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Abstract:

The current rate of nonindigenous plant invasion has important ramifications to indigenous ecosystems.
A proposed mechanism for invasion resistance is that diverse plant assemblages enhance niche
occupation and preempt resources otherwise available to invaders. Unfortunately, research on diversity
as a mechanism for resistance has confounding results. The purpose of this study was to quantify
species and functional group diversity in a grassland plant community in Montana, investigate the
ability of plant functional groups to resist invasion by a nonindigenous species, and to quantify and
compare portions of the nutrient and hydrologic cycles of the following indigenous functional groups;
grasses, shallow-rooted forbs, deep-rooted forbs, spikemoss, and the nonindigenous invader, Centaurea
maculosa. The study consisted of a factorial combination of seven functional group removals (groups
singularly or in combination) and two C maculosa treatments (seeded vs. absent) applied in a
randomized-complete-block design replicated four times at two sites. Diversity by functional group
was recorded in 2000. I documented a higher diversity than has previously been described for the
Festuca idahoensis/Agropyron spicatum habitat type and found forbs represented the majority of the
richness and biomass of the grassland community. Centaurea maculosa density was counted in 2001
and analyzed using ANOVA. Centaurea maculosa density depended upon the functional groups
removed. The highest C maculosa densities occurred where all vegetation (50 plants m'2) or all forbs
(18 plants m"2) were removed from plots. Centaurea maculosa densities were the lowest (2-7 plants
m"2) in plots where nothing, shallow-rooted forbs, deep-rooted forbs, grass, or spikemoss were
removed. Functional group biomass was collected and analyzed for N, P, K, and S. ANOVA indicated
percent tissue concentration and nutrient uptake differed among functional groups. Centaurea maculosa
tissue nutrient percent was most similar to shallow-rooted forbs. Similarly, indigenous forb functional
groups were most similar in nutrient uptake levels to C. maculosa. This study suggests forbs are an
important component to grassland community diversity, and establishing and maintaining a diversity of
plant functional groups within the community enhances resistance to invasion. Indigenous forbs were
particularly important to resisting invasion by nonindigenous forbs. Since indigenous forbs were
functionally similar in percent tissue concentration and plant nutrient uptake to the nonindigenous forb,
they may be increasing resource competition with C. maculosa and decreasing invasion success.
Functional group diversity and forb diversity should be a larger consideration in invasive plant
management.
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ABSTRACT

The current rate of nonindigenous plant invasion has important ramifications to
indigenous ecosystems. A proposed mechanism for invasion resistance is that diverse
plant assemblages enhance niche occupation and preempt resources otherwise available to
invaders. Unfortunately, research on diversity as a mechanism for resistance has
confounding results. The purpose of this study was to quantify species and functional
group diversity in a grassland plant community in Montana, investigate the ability of plant
functional groups to resist invasion by a nonindigenous species, and to quantify and
compare portions of the nutrient and hydrologic cycles of the following indigenous
functional groups; grasses, shallow-rooted forbs, deep-rooted forbs, spikemoss, and the
nonindigenous invader, Centaurea maculosa. The study consisted of a factorial ,
combination of seven functional group removals (groups singularly or in combination) and
two C. maculosa treatments (seeded vs. absent) applied in a randomized-complete-block
design replicated four times at two sites. Diversity by functional group was recorded in
2000. I documented a higher diversity than has previously been described for the Festuca
idahoensis/Agropyron spicatum habitat type and found forbs represented the majority of
the richness and biomass of the grassland community. Cenfaurea maculosa density was .
counted in 2001 and analyzed using ANOVA. Centaurea maculosa density depended
upon the functional groups removed. The highest C. maculosa densities occurred where
all vegetation (50 plants m™) or all forbs (18 plants m™) were removed from plots.
Centaurea maculosa densities were the lowest (2-7 plants m™) in plots where nothing,
shallow-rooted forbs, deep-rooted forbs, grass, or spikemoss were removed. Functional
group biomass was collected and analyzed for N, P, K, and S. ANOVA indicated percent
. tissue concentration and nutrient uptake differed among functional groups. Centaurea
maculosa tissue nutrient percent was most similar to shallow-rooted forbs.. Similarly,
indigenous forb functional groups were most similar in nutrient uptake levels to C.
maculosa. This study suggests forbs are an important component to grassland commumty
diversity, and establishing and maintaining a diversity of plant functional groups within the
community enhances resistance to invasion. Indigenous forbs were particularly important
to resisting invasion by nonindigenous forbs. Since indigenous forbs were functionally
similar in percent tissue concentration and plant nutrient uptake to the nonindigenous forb,
they may be increasing resource competition with C. maculosa and decreasing invasion
success. Functional group diversity and forb diversity should be a larger consideration in
invasive plant management. '
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CHAPTER 1
INTRODUCTION

Nqnindigenous. plants have invaded and now dominate millions of hectares of |
grasslands throughout western North America (Sheley and Petroff 1999). The current
rate of nonindigenous plant invasion is an anthropogenic process with important
ramifications to our native ecosystems (Rejmanek 1996, Vitousek et al. 1997).
Nonindigenous plants may be permanently alteﬁr;g the structure and function of
indigenous ecosystems (Mack aﬂd D’ Antonio 1998, Olson 1999). Research implies
invasive plant species can degrade soil and water resources .(Lacey et al. 1989), reduces
-wildlife and livestock habitat and-forage (Hakim 1979)‘, and alter community structure by
decreasing the density, biomaés, apd basal area associated with indigenous plant
communities (Olson 1999, Christain and Wilson‘ 1999, Kedzie-Webb et al. 2001).

Most current invasive plant strategies are‘ techno_logy' or tool based and rarely Iﬁeet
long-term management objectives. Successful invésive plant management will require a
shift from that of invasive plant control to d‘evel'oping;and maintaining plant communities
that function at a sustainable level and resist invasion. Invasive plant management must be.
based on the principles and concepts directing plant 'commuhity dynamics (Sheley et al.
1996). These principles must b_é founded in-ecology, the basic science behind land .

| management, and must focus oh establishing and/or maintaining desired plant
communities, rather than simioly coﬁtrolling unwanted plants. An objective of sustainable

invasive plant management will be to develop plant communities that are relatively weed-
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resistant, while meeting other land use objectives, such as forage production, ’wildlife
habitat development, or recreational land maintenance (Sheley et al. 1996).

