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a b s t r a c t

Invasion of the historically perennial-dominated landscapes in the Great Basin by exotic

winter annual grasses is one of the most serious plant invasions in North America.

Evidence suggests invasive annuals outperform native perennials under N-poor and

N-rich conditions. The objective of this study was to identify key traits contributing to the

success of invasive annual grasses in these environments. Three invasive annual grasses,

two native perennial grasses and one introduced perennial grass were exposed to three

levels of N supply. Root biomass, root length, root N uptake rate, root and leaf morphology,

leaf nitrogen productivity (leaf NP) as well as biomass and N allocation were quantified

over four harvests. Path analysis indicated that leaf NP was the key trait contributing to

variation in N capture among the species. Species with a higher leaf NP produced more

root length and consequently captured more N under a range of soil N availability. This

suggests variation in leaf NP may be one critical trait determining the ability of the

resident plant community to resist establishment of these invaders. Restoration programs

may be able to increase weed resistance by specifically selecting for this trait in

revegetation efforts.

Published by Elsevier Ltd.
1. Introduction

Invasion of the historically perennial-dominated landscapes in the Great Basin by exotic winter annual grasses is one of
the most serious plant invasions in North America (D’Antonio and Vitousek, 1992). An increase in nitrogen (N) availability
as a result of disturbance or reduced uptake by the native vegetation has been widely identified as a key mechanism
facilitating the establishment of annual grasses in these otherwise nutrient-poor systems (Beckstead and Augspurger,
2004; Norton et al., 2007; Paschke et al., 2000). Invasive annuals possess a suite of traits such as high relative growth rate,
short generation time and abundant seed production that are expected to be important adaptations to N-rich
environments, while native perennials possess a suite of traits such as low relative growth rate, high nutrient conservation
and storage that are expected to be important adaptations to N-poor environments (Chapin, 1980; Rejmanek and
Richardson, 1996). Based on these expectations, invasive plant management and restoration programs commonly assume
that managing soils for low N availability will favor the performance of native perennials over invasive annuals (Krueger-
Mangold et al., 2006). While there is much research indicating that high N availability favors invasive annual grasses more
than native perennial grasses, evidence continues to accumulate, suggesting invasive annuals also outperform native
perennials under N-poor conditions (Monaco et al., 2003, 2004; Young and Mangold, 2008). Improved management of
r Ltd.
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these invasive annuals requires a mechanistic understanding of how these invaders are able to maintain greater growth
and competitive ability than natives under a range of soil N availability.

Growth and competitive ability of species in the Great Basin have been directly linked to the ability of a species to
capture N (Bilbrough and Caldwell, 1997; James and Richards, 2007). This suggests that evaluating mechanisms influencing
plant N capture may provide insight into how invasives are able to outperform natives under both low and high soil N
supply. On the most basic level, simulation models predict that plant N capture will be related to the amount of root length
present and N uptake rate per unit root length (Silberbush, 1996). The amount of root length produced depends on the
amount of root biomass created and the amount of root length a plant can manufacture per unit biomass invested in roots
(specific root length, SRL). The amount of root biomass produced, in turn, should depend on the proportion of biomass
allocated to roots (root weight ratio, RWR) and on plant growth rate. While several factors contribute to plant growth rate,
specific leaf area (SLA) has been identified as a central trait driving growth rate differences among species (Poorter, 1989).
Species with a higher SLA produce thinner and less-dense leaves than species with a lower SLA. This allows species with a
high SLA to construct more leaf area per unit biomass invested in leaves, resulting in a more rapid return on biomass and
nutrients invested in leaves and, consequently, faster growth (Westoby et al., 2002).

