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Abstract A high relative growth rate (RGR) is
thought to be an important trait allowing invasive
annual grasses to exploit brief increases in nitrogen
(N) supply following disturbance in the Intermountain
West. Managing soils for low N availability has been
suggested as a strategy that may reduce this growth
advantage of annual grasses and facilitate establishment of desirable perennials grasses. The objective of
this study was to examine the degree to which soil N
availability affects RGR and RGR components of
invasive annual and desirable perennial grasses. It was
hypothesized that (1) invasive annual grasses would
demonstrate a proportionately greater reduction in RGR
than perennial grasses as soil N stress increased, and (2)
the mechanism by which low N availability decreases
RGR of annual and perennial grasses would depend on
the severity of N stress, with moderate N stress primarily
affecting leaf mass ratio (LMR) and severe N stress
primarily affecting net assimilation rate (NAR). Three
annual and three perennial grasses were exposed to
three levels of N availability. RGR and components of
RGR were quantified over four harvests. Moderate N
stress reduced RGR by decreasing LMR and severe N
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stress lowered RGR further by decreasing NAR.
However, reduction in RGR components was similar
between invasive and natives, and as a consequence,
annual grasses did not demonstrate a proportionately
greater reduction in RGR than perennials under low
N conditions. These results suggest managing soil N
will do little to reduce the initial growth advantage
of annual grasses. Once perennials establish, traits
not captured in this short-term study, such as high
tissue longevity and efficient nutrient recycling, may
allow them to compete effectively with annuals under
low N availability. Nevertheless, if soil N management does not facilitate the initial establishment of
perennials in annual grass infested communities, then
there is little likelihood that such techniques will
provide a long-term benefit to restoration projects in
these systems.
Keywords Annual grasses . Bromus tectorum .
Great Basin . Nutrients . Taeniatherum caput-medusae