Susceptibility 6f western North America grasslands to invasion may be iﬁﬂuenced:
by community structure and/or resource availability (Elton 1958, Burke and Grime 1996,
Stolgren et al. 1999). The composition of North American grasslands has been described
in plant community classifications. The focus of thgse classifications has been on
managing grasses for livestock production and less attention has been given to other
vegetative life-form’s diversity, composition, and response to manageinent (Daubenmire
1970, Mueggler and Stewart 1980). If plant community structure can effect the
invasibility of a plant community, a more thorough description is needed of indigenous
speéies and functional group diversity throughout a growing season in western North
American grasslands. This may require 'a change from-traditional field sampling
techniqués. Plant community structure may also be mechanistically linked to ir_1vasion
through resource availability. One of the most commonly cited mechanisms for invasion
resistance is that diverse plant assemblages use resources more completely (Levine and
D’ Antonio 1999, Tilman 1997). Thus increased indigenous functional diversity preempts
available resources (Dukes 2001, Davis‘and Pelsor 2001) and decreases invader
recruitment (Robinson et al. 1995). Research clarifying resource-based invasion
mechanisms is needed because support of these hypotheses is confounding and
incomplete. The potential for a particular functional group, or combination of functional
groups, to resist invasion could have important implicatioﬁs for invasive plant

management.
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If the goal of sustainable invasive plant management is to direct plant communities
to a desired state, then ecologistv and land manager‘s need an understanding the ecological
role of indigenous and nonindigenous functional groups. To date, little is known about
the ecological role of indigenous species, or functional gfoups of species, and
nonindigenous invaders occurring within grasslands. Furthermore, little is known about
plant function and ecosystem processes as functional group diversity changes. Altering
plant functional group diversity and composition may inﬂuénce the nutrient and water
cycling within the plant community and effect its invasibility (Hooper and Vitousek 1997,
Tilman 1997, Dukes 2001). Understanding the ecological role of indigenous and
nonindigenous functional groups i.s important becausé it provides basic information about
plant community dynamics and ecological impacts of invaders. It also provides baseline
information necessary for developing restoration goals, assessing the effects of |
management, and directing plant communities to a desired state (Picket et al. 1987,
McLendon and Redente 1991, Sheley et al. 1996). Therefore, understanding the
ecological role of various functional groups would provide a basis for designing and
maintaining weed-resistant plant communities.

This research investigates ecological principles'relate.d to invasive plant

management. The study had three specific objectives and several hypotheses:

I. To quantify the functional diversity of a grassland ecosystem. Specific objectives were

to measure the richness and density of functional groups within the grassland’ community,
measure the biomass of each functional group, and calculate diversity indices for each

functional group. I hypothesized that the species and functional group diversity would be
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greater than previous des;criptions of the Festuca idahoensis/Agropyron spicatum habitat
type of a given location because of my multiple-visits method of describing the
communit&. Of the species preéent, I hypothesized that forb functional groups account for

the majority of the richness and biomass of a grassland plant community.

II. To investigate the abiﬁtv of functional groups (singularly or in combination) to resist

invasion by a nonindigenous species, Centaurea maculosa (spotted knapweed). 1

_ hypothesized that removing a functional group wou‘ld yield higher C maculosa densities ,
and biomass than the control, and that C. maculosa density and biomass would increase as
functional groups were progressively removed. I also hypothesized that removing forb
functional groups would increase C. maculosa biomass and density more than removing

grasses because indigenous and nonindigenous forbs may share physiological and

morphological traits and ecosystem function.

III. To quantify the ecological role of indigenous functional groups and a nqnindigenous
invader. My specific objectives were to quantify portions of the nitrogen (N), phosphorus
(P), potassium (K), sulfur (S), carbon (C), and water cycles of the following indigenous
functional groups: shallow-rooted forbs, deep-rooted forbs, grasses, spikemoss, and a
nonindigenous invader, Centaurea maculosa. 1hypothesized that indigenous functional
groups have different ecological roles, and that removing a functional group would alter
the soil nutrient and hydrologic cycles, with the impact increasing with ;emoval intensity.
i also hypéthesized indigenous and nonindigenous forbs would have similar ecological
roles cycling N, P, K, S, and C in plant tissue because they share morphological and

physiological traits. Because nonindigenous invaders are thought to impact ecosystem
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processes, I hypothesized C. maculosa would alter soil nutrient and water cycles, and that
the presence of C. maculosa would alter an jndigenous functional groups ability to capture :
resources.

Specific objectives and hypotheses are addressed separately in Chapters 2, 3, and

4. A general review of the results of this study are presented in Chapter 5.
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CHAPTER 2

DIVERSITY OF FUNCTIONAL GROUPS IN A GRASSLAND PLANT
COMMUNITY: EVIDENCE FOR FORBS AS A CRITICAL
MANAGEMENT CONSIDERATION

Introduction

Grasslands are the largest vegetative form on earth, comprising 24% of the worlds
vegetation, and about 125 M hectgres of the United States (Sims and Risser 2000). Near
the start of the 20™ century, descriptions of grasslanas focused on understanding the value
of species for livestock grazing, and little quantitative data was used to describe plant
community productivity or species‘composition and function in the system (Kearney et al.
1914, Shantz and Piemeisel 1924). Grasslands soon began to be described by their
particular climax plant community. Clements (1920) classified and described the
grasslands of the western United States as one of five grassland formations. Since
Clements, ecologists have recognized and described finer level classiﬁcations of the
grasslands. Stoddart aﬁd Snﬁth (1943) described 18 range types, based on presence and
abundance of characteristic plant speciés. More r'ecent classifications of grassland habitat
types in the northwestern United States identified majdr grassland vegetation types, seral
stages of each type, and response to grazing management practices (Daubenmir'e 1970,
Mueggler and Stewart 1980). A common trend of these classification systems is the

vegetative type’s grass species nomenclature and the emphasis on managing grass for \
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livestock production (Stoddart and Smith1943, Daubenmire 1970, Mueggler and Stewart
1980, Willoughby et al. 1998). |

While forbs si)ecies are listed as diverse components of grassland communities
(Daubenmire 1970, Sims et al. 1978, Jensen et al. 1988b, Mueggler and Stewart 1980,
Hogg et al. 2001), they have not been a primary focus in classification and land
management practices (Willoughby et al. 1998, Fuhlendorf and Engle 2001), perhaps
because forb species composition varies with eﬁvironmental and biological factors
(MacCracken et al.1983), or because forbs have the greatest production variability within
habitat types (Jensen et al. 1988a). Conversely, year-to-year and site-to-site variation of
forbs may be a function of méthodology limitations in these classifications. Vegetative
classifications have historically documented species composition only once during the
growing season (Stoddart and Smith1943, Daubenmire 1970, Mueggler and Stewart
1980, Jensen et al. 1988b). Depending on annual variation in climate, early or late
developing forbs may have been missed in aata collection for classification descriptions.
Measuring diversity once, at peak standing crop, does not account for the diversity of
spring or fall forbs. To estimate the actual community diversity and the diversity of forbs
within a site, periodic field sampling must occur.

Ecologists and land managers have recognized the in;portance of diverse plant
cqmmum'ties in maintaining healthy eéosystems' (Darwin .1 859, Elton 1958, MacArthur
and Wilson 1967, Goodman 1975, Pimm 1991). It is possible that forbs, or g‘roups of
forbs With simﬂa} characteristics, are important management groups and play a'vital role in

ecosystem functions such as invasion resistance and nutrient cycling (Symstad 2000,
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Dukes 2001, Tilfnan et al." 2001). We investigated the e'cological role of indigenous
groups of forbs in companion papers (Chaptefs 3 and 4) to further devélop the concept bf
forb diversity as a cfiﬁcal management group. In spite of the potential role of forbs in
plant community pfocesses, only limited attention is given to their corsposition in
grasslands during management practices. {The role of various components, particularly
forbs, need to be considered more seriously in future grassland management.