In N-limited systems, it also can be useful to examine plant growth in terms of plant N productivity (increase in plant
dry mass per unit plant N per unit time). Plant N productivity in grasses and herbaceous dicots is primarily driven by the
proportion of total plant N allocated to leaves (leaf N ratio) as well as leaf N productivity (rate of dry matter gain per unit
leaf N per unit time, leaf NP) (Garnier et al., 1995). Annual grasses in general have a higher SLA and SRL than perennials
(Roumet et al., 2006). In addition, fast-growing species tend to have greater whole-plant N productivity than slow-growing
species, and there is some evidence to suggest that as seedlings, fast-growing species exposed to low N supply can allocate
more biomass to roots than slow-growing species, allowing fast-growing species to maintain greater N capture under low N
supply (Poorter et al., 1990; van der Werf et al., 1993). Therefore, multiple traits may allow invasive annuals to outperform
native perennials under high and low N availability.

The broad objectives of this study were to examine the interrelationship among traits expected to be major drivers of
plant N capture in N-limited systems and to identify key trait differences that may contribute to the success of annual
invasive grasses under both low and high N availability (Fig. 1). The species selected for this experiment include three
annual grasses that are native to Eurasia and the Mediterranean region but have extensively invaded the Great Basin and
three perennial grasses that are widely used in efforts to restore these systems (Table 1). Two of the perennial species,
Pseudoroegneria spicata and Elymus elymoides, are native to the Great Basin, while Agropyron desertorum is an introduced
perennial grass native to Siberia that has been bred for reclamation programs. Agropyron desertorum has a better ability to
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Fig. 1. Path model describing how variation in root length, root N uptake rate, root biomass, specific root length (SRL), specific leaf area (SLA), leaf N

productivity (leaf NP) root weight ratio (RWR) and leaf N ratio correlates with N capture among the six study species. Data are pooled across the three N

levels. Running the path model separately for each of the three N levels did not significantly improve model fit or alter path coefficients. For each path

effect, the standardized partial regression coefficient is given and the significance of the path is indicated as *(po0.05). Numbers in bold are the total

variance explained (R2) for each dependent variable. Measurements were quantified across four harvests spaced in 10-day intervals.

Table 1
List of the six species used in this study

Functional group Common name Species Variety Species abbreviation

Annual Cheatgrass Bromus tectorum L. BRTE

Medusahead Taeniatherum caput-medusae (L.) Nevski TACA

Ventenata Ventenata dubia (Leers) Coss. VEDU

Perennial Crested wheatgrass Agropyron desertorum (Fisch. ex Link) J.A. Schultes Hycrest II AGDE

Bluebunch wheatgrass Pseudoroegenaria spicata (Pursh) A. Löve Anatone PSSP

Bottlebrush squirreltail Elymus elymoides (Raf.) Swezey Toe Jam Creek ELEL

Species are arranged by functional group (annual grass or perennial grass). Nomenclature follows the USDA PLANTS database (http://plants.usda.gov/).

http://plants.usda.gov/
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interfere with the growth of invasive annuals than the native grasses, making this species a useful comparison to include
(Harris and Wilson, 1970). It was hypothesized that a combination of trait differences related to root biomass production,
root physiology and root and leaf morphology allow invasive annual grasses to capture more N than native perennials
under both low and high N availability.

2. Materials and methods

2.1. Study species, growth conditions, harvests and measurements

The invasive annual and desirable perennial grasses used for the experiment are listed in Table 1.Of the annual grasses,
Bromus tectorum and Taeniatherum 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 grasses, but has been introduced
more recently; thus, 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 10 replicates per treatment per harvest. Seeds of B. tectorum and T. caput-medusae were collected in the
field east of Burns (431220N, 1181220W) and seeds of V. dubia were collected west of Burns (441180N, 1201520W). Seeds of
bunchgrasses were obtained from commercial growers. Bunchgrass varieties are listed in Table 1. 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 coleoptile 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. Pot sizes for the first and second harvest were 12 cm dia�30 cm deep. Larger pots (20 cm
dia�50 cm deep) were used for the third and fourth harvest. The first harvest was conducted one 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
seedling growth.

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 watered with distilled
water once a week to minimized nutrient accumulation. Eights 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 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 0.370.1, 1.470.2 and
16.270.6 mg kg�1, respectively (n ¼ 8,7SE), which is within the range that soil inorganic N concentration can vary in these
systems (Cui and Caldwell, 1997; James et al., 2006; Peek and Forseth, 2003).

