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Abstract At two field sites that differed in fertility,

we investigated how species richness, functional group

diversity, and species composition of constructed plant

communities influenced invasion. Grassland commu-

nities were constructed to be either functionally diverse

or functionally simple based on belowground resource

use patterns of constituent species. Communities were

also constructed with different numbers of species (two

or five) to examine interactions between species

richness, functional diversity and invasion resistance.

We hypothesized that communities with more com-

plementary belowground resource use (i.e., more

species rich and more functionally diverse communi-

ties) would be less easily invaded than communities

with greater degrees of belowground resource use

overlap. Two contrasting invasive species were

introduced: an early-season, shallow rooting annual

grass, Bromus hordeaceus (soft chess), and a late-

season, deep rooting annual forb, Centaurea solstitialis

(yellow starthistle). Invader responses to species

richness and functional diversity treatments differed

between sites. In general, the more similar the patterns

of belowground resource use between residents of the

plant community and the invader, the poorer the

invader’s performance. Complementarity or overlap of

resource use among species in the constructed com-

munities appeared to affect invader success less than

complementarity or overlap of resource use between

the invader and the species present in the community.

Keywords Niche overlap � Resource partitioning �
Functional diversity � Species richness �
Functional group � Bromus tectorum �
Centaurea solstitialis � Yellow starthistle �
Soft chess

Abbreviations

ANOVA Analysis of variance

Introduction

Early in the twentieth century, scientists began to

investigate the characteristics of species and plant

communities in search of mechanisms that influence

plant invasions. Understanding these underlying

mechanisms is critical for conservation of native
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biodiversity and for the restoration of disturbed

habitats with plant communities that resist invasion

by undesirable species. Suites of characteristics asso-

ciated with invasive plants have been identified

including high population growth rates, short life

cycles, high allocation to reproduction, good dispersal,

and flexible utilization of a variety of resources (Baker

1965; Orians 1984; Noble 1989; Roy 1990; Rejmánek

1996; Goodwin et al. 1999; Grotkopp et al. 2002;

Richardson and Rejmánek 2004). However, in a

review of the characteristics of plant invaders, Roy

(1990) could find no physiological or genetic attri-

butes common to all invaders. Roy (1990) emphasized

that the interaction of ecological and evolutionary

features of both the introduced species and the habitats

they might invade was an important determinant of

invasion success.

Certain characteristics of plant communities may

predispose them to invasion. Resource availability

can influence plant invasions and may be an inherent

quality of a habitat or may be altered by disturbance

(Orians 1984). Establishment of introduced species

has been shown to increase with greater soil nutrients

in both experimental studies (Hobbs 1989; Huenneke

et al. 1990; Burke and Grime 1996; Knops et al.

1999; Dukes 2001; Fargione et al. 2003; Gross et al.

2005; but see Tilman 1997) and field observations

(Planty-Tabacchi et al. 1996; Stohlgren et al. 1998,

1999, 2002; Bashkin et al. 2003). Exotic species have

also been reported to increase with greater water

(Rejmánek 1989; Davis and Pelsor 2001; Larson

et al. 2001) and light (Knops et al. 1999; Maurer and

Zedler 2002; Naeem et al. 2000) availability.

It has been proposed repeatedly that decreased

species diversity in plant communities can encourage

the establishment of invasive species (Elton 1958;

Tilman 1997, 1999). Although many studies at the local

scale support the contention that greater species richness

(Knops et al. 1999; Naeem et al. 2000; Prieur-Richard

et al. 2000; Kennedy et al. 2002) and functional diversity

(Symstad 2000; Dukes 2001) provide resistance to

invasion in plant communities, it has generally not been

supported by large scale, observational studies (Smith

and Knapp 1999; Lonsdale 1999; Stohlgren et al. 1999,

2002, 2003; Bashkin et al. 2003). These contradictory

relationships suggest that processes affecting invasions

at the small, local scale are not the same as those

responsible for large, landscape scale patterns of

invasion (Levine 2000; Stohlgren et al. 2003).

More recently, researchers have followed the lead

of Roy (1990) and have investigated the interactions

between exotic species and the communities they

invade. Several studies have tested the effects of

resident species on invaders to evaluate invasibility of

the community (Knops et al. 1999; Levine 2000;

Naeem et al. 2000; Prieur-Richard et al. 2000; Symstad

2000; Lyons and Schwartz 2001; Dukes 2001, 2002;

Kennedy et al. 2002; Brown 2004; Pokorny et al.

2005). A growing number have examined the impact

that invaders have on communities (e.g., Dukes 2001,

2002) or ecosystem functioning (e.g., Vitousek 1987,

1990; Gordon 1998; Ehrenfeld et al. 2001). A few

studies have explored whether introduced species from

the same functional groups as resident species are less

successful than when resident species are from differ-

ent functional groups than the invader (Dukes 2001,

2002; Fargione et al. 2003; Bakker and Wilson 2004;

Pokorny et al. 2005).

The aim of our study was to compare the suscep-

tibility to invasion of communities composed of

species that have large overlap in resource use with

communities of species that have limited overlap. In

addition we investigated effects on invasion of inter-

actions between patterns of resource use and species

richness. We expected plant communities that included

species with different resource use patterns (e.g., early-

vs. late-season phenology or shallow vs. deep rooting)

would more completely utilize resources in space and

time, and thus reduce the success of invaders. We also

expected that species rich communities would reduce

invader success because a diversity of species with

differing patterns of resource use should minimize the

availability of residual resources for invaders.

To test these hypotheses, we studied how soil fertility

and patterns of belowground resource use and biomass

production in different communities affected the estab-

lishment, growth and reproduction of two invasive

grassland species that differ in growth form and

phenology. We used an early-season, shallow rooting

(Brown 1998; Gordon and Rice 1992) annual grass,

Bromus hordeaceus (soft chess), and a late-season, deep

rooting (Brown 1998; Enloe et al. 2005) annual forb,

Centaurea solstitialis (yellow starthistle). These species

were selected as invaders because of their contrasting

spatial and temporal resources use patterns. In contrast

to previous studies on effects of functional group

similarity on invasion, we examined grassland commu-

nities that evolved in a Mediterranean climate and
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conducted the experiment in field plots, which allowed

roots to grow freely. In addition, the experiment was

conducted at two sites that were established 2 years

prior to invader introduction.