Introduction
In nitrogen (N) limited, semi-arid systems, increases
in soil N availability following disturbance are expected to be a central factor influencing invasive plant
establishment (Stohlgren et al. 1999; Davis et al.
2000). A high relative growth rate (RGR) is thought
to be an important trait allowing invasives to exploit
these brief increases in N supply (Baker 1974;
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Grotkopp et al. 2002; Burns 2004). Following disturbance, a high RGR allows seedlings of invasives to
initially establish a more extensive root and shoot
system than natives. This initial size advantage allows
invasives to capture more resources than natives and
minimizes their exposure to drought stress as upper
surface soils dry during the growing season (Grotkopp
and Rejmanek 2007).
Soil management techniques that lower N availability, such as cover cropping or carbon addition, have
been suggested as a strategy to reduce the initial growth
rate advantage of invasives species following disturbance (Blumenthal et al. 2003; Krueger-Mangold et al.
2006). Support for this idea comes from studies on
native species showing that while fast-growing species
tend to maintain higher absolute growth rates than slowgrowing species on infertile soils, fast-growing species
demonstrate the greatest reduction in RGR when
nutrients are limiting (Robinson and Rorison 1988;
Shipley and Keddy 1988; Fichtner and Schulze 1992;
Meziane and Shipley 1999a). However, specific tests
of the hypothesis that low N availability decreases
RGR of invasives proportionately more than natives
are limited. Such information may allow more accurate
prediction of when soil N management may be most
likely to shift weed-infested plant communities to a
more desired state.
There may be a number of mechanisms by which
soil N stress differentially impacts the RGR of native
and invasives. RGR can be factored into two components, net assimilation rate (NAR, rate of dry matter
production per unit leaf area) and leaf area ratio (LAR,
leaf area per unit total plant mass) (Evans 1972; Causton
and Venus 1981). NAR is primarily determined by
the balance of carbon gained through photosynthesis
and carbon lost through respiration. LAR reflects the
amount of leaf area a plant develops per unit total plant
mass and therefore depends on the proportion of
biomass allocated to leaves relative to total plant mass
(leaf mass ratio, LMR) and how much leaf area a plant
develops per unit biomass allocated to leaves (specific
leaf area, SLA). Specific leaf area, in turn, is a function
of leaf tissue density and leaf thickness (Meziane and
Shipley 1999b). Although SLA consistently has been
identified as a central factor driving interspecific
variation in RGR and as a trait associated with invasiveness (Poorter 1989; Leishman et al. 2007), and
nutrient stress can decrease SLA and NAR, low
nutrient availability appears to have the largest affect
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on RGR by decreasing LMR (Poorter and Nagel 2000;
Taub 2002). There are some theoretical grounds for
predicting fast-growing species will demonstrate a
proportionately greater reduction in LMR in infertile
soil than slow-growing species (Chapin 1980; Grime
et al. 1991). However, empirical support for these
predictions has been mixed (Christie and Moorby 1975;
Grime and Curtis 1976; Elberse and Berendse 1993;
Reynolds and D’Antonio 1996; Meziane and Shipley
1999a), and it is not known if N stress causes a
proportionately greater reduction in LMR of invasives
compared to natives.
The mechanism by which low N availability decreases RGR may depend on the severity of N stress.
For example, plants may respond to moderate N stress
by increasing biomass allocation to roots, but under
severe N stress, NAR may be the most important
variable driving a reduction in RGR (de Groot et al.
2002). Research on native species has shown that
while NAR is higher in fast-growing compared to
slow-growing species under N-rich conditions, when
N is limiting this difference diminishes (Fichtner
and Schulze 1992; Meziane and Shipley 1999a; Taub
2002). If these findings hold for native and invasive
species, severe N limitations may reduce RGR of
invasives proportionately more than natives due to
negative effects on NAR.
Annual grass invasion of the Intermountain West,
a landscape historically dominated by slow-growing
perennials, is considered one of the most serious
invasions in North America (D’Antonio and Vitousek
1992). In these systems, N availability limits growth and
only small increases in N supply following disturbance
are needed promote invasion (Paschke et al. 2000;
Brooks 2003). Once established, annual grasses maintain site dominance and suppress the establishment of
desired perennial grasses, even when these species are
sown (Laycock 1991; Humphrey and Schupp 2004).
Although slow-growing species often possess a suite of
traits that allow them to be better competitors than fastgrowing species under nutrient-poor conditions (e.g.,
high herbivory tolerance, tissue longevity, high root
allocation and tight nutrient recycling) (Wedin and
Tilman 1993; Aerts 1999; Fraser and Grime 1999),
they may need to survive several growing seasons
before the full benefits of these traits are realized. If
managing soil N reduces the initial growth advantage
of annual grasses by reducing RGR, then this strategy
might facilitate establishment of desirable perennials
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and provide an opportunity for these species to realize
the benefit of other traits associated with competitive
ability in nutrient-poor systems.
The objective of this study is to examine the degree
to which soil N availability affects RGR and RGR
components of invasive annual and desirable perennial
grasses. It was hypothesized that (1) invasive annual
grasses would demonstrate a proportionately greater
reduction in RGR than perennial grasses as soil N
stress increased, and (2) the mechanism by which low
N availability decreases RGR of annual and perennial
grasses would depend on the severity of N stress, with
moderate N stress primarily affecting LMR and severe
N stress primarily affecting NAR.

Materials and methods
Study species, growth conditions and harvests
The study species selected for this experiment
included three annual grasses that have extensively
invaded the Intermountain West and three perennial
grass species widely used in efforts to restore these
systems (Table 1). Two perennial species, Pseudoroegenaria spicata and Elymus elymoides, are native to
the Intermountain West while Agropyron desertorum
is an introduced perennial grass native to Siberia that
has been bred for reclamation programs. Agropyron
desertorum is better able to interfere with the growth
of invasive annuals than the native bunchgrasses
making this species a useful comparison to include
(Harris and Wilson 1970). The annual grasses used in
this study are native to Eurasia and the Mediterranean
region. Of the annual grasses B. tectorum and T.
caput-medusae appear to be the most serious invaders
with B. tectorum most capable of invading the broadest

