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The relationships among root and leaf traits of 76 grassland
species and relative abundance along fertility and disturbance
gradients
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For 76 annual, biennial, and perennial species common in the grasslands of central
Minnesota, USA, we determined the patterns of correlations among seven organ-level
traits (specific leaf area, leaf thickness, leaf tissue density, leaf angle, specific root
length, average fine root diameter, and fine root tissue density) and their relationships
with two traits relating to growth form (whether species existed for part of the
growing season in basal, non-caulescent form and whether species were rhizomatous
or not). The first correlation of traits showed that grasses had thin, dense leaves and
thin roots while forbs had thick, low-density leaves and thick roots without any
significant differences in growth form or life history. The second correlation of traits
showed a gradient of species from those with high-density roots and high-density
erect leaves to species with low-density roots and low-density leaves that were held
parallel to the ground. High tissue density species were more likely to exist as a basal
rosette for part of the season, were less likely to be rhizomatous, and less likely to be
annuals. We examined the relationships between the two axes that represent the
correlations of traits and previously collected data on the relative abundance of
species across gradients of nitrogen addition and disturbance. Grasses were generally
more abundant than forbs and the relative abundance of grasses and forbs did not
change with increasing nitrogen addition or soil disturbance. High tissue density
species became less common as fertility and disturbance increased.
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Plant strategies are sets of correlations that describe
relationships among functional traits (e.g. Grime 1977,
Chapin 1980). Consequently, plant strategies describe
the patterns of trait variation that should be responsible
for differential performance among species and have
been used in attempts to help understand issues such as
the relationship between biodiversity and ecosystem
function (Tilman et al. 1997), exotic species invasions
(Rejmánek and Richardson 1996) and vegetational re-

sponse to global climate change (Allen-Diaz et al. 1996,
Woodward et al. 1997).

Since plant strategies represent correlations of many
traits across taxa, small sets of traits should be able to
serve as surrogates for the larger plant strategies. If
these traits are easily measured, this would facilitate the
examination of large numbers of species and the rela-
tionship between plant strategies and ecological perfor-
mance. For leaves, specific leaf area (SLA), its
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components (leaf thickness and leaf tissue density) and
leaf angle are relatively easy to measure and represent
the principal traits that relate biomass investment in
leaves and light interception (Ehleringer 1989,
Witkowski and Lamont 1991, Ryser 1996, Reich et al.
1997, 1998a, b). Under low N availability, root length is
the functional unit of root biomass that determines N
uptake (Tinker and Nye 1977). Specific root length
(SRL) and its components (root diameter and root
tissue density) are easy to measure and represent the
quantity of biomass invested per unit of standing root
length (Aerts et al. 1991, Eissenstat 1991, Reich et al.
1998a, b).

Although these seven traits may be of great utility in
explaining ecological patterns, the relationships of these
traits among species have not been determined no less
their predictive capacity. Whole-plant growth form is
also important ecologically and easily measured, yet
the relationships between growth form and organ-
level traits are poorly understood. For example, the
degree of vegetative reproduction and the presence of a
non-caulescent stage are important for plant growth,
reproduction, competitive ability, and ecological distri-
butions (Raunkiær 1934, McIntyre et al. 1995, Bazzaz
1996).

In general, although plant strategies have the poten-
tial to help predict the differential performance of
species in different environments, there is a lack of data
with which to examine the relationships of important
functional traits that have been quantified independent
of the gradients on which species performance will be
examined (MacGillivray et al. 1995). Therefore, the first
goal of this study was to examine the relationship
among seven potentially ecologically important organ-
level functional traits (SLA, leaf thickness, leaf tissue
density, leaf angle, SRL, root diameter, and root tissue
density) over a broad range of species grown in the field
under similar conditions of low nitrogen (N) availabil-
ity. Species were selected so as to differ in their life
history (annuals, biennials, perennials), current func-
tional classifications (C3 grass, C4 grass, C3 forb,
legume) and to include species that are common in
high-fertility environments and species that are com-
mon in low-fertility environments. For our second goal,
we examined the relationship between these organ-level
traits and traits relating to growth form, specifically
whether species were rhizomatous or not and whether
species grew as basal rosettes for part of their life cycle.

Third, we tested the ability of the expanded set of
trait relationships to predict relative abundance of spe-
cies along experimental gradients of N supply and
disturbance. These represent some of the primary gradi-
ents along which ecologists have sought to explain the
pattern of species abundance (Grime 1979, Chapin
1980, Oksanen et al. 1981, Tilman 1988). Although we
did not know the relationship among the seven traits
we examined, we hypothesized that species that have

the strategy associated with denser tissues aboveground
and belowground would decrease in relative abundance
as N supply increased (Craine et al. 1999). With respect
to disturbance, sites where the soil has recently been
disturbed often have higher nutrient availability (Fox
and Fox 1986, Crawley 1987, Robinson et al. 1995) in
part due to decreased nutrient uptake by plants, in-
creased transfers from live biomass to dead organic
matter, increased soil aeration, and/or soil warming.
We hypothesized that high-density species will decrease
in relative abundance with increasing soil disturbance.

For these purposes, we measured a series of root and
leaf traits as well as aspects of whole-plant growth form
on 76 species from sites that had relatively low N
availability. The relationships of the seven organ-level
traits among species were determined with a principal
components analysis and the predictive power of resul-
tant principal component axes were tested with previ-
ously acquired data on species composition from
established Cedar Creek Long-Term Ecological Re-
search (LTER) studies of fertility and disturbance.

Methods

Sample collection and trait measurement

Plant samples from 76 species were taken from mono-
culture plots or isolated individuals growing in one of
three locations at Cedar Creek or seed production fields
at Prairie Restorations, Inc. (Princeton, MN) (Ap-
pendix 1). All sites are located on the Anoka sandplain
of central Minnesota and are considered or known to
have low N supplies. Sites at Cedar Creek included 1)
Cedar Creek LTER Experiment 111 (E111), a long-
term monoculture garden (Craine et al. 1999), 2) an
invasive species garden and surrounding unmanipulated
area, adjacent to LTER experiments E120 and E123,
and 3) 3-month-old seedlings established adjacent to
E120 in 1-L pots with soil from areas adjacent to E120.
These sites are described in more detail in the Cedar
Creek web site (www.lter.umn.edu). The remaining
samples were collected from seed production plots at
Prairie Restorations, Inc. (Princeton, MN). None of the
Cedar Creek sites are actively fertilized, while none of
the sites at Prairie Restorations, Inc. receive more than
4 g N m−2 yr−1 (Jim Rittenauer, Prairie Restorations,
Inc.). An ANOVA detected no differences in the PCA
scores (see below) of species collected from different
sites (data not shown).