For each harvest, aboveground biomass was clipped and immediately separated into leaves and stems. Roots were
recovered by gently washing over a fine mesh screen. Root length was measured (WinRHIZO, Regent Instruments Inc.,
Saint-Foy, Canada), afterwards all materials were dried at 65 1C and weighed. Leaf and root material was finely ground and
analyzed for N concentration by micro-Dumas combustion using a CN analyzer (Carlo Erba, Milan, Italy). SLA, leaf NP, LNR,
RWR, root biomass, root length, SRL, root N uptake rate and total plant N capture were calculated over all harvest intervals.
Calculations of means and SE followed Causton and Venus (1981) for ungraded and unpaired harvest. The Excel file in Hunt
et al. (2002) (http://www.ex.ac.uk/�rh203/growth_analysis.html) was used for the calculations.

2.2. Path model development and statistics

Path analysis and structural equation modeling were used to evaluate the degree to which different parameters
contributed to interspecific variation in plant N capture. Total N capture was expected to be a direct function of total root
length produced and the N uptake rate per unit root length (Silberbush, 1996). Total root length, in turn, was expected to be
influenced primarily by the amount of root biomass produced and SRL (the amount of root length produced per unit
biomass invested in roots). Previous research on grasses and herbaceous dicots has demonstrated that differences in leaf
thickness or density, N allocation and nitrogen utilization efficiency can be important drivers of growth rate differences
among species (Garnier et al., 1995; Poorter, 1989). Therefore, in this experiment, the amount of root biomass produced
during a given harvest interval was expected to be a function of SLA, leaf N ratio and leaf NP as well as a function of the
amount of biomass allocated to roots (RWR). Path coefficients, their significance level and the fit of the structural model to
the data were evaluated with the CALIS procedure in SAS (SAS, 2001). Total effects of an independent variable on a
dependent variable consist of direct and indirect effects. Direct effects are indicated by single-headed arrows in the path
diagram. Indirect effects occurred when a variable was linked to a dependent variable through one or more intermediary
variables. Model fit was evaluated with the Goodness of Fit Index (GFI) and Normed Fit Index (NFI). Values of these indices

http://www.ex.ac.uk/~rh203/growth_analysis.html
http://www.ex.ac.uk/~rh203/growth_analysis.html
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greater than 0.9 are generally considered as an indication of good model fit (Hatcher, 1994; Schumacker and Lomax, 2004).
ANOVA was used to examine how parameters included in the path model differ among the study species (SAS, 2001).
Shapiro–Wilk test and Levene’s test were used to evaluate normality and homogeneity of variance, respectively. Variance
for most variables was not homogeneous, so data were weighted by the inverse of the variance (Neter et al., 1990).

3. Results

3.1. Variation in N capture among the study species

Averaged across the three levels of N supply the model fit indices, GFI and NNI were 0.88 and 0.92. Running separate
models for the three levels of N availability did not significantly improve the model fit or alter path coefficients (data not
shown), indicating that the components driving variation in N capture among the species remained relatively consistent
across different levels of N availability. The variables included in the model explained 58% of the variation in N capture
among the study species (Fig. 1). The amount of root length produced was the main path driving variation in N capture with
the uptake rate per unit root explaining little of the variation in N capture among the study species. Variation in root length
was primarily correlated with differences in root biomass produced rather than differences in SRL among the study species.
Variation in the amount of root biomass produced was correlated with leaf nitrogen productivity (leaf NP) and the
proportion of N allocated to leaves (leaf N ratio) but not due to differences in SLA or RWR among the study species.
Combined, these variables explained 37% of the variation in root biomass produced by the study species. The indirect
effects of leaf NP and leaf N ratio on plant N capture were 0.41 and 0.19, respectively.