range of habitats. Ventenata dubia is less widespread
than the other annual grasses, but introduction of V.
dubia has been more recent. Consequently, the
potential ecological impacts of this species are less
well known (Northam and Callihan 1994).
The study was conducted in spring 2007 in a
common garden at the Eastern Oregon Agricultural
Research Center, Burns, OR, US. The experiment was
a completely randomized design consisting of six
species, three N levels (0.04, 0.4 and 4.0 mM), and
four harvests with ten replicates per treatment per
harvest. Individual seeds of each species were planted
in small paper pots and germinated under ambient
environmental conditions. Seeds of perennial species
were obtained from a commercial supplier while annual
grass seed was collected from local populations.
Planting times were staggered so that all species
emerged within the same week. One week after
emergence seedlings were transplanted into pots filled
with a 1:2 mixture of sandy loam field soil and coarse
sand. All transplanted seedlings were at the one leaf
stage. Within a species, similar-sized plants were selected for the experiment to reduce variation in RGR
estimates due to initial size differences. Pot sizes for the
first and second harvest were 12 cm diameter×30 cm
deep. Larger pots (20 cm diameter×50 cm deep) were
used for the third and fourth harvest. The first harvest
was conducted 1 week after transplanting. The second,
third and fourth harvests were conducted at 10 day
intervals after the first harvest. A preliminary study
demonstrated that smaller pot sizes did not alter seedling
growth compared to larger pots during the first 3 weeks
of growth. Average minimum and maximum air temperature during the experiment was 5.05°C and 26.1°C,
respectively. During the course of the experiment
photosynthetically active radiation at solar noon averaged 1,790 μmol m−2 s−1. From 0700 to 1900 PAR

Table 1 List of the six species used in this study
Functional group

Common name

Species

Species abbreviation

Annual

Cheatgrass
Medusahead
Ventenata
Crested wheatgrass
Bluebunch wheatgrass
Bottlebrush squirreltail

Bromus tectorum L.
Taeniatherum caput-medusae (L.) Nevski
Ventenata dubia (Leers) Coss.
Agropyron desertorum (Fisch. ex Link) J.A. Schultes
Pseudoroegenaria spicata (Pursh) A. Löve
Elymus elymoides (Raf.) Swezey

BRTE
TACA
VEDU
AGDE
PSSP
ELEL

Perennial

Species are arranged by functional group (annual grass or perennial grass). Nomenclature follows the USDA PLANTS database
(http://plants.usda.gov/)
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averaged 797 μmol m−2 s−1 during the course of the
experiment.
Nitrogen was supplied as both NO3− and NH4+ in a
one-quarter strength modified Hoagland’s solution
(Epstein 1972). Supplemental salts (KH2PO4, K2SO4
and CaCl2) were added in the 0.04 and 0.4 mM N
treatments to maintain similar levels of other macronutrients. Pots were saturated with nutrient solution
three times a week and heavily water with distilled
water once a week to minimized nutrient accumulation. The watering solution drained quickly from this
very coarse mixture of sand and sandy field soil.
Volumetric water content following watering was less
than 14% suggesting these water inputs did not
induce anaerobic stress. Eight pots within each N
level treatment were randomly selected and watered
to field capacity with their respective nutrient solution
4 h before the final harvest. A composite soil sample
from the 0–5, 15–20 and 25–30 soil layers was
collected from these pots during the final harvest and
analyzed for total inorganic N (NO3− and NH4+)
colorimetrically following Forster (1995) for NH4+
and Miranda et al. (2001) for NO3−. Shortly after
being watered to field capacity, the 0.04, 0.4 and
4.0 mM N treatments resulted in total soil inorganic N
levels of 0.3±0.1, 1.4±0.2 and 16.2±0.6 mg kg−1,
respectively (n=8, ±SE) which is within the range
that soil inorganic N concentration can vary in these
systems (Cui and Caldwell 1997; Peek and Forseth
2003; James et al. 2006).
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et al. (2002) (http://www.ex.ac.uk/~rh203/growth_
analysis.html) was used to perform the calculations.
Leaf DM was used as an estimate of leaf tissue density
(Ryser and Lambers 1995). Leaf thickness was
estimated following Atkin et al. (1996). Analysis of
variance was used to analyze how soil N availability
influences RGR and RGR components of annual and
perennial grasses (SAS 2001). ANOVA assumptions
were evaluated using the Shapiro–Wilk test for normality and Levene’s test for homogeneity of variance.
When homogeneity of variance was violated data were
weighted by the inverse of the variance (Neter et al.
1990). Annuals tend to have a higher inherent RGR
than perennial grasses (Garnier 1992) and fast-growing
species are expected to maintain a higher absolute
growth rate than slow-growing specie in infertile soils
(Lambers and Poorter 1992). Thus, while a main effect
of functional group on RGR is expected, an interaction
between functional group and N stress would indicate
that N stress had a greater relative effect on one functional group’s RGR compared to another.
The natural log response ratio (lnRR) was used to
examine the effect of N stress on RGR and RGR
components (Hedges et al. 1999) where lnRR=ln
(ValuelowN/ValuehighN). More negative values indicate
a greater reduction in the growth parameter with
decreasing soil N availability. Response ratios were
calculated for the initial decrease in N availability
from 4.0 to 0.4 mM and for the further decrease in N
availability from 0.4 to 0.04 mM.