Only one plant or clone was sampled per species.
Although this minimizes our confidence in the value for
a parameter of any one species, for a given amount of
sampling effort, this approach maximizes the confi-
dence in the overall relationship among all species. To
determine SLA, fully expanded leaves in the fully lit
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portion of the canopy were removed from the plant and
kept moist until measurement. Generally enough leaves
were collected to provide at least 10 cm2 of leaf area.
Within 8 h of sampling, the area of the leaves were
determined using a Li-Cor LI-3000 Leaf Area Meter
(Li-Cor Inc., Lincoln, NE). Petioles of leaves were not
included in this measurement. Leaf samples were dried
at 85°C for at least 24 h and weighed to the nearest
milligram. SLA was calculated as the ratio of leaf area
to leaf mass. To determine leaf thickness, in the field,
calipers were placed on a leaf at a representative point
off of the midrib, closed until the leaf was securely
grasped by the calipers and the calipers slowly opened
until the leaf would slide out when pulled gently. This
distance, measured to the nearest 0.01 mm, was consid-
ered the leaf’s thickness. Leaf tissue density was calcu-
lated as the ratio of leaf mass to leaf volume, where leaf
volume is the product of leaf thickness and leaf area.

Leaf angle was measured using a protractor and
determined relative to the ground surface (Norman and
Campbell 1989), with leaves parallel to the ground
defined as having an angle of zero degrees. For each
plant, only fully expanded leaves at the top of the
canopy were used. If there was a range in leaf angle
along fully lit portions of a stem, the modal leaf was
chosen. Root samples were obtained by either removing
a 7.5-cm-diameter, 20-cm-deep core around a chosen
plant or by digging up an equivalent volume of soil
with a trowel. Roots were washed over a 2-mm screen
until they were free of soil. A representative subsample
of the fine root mass (�1 mm) was scanned on a
Hewlett Packard 6100 scanner at 600 dpi (0.04 mm
resolution). Average diameter, total root length and
root volume of the subsample were determined with
WinRhizo (Régent Instruments, Quebec, Canada). Af-
terwards, subsamples were dried and weighed as de-
scribed for leaves. Specific root length (SRL) was
calculated as the ratio of total root length and subsam-
ple mass. Root tissue density was calculated as the ratio
of subsample mass and total root volume.

For growth form traits, at the time of sampling we
determined whether species reproduced vegetatively by
rhizomes. A species was classified as rhizomatous if its
rhizomes were longer than 2 cm. If no rhizome was
present or rhizomes were less than 2 cm long, (a.k.a.
root offshoots), multiple individuals were excavated to
insure the non-rhizomatous status of the plant. Also,
multiple individuals were observed in order to deter-
mine if any leaves were produced from a basal meri-
stem or if all leaves were produced on elongated stems.
Species that were geophytes, flat or versatile rosettes,
erect rosettes, or partial rosettes (sensu McIntyre et al.
1995) were considered ‘‘basal’’ species. Species that had
no basal stage (proto-hemicryptophytes and chame-
phytes, sensu McIntyre et al. 1995) were classified as
‘‘non-basal’’.

Plant strategies analysis

All statistical analyses were performed in JMP 3.2 (SAS
Institute). A principal components analysis (PCA) was
performed with the correlation matrix of the following
seven variables: leaf angle, leaf thickness, leaf tissue
density, SLA, average root diameter, root tissue den-
sity, and SRL. PCA produces uncorrelated multivariate
axes that can be interpreted to represent a given plant
strategy. Use of the correlation matrix standardizes
differences among variables due to measurement scale.
The importance of different traits in a given axis is
indicated by the relative loading of the trait in the
eigenvector. The relative importance of a given axis in
explaining variation among species is represented by
the eigenvalue of the axis, the variation among species
in component variables that is explained by that axis
relative to the variation that would be explained by
chance. The first two axes had eigenvalues of 2.5 and
1.7 and the third axis had an eigenvalue of less than
one, indicating that it explained less variation than
would be expected by chance.

To understand the relationships between currently
used functional classifications and the PCA axes,
ANOVAs or t-tests were computed with data from
Axis 1 and Axis 2. Categories were based on 1) the
most common functional group classifications used at
Cedar Creek: C3 grasses and sedges, C4 grasses, C3

forbs, and legumes, 2) life history classification (annual,
biennial, perennial), 3) whether species were basal or
not, and 4) whether species were rhizomatous or not.
Data on life history were taken from McGregor et al.
(1986), Fernald (1987), Britton and Brown (1970) and
the USDA-NRCS PLANTS database (USDA and
NRCS 1999). Significance of differences between
groups was computed using a Tukey-Kramer HSD test.
For a few species, we were unable to collect data on the
presence of a basal stage or the presence of rhizomes.
These species were not included in the comparisons.

Predictive capacity of plant strategies

To test the predictive and explanatory power of each
PCA axis, the scores of species on each PCA axis were
used in regression models that predicted plant species
composition in two previously established Cedar Creek
LTER experiments relating to N addition and distur-
bance at the Cedar Creek Natural History Area.

The first experiment with which we tested the utility
of the PCA axes was the long-term fertilization gradient
(LTER experiment E001) (Tilman 1987). This experi-
ment consists of 54 plots in each of three fields and 45
plots in a fourth field. Since 1982, there have been eight
different NH4NO3 fertilizer addition rates (0–27.2 g N
m−2 yr−1) with other nutrients (P, K, Ca, Mg, S, and
micronutrients) added to ensure that N is the limiting
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nutrient, along with a control which receives no nutri-
ents. This experiment was repeated in four fields each
of different successional age.

In E001, between 7 July 1997 and 28 August 1997,
the proportional aboveground biomass of each species
was determined from a 0.1-m2 strip of vegetation that
was clipped to the soil level and sorted to species
(Tilman 1987). 38 species that were used in the con-
struction of the PCA had been sampled in E001. The
proportion of biomass of each species in a plot was
modeled with a linear regression model that included
field identity, the score of the species on Axis 1, the
score of the species on Axis 2, the rate of N addition
(coded as continuous), and the six pairwise interactions
of these four variables. Data points where species were
not present in a plot (zeros) were not included in the
model. Since some species that had biomass in plots
were not among the 76 species that we sampled and
could not be included in the model, the relative biomass
of each individual species was standardized such that
the total relative biomass for a plot equaled 1. A total
of 833 plot-level species abundances from the 207 plots
were used in this model, of which 439 were of three
species (Agropyron repens, Poa pratensis, and
Schizachyrium scoparium).

Since the sum of the proportional biomass must
always be one, if field, N addition rate, or the interac-
tion between these two variables were significant, this
would be due to a change in richness of the plot, since
with increasing richness, the average relative biomass of
a species would decline. If across all fields and treat-
ments, species high or low on Axis 1 had proportionally
more biomass, Axis 1 would be significant. A significant
interaction between Axis 1 and field identity indicates
that species at one end of Axis 1 had proportionally
more biomass in at least one of the fields than in the
other fields. The specific estimates of these coefficients
represent the differences among fields in the relative
dominance of species on Axis 1. A significant interac-
tion between Axis 1 and N addition rate indicates that
with increasing N addition rate, species high on Axis 1
would tend to have increasingly higher or lower pro-
portional biomass, depending on the sign of the
parameter for the interaction. Interpretation of results
for parameters including Axis 2 is similar. Based on the
results of the PCA, we consider the significance of the
interaction between Axis 2 and N addition rate to
represent a test of our hypothesis on the relationship
between N strategies and site fertility.