3.2. Influence of N availability on root biomass, resource allocation, morphology and physiology of annual and perennial grasses

Low N availability reduced tiller number in all species except E. elymoides (Fig. 2A). Low N availability decreased root
length and biomass in all species (Fig. 2B and C). However, invasive annual grasses on average produced more tillers, root
length and biomass than the native perennials, P. spicata and E. elymoides, at both low and high N supply (po0.05). Tiller
number, total biomass and root length were lower in V. dubia than the other invasive annuals, indicating that differences in
growth between invasive annuals and native perennials were primarily driven by B. tectorum and T. caput-medusae.
Biomass production by the introduced perennial A. desertorum was comparable to T. caput-medusae but lower than
B. tectorum at the different levels of N supply. The annual grasses T. caput-medusae and B. tectorum produced more root
length than A. desertorum at all levels of N supply (po0.05). Rankings of root biomass production by the study species at
the final harvest remained similar across the three levels of N supply (Fig. 3). The annual grasses B. tectorum and T. caput-

medusae produced more root biomass than the native perennials at all levels of N supply but produced similar amounts of
root biomass as A. desertorum.

Leaf NP of most species peaked at intermediate levels of N supply (Fig. 4A). Averaged across N levels, B. tectorum and
T. caput-medusae had a higher leaf NP than the native perennials P. spicata and E. elymoides but rates comparable to the
introduced A. desertorum. While B. tectorum had a higher SLA than the other species, there was no trend for annuals to have
a higher SLA than perennials and N supply had no effect on SLA of any of the study species (Fig. 4B). Leaf N ratio tended to
decrease as soil N availability declined with the exception being V. dubia, which maintained a comparable leaf N ratio
across the different N levels (Fig. 4C). There were differences in leaf N ratio among species but the bulk of N captured by
seedlings of all species appeared to be allocated to leaves regardless of soil N availability.

All species increased RWR as soil N availability decreased but annuals did not consistently have a lower RWR at high N
availability than perennials (Fig. 4D, p40.05). The observed interaction appeared to be a result of differences in the
magnitude of response among species with some species like B. tectorum, T. caput-medusae and A. desertorum showing large
changes in RWR across the different levels of N supply while V. dubia and E. elymoides demonstrated smaller changes.
Annual grasses had a consistently higher SRL than perennials across the different levels of N supply (Fig. 4E). Nitrogen
uptake per unit root length declined in all species as soil N availability decreased (Fig. 4F). Averaged across the three levels
of N supply, the perennials A. desertorum and P. spicata had the highest rates of N uptake per unit root while the perennial
E. elymoides had root N uptake rates comparable to the invasive annuals B. tectorum and T. caput-medusae. Similar to RWR,
the significant species by N-level interaction appeared to be a result of differences in the magnitude of response among
species, with V. dubia demonstrating a much smaller increase in root N uptake at high N supply compared to the other
species. Rankings of total N capture by the study species remained similar across the three levels of N supply with the
annuals B. tectorum and T. caput-medusae capturing more N than the native perennials P. spicata and E. elymoides but similar
amounts of N compared to introduced A. desertorum (Fig. 5A–C). V. dubia allocated the most N to leaves compared to roots
but had a total N pool comparable to the native perennials P. spicata and E. elymoides.

4. Discussion and conclusions

Variation in leaf NP was the key trait driving differences in N capture among the study species. The path analysis
illustrates that leaf NP was the primary factor that correlated with variation in root biomass (Fig. 1). Consequently, species
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with a higher leaf NP tended to produce more root length and capture more N (Figs. 2 and 5). The large influence of leaf NP
on root biomass observed in this experiment is in agreement with research showing a positive relationship between leaf NP
and plant relative growth rate (Poorter et al., 1990; Wright and Westoby, 2000). When similar-sized seedlings of species
differing in leaf NP first establish, the species with a higher leaf NP can produce more biomass per unit time than species
with lower leaf NP. RWR and SLA did not correlate with variation in root biomass among the species (Fig. 1). This indicates
that differences in root biomass among species are not due to differences in how species allocate biomass or to differences
in the rate of return on biomass invested in leaves, but instead due to the fact that species with a higher leaf NP generate
greater total biomass and thus produce larger root systems that can explore more of the soil volume. The proportion
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of N allocated to leaves (leaf N ratio) correlated little with variation in root biomass among species (Fig. 1). While
whole-plant nitrogen productivity and growth is driven, in part, by the amount of N allocated to leaves, the few
studies examining the relationship between N allocation and growth rate have been inconsistent (Garnier and
Vancaeyzeele, 1994; Poorter et al., 1990). Modeling studies, however, have indicated that increases in leaf N ratio may
only lead to a small increase in plant growth rate (van der Werf et al., 1993) and it may be that differences in leaf N ratio due
to phylogeny obscure a potentially small positive relationship between leaf N ratio and relative growth rate (Garnier et al.,
1995).