Growth analysis and statistics
Results
For each harvest aboveground biomass was clipped
and separated into leaves and stems. Roots were
recovered by washing over a fine mesh screen. Leaf
fresh weight and area and root length (WinRHIZO,
Regent Instruments Inc., Saint-Foy, Canada) were
recorded. All material was then dried at 65°C and
weighed. Leaf material was finely ground and
analyzed for N concentration by micro-Dumas combustion using a CN analyzer (Carlo Erba, Milan,
Italy). Relative growth rate (RGR), net assimilation
rate (NAR), leaf area ratio (LAR), specific leaf area
(SLA), leaf mass ratio (LMR), leaf dry matter (DM)
content and leaf thickness were calculated over all
harvest intervals. Calculations of means and SE
followed Causton and Venus (1981) for ungraded and
unpaired harvest. The Excel file published in Hunt

Low N availability reduced biomass, leaf N and root
length in both annual and perennial grasses (Fig. 1a,
Fig. 1 a Biomass, b relative growth rate (RGR), c net
assimilation rate (NAR), d leaf area ratio (LAR), e leaf mass
ratio (LMR), f specific leaf area (SLA), g leaf N and h root
length of annual and perennial grasses growing under three
levels of N availability (mean+SE). Biomass, leaf N and root
length are values from the final harvest. All other parameters
are averaged over the four harvests (n=10 per harvest).
Calculations of mean follow Causton and Venus (1981) and
Hunt et al. (2002) for ungraded and unpaired harvests. Species
abbreviations follow Table 1. The effect of functional group (G,
annual or perennial) and nitrogen availability (N, 0.04, 0.4,
4.0 mM) and their interaction are shown for each parameter.
Uppercase letters over bars indicate significant differences
among species averaged over the three levels of N availability
as determined with Tukey pairwise comparisons (P<0.05)

0.04mM
0.4mM
4.0 mM

Biomass (g)

A

6

b) A

A
B

G < 0.01
N < 0.01
GxN < 0.01

4

G < 0.01
N < 0.01
GxN = 0.17
B
B

A

0.15

0.10

A
AB

0.05

2

C

-1

a)

-1

8

205

RGR (g g d )

Plant Soil (2008) 310:201–210

BC

C

AB

-1

BC

B

10

2

DC

D
D

D

D

5

10

0.6

-1

AB

A

AB

f) A

G = < 0.01
N = 0.38
GxN = 0.82

AB

B

B

B

20

AB

C

0.4

DC

D

10

0.2

g)
5

Leaf N (%)

30
-1

G = 0.07
N < 0.01
GxN = 0.58

e)

A

ABC
AB

C

4

G = 0.84
N < 0.01
GxN < 0.01
BC
C

h)

G < 0.01
N < 0.01
GxN = 0.02

A

400
300

B

3
200
2
C

1

100
C

BRTE TACA VEDU

Annuals

AGDE PSSP ELEL

Perennials

LAR (m kg )

20

15

C

BRTE TACA VEDU

AGDE PSSP ELEL

Annuals

Perennials

2

-2

A

BC
C

0.8

LMR (g g )

G = 0.07
N < 0.01
GxN = 0.38

d)

SLA (m kg )

