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Abstract Although nitrogen has historically limited
terrestrial plant productivity in the northern hemi-
sphere, accelerated industrial activity is changing the
availability of N, with consequences for ecosystem
properties including altered susceptibility to biolog-
ical invasion. Alliaria petiolata (Bieb.) Cavara &
Grande is an increasingly problematic invader in
forests of eastern North America. Population growth
rate of this species is especially high in N-rich
habitats, and it produces a variety of N-based
compounds that have been shown to interfere with
the growth and reproduction of native plants. To
investigate how increases and shifts in forms of N
will impact A. petiolata, seedlings were transplanted
to the greenhouse from the field and grown in sand
culture. We applied three concentrations of N (0.25, 1
and 2 mM) using five different ratios of NH, ' and
NO;™ (100/0, 75/25, 50/50, 25/75, 0/100) in a crossed
design to yield fifteen different treatments. Plants
were measured throughout the growing season and a
final harvest yielded measures of biomass and tissue
quality. Plant growth increased significantly in
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response to increased concentration of total N. These
increases were similar for all combinations of N. This
flexibility in uptake ability may facilitate the invasion
of this species, not only by increasing the range of
habitats A. petiolata can occupy but also by enhanc-
ing N uptake that can lead to the production of
secondary compounds disrupting other species’
belowground mutualisms. We suggest that this spe-
cies’ ability to respond rapidly to changes in N
availability, regardless of its form, may modify
competitive interactions with natives and intensify
its negative impacts.
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Introduction

The availability of nitrogen (N) has historically
limited primary production in terrestrial ecosystems
of the northern hemisphere (Crawford and Glass
1998). Even though N is abundant in the atmosphere,
plants mainly take up N in mineral form (ammonium
(NH, %) and nitrate (NO37)), compounds formed
during microbial fixation or breakdown of organic
materials.

Environmental N availability is escalating dramat-
ically because of human activity. Increased produc-
tion, application and runoff of synthetic, inorganic
fertilizers have led to eutrophication of water ways,
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shifts in nutrient pools and ecosystem productivity.
These modifications can alter the historical patterns of
relative nitrate and ammonium abundance, resulting
in irreversible changes in biodiversity and function of
natural ecosystems mediated by plant uptake patterns
(Matson et al. 2002).

It is well understood that plant species differ in their
ability to assimilate nitrate and ammonium (Olsson
and Falkengren-Grerup 2000; de Graaf et al.1998). For
example, when ammonium is the sole N source
available, Arabidopsis thaliana plants experience
growth retardation as seedlings, before the full onset
of photosynthetic activity (Hoffmann et al. 2007). In
contrast, 4 year old Picea abies and other coniferous
trees show preferential uptake of ammonium by non-
mycorrhizal roots (Marschner et al. 1991). N metab-
olism can also change with plant age; early Allium sp.
growth is maximized when ammonium is the sole
source of N, but nitrate is required by older plants
(Abbes et al. 1995). In Vigna and Glycine sp., nitrate
uptake increases throughout vegetative growth, peaks
at early reproductive stages and decreases during seed
formation (Imsande and Touraine 1994; Imsande and
Edwards 1988). Many species grow best with a
complement of both nitrate and ammonium (Miller
and Bowman 2002). It has been reported that Lycop-
ersicon roots grow optimally in a 3:1 ratio of nitrate to
ammonium and growth is inhibited if the ammonium
concentration is too high (Crawford and Glass 1998;
Bloom et al. 1993). These different optima are the
result of natural selection, as enzyme production
pathways are genetically determined (Glass et al.
2002). The ecological consequences of such prefer-
ences will influence plant distributions and biological
diversity at a variety of scales.