The purpose of this research was to quantify species and functional group diversity
in a grassland plant community in southwesterr'ln Montana. Our first specific objective was
to identify the plant species in the grassland and separate the species into functional
groups, based on their rﬁorphology and physiology, to pros/ide important managemént
units. Other specific objectives were to/measure the richness and density of functional

groups within the grassland community, measure the biomass of each functional group,

and calculate diversity indices for each functional group. Additionally, we classified the

v
N

soils and quantiﬁed‘sité and season soil mltrient levelis. We hypothesized that the species
and functional group richness would be greater than previous descriptions of the habitat
type of a given location because of our multiple-visits method of quantifying the
community. Of the species present, we hypothesized that forb functional groups account

for the majority of the richness and biomass of a grassland plant commuﬁity.
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Methods

Study sites

This study was conducted on fwo sites within the Festuca idahoensis/A gropyron
spicatum habitat type (Mueggler and Stewart 1980). This habitat type lies at the cool-wet
end of grassland habitat types and can be found at elevations ranging from 1,400 to 2,300
meters. Predominant indigenous perennial grasses include Idaho fegcue (Festuca
idahoensis Elmer) and bluebunch wheatgrass (Agropyron spicatum Pursh). The
- proportion of ‘forb_;: to érarm'niods varies with location for this habitat type (Mueggler and
Stewart 1980). Some predominant indigenous forbs in the system include prairie sage
(Artemisia ludoviciana L.), arrowleaf balsamroot (Balsamorhiza sagittata [Pursh] Nutt),
and lupine (Lupinus spp.). Medium shrubs are absent from this habitat type unless it has
been severely disturbed. We chose the Idaho fescue/bluebunch wheatgrass habitat type
because it is widely distributed throughout the mountain grasslands in southwestern
Montana and the Westem United States and provides a model system for applied

. ecological rgsearch.

Sites were located on the Flying D Ranch approximately 70 km east.(45 °34'N,
111° 34' W) of Bozeman, Montana. Sites lie on an east-northeast aspect of a 20 degree
slope at 1,624 m elevation. Our specific sites were chosen because they were neér enough
to one another to be considered similar, but appeared to represent different seral stage_;: "
within the Idaho fescue/bluebunch wheatgrass habitat type. Prior to plot establishment,

soils were tested for the presence of picloram (4-amino-3,5,6-trichloropicolinic acid,
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potassium salt) to minimize the risk that site characteristics and plant community
composition were influenced by recent herbicide applications. Picloram was not detected
at the 0.01 mg/kg level. Soils were classified in August, 2000. Annual average
precipitation is 41 cm and annual average temperature ranges from 5.5 to 7°C.

The area has been grazed for decades, and in some years it has been heavily
grazed, by either cattle or bison (Bison bison) in its recent hisfbry (50-60 years). Bison
grazing during the past ten years has been sporadic. Windblown slopes are prime winter
habitat for wildlife. In the study area, winter use by elk (Cervus elaphus) has steadily

increased as herd size increased during the past 20 years.

Experimental design and sampling

This study was a ﬁortion of a larger research pfoject that involved removing
functional groups of plants. Therefore, the design of this research was aimed at achieving
multiple objectives. Species of grass, forbs and spikemoss were combined into functional
groups based on morphological and physiological similarities. Grasses, forbs, and
spikemoss were split into functional groups. Forbs were further divided into‘ two
functional groups based on average rooting depth of each species, determined by careful
excavation of each species to determine root structure and rooting depth. The distinction
between a shallow and a deep depth was based on a naturaj break within the roots
sampled Which occurred at about 15 ¢m. In cases wheré the average root‘ depth was close
to 15 cm, species with primarily fibrous roots were considered shallow-rooted, while tap-

“roots were grouped with deep-rooted forbs.
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Removal treatments were arranged in a randomized-complete-block design with
four replications on each of two sites. Treatments were applied by removing a functional
group or groups in combination from the 2 x 2 meters plots. This study consisted of seven
removal treatments 1) shallow-rooted forb, 2) deep-rooted forb, 3) all forbs, 4) grasses, 5)
all plant material, 6) nothing (control) and 7) moss, lichens and spikemoss (collectively
referred to as spikemoss throughout the paper) removed. While removing functional
groups in 2000, species richness and density were recorded for all species removed, as
well as all species on the control plots (nothing removed). Species richness was measured
by countin-g all species present on the plot. Forl; density was measured b}; counting the
number of plants per species in the plot. Grass density was determinéd by counting the
number of tillers per species withjp a0.2 x 0.5 m frame. A single frame wés placeid
randomly in each plot. Plant removal and data recording, continued every-other week
throughout the 2000 growing season to capture seasonal variation of plant coﬁlposition.
For thé spikémoss functional group, percent foliar cover was estimated within 2 0.2 x 0.5
m frame for each species representing one percent or greater of the plot area. Forbs and
Selaginella species were identified using Dorn (1984 ) while grasses follow the
nomenclature in Cronquist et al. (1977). Mosses and lichens were identified using Flowers
(1973) and McCune (1995).

Aboveground biomass of the shallow-rooted forbs, deep;rooted forbs and grasses
was collected during the spring, summer, and fall of 2001 from all plots where their
biomass was not removed as a treatment. Thus, there are different sample sizes for each

"group. Spring sampling occurred when the majority of the spring ephemeral forbs were in
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bloom, summer sampling coincided with peak standing crop, and fall sampling occurred
after 95% of the vegetation was senescent. Plots were divided into three subplots which
were randomly.assigned to each of the three sample periods to prevent sampling the same
area twice. Plants were clipped to ground icvel within three 0.2 x 0.5 m frames randomly
placed in each subplot. Plant abovéground biomass was separated by functional group as |
it was clipped. -As part of the treatménts, spikemoss was removéd from 2 plots in“each
block. Pla{nt ﬁsSues were oven dried (40° C, 160 hours) to a constant weight, weighed,
and biomass was recorded. |

Soils samples were collected from each control plot with a 2.2 cm diameter soil
core duﬁng the spring, summer, and fall of 2001 to measure‘ nutrient concentrations of
each sites. Within each subplot, randomly located soil cores were collected. The soil
cores were divided into two depths (0-15 cm and 15-40 cm) to coinpide Wilth the depths of
shallow-rooted and deep-rooted forb functional groups. To capture heterogeneity of soil
properties at each season, three samples per depth were collectec_i from each plot and were
combined into one sample per plot fdr.analyéis. These soils were analyzed for mass water
content, total nitrogen @, nitrate (NO,-N), ammonium (NH,-N), sulfur (S), phosphorﬁs
(P), potassium (K), and total carbon (C) at each site. Soil samples collected from the field
were weighed wet, dried in a. forced-air oven (40° C, 160 hoursj to a constant weight, and
weighed again to determine mass water content (Brady and ngl 1999). Soil samples
. were then ground to pass through a 2 mm sieve in preparation for ¢hemical analyses.

