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a  b  s  t  r  a  c  t

The  ability  of an introduced  species  to thrive  is  often  influenced  by its  capacity  to cope  with  disturbance
and  resource  fluctuation,  and  one  way  to cope  is  by being  phenotypically  plastic.  The  biomass  and  resource
allocation  of the invasive  plant  species,  Phalaris  arundinacea  (reed  canarygrass),  to  contrasting  levels  of
light, soil-N  and  moisture  was  evaluated.  We  predicted  that  P. arundinacea  would  show  a highly plastic
response  in  important  growth  and  physiological  traits  to treatment  conditions  (presence  of three-way
interactions  and large  phenotypic  plasticity  index  (PI)  values)  because  of its ability  to  persist  in variable
environments.  MANOVA  tests  showed  significant  three-way  interactions  for  each  of  the  three  groups
of plant  traits  (aboveground  (AGB)  and  belowground  biomass  (BGB),  shoot  C/N  and  root  C/N  ratios,  leaf
chlorophyll  and  soluble  protein),  demonstrating  the complex  correlated  response  to the  treatment  effects
by  pairs  of  response  variables.  There  were  significant  three-way  interactions  for  seven  of  nine plant
traits  (univariate  analyses),  including  AGB  and  BGB,  AGB per  tiller,  shoot/root  ratio,  shoot  C/N  ratio,  root
C/N ratio  and  leaf  chlorophyll  content.  Total  plasticity  values,  which  represented  the  greatest  possible
plasticity  for  each  plant  trait,  were  larger  than  any  of the  PI  values  for  the  main  effects.  Understanding
which  traits  show  plasticity,  as well  as  the  magnitude  of response  expressed  in  common  invasive  species  is
an  important  area  of  research  because  aspects  of  their  aggressive  behavior  may  be explained  by  how  they
grow  and allocate  resources  under  variable  environmental  conditions,  which  in  turn  can  be  important
when  seeking  to  make  predictions  about  the  probability  and  degree  of  invasion  success  with  species-
specific  invasion  models.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The negative ecological and economic effects of invasive plant
species (Pimentel et al., 2000, 2005) have generated a keen inter-
est in knowing plant traits that identify potentially invasive species
(Moles et al., 2008; Schlaepfer et al., 2010; van Kleunen et al., 2010,
2011). Plant traits that could enhance a species’ ability to invade
include a large seed set, rapid clonal growth, high resource-use effi-
ciency, broad abiotic tolerance, allelopathy and the ability to escape
natural enemies (Zedler and Kercher, 2004). Ecosystem identity
probably plays a large role in determining which plant traits will
increase a species’ chance of invading. In a constantly fluctuat-
ing ecosystem, such as a wetland, where resources, hydrology and

Abbreviations: AGB, aboveground biomass; BGB, belowground biomass; C, car-
bon; N, nitrogen; C/N ratio, carbon to nitrogen ratio; S/R ratio, shoot to root ratio;
PI,  phenotypic plasticity index.
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disturbance are dynamic, a species’ ability to cope with environ-
mental variation will likely increase its chance of success (Sher and
Hyatt, 1999; Davis et al., 2000).

Phenotypic plasticity, environmentally induced variation in the
growth and development of an organism (Scheiner, 1993), enable
introduced species to survive and thrive in variable environments
by adjusting both their morphology and physiology to match con-
ditions (Richards et al., 2006). Detailed studies are needed to
determine if some of the most successful invasive species have
traits that show high levels of plasticity. Recent evidence sug-
gests invasives are more plastic than natives. A meta-analysis by
Davidson et al. (2011) showed that among species pairs, inva-
sive species were more phenotypically plastic than non-invasive
species, while non-invasives were more able to maintain fitness
homeostasis in stressful and resource-limited environments. If hav-
ing phenotypically plastic traits conveys a competitive advantage
during the secondary invasion stage (Dietz and Edwards, 2006),
such traits may  be responsible for the expansion of many invasive
species.

Phalaris arundinacea L. (Poaceae), reed canarygrass (Fig. 1),
is a circumboreal perennial wetland grass whose range within
the United States currently spans all states except those in the

0098-8472/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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Fig. 1. A tussock of flowering reed canary grass, Phalaris arundinacea.
Photograph by Jason Martina.

southeast (USDA NRCS, 2010). It can produce thick crowns of
aboveground biomass, a large seed set and is capable of vigorous
growth (Lavergne and Molofsky, 2007). Originally thought to have
been introduced to the United States around 1850 (Merigliano and
Lesica, 1998), more recent research suggests invasive genotypes are
a mixture of agronomic cultivars derived from European and native
genetic material (Galatowitsch et al., 1999; Lavergne and Molofsky,
2004, 2007). Additionally, repeated introductions into the United
States have likely contributed to its invasion success (Lockwood
et al., 2005; Lavergne and Molofsky, 2007). Though the negative
impacts of P. arundinacea invasion have been long assumed, a recent
study demonstrated negative effects on native plants and several
animal groups (Spyreas et al., 2010).

P. arundinacea is highly aggressive; plants were able to form
monotypic stands in just two years when exposed to experimen-
tal treatments of prolonged flooding, sedimentation and nutrients
(Kercher et al., 2007). In natural populations, its abundance has
been correlated with soil-N availability (Martina and von Ende,
2008; Matthews et al., 2009). Many abiotic and biotic factors
have been studied with respect to P. arundinacea growth, devel-
opment and biomass allocation. The response of P. arundinacea
to light (Maurer and Zedler, 2002; Perry and Galatowitsch, 2004),