If introduced species can respond rapidly to
increases in total N availability and/or have a greater
or differential affinity for increasingly available forms
of N, these changes may open the door for invasions
to occur or accelerate existing ones. By monopoliz-
ing soil nutrient pools, species that can capitalize on
N modifications will directly or indirectly suppress
native species (Ehrenfeld 2003; Tilman 1982). This
interaction can result in a feedback loop, with changes
in species composition within ecosystems altering
nutrient availability, leading to further biodiversity
changes (Ehrenfeld 2006). Thus, it is important to
understand how introduced species respond to both
concentration and sources of N.
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Alliaria petiolata (Bieb.) Cavara & Grande is a
prominent invader in deciduous forests of North
America. Its success has been attributed to its resource
use patterns, its phenology and its chemical weaponry.
It has been classified as a nitrophilic species due to
its accumulation of nitrate in vacuoles enhancing
osmotic regulation (Marschner 2002). It germinates in
late February and early March while native species are
dormant, and lives as a rosette for a full calendar year
before reproducing in early summer (Nuzzo 2000;
Roberts and Boddrell 1983; Cavers et al. 1979). Alliaria
petiolata has been demonstrated to alter the microbial
diversity of soils by releasing a host of secondary
metabolites from root and leaf tissues (Cipollini and
Gruner 2007; Stinson et al. 2006). These compounds
disrupt mycorrhizal relationships, preventing native
plant species from recolonizing invaded soils (Cipollini
and Gruner 2007; Stinson et al. 20006).

In the field, A. petiolata responds to total N
availability, but its form preferences have not yet been
investigated. Does it perform best using only one form
of N or can it use all forms interchangeably? To what
extent does it respond to increasing N availability?
Field observations and models based thereon have
revealed that A. petiolata population growth responds
in a significant and nonlinear way to ammonium
availability, while estimated plant chlorophyll content
in the field increases with increasing soil nitrate (Hyatt,
unpublished data). These observations suggest that
A. petiolata survival, growth and reproduction is likely
to be dependent on the availability of both nitrate
and ammonium. If so, those environmental responses,
mediated through demographic processes, might
explain some of the wide variability in invasion pro-
cesses observed throughout the introduced range
(Meekins and McCarthy 2000).We investigated the
growth of first year A. petiolata plants in response to
the source and concentration of available N in a
greenhouse experiment.

Methods

Design

Two-month old Alliaria petiolata (garlic mustard)
plants used in the experiment were collected from a

wooded area on the southern border of the Rider
University campus on June 6, 2006. A. petiolata is
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somewhat difficult to germinate in the greenhouse so
we chose uniformly sized field-germinated plants that
were in abundance in this location. All plants had two
leaves, were under 2 cm in height, and were shallowly
rooted. To minimize transplantation effects, plants
were collected from higher-light environments with
low canopy density. The root systems were washed
with distilled water to limit residual soil effects.

The seedlings were planted in a 1:1:1 sand culture
of perlite, vermiculite and sand. This growing medium
allowed experimental control of all soil nutrient
availability (Piccini and Azcon 1987). The growing
medium was moistened and mixed thoroughly. Forty-
five 15 cm diameter 20 cm tall pots were then filled
loosely. Three seedlings were planted in each pot and
the pots were assigned a random location on green-
house benches. Climate within the greenhouse was set
to a constant 26.6°C day and night with ambient
midday light averaging 300 pmol m 2 s™'.

To investigate the effects of N source and concen-
tration, we used five different NO;/NH, " ratios (100/
0, 75/25, 50/50, 25/75, 0/100) crossed with three
different total N concentrations (0.25, 1,2 mM). These
concentrations were selected based on the range of
total available N as measured by field resin ion-
exchange bags placed in permanent A. petiolata study
plots within our region (mean = 1058 pm, max =
4072.6 um, min = 155.7 um). The 45 pots were each
assigned one of 15 treatments, with three replicates
each, a total of 135 plants.

Plants were watered twice weekly with a modified
Johnson’s complete nutrient solution (Fichtner and
Schulze 1992). The pH of the bulk solution was
normalized to 5.8 using phosphoric acid stock and
then N ratios and availabilities were manipulated by
adding combinations of 1 M sodium nitrate and 1 M
ammonium sulfate. These additions did not change
the pH. The ammonium sulfate additions added a
negligible amount of sulfate to the NH,* solutions
because the stock solution was made with an already
high S concentration. We were unable to control for
the added sodium in the NO;~ treatments, but the
amount added was very small (less than 2.5 mg Na/L
for high NO;™~ solutions, less for the other ratios).