Inorganic soil N (NO,-N and NH,-N) was determined on 1 M KCl extracts of soils (5 g

soil:50 ml extractant) (Mulvaney 1996) and total N was determine using the Kjeldahl
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(TKN) method (Bremner 1996). Available P in the soil was measured by the NaHCO,
extraction method (Olsen et al., 1954). Available K and S were determined by extraction
with 1 M NH,0AC (Helmke and Sparks, 1996) and 0.001 M CaCl, (Hamm et al., 1973),
respectively, using a 5:1 extractant to soil fatio. Filtered extracts were analyzed for P, K,
and S by inducti'vely coupled plasma membrane spectroscopy (Jones, 1977). Total C was

determined by loss-on-ignition (l"\Ielson and Sommers 1996).

Data analysis

Plant. Species frequency of occurrence was calculated for each site to determine
species distribution between the sites. Ri-chness, biomass, and density were summarized
for the shallow-rooted forb, deep-rooted forb, and grass functional groups individually and
for the total plot.. Biomass was averaged over the thre;e seasons. For the spikemoss
functional group, mean percent cover, richness, and biomass were summarized. Richness
was alwayé summarized per plot (4 m™) while density, biomass, and percent cover were

averaged per meter square. Both the Simpson and Shannon-Weaver diversity indexes

were calculated for each functional group. The Simpsdn Diversity Index is defined as D=

1/(sum(Pi%)) where Pi is the proportion of the i species (Begon et al. 1 990). The
Shannon-Weaver Index is defined as H = -surh(Pi(lnPi)) (Begon et al. 1990). Data
comparisons were conducted using the Student’s #~test in SPSS software (SPSS version

10.0 1999). . >

Soil. Mean mass water content and nutrient levels were determined for each site,

season, and sbil depth. C:N ratio was calculated for-each site and depth. Soils were
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analyzed for site differences in water and.nutrient content at each soil depth using a

Student’s -test. We used the combined means of seasons for nutrients and water site

qomparisons. A one-way ANOVA was used to analyze mass water content and nutrient

llevel variations among seasons at each soil depth and site. At site 2, the deep soil depth

phosphorus did not meet the assumptions of equality of variance and normality and data

transformations did not imbrove the model. Therefore, the Mann-Whitney non-parametric
. test was used. We used SPSS software for the abbve analyses. Test results were

considered significant at the a = 0.05 level.
Results

Frequency. density, biomass, and cover

All ﬁmctionai groups and twenty-four plant families were fepresented on the study
sites. The plant families most often enco.untered were Asterac;eae (16 taxa), Fabaceae (7
taxa), and Poaceae (14 taxa). In total, 90 vegetative species were identified in t.his
gfassland system (Table 2.1). Of those épecies, 47 were shallow-rooted forbs, 22 were
deep-rooted forbs, 14 \x;ere grasses, 4 were lichens, 1 was a spikemoss, and 2 were
mosses. Shallow-roo;ced forbs (O-lS cm roots) consisted of annual, short-lived perennial,
and perennial species with bulbs, rhizomes, fibrous roots and/or shallow tap-roots. Deep-
rooted forbs (15-40+ cm roots) were primarily perennial tap-rooted plants with varying
lateral root lengths and depths.. Idaho fescue and bluebunch wheatgrass were the most
commonly occurring grasses. Arrowleaf balsamroot, lupine, prairie milkvetch (4stragalus

adsurgens Pallas), and blazing star (Liatris punctata Hook) are deep-rooted forbs which
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Table 2.1. Species functional group assignment, average root depth, and frequency on site

I and site 2, respectively.

Species

Achillea millefolium L.

Allium cernuum Roth.

Alyssum alyssoides L.
Antennariaparvifolia Nutt.

Arabis nuttallii Robinson

Arenaria congesta Nutt.

Arnica sororia Greene

Artemisia campestris L.

Artemisia dracunculus L.
Artemisiafrigida Willd.

Artemisia ludoviciana L.
Astragalus agrestis Dougl. Ex Hook
Besseya wyomingensis (A. Nels.) Rydb.
Castilleja pallescens (Gray) Greene
Cerastium arvense L.
Chenopodium leptophyllum Nutt.
Comandra umbellata (L.) NutL
Dodecatheon conjugens Greene
Douglasia montana Gray

Erigeron caespitosus Nutt.

Erysimum asperum Nutt DC.

Erysimum inconspicuum (Wats.) MacM.

Fritillaria pudica Pursh

Gaillardia aristata Pursh

Galium boreale L.

Gaura coccinea Nutt. Ex Pursh
Gutierrezia sarothrae Britt. & Rushy
Haplopappus acaulis Nutt.
Heterotheca villosa Pursh

Iris missouriensis Nutt.

Common Name

Yarrow

Nodding onion
Alyssum

Small leafpussytoes
Nuttall Rockcress
Ballhead sandwort
Arnica

Common sagewort
Green sagewort
Fringed sage

Man sage

Field milkvetch
Kittentail

Pale Indian paintbrush
Chickweed
Lambsquarter
Bastard Toadflax
Shooting star
Mountain Douglasia
Tufted Fleabane
Plains Wallflower
Wallflower

Yellow bell
Blanketflower
Bedstraw

Gaura

Broom snakeweed
Goldenweed

Golden aster

Bearded lIris

Functional

Group

S

Average Root
Depth (cm)

10

10

12

14

10

12

11

Frequency of
occurrence
0.28/0.21
0.97/1.00
0.06 /0.00
0.65/0.66
1.00/0.34
0.97/1.00
0.28/0.25
0.09/0.00
0.06/0.00
1.00/0.40
0.31/0.28
0.00/0.09
0.97/0.91
1.00/1.00
1.00/0.94
0.09/0.03
1.00/0.90
0.97/0.90
1.00/0.88
0.90/0.90
0.16/0.00
0.09/0.00
0.97/1.00
1.00/ 1.00
0.22/0.00
0.09/0.03
0.63/0.72
0.00/0.03
0.59/0.75

0.90/0.00



(Table 2.1 continued)

Species

Linum lewisii Pursh
Lesquerella alpina (N utt) Wats.
Lomatium cous Coult & Rose
Musineon divaricatum Pursh

Nothocalais cuspidate (Pursh) Greene

Nothocalais troximoides (Gray) Greene

Penstemon eriantherus Pursh
Sedum borschii Clausen

Senecio canus Hook

Sisyrinchium montanum Greene
Vicia americana Mahl. Ex Willd.
Viola nuttallii Pursh

Viola nuttallii var. vallicola A Nels.
Zigadenus venenosus Wats.
Unknown forb |

Unknown forb 2

Unknown forb 3

Anemone multifida Poir.
Anemonepatens L.

Astragalus adsurgens Pallas
Astragalus crassicarpus NutL
Balsamorhiza sagittata (Pursh) Nutt
Clematis hirsutissima Pursh
Crepisacuminata Nutt

Crepis occidentalis Nutt.