We also examined data on the relative abundances of
species in an experiment that tests the interactive effects
of disturbance and fertility (LTER experiment E052,
Wilson and Tilman 1991). In this experiment, there
were three disturbance treatments and an undisturbed
control. These treatments had been applied for 11 yr
before the percent cover of different species was sam-
pled. For the disturbance treatments, plots were roto-

tilled annually in April to a depth of 25 cm to produce
approximately 25%, 50% and 100% bare ground. There
were four different NH4NO3 addition rates (0, 2, 5.4, 17
g N m−2 yr−1) with other nutrients added to ensure
that N is the limiting nutrient except in the control
which receives no additional nutrients. Plot-level treat-
ments were a factorial combination of the four fertiliza-
tion treatments and the four disturbance treatments, for
a total of 16 treatments. Each treatment was replicated
four times except for the four extreme ends of the
treatment combinations (lowest N, lowest disturbance;
highest N, lowest disturbance, etc.) which were repli-
cated 14 times. Treatments were applied in a completely
randomized design. Each of the 104 plots were 5 m×5
m.

On 20 and 21 August 1998, the percent cover of each
species was determined relative to total plant cover in
two 0.5-m2 quadrats. 28 species that were used in the
construction of the PCA were present in E052. As with
E001, all cover estimates were standardized so that the
total cover in a plot would be equal to one. No data
points where species cover was equal to zero were
included in the model. The percent cover of each spe-
cies was modeled with a linear regression model as a
function of N addition rate (continuous), level of dis-
turbance (1–4, continuous), the score of the species on
Axis 1, the score of the species on Axis 2, and all
pairwise interactions. As in the previous experiments,
we consider the interactions between Axis 2 and the
rates of disturbance or N addition to represent tests of
our hypotheses regarding plant strategies. Interpreta-
tion for the rest of the variables is similar to E001 as
described above. A total of 849 species abundances
from the 104 plots were used in this model, of which
401 were of four species (Panicum capillare, Polygonum
con�ol�ulus, Schizachyrium scoparium, and Setaria
glauca).

Results

The correlations of traits associated with plant
strategies

The principal components analysis revealed two inde-
pendent sets of correlations. The first set of correla-
tions, Axis 1 (Table 1), explained 36.1% of the variation
explained by PCA (14.5% expected). Axis 1 represents a
continuous distribution of species from species that
have thin, high-density leaves and thin roots (high Axis
1) to those that have thick, low-density leaves and thick
roots (low Axis 1), with no pattern for life history
(Table 2, Fig. 1). Although species distributions along
this axis were continuous and there were many forb
species that were more ‘‘grassy’’ than ‘‘forby’’, for ease
of discussion we use the convention of describing spe-
cies differences associated with this axis as differences
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Table 1. Results of the principal components analysis of
seven functional traits for 76 species. The eigenvalue for Axis
1 was 2.5, and Axis 1 explained 36.1% of the variation
explained by PCA (14.5% expected). The eigenvalue for Axis
2 was 1.7, explaining 24.6% of the variation explained by PCA
(14.5% expected).

Eigenvectors Axis 1 Axis 2

Leaf thickness −0.06−0.46
Leaf angle 0.450.26
Leaf tissue density 0.43 0.45
Specific leaf area −0.490.04

0.13Root diameter −0.51
Specific root length 0.49 −0.33
Root tissue density 0.48−0.19

groups with forbs, legumes, and C3 grasses distributed
evenly across this axis (Table 2, Fig. 2). Annuals had
significantly lower scores on Axis 2 (Table 2), although
there were also many perennials that scored low on
Axis 2 (Fig. 2). Among legumes, there was clear separa-
tion of legumes associated with their phenological pat-
terns. Cool-season legumes such as Baptisia leucantha,
Vicia �illosum, and Lupinus perennis, all scored low on
Axis 2 while warm-season species such as Astragalus
canadensis, Petalostemum purpureum, and Lespedeza
capitata, scored high (Fig. 2). In a similar manner to
Axis 1, for ease of discussion we refer to Axis 2 as
representing a gradient of species from ‘‘low-density’’ to
‘‘high-density ’’ species.

Species performance

In the long-term fertilization gradient (E001), 23% of
the total variation in species composition was explained
with the model of field identity, Axis 1, Axis 2, N
addition rate, and their interactions (Table 3). Little of
the variation was explained by field identity or interac-
tions with field identity (Table 3). On average, across
the entire experiment, grasses had greater proportional
cover than forbs. Likewise, high-density species had
greater proportional cover than low-density species.
With increasing N addition the average proportional
cover of a species was greater, i.e. richness decreases
with increasing N addition. Individual forb species held
a statistically significant greater proportion of the cover
with increasing rates of N addition, but only 2% of all
of the explained variation was explained by this factor.

between grasses and forbs. Grasses generally had thin-
ner, denser leaves and thinner roots than forbs, which
had thicker, lower-density leaves and thicker roots
(Table 1). There was no general pattern along Axis 1
with regards to the likelihood of having a basal growth
stage or being rhizomatous (Table 2).

The second set of correlations (Axis 2) explained
24.6% of the variation explained by PCA (14.5% ex-
pected). Axis 2 represents a gradient of species from
those that had erect, high tissue density leaves and high
tissue density roots to species that had flatly held,
low-density leaves and low-density roots (Table 1, Fig.
2). Species with erect, dense leaves and dense roots were
more likely to have a basal morphology and less likely
to be rhizomatous (Table 2). There was no strong
pattern along Axis 2 for leaf thickness or root diameter.
Although C4 grasses scored consistently higher on Axis
2, there was no other general pattern for functional

Table 2. Results of ANOVAs and t-tests for functional classifications of plant species and the scores of the species on Axis 1
and Axis 2. Functional classifications tested include the functional classification currently used at Cedar Creek (C3 grass, C4
grass, forb, legume), a life-history classification (annual, biennial, perennial), whether species have a basal rosette stage (basal,
non-basal), and whether species have conspicuous rhizomes or not (Rhizome, Non-rhiz.). The number of replicates for each
classification is shown in parentheses. Means and standard errors reported. Superscript letters refer to comparisons within a row.