Materials and methods

Site descriptions

The study was conducted at two field sites in Yolo

County in the Sacramento Valley of California, USA:

(1) Hedgerow Farms located at the west side of the

Valley (lat 38� 360N, long 121�590W) (hereafter the

less fertile site), and (2) the Student Experimental Farm

located at the University of California—Davis campus

(lat 38�320N, long 121�460W) (hereafter the more

fertile site). The soils at the Student Farm site are Reiff

fine sandy loam and Yolo silt loam (Huntington et al.

1981), and are classified as mixed, nonacid, thermic

Typic Xerothents (Andrews 1990). These are well-

drained, alluvial soils with moderately high to high

fertility (Table 1) (Andrews 1990). The soils at the

Hedgerow Farms site are predominantly Corning red

gravely loam, a fine, montmorillonitic, thermic Typic

Palexeralf that is found on terraces within the Central

Valley. This soil type is relatively well-drained and is

of moderate fertility (Table 1) (Andrews 1990).

Precipitation patterns 1996–1998

The climate at the study sites is typically Mediterra-

nean; rain falls during the cool winter months and

there is little or no precipitation in the summer when

warm temperatures are most conducive to plant

growth. Precipitation data were from a weather station

managed by the University of California, Department

of Land, Air and Water Resources, located at the U.C.

Davis experimental farm, within 1.6 km of the more

fertile site, and within 24 aerial km of the less fertile

site. Although the average annual precipitation in

Davis for 1996–1997 was 467 mm, close to the

30 years average of 460 mm (Owenby and Ezell

1992), the pattern of rainfall was unusual. Precipita-

tion in January was 220% (220 mm) of the 30 years

average. Precipitation in February, March and April

was a fraction of normal with 0.9, 16 and 11% of

the 30 years average falling, respectively. Because

May and June rainfall was about 30% higher than the T
a

b
le

1
S

u
m

m
ar

y
o

f
so

il
n

u
tr

ie
n

t
an

al
y

se
s

fo
r

C
o

rn
in

g
re

d
g

ra
v

el
y

lo
am

fr
o

m
th

e
le

ss
fe

rt
il

e
si

te
an

d
a

Y
o

lo
so

il
se

ri
es

,
si

m
il

ar
to

th
e

m
o

re
fe

rt
il

e
si

te

S
am

p
le

%
O

rg
an

ic

m
at

te
r

A
v

ai
la

b
le

p
p

m
-P

p
p

m
-

K

p
p

m
-

M
g

p
p

m
-

C
a

p
p

m
-

N
a

p
H

C
.E

.C
.

m
eq

/1
0

0
g

p
p

m
-

N
O

3

p
p

m
-

S

p
p

m
-

Z
n

p
p

m
-

M
n

p
p

m
-

F
e

p
p

m
-

C
u

p
p

m
-

B

S
o

lu
b

le
sa

lt
s

m
m

h
o

s/
cm

C
o

rn
in

g
0

–
1

0
cm

0
.2

1
7

8
9

6
9

7
2

,6
0

0
8

9
7

2
0

.9
2

3
0

.6
1

1
1

1
1

.1
1

.6
0

.5

C
o

rn
in

g
2

0
–

3
0

cm
0

.8
3

5
2

0
2

5
1

5
3

,2
2

0
3

5
7

2
1

9
8

2
.2

1
7

2
4

0
.9

2
.2

0
.2

Y
o

lo
0

–
1

0
cm

1
.1

2
0

4
1

1
9

8
0

1
,2

8
0

3
7

6
.9

1
5

.9
8

0
2

1
1

.5
2

1
1

4
1

.9
1

2
.9

0
.9

T
h

e
C

o
rn

in
g

so
il

s
h

av
e

w
el

l-
d

ev
el

o
p

ed
h

o
ri

zo
n

s,
w

h
il

e
th

e
Y

o
lo

so
il

s
ar

e
d

ee
p

al
lu

v
iu

m
th

at
la

ck
h

o
ri

zo
n

s.
T

h
u

s,
tw

o
d

ep
th

s
o

f
C

o
rn

in
g

so
il

s
an

d
o

n
e

d
ep

th
o

f
Y

o
lo

so
il

s
w

er
e

sa
m

p
le

d
an

d
an

al
y

ze
d

Effects of belowground resource use 1321

123



30 years average, soil water availability was higher in

the early summer than in most years.

The wet season for 1997–1998 began in the fall of

1997 with 111 mm of rain falling in November, or

about 150% of the 30-years average. Rainfall for

December 1997 and January 1998 were close to the

average, but precipitation was well above average for

February (298 mm, or 410% of the 30 years average)

and May (59 mm, or 835% of the 30 years average).

Precipitation was below average for March (47 mm, or

70% of the 30 years average). The total rainfall

accumulation of 565 mm during 1998 was 123% of

the 30 years average, and, similar to 1996–1997, soil

water availability was greater than normal in late spring/

early summer because of rainfall late in the season.

Experimental design

Constructed prairie communities were created within

a 2 9 2 9 2 factorial, randomized complete block

design with the following factors: seeding density,

functional diversity and species richness. The treat-

ment combinations were replicated twice at each of

the two field sites for a total of four blocks. Two

densities of four plant community treatments were

randomly assigned to treatment plots within blocks

for a total of 32 experimental units. To realistically

simulate community resource use patterns, treatment

plots were large (3 m by 4.5 m). Before plots were

planted, sites were disked and harrowed.