Frasera speciosa Dougl. ex Griseb
Geum Triflorum Pursh

Geranium viscosissimum Fisch
Heuchera parviflora Nutt.

Ipomopsis spicata Nutt. (Grant)

18

Common Name

Flax

Alkaline bladderpod
Mountain Lomatium
Musineon

Cuspidate nothocalais
Nothocalais
Penstemon

Stone crop

Woolly groundsel
Blue eye grass
American vetch
Yellow violet
Yellowviolet

Death camas
Unknown forb
Unknown forb
Unknown forb

Ball anemone
Pasque flower
Prairie milkvetch
Plum milkvetch
Arrowleaf Balsamroot
Vase flower
hawksbeard
hawksbeard

Green gentian
Prairie smoke
Sticky geranium
Littleleafallumroot

Spike Ipomopsis

Functional
Group

S

Average Root

Depth (cm)

12
10

14

19
26
30
20
35
24
16
20
30
19
20
20

27

Frequency of
occurrence
0.97/1.00
0.19/0.00
0.94/0.75
0.13/0.06
1.00/1.00
0.56/0.97
1.00/1.00
0.03/0.00
0.94/0.66
0.97/0.72
0.97/0.88
0.72/0.84
0.03/0.03
1.00/1.00
0.03/0.00
0.03/0.00
0.03/0.00
0.06/0.00
0.50/0.97
1.00/0.94
0.41/0.84
1.00/0.78
0.25/0.03
0.19/0.06
0.59/0.66
0.56/0.84
0.13/0.06
0.00/0.03
0.44/0.00

0.56/0.88
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(Table 2.1 continued)

Species Common Name Functional Average Root Frequency of
Group Depth (cm) occurrence
Liatrispunctata Hook Blazing star D 19 1.00/0.97
Lithospermum ruderale Dougl.ex. Lehm Puccoon D 35 0.63/0.84
Lupinus sericeus Pursh Lupine D 35 0.97/0.97
Mertensia oblongifolia (Nutt.) G. Don Bluebell D 20 0.09/0.00
Phlox albomarginata Jones Phlox D 16 0.41/0.66
Oxytropis lagopus NutL Haresfoot loco D 20 0.06/0.13
Oxytropis sericea Nutt. W hite Pointloco D 20 0.50/0.81
Taraxacum officinale Weber Common Dandelion D 18 0.97/1.00
Tragopogon dubius Scop. Goatsbeard D 18 0.41/0.69
Agropyron spicatum Pursh Bluebunch wheatgrass G 15 1.00/0.96
Aristida longiseta L. Red three-awn G 15 0.25/0.04
Bouteloua gracilis H.B.K. Lag Blue Grama G 5 0.79/0.38
Carexfilifolia NutL Threadleafsedge G 10 0.08/0.29
Carex rossii Boott Ross sedge G 11 0.00/0.17
Festuca idahoensis Elmer Idaho fescue G 10 1.00/1.00
Festuca ovina L. Sheep fescue G 10 0.00/0.08
Helictotrichon hookeri (Scribn.) Henr. Spike oat G 11 0.75/0.25
Koeleria nitida N utt. Junegrass G 9 0.38/0.21
Poa cusickii Vasey Cusick bluegrass G 7 0.50/0.33
Poa pratensis L. Kentucky bluegrass G 7 0.21/0.00
Poa secunda Presl. Sandbergs bluegrass G 10 0.46/0.08
Stipa comata Trin. & Rupr. Needle and thread G 12 0.08/0.17
Agropyron spp. W heatgrass G 8 0.04/0.04
Selaginella densa Rydb. Compact spikemoss M n/a 0.84/1.00
Xanthoparmelia wyomingica Rockfrog M n/a 0.36/0.02
Peltigera rufescens Felt pelts M n/a 0.20/0.07
Cladonia chlorophaea Peppered pixie-cup M n/a 0.75/0.61
Cladoniapyxidata Pixie-cup M n/a 0.09/0.27
Tortula ruralis Hairy screw moss M n/a 0.07/0.09
Brvum caespiticum Moss M nla 0.25/0.04
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occurred on nearly every plot. Shallow-rooted forbs were dominafed by both spring
ephemeral forbs, including (ieath camas (Zigadenus venenosus Wats.) and yellowbell
(Fritillaria pudica Pursh), and midsummer bloomers, including penstemon (Penstermon
erz'anthérus Pursh) and blanketflower (Gaillardia aristata Pursh). A single species of
spikemoss, resurrection plant (Selaginella densa), accounted for 99% of the cover and
biomass of the spikemoss group, while the mosses and lichens were rarer in occurrence
and distribution.

Twenty-four species had a 75 percent or greater frequently of occurrence on both
sites (Table 2.1). While most species were evenly distributed over both sites, there were
some éxceptions. Iris missouriensis had a fréquency of occurrence of 90% at site 1 and
was absent from site 2. Eight species had at least thrée times the frequency of occurrence
on site 1 than site 2. Sixteen species were present on site 1in low frequencies while
absent from site 2. Carex filifolia and Cladonia pyxidata occurred-on site 2 with at least
threg times the frequency as site 1. Five species were present on site 2 in low frequencies
while absent from site 1. M

Species density within a functional group and for the total plot was greater on site
2 than site 1 (Table 2.2). Gra_lss tillers were about twice as dense on site 2 (434.6 tillers
m?) than site 1 (187.6 tillers m?). This probably accounted for the greater overall density
on site 2 While shallow-rooted forbs generally had a lé)wer frequency of occurrence on

site 2 than site 1, their density was about one third greater on site 2 (3.3 plants m?) than

site 1 (2.6 plant m?). .




Table 2.2. Means and P values generated from independent t-tests for species richness, density, Simpson diversity index and
Shannon-Weaver Index at both sites.

Functionel Goup Ste N Desity Bioress Rdres Snyson SaronrWeaer
(M @12 (@) Diersitylnx Diersiy Indx

Qas I 24 1876 213 55 3 127

2 24 4346 2.7 40 166 065

df 46 40 46 46 46

Palle <0001 0313 <0001 <00001 <0001
Deep-rooted Forts I 2 19 475 108 4% 186

2 2 19 403 123 5% 19

df 62 K &2 62 &2

Palle 0813 0.266 0001 0236 0008
Sllonvrooted Forks | 2 26 235 269 1256 281

2 2 33 172 232 11.69 259

df 62 K &2 62 a2

Pvalue <0001 0017 <0001 053% <0.0001
Tota I 6 29 &1 436 428 186

2 16 463 748 04 178 09

df K1) D K1) K1) K1)

Pyele <00001 0083 0017 <0.0001 <0.0001
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‘Site 1 had a greater total plot biomass (89.1 gm®) than site 2 (74.8 gm?); (Table
2.2). Shallow-rooted forbs accounted for 23.5 gm (26%) and deep-rooted forbs 47.5
gm?(53%) of the plant community biomass at site 1. Site 2 had a greater biomass of
grasses than site 1. Site 2 also had twice the biomass of the spikemoss functional group
‘than site 1 (Table 2.3). Selaginella densa formed an almost continuous layer on the soil at
site 2 (66 % cover), surrounding the base of bunchgrasses and had ;/ascular vegetation
growing through and within its foliage. In comparison, site 1 had more bare-ground.
Table 2.3. Mean richness, biomass and percent cover of mosses, lichens and spikemoss

on both sites. The sample size per site was 56 for richness and percent cover,
and 8 for biomass.