A greater leaf NP appears to be a central factor allowing the most serious invaders, B. tectorum and T. caput-medusae, to
outperform natives under low and high N supply. Even at the lowest N supply, these invasive annuals had on average over a
1.5-fold greater leaf NP than the native bunchgrasses P. spicata and E. elymoides (Fig. 4A). The greater leaf NP of these
annuals compared to native perennials could be due to differences in how N is allocated within the leaf, respiration or
photosynthetic N use efficiency. While more detailed measurements are needed to understand what combinations of
factors are contributing to these differences in leaf NP, in grasses and herbaceous dicots leaf NP is driven mainly by
photosynthetic N use efficiency (Garnier et al., 1995), suggesting the ability of these annual grasses to fix more carbon per
unit leaf N than native perennials may be one important trait contributing to their success in N-poor systems. Research in
other systems has demonstrated a tendency for annuals to have a higher leaf NP than perennials (Garnier and
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Vancaeyzeele, 1994). However, in this study a difference in leaf NP was not observed between the less-serious annual
invader V. dubia and the native perennial grasses. This provides support for the notion that a high leaf NP is an important
trait of the most widespread invaders that is not necessarily unique to annuals in this system.

Annual grasses had a higher SRL than perennial grasses, consistent with previous observations of annual and perennials
in many other systems (Fig. 2E) (Roumet et al., 2006; Ryser and Lambers, 1995). However, variation in SRL did not correlate
with variation in root length among species, suggesting that the higher SRL of annuals is a less-important trait contributing
to the successes of invaders compared to factors influencing root biomass production. Differences in SRL among annuals
and perennials are expected to represent a fundamental trade-off between rapid resource acquisition and resource
conservation (Chapin, 1980; Grime, 1977; Roumet et al., 2006). A high SRL is expected to allow annuals to explore more soil
volume per unit biomass invested in root and also result in a short root life span, suggesting this trait may be beneficial in
nutrient-rich environments. In contrast, a low SRL is expected to allow perennials to maintain long-lived roots tolerant to
environmental stress but reduce the amount of soil volume explored per unit biomass invested in roots, suggesting this
trait may be beneficial in nutrient-poor environments. However, in this study, the most serious invasive annuals B. tectorum
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and T. caput-medusae maintained a high SRL and greater N capture under N-poor conditions compared to native annuals
providing little support for such a trade-off.

Root N uptake rate is an important driver of plant N capture particularly as soil N availability increases or is restricted to
brief ephemeral pulses (Jackson and Caldwell, 1996). Root N uptake rate of all species increased as soil N supply increased
(Fig. 4F). However, the magnitude of increase was similar among species; hence, root N uptake rate was less important in
explaining variation in plant N capture among the study species compared to root length. Grime (1979) predicted that
species that maintain a long-lived root system should exhibit greater root physiological plasticity than species that
maintain a short-lived root system. In partial support of this idea, two of the perennials, A. desertorum and P. spicata,
demonstrated a higher N uptake rate than the invasive annuals, particularly at high soil N availability. It is possible that as
N becomes progressively restricted to brief pulses, the relative importance of root N uptake capacity for whole-plant N
capture might increase compared to root length (James and Richards, 2006).