G = 0.37
N < 0.01
GxN = 0.35

A

Root length (m)

c)

-1

NAR (g m d )

30
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g, h). Invasive annual grasses tended to produce more
biomass and root length than perennials at all levels
of N supply with the exception being the annual grass
V. dubia, which produced significantly less biomass
than the other invasive annual grasses. This suggests
the overall differences between annual and perennial
grasses in biomass and root length production was
driven by the two annual grasses B. tectorum and T.
caput-medusae. Low N availability also reduced tiller
production in both species groups but annuals produced more tillers than perennials at both low (34±5
versus 8±1 plant−1) and high N supply (143±16
versus 14±2 plant−1) (mean±SE, P<0.001).
While low N availability decreased RGR of all
species (Fig. 1b) the magnitude of decline did not
differ between annuals and perennials. At the lowest
N level the invasive annual grasses maintained a
higher RGR than native perennials (P=0.041). Low
soil N availability decreased NAR and LAR in all
species (Fig. 1c–d). There was large variation in NAR
and LAR among species within these functional
groups and no evidence suggesting consistent differences in NAR and LAR among these annual and
perennial grasses. Low soil N availability decreased
LMR of annual and perennial grasses to a similar
degree. Low soil N availability did not influence SLA
of annual or perennial grasses (Fig. 1f). Similarly,
factors influencing SLA such as leaf DM, thickness
and ash content were not affected by soil N availability
(P>0.2, Table 2). Decreasing soil N from 4.0 to
0.4 mM reduced RGR mainly through a reduction in

Table 2 Leaf dry matter (DM) content, thickness and ash
content of the six study species
Group
Annual

Species DM (%) Thickness (g FW m−2) Ash (%)

BRTE
TACA
VEDU
Perennial AGDE
PSSP
ELEL

18.1E
29.3B
27.9CB
25.5D
27.1CD
31.5A

207C
269B
290A
216C
200C
288A

17.2A
18.1A
ND
13.6C
12.3C
15.4B

There was no significant effect of N availability on these leaf
parameters (P>0.2). Values are averaged across the three N
levels. Ash on V. dubia was not determined (ND) because of
insufficient leaf mass at the lower N levels. Different letters
indicate significant differences among species as determined
with Tukey pairwise comparisons (P<0.05)

Table 3 Response ratio of RGR and RGR components for
plants when N was reduced from 4.0 to 0.4 mM and when N
was reduced further from 0.4 to 0.04 mM
Group

Species Parameter lnRR (4.0–
0.4 mM)

Annual

BRTE

RGR
NAR
LMR
SLA
TACA RGR
NAR
LMR
SLA
VEDU RGR
NAR
LMR
SLA
Perennial AGDE RGR
NAR
LMR
SLA
PSSP
RGR
NAR
LMR
SLA
ELEL RGR
NAR
LMR
SLA

−0.15
0.07
−0.21
0.01
−0.11
−0.01
−0.15
−0.03
−0.03
0.11
−0.08
−0.04
−0.07
0.05
−0.15
−0.02
−0.10
−0.07
−0.14
−0.03
0.07
0.02
−0.07
−0.04

lnRR (0.4–
0.04 mM)
−0.30
−0.36
−0.02
0.05
−0.24
−0.15
−0.02
−0.08
−0.25
−0.19
−0.04
−0.07
−0.27
−0.22
−0.04
0.01
−0.31
−0.30
−0.05
−0.04
−0.21
−0.21
−0.02
−0.07

Response ratios were calculated using the natural log response
ratio (lnRR) where lnRR=ln(ValuelowN/ValuehighN) (Hedges et
al. 1999). More negative values indicate a greater reduction in
the growth parameter with decreasing soil N availability