hydrology (Magee and Kentula, 2005; Kercher et al., 2007), nutri-
ent enrichment (Green and Galatowitsch, 2002; Perry et al., 2004;
Gusewell, 2005; Herr-Turoff and Zedler, 2007), sedimentation
(Mahaney et al., 2004), genotype (Morrison and Molofsky, 1998)
and competition (Budelsky and Galatowitsch, 2000; Perry and
Galatowitsch, 2004) has been evaluated. Briefly, P. arundinacea
responds to nutrient enrichment by increasing total biomass,
usually to a much greater degree than natives and other inva-
sives (Green and Galatowitsch, 2002). Low irradiance considerably
reduces total biomass production (Perry and Galatowitsch, 2004).
P. arundinacea grows well in saturated soils, but under flooded con-
ditions growth is reduced (Rice and Pinkerton, 1993; Maurer and
Zedler, 2002). The growth form switches from sward to tussock
under constant flooding (Herr-Turoff and Zedler, 2007). We  con-
sider P. arundinacea a model invasive species because of its wide
geographic and habitat range, aggressive nature and the expand-
ing body of studies of its ecology. Others have argued similarly:
Lavergne and Molofsky (2004) identify it as an ideal system in
which to investigate what traits determine successful establish-
ment after a plant colonizes a new region. Kercher et al. (2007)
used P. arundinacea to explore the complexity of factors that under-
lie rapid invasions, and found a 3-step invasion and degradation
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process was involved: an initial decline of native species exposed
to prolonged flooding and sedimentation, with subsequent accel-
erated P. arundinacea population growth, followed by more native
species decline.

The purpose of this study was to experimentally study the
effects of different levels of light, soil-N and moisture on the
growth of P. arundinacea. While studies have examined the effects
of light, soil-N and moisture singly or in pairs, we  know of none
that has examined the effect of these factors simultaneously for
P. arundinacea. Examining combinations of all three factors allows
complex interactions to be detected, which can lead to a bet-
ter understanding of the environmental conditions that influence
growth characteristics of common invasive plant species. For exam-
ple, Lautenschlager (1999) found significant interactions between
light, moisture and nutrients on the biomass production of red
raspberry (Rubus idaeus),  a common woodland invader; and these
factors partially explained its dominance post-disturbance. Sultan
(2001) studied the effects of light, moisture and nutrients on the
phenotypic plasticity of reproductive traits of several species of
Polygonum to determine if the species’ plasticity matched their
ecological breadth of distribution and found complex high-order
species by environment interaction effects. Light, moisture and
nutrients are important factors to include in studies of phenotypic
plasticity because most plants have to deal with gradients of these
resources in natural and altered environments, where P. arundi-
nacea can inhibit establishment of native species (Lindig-Cisneros
and Zedler, 2002; Perry and Galatowitsch, 2003).

Few studies have examined how the internal dynamics of car-
bon (C) and nitrogen (N), or leaf chlorophyll content (Meekins
and McCarthy, 2000) and leaf soluble protein content, respond to
contrasting abiotic conditions in an invasive plant species. If P. arun-
dinacea shows plasticity in these physiological traits, as well as
the morphological traits usually associated with plant performance
(biomass production, shoot/root ratio, etc.), then the former may
inform the mechanism for its wide range of abiotic tolerance by
allowing for better resource acquisition in variable environments,
as Molina-Montenegro et al. (2012) concluded with Taxraxacum
officinale. In turn a better understanding of plasticity in physiologi-
cal traits can help elucidate complex resource acquisition strategies
that can be important when seeking to predict invasion success
with species-specific invasion models (Eppinga et al., 2011).

Models of individual growth and resource allocation in inva-
sive plant species may  allow us to better understand invasive plant
strategies in natural settings. Lemaire and Millard (1999) devel-
oped a conceptual ecophysiological plant growth model to predict
biomass and nutrient allocation patterns in plants growing alone
and in competition with other plants. The model allows plants
to be plastic and predicts that with a decrease in the amount
of carbon assimilated (low light levels), there is an automatic
increase in the allocation of C to shoot rather than root growth
to increase the plant’s competitive ability for light. Conversely, if
there is a decrease in nitrogen uptake, but C assimilation is high
(high light levels), then C is allocated to belowground biomass
for root growth. This allocation of C to root growth increases the
uptake of nitrogen and other limiting nutrients. Due to the require-
ment of N for the production of photosynthetic machinery (e.g.,
chlorophyll and Rubisco), high soil-N conditions can lead to an
increase in chlorophyll and Rubisco production to increase pho-
tosynthesis (assimilation of C). Implicit in Lemaire and Millard’s
(1999) model are changes to the plant’s shoot and root C/N ratios
associated with different abiotic environments, with high light con-
ditions increasing C/N ratios (due to increased C assimilation and
storage) and high soil-N conditions decreasing C/N ratios (due to
increased N uptake). For a review of the physiological and molecu-
lar aspects of how nutrient limitation alters biomass allocation, see
Hermans et al. (2006).

In general, we  predict (1) P. arundinacea will exhibit consis-
tently wide ranges in individual response variables to contrasting
abiotic conditions (plasticity), which will be detected by statisti-
cally significant three-way interactions (Cook-Patton and Agrawal,
2011) and large phenotypic plasticity index values. Additionally,
we predict (2) that allocation patterns will be consistent with those
predicted by Lemaire and Millard’s (1999) model of plant growth,
namely, chlorophyll and soluble protein content should be great-
est in the high soil-N conditions, because of the N requirement for
chlorophyll and protein production, and shoot and root C/N ratios
should decrease with increased N availability and increase with
increased light availability as discussed above. We  predict (3) that
the biomass production of P. arundinacea will be the greatest in
high-light, high soil-N, saturated soil conditions and light will have
the most dramatic effect on biomass production, as other stud-
ies have found (Maurer and Zedler, 2002; Perry and Galatowitsch,
2004). Tiller production (i.e., clonal growth) should also be greatest
in these “ideal” conditions because maximizing spatial dominance
is usually the strategy of clonal plants (Thompson, 1991; Pysek,
1997; Pottier and Evette, 2011), and the clonal growth of P. arundi-
nacea has been shown to respond to gradients of light and nutrients
(Maurer and Zedler, 2002). Finally, consistent with predictions from
Lemaire and Millard’s model (prediction 2), we predict (4) plants
in high-light, high soil-N, saturated soil conditions will also have
high chlorophyll and protein content because plants growing in
these conditions should have the required N for high chlorophyll
and protein production. The high-light and high soil-N conditions
should also result in intermediate shoot and root C/N ratios (com-
pared to other treatment conditions) because high C acquisition
(photosynthesis) should be evened out by high N uptake.