The constructed prairie communities were designed

to be either functionally diverse or functionally simple

based on the degree of overlap in spatial and temporal

water use patterns of their constituent species. Using

results from previous container and field studies on

species monocultures (Brown 1998), we defined

resource use characteristics for each species in

terms of root length distribution with depth, phenology

of growth and flowering, and average height. The

resource use patterns of individual species and

the species composition of experimental communi-

ties are listed in Table 2. The functionally diverse

Table 2 Growth, phenology, origin and life history characteristics of species for community experiment

Community Species Flowering

time

Rooting

depth

Height N-fixing Origin Life

history

Two-species

Functionally diverse

Hordeum brachyantherum
ssp. brachyantherum

Early Deep Intermediate No Native Perennial

Poa secunda ssp secundab Early Shallow Short No Native Perennial

Two-species

Functionally simple

Poa secunda ssp secunda Early Shallow Short No Native Perennial

Vulpia microstachys Early Shallow Short No Native Annual

Five-species

Functionally diverse

Eremocarpus setigerus Very late Intermediate Short No Native Annual

Hordeum brachyantherum
ssp. brachyantheruma

Early Deep Intermediate No Native Perennial

Lotus purshianus Late Deep Prostrate Yes Native Annual

Nassella pulchra Mid-late Deep Intermediate- tall No Native Perennial

Poa secunda ssp secunda Early Shallow Short No Native Perennial

Five-species

Functionally simple

Elymus multisetus Mid-late Intermediate Short-intermediate No Native Perennial

Hordeum brachyantherum
ssp. brachyantherum

Early Deep Intermediate No Native Perennial

Poa secunda ssp secunda Early Shallow Short No Native Perennial

Vulpia microstachys Early Shallow Short No Native Annual

Vulpia myuros Early Shallow Short No Exotic Annual

Invaders Bromus hordeaceus Early Shallow Short-intermediate No Exotic Annual

Centaurea solstitialis Late Deep Tall No Exotic Annual

Nomenclature is according to Hickman (1993)
a Nevski
b J.S. Pres

1322 C. S. Brown and K. J. Rice
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communities were comprised of species with differing

resource use patterns (i.e., reduced overlap in resource

use), while the functionally simple communities

contained species with more similar resource use

patterns (i.e., higher overlap in resource use). Most

species were included in both functional diversity

treatments. However, Lotus purshianus (Benth.) Cle-

ments & E.G. Clements and Eremocarpus setigerus

(Hook.) Benth. occurred only in functionally diverse

communities while Vulpia microstachys (Nutt.)

Benth., Vulpia myuros (L.) C. Gmelin and Elymus

multisetus (J.G. Smith) Burtt Davy occurred only in

functionally simple communities.

Communities were also constructed with different

numbers of species to examine the interactive effects

of species richness and functional diversity on inva-

sion resistance. Plant community treatments included

two two-species communities (one functionally

diverse and one functionally simple) and two five-

species communities (one functionally diverse and

one functionally simple). We were unable to include

each species within all functional diversity and species

richness treatment levels because of the need to

maintain selected combinations of resource use pat-

terns within functional diversity treatments (Brown

1998). Thus, E. setigerus, E. multisetus, L. purshianus,

Nassella pulchra, and V. myuros occurred only in five-

species communities.

More diverse plant communities are more likely to

include species whose resource requirements overlap

with invasive species and thus, will compete more

directly with invading species for essential resources.

This is a result of the ‘selection probability effect’

(Huston 1997) or ‘sampling effect,’ which is a factor

in experiments in which diversity treatments are

determined by random selection from a pool of

species, and the tendency for a community to reflect

the characteristics of species with the most dominant

traits (Huston 1997; Aarssen 1997). We avoided the

probabilistic ‘sampling effect’ by selecting species

based on their resource use patterns. However, like

natural plant communities, the characteristics of our

experimental communities reflected the traits of the

species they comprise. If one or more resident species

was highly dominant (the ‘selection effect’ sensu

Loreau and Hector 2001), or if the species partitioned

resources resulting in greater total resource use (the

‘complementarity effect’ sensu Loreau and Hector

2001), these characteristics would be expressed by

the plant community. We did not distinguish between

‘selection’ and ‘complementarity’ effects in our

study.

Each community was planted at high (1,076 live

seeds/m2) and low (269 live seeds/m2) densities that

spanned the range typically used for revegetation

projects in California. Communities were formulated

with equal numbers of viable seeds of each species.

We planted the seeds by evenly sprinkling pre-

weighed seeds mixed with wheat bran (to facilitate

even distribution of seeds) over each plot. We then

hand raked the soil to incorporate the seed. The less

fertile site was planted on 22 November 1994; planting

at the more fertile site was delayed until 24 February

1995 due to soil conditions and logistical constraints.

The more fertile site was irrigated during the plant

community emergence and establishment periods because

of its relatively late planting. Approximately 0.7 cm of

water on 1 March and 24 April, and 1.4 cm of water on 25

May was applied with impact sprinklers. The last natural

rainfall of 1994–1995 at all sites was on 15 June.

Seeds of most species were purchased from com-

mercial seed suppliers (Pacific Coast Seed, Livermore,

California, USA; Hedgerow Farms, Winters, Califor-

nia, USA; Conservaseed, Rio Vista, California, USA).

Seeds of E. setigerus were collected from wild plants

near Davis, California during the summer of 1994.

Seed germination tests of E. setigerus were conducted

using the methods of the Association of Official Seed

Analysts (Wiesner 1989). Germination rates of com-

mercial sources of seed were determined by commer-

cial seed laboratories. Germination rates were used to

calculate seeding rates. Lotus purshianus seeds were

inoculated with appropriate rhizobia culture (The

Nitragin Company, Liphatec, Inc. Milwaukee, Wis-

consin, USA).

Species that were not intentionally planted (i.e.,

weeds) were removed and prevented from establish-

ing. At the less fertile site, treatment plots that

contained only grasses were sprayed with broadleaf

specific herbicides as follows: triclopyr—18 March

1995 (0.56 kg ha-1) and again 28 March 1995 (0.84

kg ha-1) because rain fell within 4 h of the first

application; dicamba—8 to 12 May 1995 (1.4 kg ha-1)

and 15 March 1996 (1.87 kg ha-1). Furrows between

beds at the less fertile site were cultivated with a tractor

drawn implement on 6 April 1995 to control weeds.