Responses

To measure plant responses to our nutrient treatments,
several approaches were used to measure plant

performance. The measurements served as a proxy
for assimilation. To estimate plant size and growth rate
we counted leaf number and measured the width of the
largest leaf biweekly. These were nondestructive
measurements that together estimate aboveground
biomass well for first year plants (* = 0.806, N =
72, unpublished data). We also measured chlorophyll
content using a Minolta SPAD meter (Hoel and
Solhaug 1998; Markwell et al. 1995). SPAD is a
moderately good predictor of leaf C:N in Alliaria
petiolata (R* = 0.55 for logarithmic regression, N =
44, also see Spencer et al. 2007). Thus, we assume that
leaves with higher measures of SPAD also contain
more N within their leaf tissues. Because there was no
variation in leaf number until 1 month after planting,
we only measured leaf number three times during the
experiment.

After 17 weeks (5 October 2006) the leaves were
counted and removed from each plant. Leaf area,
excluding petioles, was measured using an Epson
Perfection 1250 scanner (Seiko Epson Corp.) and
Image J software (National Institutes of Health, USA,
see Shimoji et al. 2006). To examine the effects of
treatments on specific leaf area, one leaf from each
plant was sampled with a 5 mm diameter punch and
dried and weighed. The remaining leaves and stems
were then dried for 72 h in a 60°C oven and weighed
to measure above ground biomass. Roots were
washed, separated and extracted from the soil using
water. These were also dried and weighed. After-
wards leaves and stems were ground in a Wiley Mill
(40 mesh) for C:N elemental analysis using a Carlo
Erba C:H:N elemental analyzer. We only analyzed
C:N for plants supplied with pure NH4 ", pure NO;~
and a 50:50 ratio for plants grown at each N
concentration.

Analysis

Repeated measures effects of N concentration and
source ratios on dependent variables were examined
using repeated measures 2-way ANOVA tests (SPSS,
SPSS Inc, Chicago, IL, USA).

The effects of concentration and source ratio on
final width of largest leaf, SPAD, leaf number, specific
leaf area, above and below ground biomass, and C:N
ratio were examined using two-way ANOVA tests
with post-hoc comparisons carried out using Bonfer-
roni significance corrections (STATA, StataCorp,
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College Station, TX, USA and R statistical software
Version 2.9.2 (2009-08-24)).

Results

Nondestructive measures of plant size revealed that N
concentration significantly increased width of largest
leaf, leaf number, and SPAD (Table 1; Fig. 1). The
significant interaction between time and concentra-
tion for width of largest leaf and SPAD indicates that
the rate at which leaves grew and N accumulated in
the plants changed with solution concentration
(Fig. 1). There were no significant effects of N
source or source X time interaction on these mea-
sures over the growing season (Table 1), thus post
hoc tests were not carried out.

At harvest, a final series of nondestructive mea-
sures were taken to measure experimental plants’
response to N treatments. N concentration had a
significant effect on A. petiolata size, reflecting
the results of the repeated measures tests through-
out the growing season. With increasing N concen-
tration, plants had more and wider leaves (Table 2).
Further, increasing N concentration was also associ-
ated with an increase in SPAD measurements
(Table 2). N source ratio had no effects on plant leaf
number, leaf width or SPAD leaf measurements
(Table 2).

Destructive measures of plants yielded similar
results. The concentration of N had a significant
effect on plant size as measured by aboveground
biomass, belowground biomass, leaf area and SPAD.

