatowitsch 2006).
These findings may be attributed to sowing densities and
cold stratification of target community seeds. Most resto-
ration seed mixes contain about 75% less perennial seeds
than that used in this study (Jacobson 2003). High seed
densities and cold stratifying seeds likely increased ger-
mination and establishment rates (Schütz & Rave 1999;
Sheley & Half 2006; Kettenring & Galatowitsch 2007).
Once established, the target community reduced light and
N availability. Additionally, the broad-leaved forb V. fas-
ciculata established at high densities, possibly further
reducing light. The ability of the target community to
reduce Phalaris seedling establishment and both light and
N availability suggest that reducing resources by establish-
ing perennial species is vital to preventing Phalaris reinva-
sion (sensu Barger et al. 2003; Seabloom et al. 2003;
Bakker & Wilson 2004).

Experimental treatments not only affected target com-
munity seedling emergence, establishment, and growth,
but also affected community composition. The established
target community had a higher proportion of forb seed-
lings in plots with Phalaris and in plots with both non-
amended soils and low-diversity cover crops. This suggests
that these treatments competed more with graminoids
than with forbs and that restorations using grass cover
crops or lacking follow-up Phalaris control may result in
forb-rich communities atypical of natural sedge meadows
(Galatowitsch & van der Valk 1996). High forb abun-
dance, however, in a sedge meadow restoration where
grass cover crops were not used and Phalaris control was
ongoing suggests that a forb-rich community may be a typi-
cal transitional state in the development of restored sedge
meadow communities (Bohnen & Galatowitsch 2005).

Conclusions

Establishing perennial vegetation rapidly may be more
important than reducing initial resource availability in
preventing Phalaris reinvasion. The ability of native spe-
cies to reduce Phalaris seedling establishment may be
attributed to sowing native perennial species at higher
than typical densities and cold stratifying seeds prior to
sowing, which likely increased rates of germination, estab-
lishment, and resource sequestration. Cover crops failed
to impede Phalaris germination and prevented target
community seedling establishment. Therefore, cover crops
should not be used. Given the short-lived effects that saw-
dust had on N depletion and that sawdust did not reduce
Phalaris seedling establishment more than the target com-
munity did, the logistical difficulties of using sawdust may
outweigh the benefits. However, because amending soils
with sawdust further reduced Phalaris growth in plots
where the target community was grown and the short-
lived effects of sawdust on N depletion may have resulted
from the sawdust species used, N reduction deserves
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Table 5. Results of analyses of shoot densities (establishment) (A) of individual target community species, total graminoids, total forbs, and total

target community, and results of analyses of individual species cover class (growth) (B).*

p Values From Analyses of Shoot Densities (N ¼ 72)

(A) Model Term df
Calamagrostis

canadensis
Glyceria
grandis

Carex
scoparia

Scirpus
atrovirens

Total
Graminoids

Total
Forbs

Total Target
Community

Basin 1 — — — — — 0.02 —
Distance from water 2 — — — — — — —
Basin 3 distance from water 2 — — — — — — —
Elevation 1 — — — — — — —
Cover crops 2 0.03 0.05 <0.0001 0.001 <0.0001 0.06 <0.0001
Phalaris 1 — — — — — 0.02 —
Sawdust 1 0.003 0.007 — — — — —
Cover crops 3 Phalaris 2 — — — — — 0.003 —
Cover crops 3 sawdust 2 — — — — — 0.004 —
Phalaris 3 sawdust 1 — — — — — — —
Cover crops 3 Phalaris 3 sawdust 2 — — — — — — —
Residual 54
Total 71

p Values From Analyses of Ordinal Cover Classes (N¼72)

(B) Model Term df
Carex

scoparia
Scirpus

atrovirens
Mimulus
ringens

Vernonia
fasciculata

Pycnanthemum
virginianum

Eupatorium
maculatum

Basin 1 — — — — — —
Distance from water 2 — — — — — —
Basin 3 distance from water 2 — 0.006 0.01 0.004 — —
Elevation 1 — 0.02 — — < 0.0001 —
Cover crops 2 <0.0001 0.005 <0.0001 <0.0001 <0.0001 <0.0001
Phalaris 1 — 0.05 — — — —
Sawdust 1 — — 0.007 — 0.06 —
Cover crops 3 Phalaris 2 — — 0.02 0.007 — —
Cover crops 3 sawdust 2 — — 0.05 0.02 — 0.003
Phalaris 3 sawdust 1 — — 0.02 0.002 — —
Cover crops 3 Phalaris 3 sawdust 2 — — — 0.05 — —
Residual 54
Total 71