Hand weeding was conducted at both sites in all plots

from 1995 through 1998.

Effects of belowground resource use 1323

123



Invader introduction

In the fall of 1996, the beginning of the third growing

season of the constructed plant communities, the

invaders Bromus hordeaceus (hereafter Bromus) and

Centaurea solstitialis (hereafter Centaurea) were

planted into the constructed communities. In the fall

of 1997, the experiment was repeated with Centaurea

alone.

The 3 m by 4.5 m plots were divided into six

subplots that were 1.5 m on a side. Invader species

treatments were randomly assigned to subplots within

each plot (one subplot each of Bromus or Centaurea at

high and low density for four subplots per plot; no

invader treatment was assigned to two subplots). Each

invader species was planted at two densities. The high

density treatment was 36 seeds planted equidistant

from each other in a 0.063 m2 grid (25 cm by 25 cm,

with 5 cm between seeds). The low density treatment

was 36 seeds planted equidistant from each other in a

1.0 m2 grid (1 m by 1 m, with 20 cm between seeds).

Seeds were planted at a depth of 0.5–1.0 cm. For the

first year of the experiment, replicates at the more

fertile site were planted from 28 to 31 October 1996

and those at the less fertile site were planted on 2–3

November 1996. For the second year, the more fertile

site was planted on 16–17 September 1997 and the

less fertile site was planted on 11 and 15 September

1997. No Centaurea seedlings survived in the first

year of the experiment. Thus in the second year, the

seeding rate was increased to 108 seeds of Centaurea

planted at the two densities with three seeds at each

grid point and seeds were placed less than 0.5 cm

deep. The communities at the more fertile site were

watered with furrow and sprinkler irrigation 23

October to 5 November 1997. This was unintention-

ally initiated by an accidental breach of an irrigation

ditch at the more fertile site. The less fertile site was

not irrigated at this time. Centaurea emergence was

noted on 3 November and the first natural rainfall after

planting was on 20 November 1997. Centaurea

emergence and initial growth of the resident plant

communities occurred earlier at the more fertile site

due to the irrigation, which may have heightened

differences between sites. However, these effects

were likely small because natural precipitation began

2 weeks later and was 50% higher than the 30-years

average for the month, which initiated growth at the

less fertile site that was not irrigated.

Centaurea seeds planted in fall of both 1996 and

1997 were collected from wild populations near

Davis, California in August of 1996. Bromus seeds

were obtained from Albright Seed Company (Cam-

arillo, California) in 1989. Germination rates of seeds

were tested using modified methods described in the

Official Seed Testing Handbook (Wiesner 1989).

Centaurea germination was 72.5 ± 3.35% (mean ±

standard error of the mean) and Bromus germination

was 86.0 ± 3.0% (both are the mean percentage of

300 seeds ± standard error of the mean).

Measurement of constructed plant communities

We measured density and obtained non-destructive

estimates of biomass from the two subplots within

each plot not seeded with invaders. We estimated

density by placing a 0.1 m2 quadrat in the center of

each subplot and counting the number of individuals

of each species rooted in the quadrat. Individuals of

each seeded species that were closest to two random,

fixed points on the quadrat were measured for non-

destructive biomass estimates. The traits that could be

non-destructively measured and were most strongly

correlated with total biomass, such as plant height,

length of longest leaf or basal diameter, were

determined for each seeded species by measuring

and harvesting plants growing adjacent to the exper-

imental plots. The harvested plants were dried and

weighed and best-fit multiple regressions were gen-

erated for each species at each phenological stage

(BMDP New System for Windows version 1.0,

BMDP Statistical Software, Ind., Los Angeles, Cal-

ifornia, USA). The non-destructive measurements

from the two individuals of each species in each

quadrat were entered into the appropriate multiple

regression equation to generate estimates of biomass

per plant for each subplot. Subplot biomass estimates

for each species were the product of estimates of

subplot density and biomass per plant for each

species and phenological stage.

Estimates of species composition and biomass

were taken during periods of peak standing biomass.

We completed sampling of each block within 1 week.

Density and biomass measurements were taken for all

species of the constructed communities 8–16 April

1997 and 19 June to 9 July 1998. Despite the

difference in sampling date between years, data were

comparable because non-destructive measures did not

1324 C. S. Brown and K. J. Rice
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change once peak standing biomass was reached. We

re-sampled plots on 20 August 1998 to obtain

estimates of density and peak biomass of L. purshi-

anus and E. setigerus, the only species that actively

grew during the summer. Due to difficulty in

distinguishing between V. myuros and V. microsta-

chys under some conditions, biomass estimates for

these two species were combined when necessary

(i.e., Vulpia spp.).

Measurement of Bromus hordeaceus

We did not evaluate initial emergence of Bromus

because it was impossible to distinguish its seedlings

from those of other weedy annual grasses. Bromus

plants surviving to flowering were censused and

harvests for biomass and reproductive potential (see

below) were made from 23 to 25 April 1997. We

counted the number of Bromus plants within the area

where seed was originally planted. We then harvested

the three individual plants closest to the center of the

subplot. The vegetative parts of the plants were dried

at 100�C for an hour to arrest carbon loss through

respiration and then at 60–65�C to constant weight

(24 h).

Using total number of spikelets and the average

number of florets per spikelet (determined by counting

the florets in a subsample of spikelets on each plant),

we were able to estimate the number of florets

produced by each plant (i.e., its reproductive potential).

In a sample of 30 plants, the mean number of florets per

spikelet estimated with our subsampling method

(6.40 ± 0.40) was not different from the actual mean

number of florets per spikelet (6.39 ± 0.40) (t29 =

-0.28, P = 0.78). After counting, both inflorescences

and vegetative parts were dried at 60–65�C to constant

weight (24 h).

Measurement of Centaurea solstitialis

In 1998, when only Centaurea was planted, initial

emergence was determined by counting the number

of seedlings in each subplot on 27–28 February. For

peak biomass and density estimates, we counted the

number of Centaurea plants within the subplots and

selected for measurement two plants closest to the

center of the subplot and two plants closest to two

randomly selected diagonal corners of the subplot.