A high RWR is expected to be an important adaptation to nutrient-poor soils (Chapin, 1980). While some work suggests
perennial grasses maintain a higher RWR than annuals, this trait is highly plastic and changes with nutrient availability and
ontogeny (Garnier, 1992; Jackson and Roy, 1986; van der Werf et al., 1993). In this experiment, there were no consistent
differences in RWR among invasive annuals or desirable perennials and there was no evidence that species with a higher
RWR were able to create more root biomass under N-poor conditions compared to species with a lower RWR (Fig. 4D). For
example, the annual B. tectorum and perennials A. desertorum and P. spicata had a comparable RWR yet B. tectorum had over
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a two-fold greater root biomass than these perennials under low and high N supply. Differences in RWR between annual
and perennials are likely to be found when comparing established mature plants (Garnier, 1992). However, as seedlings,
both of these groups may have little root reserves and may need to rely primarily on newly produced root and shoot
material to capture the energy and nutrients need to support growth. Therefore, the similar RWR observed between
invasive annuals and desirable perennials in this experiment may be because during this initial stage of seedling growth
these species groups experience similar constraints on biomass allocation.

The species and experimental approach used in this study identified leaf NP as a key factor driving differences in plant N
capture among species in nutrient-poor systems. There was little evidence suggesting that variation in N capture was due
to species differences in root or leaf morphology, N or biomass allocation or root N uptake rate. Instead, a higher leaf NP
appears to be the central trait contributing to the greater N capture and growth of the most serious invasive annuals B.

tectorum and T. caput-medusae compared to native perennials under a range of soil N availability. On the other hand, leaf NP
of A. desertorum was comparable to these annual grasses, indicating a likely mechanism that may contribute to the greater
ability of this species to interfere with the establishment of these invaders compared to native grasses. Importantly,
however, the annual grass V. dubia did not achieve a higher leaf NP than the native perennials, indicating other traits not
necessarily related to N supply or leaf NP, such as early germination and short generation time, also contribute to the
success of annuals in this system.

While there has been much emphasis placed on managing soil N following fire or other disturbance (Krueger-Mangold
et al., 2006), these results suggest reducing soil N levels alone likely will not favor perennial grasses over invasive annual
grasses. Even in low N soils, strategies such as early detection and mapping of annual grass populations as well as
managing propagule pools of invasive and desirable plants likely will be key in reducing the spread of annual grasses.
Establishing and maintaining plant communities that will resist invaders is a central goal of restoration ecologist and land
managers (Sheley and Krueger-Mangold, 2003). The ability to design weed-resistant plant communities, however, depends
heavily on the degree to which traits allowing invaders to establish can be identified. While this study only focused on the
initial seedling stage and there are limitations to extrapolating results on individually potted plants to the field, these
results suggest leaf NP may be a critical trait influencing the ability of the resident vegetation to resist establishment of the
most serious annual invaders in the Great Basin. Restoration programs may be able to increase weed-resistance by
specifically targeting this trait in revegetation efforts. Field studies examining patterns and magnitude of leaf NP in both
native and desirable introduced species are an important next step in determining whether this trait can be developed into
a useful predictor of invasion resistance in these systems and a useful management tool for restoring these systems.
Acknowledgments

I thank L. Kenny, L. Starbuck, L. Ziegenhagen for help with experimental set up and lab work and the USDA-ARS Forage
and Range Research Lab in Logan, UT for Hycrest II seeds. This research was supported by the USDI BLM Great Basin
Restoration Initiative and the USDA FS Rocky Mountain Research Station.

References

Beckstead, J., Augspurger, C.K., 2004. An experimental test of resistance to cheatgrass invasion: limiting resources at different life stages. Biological
Invasions 6, 417–432.