2. Materials and methods

2.1. Experimental treatment structure

The growth response and resource allocation of P. arundinacea
to contrasting levels of light, soil-N and moisture were evaluated
using a 2 × 2 × 3 factorial treatment structure in an experiment con-
ducted in the Northern Illinois University (NIU) greenhouse from
22-March to 16-May-2005. Two levels of light were crossed with
two levels of soil-N and three levels of moisture, for a total of
12 treatment combinations. The two light levels were high-light
(no shade cloth) or low-light (50% shade cloth). Shade cloth was
stretched around a PVC frame (106 × 80 × 85 cm)  for the low-light
treatment level. Light levels were measured with a Licor Quantum
model LI-185A light meter at noon at the beginning of each week
to monitor the light level at each plot. Natural light was  used to
avoid an uneven light gradient that had been observed in a pilot
experiment with the same design, but under artificial light. The
irradiance for the high-light treatment level was  approximately
1100 micromoles m−2 s−1 and 400 micromoles m−2 s−1 for the low-
light.

The two soil-N levels were low soil-N (no nitrate addition) and
high soil-N (40 g m−2 yr−1). Nitrate was added as 50 ml aliquots
containing calcium nitrate tetrahydrate dissolved in distilled water
once a week for four weeks (18-April to 9-May-2005), for a total
soil-N per pot equivalent to 40 g m−2 yr−1. Calcium nitrate tetrahy-
drate has been used in past studies with P. arundinacea (Katterer
and Andren, 1999; Katterer et al., 1998; Green and Galatowitsch,
2001, 2002), mainly because it is highly soluble and calcium tends
not to change the ionic balance as much as other cations. The N addi-
tion of 40 g m−2 yr−1 is slightly less than the high N addition used in
Katterer et al. (1998) (45 g N m−2 yr−1) and Green and Galatowitsch
(2002) (48 g N m−2 yr−1) when testing the effects of fertilization on
P. arundinacea, and is comparable to N inputs seen around regions
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of intense agriculture (Davis et al., 1981; Neely and Baker, 1989).
The three moisture levels were dry (watered every other day), wet
(watered daily) or saturated (kept in trays of standing water), sim-
ilar to soil moisture treatments implemented by Wetzel and van
der Valk (1998).  Soil moisture was measured with a HydroSenseTM

Moisture Content Measurement System (Decagon Devices, Inc.) to
monitor the moisture gradient created by the watering regime. A
gradient of ∼25% soil moisture for the dry, ∼35% soil moisture for
the wet and ∼45% soil moisture for the saturated treatment was
maintained throughout the experiment and is similar to the range
of 27–47% soil moisture used in a field experiment testing soil mois-
ture effects on P. arundinacea (Morrison and Molofsky, 1998). It
should be noted that our dry treatment is named in relation to the
other treatment levels, and although plants in the dry treatment
received less water than the other levels, they did not show any
obvious morphologic signs of drought stress.

The plants were grown in 17 cm diameter pots (17 cm tall).
The pots were arranged as a split-plot factorial 2–23 design (Kirk,
1995), with light as the whole plot factor and soil-N and moisture
as crossed subplot factors. The experiment was conducted on five
greenhouse benches; total replication equaled five (n = 60 pots).
Each bench contained a high-light and a low-light plot, which were
randomly assigned to a side. Within each light level (plot), each of
the six nitrate × moisture (subplot) treatment combinations were
randomly assigned to one of the six positions.

On 22-March-2005 seed stock harvested from the Boyle Grass-
land (property of NIU) were sown into flats of Pro-mix watered with
tap water. Seeds were allowed to germinate and grow for three
weeks before 60 seedlings of relatively equal size were separated
and transplanted to the pots described above. Plants were grown
in these pots until the end of the experiment. The soil used was  a
mixture of 50% sand and 50% loam, which was recommended by
Graustein (1995) because of P. arundinacea’s rooting behavior of
aggregating around large particles in the Pro-mix substrate. This
aggregation made it difficult to fully wash soil from roots when
harvesting plants (Graustein, 1995).

2.2. Response variables

The response variables measured for each plant at the end of
the experiment were: aboveground biomass (AGB), belowground
biomass (BGB), shoot/root (S/R) ratio, total number of tillers, AGB
tiller−1, shoot C/N ratio, root C/N ratio, total leaf chlorophyll and leaf
soluble protein content. Aboveground plant material was harvested
on 16-May-2005 and belowground material on 17-May-2005. The
total number of tillers was counted for each pot. Two  leaf tis-
sue samples were taken from each plant, one for the chlorophyll
and protein measurement (∼0.25 g, following Wintermans and De
Mots, 1965 and Jones et al., 1989, respectively) and the other
for the shoot C/N ratio measurement (∼20 mg,  partially following
Saarinen, 1998). Weights for individual leaf samples were recorded
as wet weight. Later, their dry weights were estimated by interpo-
lation from a wet weight vs. dry weight regression plot and added
to the AGB total for each plant. Both tissue samples were taken
from the same leaf blade, which was selected from the middle of
the tallest stem. This was done to ensure the leaf blade was  nei-
ther relatively old nor young, because this could bias physiological
measurements. After tissue samples were collected, the remaining
AGB was clipped at the soil surface and dried at 60 ◦C for 72 h. The
pots containing soil and root material were kept overnight at 5 ◦C
to inhibit growth. On 17-May-2005 the roots and rhizomes were
washed free of soil and dried at 60 ◦C for 72 h. Before roots were
dried, root tissue samples (∼30 mg)  were taken and immediately
placed in a −70 ◦C freezer for later C/N analysis.

The tissue samples collected for chlorophyll and protein mea-
surements were immediately placed in cryotubes and frozen in

liquid nitrogen. After the samples were fully frozen, they were
placed in a −70 ◦C freezer. Total chlorophyll was analyzed spec-
trophotometrically following Wintermans and De Mots (1965).
Leaf soluble protein content was analyzed colorimetrically by the
Coomassie blue protein assay method (Bradford, 1976). The tissue
samples collected for the shoot and root C/N ratio measurements
were lyophilized, crushed and analyzed for their C and N con-
tent with a Carlo Erba NA-1500 Elemental Analyzer (Verardo et al.,
1990).