The flower heads (mature and immature) on each

plant were counted and the diameters of 30 flower

heads that were in full bloom were measured.

Centaurea density measurements and harvests were

conducted 16–31 July 1998 at the more fertile site

and 3–7 August 1998 at less fertile site. Biomass

samples were dried at 55�C to constant weight (24 h)

and weighed.

There was a highly significant positive relationship

between fresh flower head diameter and ovule

number (ovules/flower head = 11.56 ? 5.58 (flower

head wet diameter), P \ 0.0001, R2 = 0.62) based on

mean flower head diameter and ovule numbers of 27

plants harvested from control plots (only Centaurea

neighbors) in 1996–1997. This relationship was used

to estimate the reproductive potential (i.e., the

number of ovules produced) of individual plants

harvested in 1998.

Statistical analysis

Plant community biomass data were analyzed using a

mixed model analysis of variance (ANOVA) with

site, functional diversity treatment, and species

richness treatment as fixed effects and block as a

random effect nested within site (SAS 9.1, SAS

Institute, Cary, North Carolina, USA).

The experimental design for invader performance

was a split-plot design with functional diversity and

species richness treatments as main-plot factors and

invader density as a split-plot factor. The two invader

species were evaluated separately. Data were analyzed

using a mixed model ANOVA with site, functional

diversity treatment, and species richness treatment as

fixed effects and block as a random effect nested

within site (SAS 9.1, SAS Institute, Cary, North

Carolina, USA). The Kenward-Roger method was

used for calculation of degrees of freedom.

Proportional data were arcsine-square root trans-

formed, and biomass and reproductive potential data

were log10 transformed to improve their distribu-

tional properties. Results for individual plants (aver-

age of plants within a subplot) and populations (sum

of plants within a subplot) were similar for each

invader, thus, only the results for populations are

presented for simplicity. Tukey’s studentized range

test was used for post hoc mean separation when

more than two means were being compared and the

ANOVA was significant. Statistical significance was

set at P \ 0.05, unless otherwise stated.
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Initially, we included seeding density of the

community as a fixed effect in the statistical models

described above. However, no main effects of

community seeding density were significant. In

analyses of community and invader responses, the

only interactions with seeding density that were

significant were two three-way and one four-way

interaction for Centaurea emergence and one four-

way and one five-way interaction for Centaurea

reproductive potential. Furthermore, results of anal-

yses with and without seeding density were qualita-

tively similar. Thus, seeding density was eliminated

from subsequent analyses.

Simple linear regression was used to examine

relationships among community aboveground bio-

mass, light penetration to the soil surface, and invader

performance measures (JMP 7.0.7, SAS Institute,

Cary, North Carolina, USA).

Results

Constructed plant communities

In 1996–1997, effects of functional diversity treatments

on total aboveground biomass production depended on

site and species richness treatment (Fig. 1a, b; Table 3).

Functionally diverse communities at the less fertile site

(284.05 ± 82.73 g m-2) produced less biomass than

functionally simple communities at that site (858.46 ±

113.39 g m-2) (P \ 0.0001; Fig. 1a; Table 3), but

we detected no difference between functionally diverse

(727.54 ± 365.98 g m-2) and functionally simple

(636.96 ± 152.10 g m-2) communities at the more

fertile site (P = 0.86; Fig. 1b; Table 3). Two-species

functionally diverse communities (177.79 ± 45.38

g m-2) produced less biomass than five-species func-

tionally diverse communities (833.80 ± 349.33 g m-2)

(P \ 0.0001), but the difference between two- and five-

species functionally simple communities was not as

great (522.16 ± 98.88 and 973.25 ± 123.23 g m-2,

respectively) (P = 0.06). Overall, functionally diverse

communities (505.80 ± 190.07) produced less biomass

than functionally simple communities (747.71 ± 96.00

g m-2) (P \ 0.0001) and two-species communities

(349.98 ± 68.83 g m-2) produced less biomass than

five-species communities (903.53 ± 179.84 g m-2)

(P \ 0.0001).

In 1997–1998, effects of functional diversity on

total aboveground biomass depended on site and

species richness treatment (Fig. 2a, b; Table 3). This

was primarily due to differences between two- and

five-species functionally simple communities at the

more fertile site (913.73 ± 279.24 and 3,907.77 ±

676.10 g m-2, respectively) (P = 0.01) that were not

detected at the less fertile site (740.31 ± 318.81 and

1,399.84 ± 290.22 g m-2 for two- and five-species,

respectively) (P = 0.55), and differences between

two-species functionally diverse and two-species

functionally simple communities (3,172.35 ± 762.91

and 913.73 ± 279.24 g m-2, respectively) at the more

fertile site (P = 0.04) that were not detected at the less

fertile site (584.33 ± 178.01 and 740.31 ± 318.81

g m-2 for two-species functionally diverse and two-

species functionally simple, respectively) (P = 1.00).

Averaging across sites, effects of functional diversity

depended on species richness treatment (Table 3). Two-

Fig. 1 Biomass production of functionally diverse, function-

ally simple, two-species, and five-species constructed commu-

nities without invaders in 1996–1997 at the less fertile site (a)

and more fertile site (b)
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species functionally simple communities (827.02 ±

198.91 g m-2) produced less biomass than five-species

functionally simple communities (2,653.80 ± 583.64

g m-2) (P = 0.002), but there were no differences

among any other treatment pairs (two-species func-

tionally diverse: 1,878.34 ± 608.87 g m-2; five-spe-

cies functionally diverse: 1,247.66 ± 201.08 g m-2)

(P[0.1). Overall, two-species communities (1,352.68 ±

337.87 g m-2) produced less aboveground biomass

than five-species communities (1,950.73 ± 349.10

g m-2) (Table 3).