C3 grass (12) C4 grass (9) Forb (45) Legume (10)r2 Prob�F

−0.23�0.38c−0.65�0.18bc0.74�0.41b2.15�0.35a�0.0010.43Axis 1
−0.20�0.17b1.55�0.38a0.16�0.33b�0.001 0.51�0.36b0.22Axis 2

Annual (10) Biennial (5) Perennial (61)

Axis 1 0.05 0.14 0.56�0.49a −1.14�0.70a 0.02�0.20a

0.23�0.15b0.06�0.53abAxis 2 −1.24�0.38a�0.010.15

Basal (37) Non-Basal (34)

0.03 0.18 0.26�0.27a −0.26�0.28aAxis 1
Axis 2 0.24 �0.001 0.70�0.18a −0.53�0.19b

Rhizome (23) Non-rhiz. (49)

Axis 1 0.004 0.60 −0.12�0.34a 0.09�0.23a

0.04 0.23�0.18a−0.29�0.27a0.11Axis 2

Rhizome (23)* Non-rhiz.(34)*

Axis 1 0.006 0.58 0.14�0.29a−0.12�0.35a

Axis 2 �0.010.14 −0.29�0.25b 0.69�0.20a

* Only includes non-legumes that are perennials.
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Fig. 1. Scores of individual
species on Axis 1 grouped by
their current functional
classification (C3 grass, C4
grass, forb, legume). White,
gray, and black bars designate
annuals, biennials, and
perennials, respectively.

With increasing rates of N addition, species with lower
tissue density held a higher proportion of total cover,
supporting the hypothesis that the differences in tissue
density strategies are related to abundance along fertil-
ity gradients.

In the experiment that examined the interaction be-
tween fertility and disturbance (E052), 27% of the total
variation in species composition was explained (Table
4). Axis 2 and the interactions between Axis 2 and both
disturbance and N addition rate explained 80% of this
variation. On average for the entire experiment, high-
density species held a greater proportion of the cover.
The percent cover of low-density species increased with
both increasing rates of N addition and disturbance.
Little of the variance was explained by interactions
between Axis 1 and disturbance or fertility, i.e. the
proportional cover of the average grass or forb species
did not change greatly with increasing disturbance or
fertilization.

Discussion

Grasses and forbs

Axis 1 mainly represented a distribution of species from
‘‘forby’’ species to ‘‘grassy’’ species, although some
grasses, such as Panicum �irgatum or Calamo�ilfa longi-
folia, were measured to be more like forbs than grasses
in their functional traits. Similarly, some forbs were
more like grasses in their functional traits. For example,
Berteroa incana, Hedeoma hispida, and Gentiana an-
drewsii had leaves and roots that were similar to grasses

in their patterns of tissue density and thickness. Al-
though our confidence in the placement of any single
species along these axes is low because we analyzed
only one individual per species, the pattern of distribu-
tion of grasses and forbs along this ‘‘grass-forb’’ axis
clearly reveals that grasses and forbs consistently differ
in the traits that compose this axis and that some
species may be more like species of the other functional
classification than its own.

In all, it is not clear whether or when grasses and
forbs should be considered separate functional groups.
Functional classification of species that are determined
both a priori and post hoc reflect real distinctions
between grasses and forbs (Kindscher and Wells 1995,
Lauenroth et al. 1997, Tilman et al. 1997). The separa-
tion of grasses and forbs in a priori classifications is
most common when the traits used for the delineations
rely heavily on morphological traits or phylogeny. Yet,
there is often little difference between grasses and forbs
in functional traits, such as SLA, leaf longevity, relative
growth rate, or growth on low-nutrient media (Cor-
nelissen and Thompson 1997, Grime et al. 1997, Craine
et al. 1999). Similarly, Axis 1 and Axis 2 reveal that the
same patterns of organ-level functional traits, growth
forms, and life history exist within both grasses and
forbs from low-N to high-N species (Fig. 3).

Although many functional traits that are considered
important in the growth of species do not differ consis-
tently between grasses and forbs, examining the distri-
bution and abundances of grasses often shows strong
differences in ecological performance between the two
classes of species (Weaver 1958). In both E001 and
E052, individual grass species held a larger proportion
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of biomass or cover than forbs regardless of distur-
bance frequency or N addition rate (also see). This was
not due to greater richness of forbs than grasses (19
forbs vs 9 grasses in E052; 28 forbs vs 10 grasses in
E001) as on average, grasses held 3.6 times the total
cover than forbs in E052 and had 8.1 times the total
biomass of forbs in E001 (data not shown). In general,
as N addition rate or disturbance increased, community
composition shifts from one set of grass species to
another. If grasses generally only differ from forbs in a
few traits, such as root diameter, leaf thickness, leaf
tissue density, or root foraging (Grime et al. 1997), the
manner in which these traits confer competitive superi-
ority is unknown.

It is important to examine the components of SLA
and SRL, as well as the measures themselves
(Witkowski and Lamont 1991, Craine et al. 1999). SLA
did not differ among grasses and forbs, though the
components of SLA did. Similarly, it often has been
assumed that species differences in SRL reflect differ-
ences in average diameter of roots (Boot 1990). This
was true for differences in SRL between grasses and
forbs. Yet, SRL was greater for low-density species, but
mainly due to having lower tissue density, not thinner
roots.

‘‘Tissue density’’ strategies

The tissue density axis parallels a general strategy seen
by others in many other floras (Leishman and Westoby
1992, Diaz and Cabido 1997, Grime et al. 1997).
Herbaceous species that occupy infrequently disturbed,

low-N environments are more likely to have roots and
leaves with high tissue density. Greater tissue density
leads to greater tensile strength of tissues and in other
studies is correlated with greater leaf longevity, greater
herbivore resistance, resistance to physical damage, and
greater nutrient use efficiency which are thought to be
important in minimizing nutrient losses, allowing plants
to grow large at low nutrient supply rates (Weaver
1958, Berendse and Aerts 1987, Dijkstra and Lambers
1989, Grime et al. 1997, Reich et al. 1997, Aerts and
Chapin 2000, Craine et al. 1999).

Herbaceous species that occupy frequently disturbed,
high-N environments have roots and leaves that have
low tissue density. Low leaf tissue density has been
associated with rapid turnover of leaves in an ascending
canopy as older leaves are shaded out by new leaves
higher in the canopy. Since leaves are turned over
quickly, there is no advantage to producing carbon-ex-
pensive, high-density leaves that are resistant to physi-
cal injury (Dijkstra and Lambers 1989). Although less
work has been done on roots, many functional relation-
ships involving root traits parallel relationships involv-
ing leaf traits, such as the positive correlation between
tissue density and root longevity (Craine et al. 1999).
Although it remains to be quantified, high root tissue
density should also be important in resistance to me-
chanical stresses of root systems, such as the stresses
associated with frost heaving, and may be directly
linked to other important traits including herbivory
deterrence and decomposition.

High-density species held their leaves at a higher
angle than low-density species. Previous research on
leaf angle has shown that variation in leaf angle within

Fig. 2. Scores of individual
species on Axis 2 grouped by
their current functional
classification (C3 grass, C4
grass, forb, legume). White,
gray, and black bars designate
annuals, biennials, and
perennials, respectively.
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Table 3. Results of the regression model that predicts the
proportional biomass of species in LTER E001, a long-term
fertilization experiment. Parameters included the species’
scores on Axis 1, the species’ scores on Axis 2, the categorical
identity of the field in which the plots were located (Field), the
rate of N addition (NAdd), and the pairwise interactions
between these four parameters. For each of the four fields,
A–D, the estimates of the constants are presented as well as
the estimates of the coefficients for the specific interactions
with Axis 1, Axis 2, and N addition rate. The r2 of the model
was 0.23.