2.3. Statistical analysis

The experiment was conducted as a three-factor split-plot fac-
torial design structure using five greenhouse benches. The benches
were treated as blocks, with one high-light and one low-light
“whole plot” assigned randomly to each block. Within each whole
plot, there were six pots, assigned randomly to one of the six treat-
ment combinations of moisture × soil-N. Light, moisture and soil-N
were considered fixed factors, and block a random factor: light
had a randomized complete block design structure, while mois-
ture and soil-N had a completely randomized design structure
(Milliken and Johnson, 2009). Three separate multivariate anal-
ysis of variance (MANOVA) analyses were performed for three
sets of pairs of response variables: (1) AGB and BGB, (2) shoot
C/N ratio and root C/N ratio and (3) leaf chlorophyll content
and leaf soluble protein content. The multivariate analysis was
used to increase the probability of detecting correlated responses
in individual replicates to treatment effects that may  be missed
in univariate analyses and to reduce the risk of type I error
from multiple univariate tests (Scheiner, 2001; Cook-Patton and
Agrawal, 2011). In addition, because of the integrated nature of
plant phenotypes, multivariate analyses may  be useful in detect-
ing suites of correlated traits that may  respond differently to
variation in environmental conditions (Edwards et al., 2011). The
Rao F approximation to Wilk’s � was used as the test statistic
for each MANOVA. Separate ANOVAs were then run to assess
which factors significantly influenced individual response vari-
ables.

AGB, BGB, S/R ratio and root and shoot C/N ratio were log trans-
formed and chlorophyll and leaf soluble protein content square root
transformed, to correct for heteroscedasticity and non-normality
(Zar, 1999). Statistical analysis was performed using GenStat12.1
(VSN International, 2010).

We estimated phenotypic plasticity at the population level for
particular traits by averaging across individuals in different envi-
ronmental treatments (Vitasse et al., 2010). This is more similar
to phenotypic plasticity sensu lato, than sensu stricto (investigating
plasticity along known genetic lines) as discussed by Valladares
et al. (2006).  Phenotypic plasticity sensu lato is more focused on
the responses of species or populations to variable environments
(Callaway et al., 2003; Valladares et al., 2005, 2006). A recent study
of the morphologic plasticity in canopy structure of P. arundinacea
during invasion described plasticity at a population level, similar
to our design (Herr-Turoff and Zedler, 2007). It should be noted
that the responses we see in this study are at the population level
and not across genetically identical lines. We  calculated the phe-
notypic plasticity index (PI: ranging from 0 to 1) for each response
variable as the difference between the maximum mean value and
the minimum mean value divided by the maximum mean value
(Valladares et al., 2000a)  across levels of a treatment. PI was cal-
culated independently for each treatment factor (light, soil-N, and
moisture), as well as among all three-way treatment combinations
(Valladares et al., 2000b). Using trait PIs allows variables with diver-
gent ranges in variation and/or that are expressed in different units
to be compared. A phenotypic plasticity index based on maximum
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Fig. 2. Bivariate scatterplots of (a) aboveground (AGB) and belowground (BGB) biomass, (b) shoot and root carbon (C)/nitrogen (N) ratios and (c) leaf chlorophyll and leaf
soluble protein of Phalaris arundinacea grown in high- and low-light conditions at two  soil-N levels and three moisture levels. Summary of statistical analysis by MANOVA
are  presented in the Results section. Treatment combinations in legend: H = high-light, L = low-light, C = low soil-N, N = high soil-N, D = dry, W = wet, S = saturated.

and minimum means is robust, simple and widely used (Valladares
et al., 2006).

3. Results

3.1. Multivariate responses

Because the three-way interactions were significant for each of
the bivariate responses, we will focus on these as the most infor-
mative aspect of the multivariate analysis.

3.1.1. Aboveground and belowground biomass
Four clusters occurred in two separate groups in the bivariate

plot of AGB and BGB (Fig. 2, three-way interaction: Rao F4,30 = 18.20,
P < 0.001). Plants in the low-light plots had lower AGB and BGB
compared to those in the high-light plots. Within each group, AGB
was greater in the high soil-N pots, with the exception of the low-
light, low soil-N, dry plants, which clustered with the high soil-N.
There were opposing trends in the responses of AGB and BGB to the
moisture levels in the high soil-N compared to the low soil-N pots:
AGB and BGB increased with increasing moisture level in the high
soil-N pots, but decreased with increasing moisture level in low
soil-N pots. This was consistent with follow-up MANOVA analysis
of the high-light treatment level, in which there was a significant
moisture × soil-N interaction (Rao F4,14 = 6.39, P = 0.004), although
the slopes of the best-fit linear curves for the two  soil-N levels were
not statistically different (t26 = 1.40, P = 0.174).

3.1.2. Shoot C/N and root C/N ratios
Although an overall positive trend was  present in the bivariate

plot of shoot versus root C/N ratios, there were clusters associated
with particular treatment combinations (Fig. 2, three-way interac-
tion; Rao F4,30 = 15.30, P < 0.001). Plants in the low-light, high soil-N
treatment combinations, as well as the low-light, low soil-N, dry
plants, had low shoot and root C/N ratios. Plants grown in the high-
light, low soil-N, dry and saturated moisture conditions had the
highest shoot and root C/N ratios. However, the high-light, low soil-
N, wet  plants had lower shoot C/N ratios than the other high-light,
low soil-N plants, which placed them at the periphery of the cluster
described below. The third cluster of plants, located at lower C/N
ratios, was  from the high-light, high soil-N, wet  and dry, as well
as the low-light, low soil-N, wet  treatment combinations. Finally,
plants grown in the high-light, high soil-N, dry treatment combi-
nation, along with the other two low-light, low soil-N, saturated
replicates, had lower shoot C/N ratios than those in the previously
described cluster.