Bromus hordeaceus performance

Survival of Bromus in 1996–1997 (the only year it was

planted) was greater in functionally diverse commu-

nities (22.22 ± 3.92%) than functionally simple ones

(6.51 ± 1.41), but this depended on site (Fig. 3a, b;

Table 4). Survival at the less fertile site was greater in

functionally diverse communities (39.58 ± 4.48%)

than functionally simple communities (6.94 ± 2.40%)

(P = 0.001), but survival did not differ between

functionally diverse and simple communities at the

more fertile site (4.86 ± 1.87 and 6.08 ± 1.55%,

respectively) (P = 0.84). Regardless of site, a higher

percentage of individuals from seeds planted into two-

species communities (17.27 ± 3.43%) survived to

flowering than those in five-species communities

(11.46 ± 3.00%).

Effects of functional diversity and species richness

on Bromus biomass depended on site (Fig. 3c, d;

Table 4). At the less fertile site, Bromus biomass was

greater in functionally diverse communities (4.50 ±

1.86 g m-2) than functionally simple ones (0.60 ±

0.26 g m-2) (P = 0.02), but there was no difference

between functionally diverse and simple treatments at

the more fertile site (0.15 ± 0.09, 0.10 ± 0.03 g m-2,

respectively) (P = 1.00). Bromus biomass was greater

Table 3 Mixed model analysis of variance results for analysis of community biomass in 1996–1997 and 1997–1998

Source of variation df 1996–1997 1997–1998

F P F P

Site 1,2 0.59 0.52 12.78 0.07

Functional diversity 1,22 22.64 <0.0001 0.01 0.93

Site 9 functional diversity 1,22 13.23 0.001 1.34 0.26

Species richness 1,22 38.13 <0.0001 8.47 0.008

Site 9 species richness 1,22 0.00 0.98 0.32 0.57

Functional diversity 9 species richness 1,22 5.43 0.03 9.22 0.006

Site 9 functional diversity 9 Species richness 1,22 4.08 0.06 7.12 0.01

P values \ 0.05 are indicated in bold

Fig. 2 Biomass production of functionally diverse, function-

ally simple, two-species, and five-species constructed commu-

nities without invaders in 1997–1998 at the less fertile site (a)

and more fertile site (b)
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in two-species (4.51 ± 1.87 g m-2) than five-species

(0.59 ± 0.20 g m-2) communities at the less fertile

site (P = 0.03), but there was no difference in its

response to species richness treatments at the more

fertile site (0.12 ± 0.03 and 0.13 ± 0.08 g m-2,

respectively) (P = 1.00).

The effects of functional diversity on Bromus

reproductive potential depended on site (Fig. 3e, f;

Table 4). Bromus reproductive potential was greater in

functionally diverse communities (1,647.52 ± 689.19

florets m-2) than functionally simple ones (171.30 ±

67.57 florets m-2) at the less fertile site (P \ 0.0001),

but we detected no difference between these treatments

at the more fertile site (70.09 ± 42.75, 55.68 ± 19.48,

respectively) (P = 0.87). Bromus reproductive poten-

tial was greater in two-species communities (858.81

± 368.00 florets m-2) than five-species communities

(119.47 ± 39.25 florets m-2) regardless of site.

Bromus survival, biomass, and reproductive potential

were strongly negatively associated with community bio-

mass (R2 = 0.41, P \0.0001; R2 = 0.49, P\0.0001;

R2 = 0.32, P = 0.0007, respectively; n = 32).

Centaurea solstitialis performance

In 1996–1997, when Centaurea was planted but did not

survive, emergence was greater at the less fertile site

(11.82 ± 2.04%) than the more fertile site (0.65 ±

0.29%) (F1,8.58 = 59.71, P \ 0.0001). Emergence was

also greater in two-species communities (8.51 ±

2.20%) than five-species communities (3.93 ± 0.95%)

(F1,8.58 = 5.83, P = 0.04).

Centaurea survival in 1997–1998 did not differ

between sites, functional diversity treatments, or

species richness treatments (Fig. 4a, b; Table 5).

Centaurea biomass in species richness treatments

depended on site and on functional diversity (Fig. 4c,

d; Table 5). At the more fertile site, Centaurea

biomass was much greater in two-species communi-

ties (3,648.82 ± 1155.60 g m-2) than in five-species

communities (477.46 ± 207.15 g m-2) (P\ 0.0001),

but we detected no difference in its biomass between

two-species (1,658.53 ± 1,299.93 g m-2) and five-spe-

cies (193.27 ± 50.94 g m-2) communities at the less

fertile site (P = 0.83). Centaurea produced greater

Fig. 3 Bromus hordeaceus
percent survival to

flowering (a, b), biomass

(c, d) reproductive potential

(e, f) of plants from seeds

introduced into functionally

diverse (species with

differing resource use

patterns) and functionally

similar communities

(species with similar

resource use patterns), and

into two-species and five-

species communities at the

two study sites (36 seeds

planted in each plot) in

1996–1997. Bars are the

mean ± standard error of

the mean
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biomass in two-species (3,681.05 ± 1,657.80 g m-2)

than five-species (81.64 ± 35.81 g m-2) functionally

diverse communities (P\0.0001). However, there was

no detectable difference between Centaurea biomass in

two-species (1,626.30 ± 517.93 g m-2) and five-species

(589.10 ± 195.78 g m-2) functionally simple commu-

nities (P = 0.10).

Centaurea reproductive potential in two-species

communities was greater than five-species communi-

ties, but this depended on site (Fig. 4e, f; Table 5). As

with biomass, Centaurea reproductive potential was

greater in two-species communities (287,288.83 ±

49,575.39 ovules m-2) than five-species communi-

ties (84,485.78 ± 36,091.43 ovules m-2) at the more

fertile site (P = 0.005), but we detected no signif-

icant difference between two-species (36,851.34 ±

9,419.58 ovules m-2) and five-species (33,433.03 ±

9,099.11 ovules m-2) communities at the less fertile

site (P = 0.88).

Centaurea emergence in 1996–1997, and survival,

biomass and reproductive potential in 1997–1998 were

not significantly related to plant community above-

ground biomass (R2 = 0.02, P = 0.39; R2 = 0.008,

P = 0.62; R2 = 0.05, P = 0.19; R2 = 0.05, P = 0.21;

respectively; n = 32).