Source ratios had no significant effects on any of
these plant growth measures (Table 2; Fig. 2 shows
stereotypical patterns for dependent variables, using
dry shoot biomass as an example). Significant
interactions between source and concentration for
SPAD measurements arose due to low SPAD read-
ings under medium nitrogen conditions for plants
growing in 75% or more nitrate. Other source
treatments showed consistently increasing SPAD
readings from low to high overall nitrogen concen-
trations. Specific leaf area (Table 2) and leaf C:N ratio
(F(source), 5 = 2.63, F(concentration), s = 3.31,
F(source x concentration)s»s = 0.46 and Fig. 3)
were not statistically significantly affected by N
source or concentration although there was a trend
for both measures to decrease with increasing N
concentration.

Discussion

Alliaria petiolata performed equally well under all
ammonium/nitrate combinations despite the fact
that many members of the Brassicaceae are known
to perform better under nitrate-enriched conditions
(Hoffmann et al. 2007; Zhang et al. 2007; Glass et al.
2002; von Wirén et al. 2000). Increasing N concen-
trations led to significant increases in growth and
vigor, underscoring A. petiolata’s nitrophilic metab-
olism. These two results may help explain not only
the ability of A. petiolata to invade a broad range of
soils in North America but also the wide variability of
the invasion process throughout the region.

Table 1 Repeated measures ANOVA table for width of largest leaf (WLL), leaf number (LN) and SPAD over the growing season

deLL FWLL deN FLN dﬁgpAD FSPAD

Between subjects

N source 0.404 0.223 0.803

Concentration 6.299* 4.595%%* 3.200%

N source x concentration 8 1.13 1.208 1.448
Within subjects

Time 3 40.142%** 41.215%** 3 55.806%**

Time x N source 12 0.478 0.293 12 0.778

Time x concentration 6 3.415%* 3.783 6 3.298%*

Time x N source x concentration 24 0.599 16 0.406 24 0.731

Table shows degrees of freedom and F-values
* P < 0.05; ** P <0.01; *** P < 0.001
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Fig. 1 Effect of N
concentration on plant leaf
number, leaf size and SPAD
measurements over time.
Solid circles/solid lines:
Low N concentration

(0.25 mM), Hollow
triangles and dotted lines:
Medium N concentration
(1 mM), Hollow squares
and dashed lines: High N
concentration (2 mM).
Error bars indicate one
standard error at each time
period
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Table 2 Treatment effects (tested by two way ANOVA) of N source, level and interaction on dependent variables

Source Concentration Source x Low Medium High
concentration
df 4 2 8
Width of largest leaf 0.66 3.91% 1.10 46.26 (5.23)" 67.96 (7.64)* 82.77 (8.29)°
(mm)

Leaf number 0.37 3.77* 1.10 3.73 (0.44)" 5.56 (0.50)* 6.85 (0.89)°
Root biomass (g) 0.08 3.41% 0.28 0.19 (0.04)* 0.87 (0.21)™ 1.32 (0.33)°
Shoot biomass (g) 0.15 5.42%% 0.33 0.22 (0.05)* 0.70 (0.14)™ 1.29 (0.27)°
SPAD 0.99  11.30%** 2.32% 20.18 (1.17)* 23.02 (1.24)* 28.40 (1.21)°
Leaf area (mm?) 0.43 7.28%* 0.32 3632.18 (847.93)* 13956.27 (3163.58)*® 24849.09 (4806.71)°
SLA (mm?*/g) 0.78 1.67 0.74 35767.34 (3766.83) 32524.81 (2257.77)  28778.00 (1449.06)

Table shows F-values for analysis of width of largest leaf, leaf number, root biomass, shoot biomass, SPAD, leaf area and specific
leaf area (SLA). Means for concentration effects and (standard errors) are also included. Superscripted letters on means indicate

results of pairwise comparisons, with Bonferroni corrections
* P <0.05; ** P <0.01; *** P <0.001
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Fig. 2 Strong response of biomass to N concentration but no
response to source. Bars show mean dry biomass of A. petiolata
under different source combinations: white bars: 100% NH4+,
grey bars: 75% NH,T:25% NOs~, hatched bars: 50%
NH,":50% NO5~, dotted bars: 25% NH,":75% NO;~, solid
bars: 100% NOs™~. Error bars show one standard error