LMR (Table 3). Reducing soil N from 0.4 to 0.04 mM
N decreased RGR in most species mainly through a
reduction in NAR.
While there were few consistent differences in
how soil N stress affected the RGR of annual and
perennials, there was significant variation in RGR
components among species within a functional group
(Fig. 1c–f). For example, the annual grass T. caputmedusae had a higher NAR than perennial species
at all N levels, while the annual grass B. tectorum
demonstrated a NAR lower than or comparable to the
perennial grasses. Bromus tectorum, on the other
hand, demonstrated a higher LAR and SLA than the
perennial grasses, while T. caput-medusae had a LAR
and SLA comparable to or lower than the perennial
grasses.
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Discussion
While the potential for invasives to achieve a higher
RGR than their native or non-invasive counterparts is
well-documented (Grotkopp et al. 2002; Grotkopp
and Rejmanek 2007; James and Drenovsky 2007),
only a handful of studies have examined the degree to
which nutrient stress impacts RGR of these species
groups. To date this literature has largely supported
the idea that nutrient stress constrains RGR of invasive
species to rates comparable to native or non-invasive
species (Burns 2004; Garcia-Serrano et al. 2005).
Contrary to these studies, and the first hypothesis,
invasives in this study did not demonstrate a proportionately greater reduction in RGR than natives
when grown under low N conditions.
Contrasting results between the current study and
previous work could be due, in part, to the confounding influence of life history differences between invasive and non-invasive species in this study. Annuals
tend to produce less dense root tissue than perennials,
thus creating more root surface area per unit biomass
invested in roots (Roumet et al. 2006). While a consistent biomass allocation difference between annuals
and perennials was not observed, annuals may have
been able to more fully exploit the soil N pool under
N-limiting conditions by creating more root surface
area per unit root biomass, and thus, experience a less
severe reduction in RGR (Ryser and Lambers 1995).
However, B. tectorum also maintained a higher SLA
than perennials, while T. caput-medusae also maintained a higher NAR than perennials. These differences
were not observed between the less serious invader V.
dubia and the perennial grasses, indicating SLA and
NAR are important traits of invaders that are not
exclusively unique to annuals in this system.
Although previous research has suggested SLA as
the main driver of RGR variation among species
from different habitats (Poorter 1989), in this study,
species achieving comparable RGR did so in different ways. For example, E. elymoides maintained a
higher NAR than P. spicata while P. spicata
maintained higher SLA than E. elymoides, ultimately
resulting in a comparable RGR among the native
perennials. A similar trade-off was observed between
the annual grasses B. tectorum and T. caput-medusae.
In general, NAR and SLA are negatively correlated,
as a high NAR requires a large investment in photo-
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synthetic machinery and thus lowers SLA (Konings
1989).
In support of the second hypothesis, the mechanism by which low N decreases RGR of annual
grasses and perennials depended on the severity of N
stress. Following an initial reduction in N availability,
all plants decreased LMR but maintained a comparable NAR. Severe N stress decreased NAR but had no
further affect on LMR. A meta-analysis by Poorter
and Nagel (2000) suggested low N availability
reduces RGR mainly by decreasing LMR, although
effects of nutrient stress on SLA and NAR also were
observed. Under moderate N stress, increased root
biomass allocation, which lowers LMR, may allow
plants to capture sufficient N to avoid a reduction in
photosynthetic rates, buffering negative effects of low
soil N availability on NAR (Meziane and Shipley
1999a). Few studies have examined how severity of N
stress influences the degree to which LMR and NAR
influence RGR. While N stress did not change the
relative influence of LMR and NAR on RGR of
barley (Elberse et al. 2003), NAR was the most
important factor explaining the effect of severe N and
P limitations on RGR of tomato (de Groot et al. 2001;
de Groot et al. 2002). Above a certain root weight
ratio, further root biomass allocation may not be advantageous (van der Werf et al. 1993). Without
additional increases in root biomass it may not be
possible for a plant to maintain adequate nutrient
capture, and as a result, NAR may decline.
There was no evidence to suggest that severe N
stress reduced NAR of invasives more than natives.
This observation contrasts with previous work suggesting slow-growing species have a smaller NAR
reduction than fast-growing species under infertile
conditions (Fichtner and Schulze 1992; Meziane and
Shipley 1999a; Taub 2002). While the reduction in
NAR was comparable among species, there was some
evidence suggesting this decrease in NAR may have
occurred in different ways. NAR is positively correlated with photosynthesis but negatively correlated
with whole-plant respiration rate (Konings 1989).
Reduced NAR of the native species, P. spicata and E.
elymoides, was associated with decreased leaf N