Parameter Estimate F ratio Prob�F

Axis 1 �0.0010.054 53.6
Axis 2 0.060 30.3 �0.001
Axis 1×Axis 2 −0.045 36.8 �0.001
Field �0.014.2

A 0.073
B 0.0013
C −0.025
D −0.049

Axis 1×Field 1.5 ns
Axis 1×A 0.0024
Axis 1×B −0.0087
Axis 1×C 0.014
Axis 1×D −0.0077

Axis 2×Field �0.052.9
Axis 2×A 0.019
Axis 2×B 0.032
Axis 2×C −0.024
Axis 2×D −0.027

NAdd 0.031 41.0 �0.001
Axis 1×NAdd −0.00050 �0.054.8
Axis 2×NAdd �0.001−0.0025 39.4
Field×NAdd �0.0018.0

NAdd×A −0.0021
NAdd×B 0.0030
NAdd×C −0.00024
NAdd×D −0.00066

Fig. 3. Diagram of the parallel patterns of growth form for
grasses and forbs. Grasses and forbs of low-fertility sites tend
to have a basal rosette stage, erect high-density leaves, high-
density roots and have short rhizomes if any. Grasses and
forbs of high-fertility sites have no basal rosette stage, tend to
have low-density leaves held at an angle that is closer to being
parallel to the ground, low-density roots and are more likely to
be rhizomatous.

ratios of light availability to leaf N are lower so that
flatly held leaves maximize light acquisition per unit
leaf N. As long as water is not limiting, high-N plants
are less likely to suffer from photoinhibition because
transpiration is sufficient to reduce heat load. Having
flat leaves in high-N habitats also maximizes light ac-
quisition at the top of a plant’s canopy and contributes
to the competitive success of these species. In low-N
sites, flat leaves would cause photoinhibition of photo-
synthesis and excess heat load during midday. As an
index of the range of leaf angle among species in this
study, the 25% to 75% quartiles of the data set on leaf
angle ranged from 70° to 23.75°, corresponding to 63%
reduction in radiation load midday.

High-density species often delay stem production un-
til the flowering stage and exist in a basal stage early in
the growing season. Competition for light is not as
important in structuring communities in the undis-
turbed low-N habitats as in undisturbed high-N habi-
tats (Tilman 1988). Consequently, high-density species
do not produce stems for better light acquisition, but
rather to raise reproductive parts, presumably to in-
crease dispersal distance of propagules or to better
attract pollinators or come in contact with airborne
pollen. In herbaceous communities in high-N habitats,
light levels near the ground are low (Wilson and Tilman
1991). Consequently, low-density species produce stems
at the time of emergence to raise leaves high in the
canopy as well as to raise reproductive parts.

The perennial plants that occupy low-N habitats are
also less rhizomatous than perennial herbaceous plants
of high-N areas, a pattern previously noted (Grime
1979, McGraw and Chapin 1989, Bazzaz 1996). Evolu-
tionarily, lower allocation to rhizomes may be associ-
ated with either 1) low-N areas having a higher
proportion of bare ground, increasing the likelihood
that seeds can come in contact with bare ground and

a canopy serves to decrease ratio of incident light to
leaf N at the top of the canopy (Terashima and
Hikosaka 1995). Diurnal and seasonal variation in av-
erage leaf angle is also associated with the variation in
the availability of resources (Ehleringer and Forseth
1980, Comstock and Mahall 1985). In high-N sites,

Table 4. Results of the regression model that predicts the
proportional biomass of LTER E052, a disturbance by fertil-
ity gradient. Parameters included the rate of N addition
(NAdd), the disturbance frequency (Dist), the species’ score
on Axis 1, the species’ score on Axis 2, and the pairwise
interactions between these four parameters. The r2 of the
model was 0.27.

EstimateParameter Prob�FF ratio

28.4 �0.0010.0054Nadd
0.030 7.7 �0.01Dist

Nadd×Dist −0.0017 23.5 �0.001
0.036 5.2Axis 1 �0.05

Nadd×Axis 1 −0.00028 1.0 ns
Dist×Axis 1 −0.0034 0.4 ns

�0.001144.80.23Axis 2
Nadd×Axis 2 −0.0023 53.6 �0.001

�0.001Dist×Axis 2 87.7−0.05
�0.055.00.013Axis 1×Axis 2
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germinate unshaded by vegetation (Kitajima and
Tilman 1996), or 2) the lack of need for plants to
expand laterally to gather light in low-N habitats.
Many of the species that are not rhizomatous still
reproduce vegetatively, with new individuals arising
directly from the caudex (a.k.a. root offshoots) or the
rhizomes being relatively short, both resulting in a
‘‘bunch’’ or tussock morphology. Consequently, new
individuals are produced relatively close to parent
plants. In high-N habitats, rhizomes provide an effec-
tive means of short distance reproduction, as new indi-
viduals are provided with a carbon subsidy (Hartnett
and Bazzaz 1983) that allows them to emerge through
existing canopies or litter layers under which seedlings
are likely to perish.

The gradient of tissue density strategies was impor-
tant in determining the relative success of species across
both fertility and soil disturbance gradients. Species
that occupy frequently disturbed areas of ecosystems
should experience relatively higher N availability than
undisturbed areas. Consequently, species that are com-
mon in frequently disturbed areas would have leaves
and roots that were built similarly to the leaves and
roots of species that are successful in high-N, undis-
turbed habitats. MacGillivray et al. (1995) showed that
in 21 species common in Britain, species that had traits
equivalent to those that scored high on Axis 2, had
greater ‘‘resistance’’ to imposed frost, drought, and fire
treatments. Species that scored low on the ‘‘toughness’’
axis had low resistance to these disturbances, but high
‘‘resilience’’, i.e. increased quickly following distur-
bance. Soil disturbances such as gopher mounds, which
are simulated in E052, are generally beyond the capac-
ity of most individuals to survive. Consequently, species
that are prominent in the disturbed plots are ones that
are most ‘‘resilient’’ and can grow quickly from seed
following disturbance of the soil. Some species, such as
Asclepias syriaca, may have been abundant at high
disturbance due to the presence of deep rhizomes.
Although disturbance leads to greater nutrient
availability, the growth forms of early successional
annuals vary with the timing of disturbance. Fall-ger-
minating annuals are generally basal while spring-ger-
minating annuals are generally caulescent (Wilson and
Tilman 1991).

Summary

In all, there were two independent sets of correlations
among the organ-level and growth form traits that we
examined. Grasses held greater cover regardless of the
disturbance frequency or the N addition rate. With
increasing rates of N addition or disturbance, high-den-
sity species became less abundant and low-density spe-
cies became more abundant.