The ability to take up N in multiple forms may
intensify negative interactions between A. petiolata
and native vegetation. Field observations suggest that
overwinter survival of plants is positively associated
with total soil N and also has a strong influence on
per capita population growth rate (Hyatt, unpublished
data). Since reproduction occurs only in the second
year of life, soil N plays a significant role in
sustaining and increasing population size, a major
factor contributing to A. petiolata invasion. In our
study region, this species most frequently occurs in
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Fig. 3 C:N Ratio decreases with increasing N concentration
but there is no effect of ratio on tissue C:N. Symbols as in
Fig. 2. No data shown for 75% NH,':25% NO;~ or 25%
NH4*:75% NO;~ ratios

soils characterized by an approximately 9:1 ratio of
NO;~ to NH," (unpublished data). If the natives are
unable to take up any of the NH,", this gives a
generalist access to 10% more total N. It is possible
that natives can take up some of both types of N, but
generalists can still have access to more total N
although their ability to assimilate it may be different.
Native species in these populations during the first
summer season include vines like Parthenocissis
quinquefolium, Rubus hispidus, and Toxicodendron
radicans, as well as herbaceous and woody species
such as Circaea lutetiana, Eurybia divaricata, Impa-
tiens capensis, and Polygonum virginianum. There
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are also many exotics in these communities, includ-
ing Celastrus orbiculatus, Galinsoga parviflora,
Lonicera japonica and Microstegium vimineum
(Hyatt, pers. obs.). These coexisting species likely
vary in their associations with nitrate and ammonium.
Clearly, more experimental evidence concerning
competitive interactions between A. petiolata and
native as well as exotic vegetation with different
types of N supply is needed (Rickey and Anderson
2004; Hyatt, in prep).

The synthesis of N-based secondary compounds
involved in defense against herbivory and allelopathic
interactions is limited by N availability. The produc-
tion and release of glucosinolates and other secondary
metabolites negatively impacts mutualistic relation-
ships between native plants and arbuscular mycorrhi-
zal fungi (Cipollini and Gruner 2007; Stinson et al.
2006). These fungi are known to provide other plants
with N and phosphorous in exchange for carbon in the
form of sugar molecules (Govindarajulu et al. 2005).
In the absence of these fungi, native plant species
cannot form mutualistic relationships that help them
acquire needed nutrients and could eventually become
locally extinct. Thus, increased N could magnify the
suppressive interactions between A. petiolata and
native vegetation.

As fossil fuel use and agricultural application of N
increases, deposition of N in relatively undisturbed
habitats may render those ecosystems more susceptible
to invasion by nitrophilic species like A. petiolata. This
effect will be even more magnified in disturbed
habitats where the native vegetation may be compro-
mised already. Because of its ability to take up multiple
forms of nitrogen and respond vigorously to increases
in N supply, A. petiolata will be presented with
increased colonizing opportunities as a consequence of
global changes.

Uptake mechanisms

Although there are no data about allocation of these
two forms of N, this invader clearly is able to take up
and use both forms equally. Because of the broad
nature of its N metabolism, during the first year of its
growth A. petiolata is not limited by N toxicity or
nitrate reductase deficiency, a problem that many
species experience under suboptimal N conditions
(Glass et al. 2002; von Wirén et al. 2000; Crawford
and Glass 1998; Imsande and Touraine 1994).

Nitrogen preferences of other members of the Brass-
icaceae including Arabadopsis thaliana and Brassica
campestris keep them from performing well when
ammonium is the sole source of N (Zhang et al. 2007;
Hoffmann et al. 2007).