——P oS Pt
S ——— T ——————— ey S e e S

Functional Group Site Richness (4 m”)  Biomass (gm®)  Percent Cover (m?»
Moss / Lichen / Spikemoss. Al 2.6 168 46

2 2.1 366 66

df 110 4 110

P-value 0.009 0.002- <0.0001 ‘

e e

Species diversity

Overaﬂ mean species richness within a 4 m™ plot was 43.6 and 39.4 for sites 1 and
2,. réspectively (Table 2.2). Site 1 had greater species richness of the shallow-rooted forbs
(26.9), grasses (5.5), and spikemoss (2.6) than what was recorded for site 2. Site 2 (12.3)
~had a greafer richness of deep-rootéd forbs than site 1 (10.8). |

Two diversity indices were calculated for each site because the indices have
different meaning of equatability (Table 2.2). For both indices, equatability increases with

an increase in the index. According to the Simpso;l Index, the equatability of shallow- and
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deep-rooted forbs did not differ statistically between sites. Site 1 (D=3.11) had a greater
Simpson Index for grass than site 2 (D= 1.66); therefore, grass species were more evenly
distributed at site 1 than site 2. Total plot species diversjty for site 1 (D= 4.28) was over
two times greater than the diversity at site 2 (D= 1.78). The Shannon-Weavef Diversity
Index indicated that the equatability of species within functional groups and the plot total
differed between sites. At site 1, gr;clsses, shallow-rooted forbs, and the total species per
plot were more evenly distributed than at site 1. Evermess values ranged from H= 1.27 for
grass, H=2.81 for shallow-rooted forbs, and H= 1.86 for the plot total. As with the

Simpson Index, site 2 (FI=1.99) had a greater evenness of deep-rooted forbs than site 1

(H=1.85).

Soil characteristics

Soil classifications indicated site 1 soils are a ioamy-skeletal, mixed, frigid, .active
Typic Haplocryolls (Haplo Cryic Mollisol), and site 2 soils are a coarse-loamy, mixed,
frigid, active Typic Haplocryolls (Haplo Cryic Mollisol); (Table 2.4). Soil profile
descriptions for each site showed small variations in the structure, material and pH of the
A and Bw horizons. The main differences in the soil prc;ﬁles were depth of the A horizon
(22 verses 12 cm, site 1 and 2, respectively) and the presence of a Bw horizon at site 2.
The Bw horizon structure, which contributed substantially to total profile depth, had

t‘larger, blockier soil aggregates (peds) than the A or Bk horizons of each site.




24

Table 2.4. Soil profile description for site I and site 2.

Site Horizon Depth Structure M aterial pH Reaction to acid

A 02 sub-angular-blocky, sadylem 76 o reaction
| Horizon  am fire (5-10 m@Od\A?/m 7T0%0sad
10 ecoarefragrents 0dlit
10%cday

Bk 2-5  baguar-blocky, sadyleem 84 violertly
Hoizon  om firetoredurn5>20  5%0sad effervesoent
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Soil nutrients and water
At the 0-15 cm depths, mass water content, total N, NH4H, K, total soil C, and
the C:N did not differ between sites | and 2 (Table 2.5). Site | had higher NO3H and S
levels and lower P levels in the shallow soils than site 2. The only difference between sites
in nutrient concentration at 15-40 cm depths was N03-N which was higher on site | than
site 2 (3.38 verses 2.08 mg/kg, respectively).
All soil parameters were dependent on season, except K and percent total N which
remained relatively constant for both depths and sites (Table 2.6). Seasonal depletion of

the soil nutrients coincided with increased moisture (Figure 1). Mass water content and

nitrate decreased from spring to fall for both sites at both soil depths. Other soil



Table 2.5. Mean mass water content and nutrient level differences between sites. All /-tests have 46 degrees of freedom.
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Table 2.6. Seasonal nutrient and mass water content for each soil depth at both sites. For each site and soil depth, means within

columns with different letters are significantly different at P< 0.05 level. All cases have 23 total degrees of freedom.
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f Mann-Whitney nonparametric test was used because of unequal variance among groups.
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Figure 2.1. Average monthly precipitation and temperature
gathered from the Red Bluff Experimental Station, approximately
4 km from the research sites.
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parameters tended to decrease from the spring to the fall but not consistently for both soil
depths and sites. Ammonium 1eyels decreased for site 1 shallow (14.70 to 4.90 mg/kg) -
and deep (14.78 to 5.33 mg/kg) depths i‘;rom the spring to the fall. The magnitude of
change in S content at sité 1 soils decreased by approximately 5 mg/kg for each depth but
did not vary significantly at site 2. Phosphorus decreased in site 1 shallow layers (5.88 to
3.75 mg/kg), and in site 2 deep layers (3.38 t0 2.50 mg/kg)._ The C:N and percent C :
increased in site 2 deep layers from 10.3 to 12.1 andJZ.Oé % to 2.76%. The remaining

parameters remained relatively constant across seasons.
Discussion

. Site differences in plant community composition and soil nutrients support the
tenant that soil substrate and nutrient levels regulate plant community composition
(Clements 1920, Passey et al. 1982, MacCracken et al.1983). Shallow-rooted forb
richness and biomass on site 1 may account for greater resource acquisition in shallow
depths (Lambers et al. 1998) and correlate with the seasonal deceases in soil nutrients seen
on site 1 but not on site 2.' The richness of shallow-rooted forbs on site 1 may also
account for an increased rate of nutrient cycling and higher levels of NO;-H and S than
site 2. Site 2 had a lower overall richness than site 1 but a greater density, richness, and
diversity of deep-rooted forbs. The Bw soil zone at site 2 had a larger and more blocky
structure than soils at site 1. The location of this zone in relation fo the soil surface may
make it more difficult for shallow-rooted forbs to acquire water and nutl‘ienfs’uthrough

mass flow allowing the deep-rooted forbs, whose roots can bypass this soil zone, to be
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better site comi)etitors (Tilman 1987, Gleeson and Tilman 1990). We attribute the greater
biomass of deep-rooted forbs at site 1 to the higher occurrence of larger deep-rooted
species, such as arrowleafbalsamrbot. On site 2, lower NO,-H levels and large biomass
tap-roots, compared to site 1, could be attributed to the seasonal increase in the C:N and
total soil C (%) in deep layer. Seasonal depletion of the soil nutrients coincided with
increased June moisture and the growth of shallow-rooted forbs.