More mechanistic research is necessary to understand
the bases of the differential performances associated
with the plant strategies. In addition, the predictive
capacity of plant strategies may be improved by exam-
ining plasticity of traits across environmental gradients
as well as between young and more mature plants.
Future work should also expand the traits that are
incorporated in plant strategies and test plant strategies
in different environments. Future work that examines
plant strategies in ecosystems that differ in the relative
limitation of water and N may reveal important differ-
ences that relate to success in these ecosystems.
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Rejmánek, M. and Richardson, D. M. 1996. What attributes
make some plant species more invasive? – Ecology 77:
1655–1661.

Robinson, G. R., Quinn, J. F. and Stanton, M. L. 1995.
Invasibility of experimental habitat islands in a california
winter annual grassland. – Ecology 76: 786–794.

Ryser, P. 1996. The importance of tissue density for growth
and life span of leaves and roots: a comparison of five
ecologically contrasting grasses. – Funct. Ecol. 10: 717–
723.

Terashima, I. and Hikosaka, K. 1995. Comparative ecophysi-
ology of leaf and canopy photosynthesis. – Plant Cell
Environ. 18: 1111–1128.

Tilman, D. 1987. Secondary succession and the pattern of
plant dominance along experimental nitrogen gradients. –
Ecol. Monogr. 57: 189–214.

Tilman, D. 1988. Plant strategies and the dynamics and func-
tion of plant communities. – Princeton Univ. Press.

Tilman, D., Knops, J., Wedin, D. et al. 1997. The influence of
functional diversity and composition on ecosystem pro-
cesses. – Science 277: 1300–1302.

Tinker, P. B. and Nye, P. H. 1977. Solute movement in the
soil-root system. – Univ. of California Press.

USDA and NRCS. 1999. The PLANTS database. – National
Plant Data Center, Baton Rouge, LA.

Weaver, J. E. 1958. Summary and interpretation of under-
ground development in natural grassland communities. –
Ecol. Monogr. 28: 55–78.

Wilson, S. D. and Tilman, D. 1991. Interactive effects of
fertilization and disturbance on community structure and
resource availability in an old-field plant community. –
Oecologia 88: 61–71.

Witkowski, E. T. F. and Lamont, B. B. 1991. Leaf specific
mass confounds leaf density and thickness. – Oecologia 88:
486–493.

Woodward, F. I., Smith, T. M. and Shugart, H. H. 1997.
Defining plant functional types: the end view. – In: Wood-
ward, F. I., Smith, T. M. and Shugart, H. H. (eds), Plant
functional types: their relevance to ecosystem properties
and global changes. Cambridge Univ. Press, pp. 355–359.

OIKOS 93:2 (2001) 283



284 OIKOS 93:2 (2001)

A
pp

en
di

x
1.

Sp
ec

ifi
c

da
ta

fo
r

in
di

vi
du

al
sp

ec
ie

s
on

gr
ow

th
fo

rm
,f

un
ct

io
na

lc
la

ss
ifi

ca
ti

on
,o

rg
an

-l
ev

el
fu

nc
ti

on
al

tr
ai

ts
,a

nd
sp

ec
ie

s’
sc

or
es

on
A

xi
s

1
an

d
A

xi
s

2.
C

la
ss

ifi
ca

ti
on

s
in

cl
ud

e
w

he
th

er
a

sp
ec

ie
s

is
rh

iz
om

at
ou

s
or

no
t,

ha
s

a
ba

sa
l

gr
ow

th
st

ag
e,

cu
rr

en
t

fu
nc

ti
on

al
cl

as
si

fic
at

io
n,

an
d

lif
e

hi
st

or
y

ty
pe

(A
nn

ua
l,

B
ie

nn
ia

l,
P

er
en

ni
al

).
A

qu
es

ti
on

m
ar

k
fo

llo
w

in
g

th
e

cl
as

si
fic

at
io

n
in

di
ca

te
s

th
at

w
e

w
er

e
no

t
ab

le
to

sa
m

pl
e

pl
an

ts
su

ffi
ci

en
tl

y
or

at
th

e
ap

pr
op

ri
at

e
ti

m
e

to
de

te
rm

in
e

it
s

cl
as

si
fic

at
io

n.
F

un
ct

io
na

l
tr

ai
ts

in
cl

ud
e

le
af

th
ic

kn
es

s
(L

ea
f

th
ic

k.
)

(m
m

),
L

ea
f

an
gl

e,
le

af
ti

ss
ue

de
ns

it
y

(L
ea

f
de

ns
.)

(g
cm

−
3
),

sp
ec

ifi
c

le
af

ar
ea

(S
L

A
)

(c
m

2
g−

1
),

av
er

ag
e

ro
ot

di
am

et
er

(R
oo

t
di

am
.)

(c
m

),
sp

ec
ifi

c
ro

ot
le

ng
th

(S
R

L
)

(g
cm

−
1
),

an
d

ro
ot

ti
ss

ue
de

ns
it

y
(R

oo
t

de
ns

.)
(g

cm
−

3
).

Sp
ec

ie
s

R
hi

z.
B

as
al

F
xn

l
A

B
P

L
ea

f
L

ea
f

A
xi

s
1

L
ea

f
A

xi
s

2
SL

A
R

oo
t

SR
L

R
oo

t
an

gl
e

de
ns

.
th

ic
k.

di
am

.
de

ns
.

A
ch

ill
ea

m
ill

ef
ol

iu
m

1
Y

Y
F

P
0.

31
40

0.
35

93
0.

03
9

75
0.

11
−

0.
45

0.
44

A
ga

st
ac

he
fo

en
ic

ul
um

1
Y

N
F

P
0.

41
20

0.
16

15
2.

89
0.

04
2

40
0.

18
−

2.
36

−
0.

66
A

gr
op

yr
on

re
pe

ns
1

Y
N

C
3

P
0.

22
55

0.
32

14
1.

29
0.

03
0

13
3

0.
11

1.
06

−
0.

39
A

gr
os

ti
s

al
ba

2
Y

Y
C

3
P

0.
21

70
0.

31
15

1.
88

0.
02

5
16

9
0.

12
1.

75
−

0.
46

A
gr

os
ti

s
sc

ab
ra

1
N

Y
C

3
P

0.
16

80
0.

46
13

5
0.

02
1

14
0

0.
2

2.
4

1.
21

A
m

br
os

ia
ar

te
m

is
iif

ol
ia

el
at

io
r1

N
N

F
A

0.
19

0
0.

37
14

1.
2

0.
03

6
12

9
0.

08
0.

47
−

1.
23

A
nd

ro
po

go
n

ge
ra

rd
ii

1
N

Y
C

4
P

0.
14

70
0.

52
13

7.
5

0.
03

1
56

0.
24

1.
25

2.
09

A
ne

m
on

e
cy

lin
dr

ic
a

1
N

Y
F

P
0.

3
15

0.
34

99
.3

6
0.

03
6

52
0.

19
−

0.
88

0.
52

A
rt

em
is

ia
lu

do
�i

ci
an

a
2

Y
N

F
P

0.
3

10
0.

24
13

8
0.

03
4

10
7

0.
11

−
0.

44
−

1.
3

A
sc

le
pi

as
in

ca
rn

at
a

4
Y

N
F

P
0.