3.1.3. Leaf chlorophyll and soluble protein content
There was  a positive trend in the bivariate plot for leaf chloro-

phyll content and leaf soluble protein content (Fig. 2). Generally,
those plants with the highest amounts of chlorophyll and protein
were in the high-light, high soil-N pots. The low-light, high soil-
N plants had intermediate protein levels and intermediate to high
levels of chlorophyll, but the percentages of chlorophyll and pro-
tein varied among the three moisture treatment levels (three-way
interaction, Rao F4,30 = 10.10, P < 0.001). Chlorophyll levels gener-
ally increased with increasing moisture in the low-light, low soil-N
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Table 1
F-values, significance levels and df for three-factor split-plot ANOVA analysis for the effect of light, soil-N and moisture on aboveground biomass (AGB), belowground biomass
(BGB),  AGB/tiller, total tillers, shoot/root (S/R) ratio, shoot C/N ratio, root C/N ratio, total leaf chlorophyll and leaf soluble protein content.

Source df AGB BGB AGB per Tiller Total Tillers S/R Ratio Shoot C/N Root C/N Chlorophyll Protein

Light 1 3174.07*** 6427.93*** 210.19*** 243.75*** 907.73*** 148.22*** 1671.42 4.53 10.67*

Soil-N 1 506.64*** 2.199 62.49*** 66.33*** 1451.65*** 154.90*** 107.00*** 262.26*** 127.47***

Moisture 2 7.66** 5.00* 3.73* 0.81 22.16*** 72.90*** 30.32*** 1.37 27.93***

L × N 1 51.22*** 4.85 15.81** 1.59 72.68*** 0.08 17.90** 35.60*** 24.51***

L × M 2 2.18 5.08* 1.53 7.27** 49.51*** 8.65** 121.64*** 14.02*** 13.33***

N × M 2 17.69*** 8.08** 3.84* 1.17 35.68*** 2.57 9.37** 18.74*** 2.55
L  × N × M 2 5.31* 25.71*** 4.02* 3.30 39.23*** 20.42*** 27.44*** 32.83*** 0.87

* p < 0.05.
** p < 0.01.

*** p ≤ 0.001.

pots, although protein levels in the low-light, low soil-N, wet  treat-
ment combination were more variable. The plants in the wetter
treatment levels of the high-light, low soil-N treatment combi-
nation had the lowest chlorophyll and protein levels, but protein
content tended to increase as moisture decreased.

3.2. Univariate responses

3.2.1. Aboveground biomass (AGB)
The moisture and soil-N treatments did not affect AGB in the

low-light plants, whereas AGB increased with moisture level in the
high soil-N, high-light condition and decreased with moisture level
in the low soil-N, high-light condition (Fig. 3, three-way interaction,
Table 1). P. arundinacea greatly increased AGB production in high
light compared to low light (significant main effect, Table 1).

3.2.2. Belowground biomass (BGB)
The pattern for BGB production was similar to AGB production.

Moisture and soil-N treatments did not affect BGB in the low-light
condition, whereas BGB increased with moisture level in the high
soil-N, high-light condition and decreased with increased moisture
in the low soil-N, high light condition (three-way interaction, Fig. 3,
Table 1). BGB was significantly greater in highlight compared to
lowlight (significant main effect, Table 1).

3.2.3. Shoot/root (S/R) ratio
The moisture and soil-N treatments did not affect S/R ratio

in the high-light conditions; however, the S/R ratio increased
with moisture level in the low-light, high soil-N treatment
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Fig. 3. Dot plots and loess fits of aboveground (AGB) and belowground biomass
(BGB) of Phalaris arundinacea grown in high-light and low-light conditions at two
soil-N levels and three moisture levels. Results of statistical analysis by ANOVA are
in  Table 1. Coding of treatment combinations as in Fig. 2.

combination (Fig. 4, three-way interaction, Table 1). In the low-
light, low soil-N treatment combination, the S/R ratio was greatest
in the dry moisture level and least in the wet and saturated mois-
ture levels. The S/R ratio was the greatest overall in the low-light,
high soil-N combination.

3.2.4. Total tillers and AGB tiller−1

Soil-N addition significantly increased the total number of
tillers. Total tiller production was greater at the intermediate mois-
ture level under high-light conditions, but least at that moisture
level in the low-light plants (moisture x light interaction, Fig. 5,
Table 1). AGB tiller−1 decreased with increasing moisture in the
low soil-N pots. That trend was absent at the higher soil-N level,
but AGB tiller−1 was significantly greater across both light levels
(three-way interaction, Fig. 6, Table 1).

3.2.5. Shoot C/N ratio
In the low-light, high soil-N condition, moisture did not signif-

icantly affect shoot C/N ratio, whereas in the high-light condition
shoot C/N ratio increased with soil moisture in the high and low
soil-N conditions (Fig. 7, three-way interaction, Table 1). Shoot C/N
ratio was  greatest in the low soil-N condition and least in the high
soil-N condition (significant main effect, Table 1). Because of the
strong treatment effects on shoot C/N ratio, a nonlinear function
was fitted to the shoot C/N vs. shoot %N plot and the shoot C/N
ratio vs. shoot %C plot, to assess the strength of the relationships.
There was  a strong negative curvilinear relationship between shoot
C/N ratio and shoot %N (P < 0.001, R2 = 0.96), but no relationship
between shoot C/N ratio and shoot %C (P = 0.11, R2 = 0.04), implying
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Fig. 4. Dot plot and loess fit of shoot/root ratio of Phalaris arundinacea grown in high-
light and low-light conditions at two soil-N levels and three moisture levels. Results
of  statistical analysis by ANOVA are in Table 1. Coding of treatment combinations as
in  Fig. 2.
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Fig. 5. Bubble dot plot and loess fit of number of tillers per pot of Phalaris arundinacea
grown in high-light and low-light conditions at two soil-N levels and three moisture
levels. Size of dot proportional to number of equivalent values. Results of statistical
analysis by ANOVA are in Table 1. Coding of treatment combinations as in Fig. 2.
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Fig. 6. Dot plot and loess fit of biomass per tiller of Phalaris arundinacea grown
in  high-light and low-light conditions at two  soil-N levels and three moisture lev-
els.  Results of statistical analysis by ANOVA are in Table 1. Coding of treatment
combinations as in Fig. 2.
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Fig. 7. Dot plots and loess fits of plant tissue carbon/nitrogen ratios in shoots and
roots of Phalaris arundinacea grown in high-light and low-light conditions at two
soil-N levels and three moisture levels. Results of statistical analysis by ANOVA are
in Table 1. Coding of treatment combinations as in Fig. 2.