Species diversity of both sites was high (Daubenmire 1970, Mueggler and Stewart
| 1980). Sampling over time allowed us to document g‘reater species richness than
previously suggested for this habitat type (Daubenmire 1970, Mueggler and Stewart
1980). In their classification description of the Idaho fescue/bluebunqh wheatgrass hébi‘.cat
type in Montana, Mueggler and Stewart (1980) documented a total of 27 species of
graminiods and 69 forb species from 45 sites. In comparison, we documented 14
graminiods and 69 forbs species frorji just two sites,. It is hard to quantify the richness per
site from Mueggler and Stewart; however, based the average constancy of each lifeform,
25% of the 27 grass species (7) and 24% of the 69 forb species (17) occurred on each of
their 45 sité. Similarly, Daubenmire (1970) documen.ted an average of 3 grasses, 9 annual
forbs and 8 perennial forbs per 4m?in the bluebunch wheatgrass/Idaho fescue habitat type
of Washington. Our grassland description documented 39-44 species per plot 4m* which
consisted of 4-6 grasses, 11-12 deep-rooted forbs, and 23-27 shallow.-roo’;ed forbs. We
documented an average canopy cover of mosses/spikemoss/lichens of 46% and 66%
which was coﬁpﬁsed of 2-;3 species. In comparison, Mueggler and Stewait (1970)

estimated bryophytes to be 5-24% ground cover but did not identify species.
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Our data also supported the hypothesis that forb functional groups represent the
majority of the richness and biomass of the grassland community. Forbs accounted for
83% of the vascular species richness in our research. Similarly, Mueggler and Stewart
(1980) and Daubenmire (1970) foun)d 72% and 93% of the total specigs recorded for this"
habitat type to be forbs. Sims et al. (1978) found grasslands to be comprised of three to.
four times the number of forb species as grasses. In addition, forbs represented a greater
proportion of plant biomass than the grasses on our sites. This was consistent with
Mueggler and Stewart (1980) who found forbs account for approximately 1.5 times more
biomass than grasses. The name ‘grasslands’ is misleading to the actual composition of
this biome because grasses typically corr‘lpose 20% or less of the total vegetative species
richness (Sims and Risser 2000). Although three to four grass species may compose a
large portion of the biomass in grasslands, the forbs contribute more to commurﬁty
diversity (Sims et al. .1978, Sims and Risser 1988). Because maintaining ﬁmctional group
diversity is critical to maintaining proper plant community functioning, more emphasis
should be placed on managing grasslqnds for forb functional group diversity.

Our results indicate that greater species richness coincided with a greater overall
biomass or productivity. This finding is congruent with other research suggesting '
increased diversity is positively correlated with increased communitgl productivity and
stabilization (Tilman et al. 1997, Tilman et al. 2001, Anderson and Inouye 2001, Naecem
'1994) due to the more complete use of resources (Levine and D’ Antonio 1999, Tilman
1997, Brown 1998, Carpinelli 2001). Lower availabilities of resources have been.

suggested to decrease invasibility of the community by undesired species (McNaughton
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1993, Robinson et al. 1995).. Recent research implies that functional diversity is as or
more irnportant to resisting invasion than species diversity alone (Symstad 2000, Dukes
2001, Tilman et al. 2001) because of resource preernption (Tilman 1997, Dukes 2001,
Davis and Pelsor 2001, Levine and D’ Antonio 1999, and Diaz and Cabido 2001).
Therefore, species numben alone is not as impgrteint as species present with different
ecosystem roles (Walker 1992, Diaz and Cabido 2001, Sala et ai. 1996, -Sheley et al.
1996) which suégests that ecosystem functioning may be sensitive to functional diversity.

Maintaining plant functional group diversity may be more importan'n to ecological
integrity than si.mply maintaining plant species diversity (Tilman et al. 1997, Hooper and
Vitousek 1997, Power et al. 1996, Mack and D’ Antonio 1998), because altering
functional group diversity could materialize into large effects on ecosystem prncesses
(Tilman et al. 1997, Diaz and Cabido 2001). Our dissection of the grassland plant
community into functional groups was ameans to invéstigate the diversity of forbs in the
community. Dissection into func;tional groups was also a means to investigating the role
of groups in plant community dynamics and management. We classified forbs into
functional groups based on morphology because it reflects the life-hri\story ‘strategies of
species (Lauenroth et al. 1978, Gitay and Noble 1997) and can be useful in predicting
crinical differences in ecosystem dynamips, such as, response to disturbance (Shaver et al.
1997, Gitay and Noble 1997), or changes in nutrient composiﬁon (Pickett et al. 1987,
Connell and Slatyer 1977, Sheley e’n ai. '1996). Besides being essential for ensuring the
long-term persistence of all biotn within a plant community (Walker 1992), managing for

functional groups as management units may be more feasible than species-based .
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management. A land manager could classify functional groups according to the form and
function of the vegetation within temporal and spatial scale of considerations (Woodward
and Kelly 1997, Lauenroth et al. 1997) and their primary purpose (Westoby and Leishamn
1997). This allows the defining mecharﬁsm of the group to be monitored more directly
and provides a link between the life history strategies at the plant level and the processes
at the ecosystem level (Chapin 1993). Forbs are a diverse lifeform in grassland
comn;unities with various species persisting throughout the growing season. Separating
forbs into functional groups is essential for understanding the direction of change within
the plant community because groups are a stronger determinate of the ecosystem

processes than the individual sf)ecies diversity (Tilman et al. 1997).

Management Implications

We recommend land m‘anagers recognize forb species and forb functional group
diversity in grassland classifications. Periodic field sampling during the growing season
provides a better understanding of the plant community composition, and provides a target
plant community for management. As a minimum, we recc;mmend quantifying species
diversity twice during the growing season. By sampling once in the spring, when
arrowleaf balsamroot is beginning to bloom, aﬁd once in the summer, at peak standing
crop, land managers should be able to capture approximately 83% of the diversity in the _

Festuca idahoensis/Agropyron .spibatum habitat type. In comparison, 54% of community

diversity was recorded with one field sampling.
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We also recommend land managers establish and. maintain forb species and forb
functional group diversity in land r'nanagement decisions. Intermediate levels of
disturbance have been propose‘d to maintain the highest le\;els of diversity (Connell 1978).
In land management, intermediate levels of disturbance can be obtained by regulating
grazing timing and intensity, and through periodic prescribed burning. Diversity can also
be maintained through carg:ﬁ;l planning of herbicide applications. We recommend
calibrating herbicide rates to minimizes effects on off-target plants, applying herbicides
when the majority of indigenous vegetation are senescent, spot-spraying areas (verses
area-wide spraying) to maintain diversity where individual plants exist, and reseeding
competitive grasses and forbs aﬂe; herbicide application.