34
20

0.
16

18
5.

93
0.

03
6

70
0.

14
−

1.
33

−
1.

58
A

sc
le

pi
as

sy
ri

ac
a

1
Y

N
F

P
0.

48
48

0.
13

15
8.

28
0.

04
3

48
0.

14
−

2.
38

−
0.

71
A

sc
le

pi
as

tu
be

ro
sa

1
N

N
F

P
0.

32
16

0.
23

13
3.

81
0.

05
0

23
0.

22
−

2.
54

0.
31

A
st

er
az

ur
eu

s1
N

Y
F

P
0.

5
60

0.
2

98
.1

9
0.

03
5

87
0.

12
−

1.
24

−
0.

02
A

st
er

er
ic

oi
de

s1
Y

Y
F

P
0.

32
60

0.
25

12
2.

75
0.

04
0

52
0.

15
−

0.
96

0.
51

A
st

er
la

e�
is

4
N

?
?

F
P

0.
26

35
0.

3
12

7.
14

0.
03

0
89

0.
16

0.
11

−
0.

08
A

st
er

la
nc

eo
la

tu
s4

N
?

Y
F

P
0.

22
40

0.
34

13
2.

33
0.

03
6

68
0.

15
0.

01
0.

23
A

st
er

no
�a

e-
an

gl
ia

e1
Y

N
F

P
0.

37
30

0.
18

14
8.

64
0.

04
6

52
0.

12
−

2
−

0.
77

A
st

er
pu

ni
ce

us
4

N
?

N
?

F
P

0.
26

20
0.

31
12

3.
43

0.
02

8
14

2
0.

12
0.

67
−

0.
85

A
st

ra
ga

lu
s

ca
na

de
ns

is
1

N
N

L
P

0.
24

75
0.

4
10

3.
33

0.
04

2
34

0.
22

−
0.

37
2.

18
B

ap
ti

si
a

le
uc

an
th

a
3

N
N

L
P

0.
36

0
0.

31
89

.5
9

0.
02

4
31

9
0.

07
1.

69
−

2.
16

B
er

te
ro

a
in

ca
na

1
N

Y
F

P
0.

21
70

0.
4

12
0

0.
01

9
23

7
0.

15
2.

87
0.

04
B

ou
te

lo
ua

cu
rt

ip
en

du
la

1
N

Y
C

4
P

0.
19

72
.5

0.
48

10
8.

96
0.

03
2

65
0.

19
1.

02
1.

92
C

al
am

ag
ro

st
is

ca
na

de
ns

is
3

Y
Y

C
3

P
0.

15
60

0.
52

12
8.

31
0.

02
2

24
9

0.
11

3.
5

−
0.

04
C

al
am

o�
ilf

a
lo

ng
if

ol
ia

1
Y

Y
?

C
4

P
0.

22
60

0.
53

86
.4

2
0.

04
8

33
0.

18
−

0.
32

2.
49

C
ar

ex
la

si
oc

ar
pa

1
N

Y
C

3
P

0.
21

50
0.

65
73

.1
2

0.
02

3
25

2
0.

09
3.

55
0.

81
C

as
si

a
fa

sc
ic

ul
at

a
2

N
N

L
A

0.
14

55
0.

33
21

5.
45

0.
03

4
70

0.
16

0.
62

−
0.

44
C

he
no

po
di

um
al

bu
m

2
N

N
F

A
0.

46
0

0.
17

13
0

0.
02

5
14

4
0.

14
−

0.
75

−
1.

85
C

or
eo

ps
is

pa
lm

at
a

1
Y

N
F

P
0.

32
80

0.
4

77
.1

8
0.

03
3

11
3

0.
1

0.
81

1.
18

C
re

pi
s

te
ct

or
um

1
N

Y
F

A
0.

21
70

0.
28

17
2

0.
03

4
11

9
0.

09
0.

78
−

0.
63

D
es

m
od

iu
m

ca
na

de
ns

e1
N

N
L

P
0.

32
20

0.
18

18
0.

19
0.

03
4

12
6

0.
09

−
0.

48
−

2.
1

E
ly

m
us

ca
na

de
ns

is
3

N
N

C
3

P
0.

17
65

0.
43

13
6.

08
0.

02
3

28
8

0.
09

3.
44

−
0.

74
E

ra
gr

os
ti

s
tr

ic
ho

de
s2

N
Y

C
4

P
0.

17
75

0.
43

13
6.

33
0.

02
1

73
0.

39
1.

14
2.

73
E

ri
ge

ro
n

ca
na

de
ns

is
1

N
N

F
A

0.
2

80
0.

26
18

8.
85

0.
03

5
11

9
0.

09
0.

83
−

0.
73

F
es

tu
ca

o�
in

a
2

N
Y

C
3

P
0.

26
70

0.
32

12
0.

55
0.

02
0

17
0

0.
18

1.
69

0.
27

F
es

tu
ca

ru
br

a
2

Y
N

C
3

P
0.

28
80

0.
23

15
3.

61
0.

02
2

15
8

0.
17

1.
27

−
0.

32
G

en
ti

an
a

an
dr

ew
si

i4
N

?
N

F
P

0.
15

35
0.

29
23

1.
63

0.
03

1
12

9
0.

11
1.

03
−

1.
88

H
ed

eo
m

a
hi

sp
id

a
2

N
N

F
A

0.
3

30
0.

38
88

.1
8

0.
02

2
16

6
0.

15
1.

24
0.

02
H

el
ia

nt
hu

s
gi

ga
nt

eu
s4

Y
N

F
P

0.
5

10
0.

14
14

6.
65

0.
04

0
61

0.
13

−
2.

47
−

1.
4

H
el

ia
nt

hu
s

ri
gi

du
s4

Y
N

F
P

0.
64

40
0.

2
79

.1
4

0.
03

6
52

0.
19

−
2.

56
0.

45
H

el
io

ps
is

he
lia

nt
ho

id
es

4
Y

?
N

F
P

0.
37

0
0.

16
16

4.
27

0.
03

8
64

0.
14

−
1.

79
−

1.
61

Ir
is

�e
rs

ic
ol

or
4

N
Y

F
P

0.
44

80
0.

3
75

.0
1

0.
02

8
11

9
0.

14
0.

23
0.

89
K

oe
le

ri
a

cr
is

ta
ta

1
N

Y
C

3
P

0.
36

70
0.

35
50

.2
8

0.
02

6
66

0.
29

−
0.

09
2.

59
L

es
pe

de
za

ca
pi

ta
ta

1
N

N
L

P
0.

23
35

0.
4

10
8.

96
0.

03
7

73
0.

13
0.

1
0.

5



285OIKOS 93:2 (2001)

A
pp

en
di

x
1

(C
on

ti
nu

ed
)

Sp
ec

ie
s

R
hi

z.
B

as
al

F
xn

l
A

B
P

L
ea

f
A

xi
s

2
L

ea
f

A
xi

s
1

L
ea

f
R

oo
t

SL
A

R
oo

t
SR

L
de

ns
.

de
ns

.
di

am
.

an
gl

e
th

ic
k.