Discussion

The composition of constructed prairie communities

influenced the growth and reproduction of the invading

species. Our results support the view that it is the

interaction between characteristics of the invader and

the existing plant community that determines invasion

success. Performance of invader species appeared to

depend upon the resource use patterns of the invader

and of one or more of the species present in the

constructed plant communities.

Resource use complementarity among resident

species did not reliably reduce invader success.

Invader responses to species richness and functional

diversity treatments differed between sites. However,

Table 4 Split-plot mixed model analysis of variance results for Bromus performance measures in 1996–1997

Source of variation Percent survival Aboveground biomass Reproductive potential

df F P df F P df F P

Site 1,2 6.78 0.12 1,2 6.1 0.13 1, 2.09 7.75 0.10

Functional diversity 1,6 24.01 0.003 1,6 10.81 0.02 1,43.1 8.87 0.005

Site 9 functional diversity 1,6 36.73 0.0009 1,6 9.46 0.02 1,43.1 16.68 0.0002

Species richness 1,6 6.78 0.04 1,6 8.33 0.03 1,43.1 10.77 0.002

Site 9 species richness 1,6 1.03 0.35 1,6 7.74 0.03 1,43.1 0.16 0.69

Functional diversity 9 species richness 1,6 1.33 0.29 1,6 1.78 0.23 1,43.1 2.40 0.13

Site 9 functional diversity 9 species

richness

1,6 0.15 0.71 1,6 4.53 0.07 1,43.1 2.65 0.11

Invader density 1,40 2.65 0.11 1,40 0.13 0.72 1,43.4 0.33 0.57

Site 9 invader density 1,40 0.67 0.42 1,40 1.40 0.24 1,43.4 1.29 0.26

Functional diversity 9 invader density 1,40 0.76 0.39 1,40 0.34 0.56 1,43.4 0.30 0.59

Site 9 functional diversity

9 invader density

1,40 0.00 1.00 1,40 1.26 0.27 1,43.4 0.58 0.45

Species richness 9 invader density 1,40 0.35 0.56 1,40 0.29 0.59 1,43.4 0.10 0.75

Site 9 species richness 9 invader density 1,40 2.05 0.16 1,40 0.18 0.67 1,43.4 1.47 0.23

Functional diversity 9 species richness

9 invader density

1,40 1.02 0.32 1,40 1.64 0.21 1,43.4 2.12 0.15

Site 9 functional diversity 9 species

richness 9 invader density

1,40 0.26 0.61 1,40 0.04 0.85 1,43.4 0.01 0.9

Percent survival data were arcsine square root transformed and biomass and reproductive potential were log10 transformed for

analysis. Degrees of freedom (df) are numerator and denominator degrees of freedom, respectively. Degrees of freedom were

calculated using the Kenward–Roger method

P values \ 0.05 are indicated in bold
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conclusions regarding invader responses to species

richness or functional diversity must be tempered by

the fact that there was only one combination of

species for each community treatment (i.e., two-

species functionally diverse, two-species functionally

similar, five-species functionally diverse, and five-

species functionally similar). Thus, invader responses

that suggested effects of species richness or func-

tional diversity may have been due to the particular

species or combination of species that we tested.

Despite this, much can be learned from the patterns

we observed.

We consistently observed that the biomass at the less

fertile site was dominated by annual grasses, while the

biomass at the more fertile site was dominated by

perennial grasses. Bromus performance was inversely

proportional to the biomass of the plant community at

the less fertile site, which was dominated by early-

season, shallow rooting annual species like Bromus

(Figs. 1a, 3a, c, e; Table 4). At the more fertile site,

Bromus performance measures were not inversely

related to biomass of the community, but seemed to be

influenced by biomass of particular species (Figs. 1b,

3b, d, f). The measures of Bromus success were reduced

when Hordeum brachyantherum, an early-season, deep

rooting species, dominated the community biomass

(five-species functionally simple community). Compe-

tition may have been especially keen between these two

early-season species (Table 2) (Brown 1998) since

rainfall was but a fraction of normal during February,

March and April, prime time for growth of both species.

The measures of Bromus success were greater at

the more fertile site when N. pulchra, a mid- to late-

season, deep rooting species dominated the plant

community (five-species functionally diverse com-

munity) (Figs. 1b, 3b, d, f). The spatial and temporal

resource requirements of Bromus may have been

complementary to those of N. pulchra, effectively

reducing competition between the two species

(Table 2) (Brown 1998). This may have resulted in

better performance of Bromus in the five-species

functionally diverse community at the more fertile

site even though the aboveground biomass production

of this community was relatively high. The

Fig. 4 Centaurea
solstitialis percent survival

to flowering (a, b), biomass

(c, d) reproductive potential

(e, f) of plants from seeds

introduced into functionally

diverse (species with

differing resource use

patterns) and functionally

similar communities

(species with similar

resource use patterns), and

into two-species and five-

species communities at the

two study sites (108 seeds

planted in each plot) in

1997–1998. Bars are

means ± standard error of

the mean
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measures of Bromus success were also greater when

V. microstachys, an early-season, shallow rooting

species, dominated the community biomass (two-

species functionally simple community) (Figs. 1b,

3b, d, f). Since we expect the resource requirements

of V. microstachys to be very similar to Bromus

(Table 2) (Brown 1998), competition for below-

ground resources between these species was likely

high in the two-species functionally simple commu-

nity. Bromus may have flourished in this community

because aboveground biomass production was rela-

tively low, which may have released resources for

Bromus to consume.

Centaurea performance measures tended to be

lowest in the five-species functionally diverse com-

munity (Fig. 4). This was the only community that

contained and was dominated by N. pulchra, a mid-

to late-season deep rooting species (Fig. 2), similar to

Centaurea (Table 2) (Brown 1998). Furthermore, this

year had extraordinarily high precipitation late in the

growing season, which extended moisture availability

and the period of resource competition between

Centaurea and other mid- to late-season species such

as N. pulchra, which may have otherwise gone

dormant (Table 2).