concentration, suggesting N stress may have reduced
NAR by lowering leaf photosynthetic capacity (Hirose
and Werger 1987). In contrast, reduced NAR of the
introduced perennial, A. desertorum, and the invasive
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annuals was not associated with decreased leaf N or
an appreciable change in biomass allocation, suggesting changes in whole-plant respiration rates may
determine NAR of these species at low N.
The comparable effects of soil N stress on LMR of
native and invasive species does not support the
prediction that fast-growing species will demonstrate
greater plasticity in biomass allocation than slowgrowing species. One potential reason for this lack of
difference may be because biomass allocation does
not adequately represent allocation to physiological
functions (Korner and Renhardt 1987). Another
reason may be that environmental conditions constrain biomass allocation in this system. Grotkopp and
Rejmanek (2007) have shown that in seasonally dry
systems the most successful invaders balanced fast
seedling growth and biomass allocation to roots. In
the current experiment, averaged across N treatments,
invasive annuals and native perennials had comparable LMR, and root weight ratio of all species in the
high N treatment exceeded 0.4 (data not shown).
These observations suggest seasonal drought may
limit the plasticity of invasive and native biomass
allocation to a similar degree.
While the SLA of these species did not change
with N stress, this does not mean that inherent
differences in SLA among native and invasive species
are not important in determining competitive outcomes in nutrient poor-systems. Although a high SLA
has been correlated with invasiveness, a high SLA
may not be advantageous when nutrients are limiting
(Hamilton et al. 2005; Leishman et al. 2007). In
nutrient-limited systems, conservation of previously
captured resources is expected to be at least as
important to plant performance as rapid growth and
resource capture (Berendse and Aerts 1987). Constructing long-lived leaves that are well-defended
from herbivores decreases SLA, and consequently,
RGR, but increases nutrient conservation (Coley
1988; Reich et al. 1997). Even though RGR of fast
and slow-growing species were not differentially
affected by N stress in this experiment, if slowgrowing native species demonstrate greater herbivory
tolerance because of a low SLA, then these species
may be competitively superior on infertile sites
(Fraser and Grime 1999). There are three lines of
evidence, though, that suggest herbivory may do little
to alter competitive interactions among invasive and
native species in this system. First, two of the
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invasives (V. dubia and T. caput-medusae) had a
SLA lower than or comparable to the natives. Based
on the above theory, we would not expect these
invasives to be more susceptible to herbivory than
natives. Second, there is evidence that SLA differences among species in this system are related to
drought tolerance, and it is possible that seasonal
drought exerts a stronger selective pressure on SLA
than herbivory (Harris and Wilson 1970). Third,
recent research suggests invasives in their new range
may be more resistant to generalist herbivores than
natives (Joshi and Vrieling 2005; Leger and Forister
2005). While herbivory was not examined in this
experiment, these factors suggest the impact of
herbivory in this system could range from having no
effect on interactions between natives and invasives
to potentially favoring the growth of invasives over
natives.

Conclusion
In the Intermountain West there has been much
interest in using soil N management to reduce the
initial growth rate and competitive ability of annual
grasses in order to provide an opportunity for perennial
grasses to establish (Krueger-Mangold et al. 2006). In
this study, however, invasives and natives demonstrated a proportionately similar reduction in RGR
with increasing N stress. While the small number of
species used in this experiment and the comparatively
small differences in RGR among species mean that
these results need to be interpreted with caution, the
patterns of response observed in this experiment
suggest managing soil N will do little to reduce the
initial growth advantage of these annual grasses.
Given the short-term nature of this study, it was not
possible to assess how these relationships may change
over multiple growing seasons. It is possible that once
perennials establish, traits such as high tissue longevity and efficient nutrient recycling may allow them to
compete effectively with annuals under low N availability. Field studies on populations that specifically
include trophic interactions over multiple generations
ultimately are needed to quantify the effects of soil N
stress on the demography of invasive annual and native
perennial grasses. Nevertheless, if soil N management
does not directly facilitate the establishment of perennials in annual grass infested communities by reducing
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differences in RGR, then there is little likelihood that
such techniques will provide a long-term benefit to
restoration projects in these systems.
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