Bilbrough, C.J., Caldwell, M.M., 1997. Exploitation of springtime ephemeral N pulses by six Great Basin plant species. Ecology 78, 231–243.
Causton, D.R., Venus, J.C., 1981. The Biometry of Plant Growth. Edward Arnold, London.
Chapin, F.S., 1980. The mineral nutrition of wild plants. Annual Review of Ecology and Systematics 11, 233–260.
Cui, M.Y., Caldwell, M.M., 1997. A large ephemeral release of nitrogen upon wetting of dry soil and corresponding root responses in the field. Plant and Soil

191, 291–299.
D’Antonio, C.M., Vitousek, P.M., 1992. Biological invasions by exotic grasses, the grass/fire cycle, and global change. Annual Review of Ecology and

Systematics 23, 63–87.
Epstein, E., 1972. Mineral Nutrition of Plants: Principles and Perspectives. Wiley Inc., New York.
Forster, J.C., 1995. Soil nitrogen. In: Alef, K., Nannipieri, P. (Eds.), Methods in Applied Soil Microbiology and Biochemistry. Academic Press, San Diego, pp.

79–87.
Garnier, E., 1992. Growth analysis of congeneric annual and perennial grass species. Journal of Ecology 80, 665–675.
Garnier, E., Gobin, O., Poorter, H., 1995. Nitrogen productivity depends on photosynthetic nitrogen use efficiency and on nitrogen allocation within the

plant. Annals of Botany 76, 667–672.
Garnier, E., Vancaeyzeele, S., 1994. Carbon and nitrogen content of congeneric annual and perennial grass species: relationships with growth. Plant, Cell &

Environment 17, 399–407.
Grime, J.P., 1977. Evidence for existence of three primary strategies in plants and its relevance to ecological and evolutionary theory. American Naturalist

111, 1169–1194.
Grime, J.P., 1979. Plant Strategies and Vegetation Processes. Wiley, Chichester.
Harris, G.A., Wilson, A.M., 1970. Competition for moisture among seedlings of annual and perennial grasses as influenced by root elongation at low

temperatures. Ecology 51, 529–534.
Hatcher, L., 1994. A Step-by-Step Approach to Using the SAS System for Factor Analysis and Structural Equation Modeling. SAS Institute, Cary.
Hunt, R., Causton, D.R., Shipley, B., Askew, A.P., 2002. A modern tool for classical plant growth analysis. Annals of Botany 90, 485–488.
Jackson, L.E., Roy, J., 1986. Growth patterns of Mediterranean annual and perennial grasses under simulated rainfall regimes of southern France and

California. Acta Oecologica, Oecologia Plantarum 7, 181–194.
Jackson, R.B., Caldwell, M.M., 1996. Integrating resource heterogeneity and plant plasticity: modeling nitrate and phosphate uptake in a patchy soil

environment. Journal of Ecology 84, 891–903.



ARTICLE IN PRESS

J.J. James / Journal of Arid Environments 72 (2008) 1775–17841784
James, J.J., Aanderud, Z.T., Richards, J.H., 2006. Seasonal timing of N pulses influences N capture in a saltbush scrub community. Journal of Arid
Environments 67, 688–700.

James, J.J., Richards, J.H., 2006. Plant nitrogen capture in pulse-driven systems: interactions between root responses and soil processes. Journal of Ecology
94, 765–777.

James, J.J., Richards, J.H., 2007. Influence of temporal heterogeneity in nitrogen supply on competitive interactions in a desert shrub community. Oecologia
152, 721–727.

Krueger-Mangold, J., Sheley, R.L., Svejcar, T.J., 2006. Toward ecologically-based invasive plant management on rangeland. Weed Science 54, 597–605.
Miranda, K.M., Espey, M.G., Wink, D.A., 2001. A rapid, simple spectrophotometric method for simultaneous determination of nitrate and nitrite. Nitric

oxide: Biology and Biochemistry 5, 62–71.
Monaco, T.A., Johnson, D.A., Norton, J.M., Jones, T.A., Connors, K.J., Norton, J.B., Redinbaugh, M.B., 2003. Contrasting responses of intermountain west

grasses to soil nitrogen. Journal of Range Management 56, 282–290.
Monaco, T.A., Norton, J.B., Johnson, D.A., Jones, T.A., Norton, J.M., 2004. Soil nitrogen controls on grass seedling tiller recruitment. In: Hild, H., Shaw, N.L.,

Meyer, S.E., Booth, D.T., McArthur, E.D. (Eds.), Seed and Soil Dynamics in Shrubland Ecosystems: proceedings RMRS-P-31. US Department of
Agriculture Forest Service, Rocky Mountain Research Station, Ogden, pp. 47–50.