HCD HCW HCS HND HNW HNS LCD LCW LCS LND LNW LNS

Treatment Combination

5

10

15

20

25

30

35

40

L
e

a
f 
c
h

lo
ro

p
h

y
ll,

 p
ro

te
in

 (
m

g
 g

-1
)

 Chlorophyll
 Protein

Fig. 8. Dot plot and loess fit of leaf chlorophyll and leaf soluble protein content
of  Phalaris arundinacea grown in high-light and low-light conditions at two soil-
N  levels and three moisture levels. Results of statistical analysis by ANOVA are in
Table 1. Coding of treatment combinations as in Fig. 2.

that any treatment effect on shoot C/N ratio was due to changes in
shoot %N.

3.2.6. Root C/N ratio
In the low-light treatment level, root C/N ratio showed similar

responses in both soil-N conditions: root C/N ratio was least in the
dry moisture level and greatest in the wet and saturated moisture
levels. In the high-light, low soil-N treatment combination, root C/N
ratio was the least in the wet and greatest in the dry and saturated
treatment levels and relatively constant throughout the moisture
regime in the high-light, high soil-N conditions (significant 3-way
interaction, Fig. 7, Table 1). Root C/N ratio was also the least in the
high soil-N compared to the low soil-N condition (significant soil-N
main effect, Table 1). A nonlinear function was  fitted to the root C/N
vs. root %N plot and a linear function to the root C/N ratio vs. root %C
plot to assess the strength of the relationships. There was a strong
negative curvilinear relationship between root C/N ratio and root
%N (P < 0.001, R2 = 0.99) and a weaker, but still significant, positive
linear relationship between root C/N ratio and root %C (P < 0.001,
R2 = 0.63), implying that treatment effects on root C/N ratio were
due to both changes in root %C and %N.

3.2.7. Leaf chlorophyll content
Chlorophyll content was mostly unaffected by moisture in the

high-light conditions (compared to low-light), but increased with
increasing moisture level in the low-light, low soil-N treatment
combination, and decreased with increasing moisture in the low-
light, high soil-N conditions (three-way interaction, Fig. 8, Table 1).
Chlorophyll content was  the greatest in the high soil-N treatments
(significant soil-N main effect, Table 2).

3.2.8. Leaf soluble protein
There were two significant two-way interactions for leaf soluble

protein content: (1) in the low soil-N condition, plants grown at
the low-light treatment level produced more soluble protein than
those grown in the high-light treatment level. For the high soil-N
condition, the opposite occurred (Fig. 8, Table 1). (2) Leaf soluble
protein content in the low-light treatment level increased from the
wet to the saturated soil moisture treatment levels, but in the high-
light condition, leaf soluble protein content was  not significantly
different in the wet and saturated moisture levels. Also, leaf soluble
protein content was  greater in the dry condition relative to the wet
and saturated conditions in both light conditions (Fig. 8, Table 1).
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Table 2
Mean phenotypic plasticity index (PI) and percent change (%) of Phalaris arundinacea to light, soil-N and moisture. PI was  calculated by the difference between the maximum
mean  and the minimum mean divided by the maximum mean of each trait. Percent change represents the percent difference across treatment levels. Total plasticity is the
plasticity index calculated among all 12 treatment combinations, which represents the greatest possible plasticity expressed for each trait.

Plant Trait Light Soil-N Moisture Total Plasticity

PI % PI % PI % PI %

AGB 0.65 182.80 0.40 68.02 0.08 8.17 0.84 536.60
BGB 0.84 507.79 0.02 1.92 0.11 12.70 0.90 924.51
Total  Biomass 0.73 268.01 0.26 35.12 0.09 9.95 0.84 514.24
Shoot/Root 0.56 126.02 0.45 81.02 0.14 16.37 0.80 395.51
Tillers 0.44 79.90 0.22 28.40 0.05 4.84 0.65 188.00
Biomass/Tiller 0.35 54.85 0.23 29.60 0.10 11.62 0.58 138.05
Root  C/N 0.52 108.71 0.29 41.02 0.14 16.45 0.81 437.63
Shoot C/N 0.38 60.53 0.35 53.26 0.24 30.96 0.65 188.63
Chlorophyll 0.04 3.74 0.31 44.92 0.05 4.78 0.53 111.20
Protein 0.09 9.74 0.34 50.50 0.24 30.94 0.62 164.14
Mean 0.46 140.21 0.29 43.38 0.12 14.68 0.72 359.85

Leaf soluble protein content was the greatest in the high soil-N
condition compared to the low soil-N condition (significant main
effect, Table 1).

3.3. Mean phenotypic plasticity index

The mean PI was greatest for the light treatment (0.46), and
the maximum PI values, which were related to biomass, also were
associated with this main effect (Table 2). The mean PI for soil-
N was considerably lower (0.29), but was >50% greater than for
the moisture main effect. This pattern of decreasing plasticity
(light > soil-N > moisture) was consistent for all plant traits, except
for chlorophyll and protein, in which the greatest plasticity was
associated with soil-N and the least with light. Total plasticity
values, which were based on individual treatment combinations
and represented the greatest possible plasticity for each plant
trait, were larger than any of the PI values for the main effects
(Table 2).

4. Discussion

We made four main predictions for the growth and resource
allocation of P. arundinacea to contrasting abiotic conditions, which
briefly, were as follows: (1) P. arundinacea will exhibit consistently
wide ranges in mean values of individual response variables to con-
trasting abiotic conditions; (2) allocation patterns will be consistent
with those predicted by Lemaire and Millard’s (1999) model of
plant growth; (3) biomass and tiller production of P. arundinacea
will be the greatest in the high-light, high soil-N, saturated soil
condition, and light will have the most dramatic effect on biomass
production; (4) plants in the high-light, high soil-N, saturated soil
condition also will have high chlorophyll and protein content, and
intermediate shoot and root C/N ratios, relative to the other treat-
ment combinations.