L
ia

tr
is

as
pe

ra
1

N
Y

F
P

0.
39

65
0.

33
78

.6
0.

04
5

80
0.

08
−

0.
86

0.
74

L
up

in
us

pe
re

nn
is

1
N

Y
L

P
0.

61
10

0.
1

16
7.

43
0.

03
4

11
7

0.
32

−
2.

83
−

0.
84

M
el

ilo
tu

s
al

ba
2

N
N

L
B

0.
23

45
0.

25
17

0.
88

0.
02

9
10

0
0.

15
0.

39
−

0.
7

M
on

ar
da

fis
tu

lo
sa

4
Y

N
F

P
0.

25
0

0.
25

15
8.

35
0.

03
1

12
1

0.
11

−
0.

01
−

1.
72

O
en

et
he

ra
bi

en
ni

s1
N

Y
F

B
0.

38
70

0.
27

96
.2

7
0.

03
2

95
0.

13
−

0.
16

0.
49

P
an

ic
um

ca
pi

lla
re

1
N

N
C

3
A

0.
2

55
0.

23
21

6.
67

0.
02

0
21

8
0.

14
2.

02
−

1.
96

P
an

ic
um

�i
rg

at
um

1
Y

Y
C

4
P

0.
25

65
0.

3
13

1.
71

0.
04

4
36

0.
19

−
0.

89
1.

11
P

en
st

em
on

gr
an

di
flo

ru
s1

N
Y

F
B

0.
5

30
0.

22
91

.6
2

0.
04

1
51

0.
15

−
2.

21
0.

1
P

et
al

os
te

m
on

pu
rp

ur
eu

m
1

N
N

L
P

0.
33

5
25

0.
42

72
.1

3
0.

04
2

40
0.

24
−

1.
25

1.
83

P
hl

eu
m

pr
at

en
se

2
N

Y
C

3
P

0.
23

75
0.

28
15

5.
77

0.
02

2
14

2
0.

19
1.

42
0.

02
P

hy
sa

lis
�i

rg
in

ia
na

1
Y

N
F

P
0.

31
40

0.
26

12
3.

43
0.

03
0

54
0.

27
−

0.
73

0.
85

P
oa

pr
at

en
si

s1
Y

Y
C

3
P

0.
24

75
0.

6
69

.1
0.

02
1

28
4

0.
1

3.
84

0.
91

P
ol

yg
on

um
co

n�
ol

�u
lu

s2
N

V
F

A
0.

34
0

0.
18

15
9.

66
0.

02
5

20
1

0.
1

0.
38

−
2.

61
P

ot
en

ti
lla

ar
gu

ta
1

N
Y

F
P

0.
34

25
0.

25
12

6
0.

04
3

21
0.

32
−

2.
33

1.
27

P
yc

na
nt

he
m

um
�i

rg
in

ia
nu

m
4

N
?

N
F

P
0.

21
20

0.
38

12
6

0.
03

4
84

0.
13

0.
23

−
0.

12
R

at
ib

id
a

pi
nn

at
a

4
N

?
N

F
P

0.
4

0
0.

25
99

.3
0.

04
4

56
0.

12
−

2.
03

−
0.

51
R

ud
be

ck
ia

se
ro

ti
na

1
N

Y
F

B
0.

38
70

0.
19

13
9.

16
0.

04
1

35
0.

22
−

1.
72

0.
77

R
um

ex
ac

et
os

el
la

1
Y

Y
F

P
0.

45
45

0.
16

13
8.

31
0.

03
4

12
7

0.
09

−
0.

82
−

1.
33

S
ch

iz
ac

hy
ri

um
sc

op
ar

iu
m

1
N

Y
C

4
P

0.
13

70
0.

54
14

2
0.

03
2

58
0.

22
1.

39
1.

99
S

et
ar

ia
gl

au
ca

2
N

Y
C

4
A

0.
27

75
0.

19
19

7.
01

0.
02

2
14

8
0.

18
1.

01
−

0.
96

S
ol

id
ag

o
ne

m
or

al
is

1
N

Y
F

P
0.

38
70

0.
3

87
.8

0.
04

2
42

0.
17

−
1.

25
1.

46
S

ol
id

ag
o

pt
ar

m
ic

oi
de

s4
N

?
Y

?
F

P
0.

33
50

0.
39

76
.7

3
0.

03
9

34
0.

24
−

0.
96

2.
14

S
ol

id
ag

o
ri

gi
da

1
N

Y
F

P
0.

43
5

81
.5

0.
25

92
.0

7
0.

03
9

43
0.

21
−

1.
39

1.
58

S
ol

id
ag

o
sp

ec
io

sa
1

N
N

F
P

0.
38

40
0.

3
88

.3
4

0.
03

8
46

0.
19

−
1.

29
0.

98
S

or
gh

as
tr

um
nu

ta
ns

1
N

Y
C

4
P

0.
16

80
0.

48
13

0.
6

0.
02

7
10

7
0.

17
1.

97
1.

32
S

po
ro

bo
lu

s
he

te
ro

le
pi

s1
N

Y
C

4
P

0.
21

50
0.

4
11

9.
27

0.
03

5
52

0.
2

0.
09

1.
25

T
ri

fo
liu

m
pr

at
en

se
2

N
Y

L
P

0.
16

35
0.

29
21

7.
73

0.
02

9
11

2
0.

14
0.

87
−

1.
45

V
er

ba
sc

um
th

ap
su

s1
N

Y
F

B
0.

53
45

0.
14

13
6.

11
0.

03
3

60
0.

19
−

2
−

0.
35

V
er

be
na

ha
st

at
a

4
Y

N
F

P
0.

3
10

0.
23

14
3.

9
0.

03
2

92
0.

13
−

0.
58

−
1.

16
V

er
no

ni
a

fa
sc

ic
ul

at
a

4
N

?
N

?
F

P
0.

27
65

0.
31

12
0.

08
0.

03
1

12
3

0.
11

0.
74

0.
03

V
er

on
ic

as
tr

um
�i

rg
in

ic
um

4
N

?
N

F
P

0.
28

10
0.

4
90

.4
0.

03
0

13
1

0.
11

0.
56

−
0.

31
V

ic
ia

�i
llo

sa
1

N
N

L
A

0.
22

35
0.

18
25

4.
17

0.
04

3
60

0.
12

−
0.

99
−

1.
94

Z
iz

ia
au

re
a

3
N

?
Y

?
F

P
0.

24
45

0.
29

14
4.

76
0.

03
1

10
0

0.
13

0.
37

−
0.

38

So
ur

ce
of

pl
an

ts
=

1
E

11
1,

2
ar

ea
ad

ja
ce

nt
to

E
12

3,
3
se

ed
lin

gs
w

it
h

so
il

fr
om

ar
ea

ad
ja

ce
nt

to
E

12
0,

4
P

ra
ir

ie
R

es
to

ra
ti

on
s,

In
c.