Since the aboveground biomass of the five-species

functionally diverse community was not different

from that of other communities (Fig. 2), our results

suggest that competition for belowground resources

may have been the primary cause of reductions in

Centaurea survival, biomass and reproductive poten-

tial. In addition, we found no correlation between

aboveground biomass of the plant community and

Centaurea performance when composition treatments

were not considered. Inclusion of community com-

position treatments, which correspond to below-

ground resource use patterns, in the statistical

model was required to explain the variation in

Centaurea performance measures. This supports that

soil resources were relatively more important than

light for success of Centaurea. This is not to say that

other resources were not limiting for Centaurea. For

example, Young (2007) found that Centaurea growth

was limited by late-season perennial grasses, and he

attributed this to competition for light early in the

growing season, and competition for water late in the

Table 5 Split-plot mixed model analysis of variance results for Centaurea performance measures in 1997–1998

Source of variation Percent survival Aboveground biomass Reproductive potential

df F P df F P df F P

Site 1,2 0.48 0.56 1,2 0.44 0.58 1,2 0.02 0.90

Functional diversity 1,6 0.54 0.49 1,46 1.20 0.28 1,6 0.91 0.38

Site 9 functional diversity 1,6 0.68 0.44 1,46 2.16 0.15 1,6 3.10 0.13

Species richness 1,6 3.15 0.13 1,46 25.18 <0.0001 1,6 12.04 0.01

Site 9 species richness 1,6 4.39 0.08 1,46 14.49 0.0004 1,6 20.38 0.004

Functional diversity 9 species richness 1,6 2.00 0.21 1,46 7.17 0.01 1,6 4.98 0.07

Site 9 functional diversity 9 species richness 1,6 0.10 0.76 1,46 0.12 0.73 1,6 0.10 0.76

Invader density 1,40 0.00 0.99 1,46 0.29 0.59 1,40 1.75 0.19

Site 9 invader density 1,40 0.89 0.35 1,46 0.07 0.79 1,40 0.26 0.61

Functional diversity 9 invader density 1,40 0.00 0.96 1,46 0.70 0.41 1,40 0.01 0.93

Site 9 functional diversity 9 invader density 1,40 2.06 0.16 1,46 2.32 0.13 1,40 0.93 0.34

Species richness 9 invader density 1,40 0.69 0.41 1,46 2.54 0.12 1,40 0.90 0.35

Site 9 species richness 9 invader density 1,40 0.00 0.98 1,46 0.00 0.95 1,40 0.24 0.63

Functional diversity 9 species richness

9 invader density

1,40 0.05 0.83 1,46 0.09 0.76 1,40 0.13 0.72

Site 9 functional diversity 9 species

richness 9 invader density

1,40 0.08 0.77 1,46 0.21 0.65 1,40 0.11 0.74

Percent emergence and survival data were arcsine square root transformed and biomass and reproductive potential were log10

transformed for analysis. Degrees of freedom (df) are numerator and denominator degrees of freedom, respectively

P values \ 0.05 are indicated in bold
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season. Similarly, DiTomaso et al. (2003) found that

light limitation reduced Centaurea root growth.

Complementarity or overlap of resource use

among species in a resident community appeared to

affect invader success less than overlap of resource

use between the invader and at least one of the

species present in the resident community. Relatively

poor performance of invaders in communities with

resource use that overlaps its own has been widely

reported (Dukes 2001; Fargione et al. 2003; Bakker

and Wilson 2004; Pokorny et al. 2005). In our study,

Bromus performance was poorest in the plant com-

munities either with the greatest aboveground bio-

mass or with belowground resource use patterns

similar to Bromus. Centaurea performance was

poorest in the plant communities dominated by a

species with soil resource use patterns that were

similar to Centaurea. These were not necessarily the

most species rich or functionally diverse communi-

ties. The contrasting results from Centaurea and

Bromus support the idea that the specific interaction

between resource use patterns of an invader and the

individual or combined components of a plant

community are critical in determining the extent of

invasion success (e.g., Dukes 2001, 2002; Fargione

et al. 2003; Bakker and Wilson 2004; Brown 2004;

Pokorny et al. 2005; but see Symstad 2000).

Many studies have shown that resource rich envi-

ronments are more easily invaded than less fertile areas

(Hobbs 1989; Rejmánek 1989; Huenneke et al. 1990;

Burke and Grime 1996; Planty-Tabacchi et al. 1996;

Stohlgren et al. 1998, 1999, 2002; Knops et al. 1999;

Naeem et al. 2000; Davis and Pelsor 2001; Dukes 2001;

Larson et al. 2001; Maurer and Zedler 2002; Bashkin

et al. 2003; Fargione et al. 2003; Gross et al. 2005). In

our study, site fertility did not dictate invader success,

but relative community productivity and soil resource

use patterns interacted to affect invader performance.

Conclusion

Alterations in resource availability can have large

effects on plant communities over time and the

implications of these shifts for natural plant commu-

nities should be studied further. Our results support the

conclusions drawn by Levine et al. (2004) that biotic

resistance may not be able to stop plant invasion, but

can slow it down.

Our findings highlight the difficulty in basing

generalizations regarding invasibility of communities

on studies of a single site. Invader success in our study

clearly depended upon site characteristics. Further-

more, we did not find the more fertile of the two sites

to be any more easily invaded than the less fertile site.

This discrepancy with landscape-scale and observa-

tional studies (e.g., Stohlgren et al. 1998, 1999, 2003)

should be investigated further.

Overall, our results have implications for the

conservation of biodiversity and restoration of com-

munities and ecosystems. Encouraging the growth of

species with a variety of resource use patterns

through greater species and functional diversity may

help reduce the success of a range of invasive plants

at the local, neighborhood scale. These principles

may be applied while designing plant communities

for restoration to facilitate selection of species that

will provide the greatest competitive barrier to

recurrence or establishment of undesirable species.

Understanding of the complex interactions between

invasive species and native plant communities will

also allow us to identify communities and ecosystems

that are at high risk of being infested and altered by

particular non-native species, and to detect the non-

native species most likely to have great impacts on

particular communities and ecosystems.
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