* Basin, distance from water, and basin 3 distance from water were included in the model as block effects. Individual species densities were rank transformed and total
graminoid, total forb, and total target community densities were square root transformed prior to analyses. Only components of the target community having signifi-
cant whole-model test results are presented. Only significant and marginally significant values are shown. Values in italics are marginally significant (0.10 > p > 0.05).

Table 6. The effects of cover crops, sawdust amendments, and Phalaris on growth of individual target community species.*

Target Community Species

Cover Crops Sawdust Amendment Phalaris

High-Diversity
(N ¼ 24)

Low-Diversity
(N ¼ 24)

Absent
(N ¼ 24)

Yes
(N ¼ 36)

No
(N ¼ 36)

Present
(N ¼ 36)

Absent
(N ¼ 36)

Calamagrostis canadensis 00 (13) 00 (18) 00 (12) 00 (26) 00 (17) 00 (21) 00 (22)
Glyceria grandis 00 (10) 2 (10) 2 (13) 00 (19) 2 (20) 2 (16) 2 (16)
Carex hystericina 0, 1 (9) 2 (10) 2 (10) 2 (16) 1 (13) 1 (15) 2 (12)
Carex scoparia 2 (15) 2 (14) 3 (15) 2 (19) 2 (17) 00 (20) 2 (16)
Scirpus atrovirens 00 (11) 2 (12) 3 (14) 3 (15) 2 (17) 0, 2 (13) 3 (15)
Mimulus ringens 1 (15) 2 (16) 2 (10) 1 (14) 2 (18) 1 (16) 2 (18)
Vernonia fasciculata 3, 4 (10) 5 (11) 5 (12) 5 (13) 5 (13) 5 (14) 4 (13)
Pycnanthemum virginianum 00 (14) 1 (15) 1 (15) 1 (23) 1 (17) 1 (24) 1 (16)
Lobelia siphilitica 00 (24) 00 (23) 00 (21) 00 (33) 00 (35) 00 (36) 00 (32)
Eupatorium maculatum 00 (12) 2 (10) 2 (10) 1 (18) 0, 2 (12) 1 (13) 2 (12)

* Values recorded are modal cover class (number of plots sampled with that cover class) at the end of the growing season (week 16). The total number of plots sam-
pled are listed on top of each column. If two values are listed, then the data were bimodal. Ordinal cover classes are as follows: 0 ¼ 0%; 1 ¼ less than 1%; 2 ¼ 1–4%; 3
¼ 5–24%; 4 ¼ 25–49%; 5 ¼ 50–74%; and 6 ¼ 75–100%. Values in bold are significantly different and values in italics are marginally different (0.10 > p > 0.05).
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further research. Even when Phalaris seeds are present at
low densities, reducing resources and establishing peren-
nial species does not totally prevent reinvasion, making
follow-up Phalaris control a necessary aspect of sedge
meadow restorations.

Implications for Practice

d When trying to prevent Phalaris reinvasions, practi-
tioners should focus efforts on establishing native
perennial species quickly, possibly by seeding at
high densities and cold stratifying seeds to break
dormancy.

d Cover crops are not effective for sedge meadow re-
storations because they fail to prevent Phalaris ger-
mination while reducing seedling establishment of
desired species.

d Given the logistical difficulties of incorporating saw-
dust and its limited effectiveness in reducing Phalaris
seedling establishment, sawdust amendments may be
an impractical Phalaris-control strategy in sedge
meadow restorations. Practitioners who use sawdust
should choose sawdust with high C:N ratios because
sawdust with low C:N ratios may only reduce N short
term.

d Ongoing Phalaris control in sedge meadow restora-
tions will be necessary even if Phalaris seed densities
are low, resource availability is decreased, and native
species establish.

d Future restorations that could be affected by invasive
species may also benefit from research that increases
rates of germination and seedling establishment of
desired native species.
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