Variation in light, soil-N and moisture substantially affected
the growth response and resource allocation of P. arundinacea in
this study. The presence of a significant three-way interaction for
seven of the nine response variables in this factorial experiment
supported prediction 1 and showed that tests of these resources
individually will not accurately describe how P. arundinacea will
respond in the field where gradients of all three occur. For exam-
ple, AGB increased in high-light, high soil-N conditions as moisture
increased, but in high-light, low soil-N conditions, AGB decreased
with increasing moisture level. That moisture can have contrasting
effects on AGB depending on soil-N levels at high light levels has
not been shown experimentally previously. This suggests in dis-
turbed sites, where there are large areas of bare ground (high light
levels) due to sedimentation, P. arundinacea will respond positively
to high soil moisture as long as N is available, otherwise increasing

soil moisture will decrease its growth. This could explain why P.
arundinacea is a major invader in prairie pothole wetlands where
there are both high nutrients (due to agricultural fertilizers) and
disturbed, bare ground (flooding by the removal of drainage tiles)
(Seabloom and van der Valk, 2003).

The greatest biomass and tiller production occurred in the
high-light, high soil-N, saturated treatment combination, which
corresponded to relatively high chlorophyll and protein production
and intermediate shoot and root C/N ratios, confirming predictions
3 and 4. These results demonstrate that greater biomass and tiller
production can be associated with changes in internal resource
allocation. Additionally, because leaf chlorophyll and protein pro-
duction, as well as shoot and root C/N ratios, followed predicted
patterns, it is likely that P. arundinacea is adjusting these physi-
ological traits to take advantage of ideal growing conditions, i.e.,
increased N uptake followed by high production of plant molecules
requiring N in high soil-N conditions and increased C assimilation
in high light conditions (Lemaire and Millard, 1999).

In further support of prediction 3, low light levels had an
overwhelmingly negative effect on both above- and belowground
biomass production. It is clear from our results and others’ (Kercher
and Zedler, 2004; Perry and Galatowitsch, 2004) that P. arundinacea
needs high light levels to successfully grow and invade. In the low-
light, high soil-N treatments, S/R ratio increased with increasing
moisture level, which indicated that more biomass was  being allo-
cated to the shoots when nitrate and moisture were abundant in the
soil. Also, the S/R ratio in the low-light treatment was greater than
in the high-light treatments, presumably because more biomass
was being allocated above ground for increased C assimilation
(photosynthesis) in the low-light conditions (Lemaire and Millard,
1999; Maurer and Zedler, 2002), which has been seen in other
herbaceous species (Saarinen, 1998).

Increased tiller production in suitable environments is an
important aspect of the growth strategy of vegetatively repro-
ducing plants because clonal growth (tiller production) enables
a seedling to successively colonize surrounding areas once estab-
lished (Hutchings and de Kroon, 1994). This could partially explain
the pattern in vegetative reproduction we observed for P. arun-
dinacea of increased tiller production with increasing moisture
levels in the high-light, high soil-N condition, but decreased with
increasing moisture level in the high-light, low soil-N condi-
tion. One possible reason for this response is clonal growth can
greatly increase the ability of P. arundinacea to compete for nearby
resources (Klimes et al., 1997; Herr-Turoff and Zedler, 2007) and
since this pattern seems correlated with AGB and BGB  production,
it is likely a result of ideal conditions promoting the best growth
strategy. Tiller production still occurred in the low-light conditions,
but the tillers were not as robust as those in the high-light condi-
tions, as demonstrated by the lower AGB tiller−1 in the former (see
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Fig. 6). The general increase in AGB tiller−1 in high soil-N condi-
tions in all light and moisture treatment levels (except in low-light
conditions) was to be expected, as P. arundinacea should have used
the additional soil-N to produce taller, more robust stems that can
compete for light, as predicted by Lemaire and Millard (1999).  Herr-
Turoff and Zedler (2007) also observed taller, heavier P. arundinacea
shoots at high N additions along with greater lateral spread in
flooded conditions. Overall, as we found, P. arundinacea, did best at
high soil-N, fully saturated conditions (highest biomass production,
greater competitor) (Herr-Turoff and Zedler, 2007).

The general trend of shoot and root C/N ratios was that plants
grown in low soil-N, high-light conditions had both high shoot and
root C/N ratios compared to plants grown in high soil-N, low-light
conditions (Fig. 2). This was expected (prediction 2), because with
decreased N uptake (low soil-N conditions) and increased C assimi-
lation (high light levels), plants should have had a high C/N ratio for
both roots and shoots. Conversely, with increased N uptake (high
soil-N conditions) and decreased C assimilation (low light levels),
plants should have had a low C/N ratio for both roots and shoots.
These results support Lemaire and Millard’s (1999) model of plant
growth and allocation, which states that internal C/N ratios can be
altered in expected ways by the abiotic environment. Overall, root
C/N ratio was greater in the high-light conditions than in the low-
light conditions, which supports the prediction that in high-light
environments more C was being assimilated in the shoots and allo-
cated to the roots for maintenance (respiration), energy storage,
growth or root exudation (Lemaire and Millard, 1999). The root
C/N ratio also was lower in the high soil-N treatments levels than
in the low soil-N treatment levels; this confirmed that P. arundi-
nacea was absorbing N from the soil, thus lowering the root C/N
ratio (Saarinen, 1998).

Plants grown in high soil-N conditions had high levels of both
chlorophyll and soluble protein, while plants grown in low soil-
N conditions had low levels of both response variables, which
further supported prediction 2. One obvious explanation for this
trend is that N was required for both chlorophyll and protein
production (Field and Mooney, 1986); thus, plants grown in high
soil-N conditions presumably had more N available for chloro-
phyll and protein production (e.g. Rubisco) than plants grown in
the low soil-N conditions. This illustrates that when resources
are abundant, P. arundinacea can use those resources to up-
regulate physiological processes for increased photosynthesis and
growth.