Neter, J., Wasserman, W., Kutner, M.H., 1990. Applied Linear Statistical Models: Regression, Analysis of Variance and Experimental Design, 3rd ed. Irwin,
Homewood.

Northam, F.E., Callihan, R.H., 1994. New weedy grasses associated with downy brome. General Technical Report—Intermountain Research Station INT-313,
USDA Forest Service, Ogden, pp. 211–212.

Norton, J.B., Norton, U., Monaco, T.A., 2007. Mediterranean annual grasses in western North America: kids in a candy store. Plant and Soil 298, 1–5.
Paschke, M.W., McLendon, T., Redente, E.F., 2000. Nitrogen availability and old-field succession in a shortgrass steppe. Ecosystems 3, 144–158.
Peek, M.S., Forseth, I.N., 2003. Microhabitat dependent responses to resource pulses in the aridland perennial, Cryptantha flava. Journal of Ecology 91,

457–466.
Poorter, H., 1989. Interspecific variation in relative growth rate: on ecological causes and physiological consequences. In: Lambers, H. (Ed.), Causes and

Consequences of Variation in Growth Rate and Productivity of Higher Plants. SPB Academic Publishing, The Hague, pp. 45–68.
Poorter, H., Remkes, C., Lambers, H., 1990. Carbon and nitrogen economy of 24 wild species differing in relative growth rate. Plant Physiology 94, 621–627.
Rejmanek, M., Richardson, D.M., 1996. What attributes make some plant species more invasive? Ecology 77, 1655–1661.
Roumet, C., Urcelay, C., Diaz, S., 2006. Suites of root traits differ between annual and perennial species growing in the field. New Phytologist 170, 357–368.
Ryser, P., Lambers, H., 1995. Root and leaf attributes accounting for the performance of fast- and slow-growing grasses at different nutrient supply. Plant &

Soil 170, 251–265.
SAS, 2001. SAS/STAT User’s Guide. Version 8. vol. 1–3. SAS Institute, Cary.
Schumacker, R.E., Lomax, R.G., 2004. A beginner’s guide to structural equation modeling. Lawrence Erlbaum Associates, Mahwah.
Sheley, R.L., Krueger-Mangold, J., 2003. Principles for restoring invasive plant-infested rangeland. Weed Science 51, 260–265.
Silberbush, M., 1996. Simulation of ion uptake from the soil. In: Waisel, Y., Eshel, A., Kafkafi, U. (Eds.), Plant Roots the Hidden Half. Marcel Dekker, Basel, pp.

643–658.
van der Werf, A., van Nuenen, M., Visser, A.J., Lambers, H., 1993. Contribution of physiological and morphological plant traits to a species’ competitive

ability at high and low nitrogen supply. Oecologia 94, 434–440.
Westoby, M., Falster, D.S., Moles, A.T., Vesk, P.A., Wright, I.J., 2002. Plant ecological strategies: some leading dimensions of variation between species.

Annual Review of Ecology and Systematics 33, 125–160.
Wright, I.J., Westoby, M., 2000. Cross-species relationships between seedling relative growth rate, nitrogen productivity and root vs. leaf function in 28

Australian woody species. Functional Ecology 14, 97–107.
Young, K., Mangold, J.M., 2008. Medusahead outperforms squirreltail through interference and growth rate. Invasive Plant Science and Management 1,

73–81.


	Leaf nitrogen productivity as a mechanism driving the success of invasive annual grasses under low and high nitrogen supply
	Introduction
	Materials and methods
	Study species, growth conditions, harvests and measurements
	Path model development and statistics

	Results
	Variation in N capture among the study species
	Influence of N availability on root biomass, resource allocation, morphology and physiology of annual and perennial grasses

	Discussion and conclusions
	Acknowledgments
	References