Differences in N source preferences arise from
energetic costs of uptake and assimilation, rhizo-
sphere and root cell pH, and evolutionary history
(Marschner 2002). Ammonium uptake requires the
exchange of cations through proton pumping and
reduction into amino groups before moving into the
vascular bundle. This process can alter soil pH by as
many as two units (Marschner et al. 1991). Nitrate, on
the other hand, is more mobile and can move more
easily into vascular tissue. However, more energy is
required to reduce nitrate-N with nitrate reductase
before it can be incorporated into amino acids
(Gurevitch et al. 2002). When a mixture of nitrate
and ammonium is available, it facilitates the perme-
ation of other important cations like calcium (Glass
et al. 2002). Although ammonium is more energet-
ically favorable because it takes less energy to reduce
than nitrate, when it is the lone N source some plants
suffer N toxicity and growth inhibition because of
reduced cation availability (Hoffmann et al. 2007;
von Wirén et al. 2000).

The presence of high and low-affinity transporter
systems (HATS and LATS) for both nitrate and
ammonium is especially well documented in
A. thaliana (Orsel et al. 2002). These genes regulate
uptake of ammonium and nitrate in plants and their
expression is subject to up and down regulation by
glutamine, and feedback inhibition by the presence of
ammonium and nitrate (Glass et al. 2002). It is not
known if A. petiolata has HATS similar to those
found in Arabidopsis, but the results of this exper-
iment do suggest that A. petiolata has an efficient
series of uptake pathways as well as a metabolism
unlike other well studied members of the Brassica-
ceae. This metabolism allows A. petiolata to take up
high concentrations of ammonium and not suffer
relatively low biomass production and growth retar-
dation caused by ammonium toxicity in Brassica
campestris and A. thaliana (Zhang et al. 2007,
Hoffmann et al. 2007; von Wirén et al. 2000).

It is entirely possible that the preferred form of N
and uptake mechanisms change over the lifetime of
A. petiolata; we only studied plants up to 6 months of
age. In its second year of life, this species reallocates
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energy to reproduction and may have different
resource needs. Since A. petiolata is biologically
active for more than 12 months in temperate deciduous
forests (Dhillion and Anderson 1999), it encounters a
wide range of water availabilities, temperatures and
mineral resource concentrations. Dual uptake mecha-
nisms are useful in environments where the availability
of N changes throughout the calendar year. Studies
with stable isotopes may help to reveal how nitrate and
ammonium are allocated within a growing plant over
time.

Further examinations of nutrient use by exotic
invaders might lead to a greater understanding of the
mechanisms whereby invaders alter recipient commu-
nities. Few studies explicitly examine N preferences of
species; even fewer examine nutrient uptake by exotic
invaders. However, invasive Phragmites australis has
been shown to be competitively superior to native
Spartina pectinata under high N treatments (Rickey
and Anderson 2004), and we have observed Lythrum
salicaria to grow better in mixed Nitrate-Ammonium
solutions than in single N-source ones (Hyatt, unpub-
lished data). It may be the case that exotic species that
become invasive are, like A. petiolata, exceptionally
flexible when it comes to taking up mineral resources,
but further explicit examinations of N acquisition and
allocation are required.

If broad resource uptake abilities turn out to
characterize successful invasive species, focusing
remediation in regions of increased nutrient avail-
ability might prove to be especially effective. As
environmental availability of nutrients like N and P
increase with human activity, it is especially urgent
that this approach be explored. Clearly, one of the
main mechanisms whereby invasive species alter
recipient communities is through their acquisition of
resources. Excess exploitation of nutrient resources
by exotic invasive species can ultimately change
historical resource flows, which may feed back on
community biodiversity and ecosystem function
resources (Funk and Vitousek 2007; Gross et al.
2005; Pickart et al. 1998).

The conclusions drawn from this study suggest that
A. petiolata does have a high affinity for mineral N,
but can survive in low N environments as well. In high
nitrogen environments, it also showed greater growth
and tissue quality. The ability of A. petiolata to take up
and use both nitrate-N and ammonium-N may expand
its potential habitat range and enhance its competitive
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advantage over native species. This flexible uptake of
N, increased growth and allocation of resources
towards defensive chemistry may help to the explain
in the invasion of A. petiolata in North America.
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