P. arundinacea had the greatest plasticity in response to the main
effect of light compared to soil-N and moisture (Table 2). This is not
surprising given the sensitivity P. arundinacea has shown to gradi-
ents of light (Maurer and Zedler, 2002; Perry and Galatowitsch,
2004) and suggests that P. arundinacea can adjust both morpho-
logical and physiological traits according to the light environment.
Although chlorophyll and soluble protein content showed little
plasticity in response to light, they were plastic to variation in soil-
N, implying that P. arundinacea can adjust metabolic construction
based on resource supply. Conversely, in a similar study investigat-
ing the effects of light, nutrients and density on Alliaria petiolata
(garlic mustard), Meekins and McCarthy (2000) found A. petiolata
responded to shade treatments by increasing chlorophyll produc-
tion, but soil nutrient addition had no effect. For most plant traits,
P. arundinacea responded the least to variation in moisture, which
could be due to a lack of plasticity potential, or, alternatively, could
be due to an interaction with moisture and another factor. The
lack of plasticity in response to variation in soil moisture alone is
consistent with the results of Morrison and Molofsky (1998) who
found the biomass production of P. arundinacea did not respond
to a soil moisture treatment that was almost identical to ours
(27–47% compared to 25–45% soil moisture). Our results also sup-
port those of Kercher and Zedler (2004) who found P. arundinacea a

superior competitor across a wetland hydrologic gradient under
high nutrient conditions.

Interactions between light, soil-N and moisture likely accounts
for PI values for Total Plasticity being greater than PI values for
the main effects. The high Total Plasticity mean PI value (0.72,
Table 2) indicates the high level of plasticity P. arundinacea can
express across gradients of light, soil-N and moisture, and further
demonstrates the importance of considering these factors simulta-
neously both in the field and in models of P. arundinacea growth and
dominance. Furthermore, even though it is potentially problem-
atic to evaluate PI values among species (Valladares et al., 2006),
P. arundinacea’s PI values in this experiment are high compared
to published values in similar abiotic conditions for both invasive
and noninvasive species (Valladares et al., 2000a,b; Balaguer et al.,
2001; Peperkorn et al., 2005).

Alliaria petiolata, a biennial herb currently invading many North
American temperate deciduous forests, responded similarly to
nutrient addition and light availability as P. arundinacea. Alliaria
petiolata increased total biomass in high-light and high-nutrient
conditions, as well as increased shoot/root ratio in the low-light
conditions (Meekins and McCarthy, 2000). Leaf chlorophyll content
was the greatest in the two low-light treatment levels, compared to
the high-light treatment level. Overall, light had the greatest effect
on growth and reproduction (Meekins and McCarthy, 2000). These
results suggest that A. petiolata and P. arundinacea are responding
to variation in light and soil-N similarly, and this response could
allow for invasion of natural ecosystems. Lythrum salicaria (purple
loosestrife), an aggressive wetland plant, showed great phenotypic
plasticity to a gradient of soil moisture. Shoot mass was  the great-
est in the high-water condition and decreased as soil moisture
decreased (Mal  and Lovett-Doust, 2005).

Not all invasives respond positively to increased nutrient avail-
ability. In a study of Isatis tinctoria (dyer’s woad), an invasive
biennial herb of the western United States, high soil-N availabil-
ity failed to alter any growth or physiological response variable
(Monaco et al., 2005). The authors predicted this lack of a response
to soil-N availability because I. tinctoria is a stress-tolerator adapted
for low nutrient sites. Instead, variation in light and soil mois-
ture explained all the differences in the growth and physiological
variables measured. Surprisingly, variation in light availability
did not alter the shoot/root ratio of I. tinctoria (Monaco et al.,
2005). These results suggest that the conditions for invasion
can be species- or context-specific, and management techniques
targeting only one or two abiotic factors might not be ade-
quate for control of all invasives in a habitat. Istatis tinctoria
not responding to available soil-N and A. petiolata responding
differently to shade treatments (increased chlorophyll produc-
tion in low light conditions, see above) is likely related to the
ecosystems they invade (disturbed, low nutrient rocky slopes and
forest understories, respectively) and could help explain the highly
plastic responses seen in P. arundinacea in this study. Wetlands
are highly variable ecosystems where resources, hydrology and
disturbances are dynamic (Zedler and Kercher, 2004). One way
to cope with abiotic variability is to be phenotypically plastic
(Richards et al., 2006), which might suggest that the most aggres-
sive wetland invaders are those species with the greatest plasticity.
Future studies should investigate the plasticity of the most suc-
cessful wetland invaders in a common experimental design to
determine if their plasticity is equal to or greater than that of P.
arundinacea. Furthermore, future studies should investigate if the
phenotypic plasticity of P. arundinacea and other common wetland
invaders varies among populations as was seen for Microstegium
vimineum,  a invader of eastern North American forests (Droste
et al., 2010). Differences in plasticity among populations could
either be due to differences in the original genetic makeup of the
founding populations, or from natural selection acting to increase
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plasticity. In either case, as suggested by Droste et al. (2010), man-
agement practices of reducing gene flow between populations
could reduce the evolution of greater plasticity, and, therefore,
potentially decrease the invasion potential of the target species.

5. Conclusion

More detailed data on variation in traits of plant species can
help improve the parameterization of species-specific variables in
plant models of growth and dominance, which in turn can lead to
more reliable predictions (Cannas et al., 2003; Savage et al., 2007).
Recently, Eppinga et al. (2011) modified a classical plant model of
interspecific competition to investigate the feedback effect of litter
dynamics and evolutionary change in P. arundinacea on its ability
to invade a native sedge species. Analyses of the model produced a
number of intriguing predictions, one of which was that the tissue
C/N ratio of P. arundinacea played an important role in the out-
come of competition by altering both P. arundinacea’s nitrogen/light
consumption ratio/vector (evolutionary change) and litter quality.
Moreover, the synergy of having both positive litter feedbacks and
increases in C/N ratios operating could cause critical transitions
to alternative stable states in which P. arundinacea was  dominant,
notably, with only a ∼5% change in the C/N ratio. However, in their
analyses tissue C/N ratio (shoot/root ratio as well) was varied inde-
pendently of resource conditions. Our results show that both tissue
chemistry and shoot/root ratio can vary depending on the avail-
ability of each of the three plant resources. It would be useful to
investigate whether having parameters of plant growth vary with
resource levels in invasion models such as Eppinga et al. (2011)
significantly affects the robustness of their predictions.
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