Maintaining functional group diversity should be a primary objective of land
managers because increased functional group diversity correlates with increased stability -
and productivity through niche differentiation and resource acquisition (Tilman 1997,
Naeem 1994, Levine énd D’ Antonio 1999, Anderson and Inouye 2001). Increasing
functional diversity also decreases the risk of invasion by undesired species (Symstad
2000, Dukes 2001). Indigenous forb functional groups use resources similarly to
nonindigenous forb invaders and are a critical component in community invasion
resistance (Kedzie-Webb et al. 2001, Chapters 3 and 4). Besides their contribution to
ecosystem function, functional groups are a simpler manageme;lt unit for managing
diversity than a species-based approach because the goal is to establiéh and maintain

multiple species which respond similarly to change and collectively resist invasion.
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CHAPTER 3

ROLE OF FUNCTIONAL GROUP DIVERSITY IN RESISTING INVASION ,
IN A GRASSLAND PLANT COMMUNITY

Introduction

Invasive nonindigenous plants dominate millions of hectares throughout the
western United States (Sheley and Petroff 1999). These weeds may be permanently
altering the structure and function of indigenous ecosystems (Sheley et al. 1998, Mack and
D’ Antonio 1998, Olson 1999). Research suggests invasive species can degrade soil and
watér. resources (Lacey et al. 1989, Sheley et al. 1997), reduces wildlife and livestock
habitat and forage (Hakim 1979, Kurtz et al. 1995), and alter community structure by
decreasing the density, biomass, and basal area associated with indigenous plant
communities (Olsoﬁ 1999, Christain and Wilson 1999, Kedzie-Webb et al. 2001).

| Susceptibility of grasslands in the western United States to invasion may- be
i@uenced by many factors, including community structure (Orains 1984), resource
availability (Elton 1958, Burke and Grime 1996, Tilman 1997, and Stohlgren et al. 1999)
and in§ader traits (Davis and Pelsor 2001). Alien species belonging to nonindigénous
genera may be more likely to successfully invade native plant communities than
nonindigenous genera (Darwin 1859, Rejmanek 1996). Most nonindigenous plants invade
areas of similar latitude as their native occurrences; however, invaders may be
fundamentally different in species function from the local vegetation (Rejmanek 1996,

Rejmanek and Richardson1996, Callaway and Aschehoug 2000). Nonindigenous species
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may have geneﬁc and iiferhjstory traifs thajc allow them to preempt resources more rapidly
or to a lower ievel than indigenous vegetation, aliowing them to become successful
invaders (Roy 1990, Rejmanek 1996, LeJeune _and Seastedt 2001, Sakai et al. 2001).

| Ecologists have recognized the importance of diverse plant communities in
maintaining vigorous ecosystems (MacArthur and Wilson 1967, Goodman 1975, Pimm
1991). A ﬁumber of researchers have suggés‘t‘ed that chances of alien plaﬁt invasion
decreases with increased indigenous species diversity (Elton 1958, Burke and Grime 1996,
McGrady-Steele et al. 1997, Tilman 1997), while others maintain that species-poor
communities resist invasion better than species diverse communities (Robinson et al. 1995,
Stohlgren et al. 1999, Levine and D’ Antonio 1999). The discrepancy of positive verses
negative effects of species diversity may be scale dependept (Prieur-Richard and Lavorel
* 2000). For c;xample, Stohlgren (1999) found opposite correlation between diversity and
invasibility when gbing from a local to regionai- scale. It is also possible that species are
redundant in function so that species richness alone may be irrelevant to invasio.r_l
resistance (Lawton and Brown 1993, Diaz and Cabido 2001).

Incréasing evidence suggests that plant functional group rdi\’/ersity is more
important‘to ecological integrity than plant species ‘diversity (Walker 1992, Power et al.
1996, Sala et al. 1996, Tilman et al. 1997, Hooper and Vitousek 1997, Mack and
D’ Antonio 1988, Diaz and Cabido 2001). A functional group of species share
physiological and morphological traits, and ’provide a link betweep the physiological and
life history strategies at the plant level and the processes at the ecosystem level (Lauenroth ,

et al. 1978, Chapin 1993). The greater the functional diversity, the less chance for
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redundancy in ecosystem function in the plant community. This has important implications

- in managing for weed-resistant grasslands. For example, increasing functional diversity has
been shown to decrease invasion by nonindigenous invaders through maximizing niche
occupation and preempting available resources @rown 1998, Dukes 2001, Carpinelli
2001).

Because a generalized objective for invasive plant management is to establish and
maintain weed resistant plant communities that meet other land-use objectives (Sheley et
al. 1996), understanding and identifying which functional groups, or combinations of
functional groups, resist invasion from nonindigenous species is critical. Some
experimental evidence suggests functionally similar species compete and resist each othér
more than non-similar species (Dukes 2001), but in some cases, this evidence is weak
(Symstad 2000) Furthermore, some experiments suggest that species diversity within
functional groups is needed for community stability (Tilman et al. 2001) wh11e other
research contradicts this notion (Dukes 2001). To decrease and manage invasions,
mechanisms contributing to iﬁvasion resistance must be identified and incorporat.ed into
management programs. |

| The overall objective of this research was to investigate the role of functional
groups and ﬁ,mctionai groub diversity in resisting in.vasion by a nonindigenous species.
Our specific objectives were 1) to test the invasibility of communities with vérying
functional group diversities by the nonindigenous invader Centaurea maculosa Lam.
(spotted knapweed), 2) compare the ability of vérious indigenous functional groups in

resisting invasion, 3) to determine the influence of C. maculosa on the biomass of
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indigenous functional groups, and 4) to investigate the degrge of variability of a functional
groups bic;mass in the community.. We chose to work with C. maculosa because it 1 an
abundant and widely distributed ponindigenous forb in the western United States.
Although we focus on one nonindigenous species in this research, other deep-rooted
nonindigenous forbs may act similarly.

We hypothesized that removing a functional group would yield-higher C. maculosa
densities and biomass than the control, and that C. maculosa density and biomass would
increase as functional groups were progressively removed. Our ratioﬁal, for this
hypothesis ié that more resources would be available in unfilled niches in the plant
cOrﬁmunity for the invader to use. We also hypothlesized that removing forb mnaional
groups would increase C. maculosa biomass and density more than removing grasses,
because indigenous and nonindigenous forbs may share physiological and morphological
traits and, perhaps, ecosystem function. Centaurea maculosa has completely dominated
plant communities in the western United States. Therefore, we predicted that its presence
would lower the biomass of individual indigenous functional groups and total plot
biomaés: Individual functional groups biomass was investigated to quantify a groups
contribution to total community biomass, determine the variability of functional group
comp’ositioﬁ\ in the community throughout the growing season, and determine if removal '

treatments effected a plots total biomass.
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Methods

Study sites

This study was conducted on two sites within the Festuca idahoensis/Agropyron
spicatum (Idaho fescue/bluebunch wheatgrass) habitat type (Mueggler and Stéwart 1980).
This habitat type lies at the cool-wet end of grassland habitat types and is widely
di.stribute_d‘ throuéhout the mountain grasslands in southwestern Montana and the western
United States, providing ;m excellent model for applied ecological research. Besides the
perennial grasses Festuca idahoensis Elmer and Agropyron spicatum Pursh., predominant
indigenous forbs include Artemisia ludoviciana Nutt. (prairie sage), Bqlsamorhiza
sagittata Nutt. (arrowleaf balsamroot), and L.z;pz'nus spp. (Lupine), although the
proportion of forbs varies with location for this habitat type (Mueggler and Stewart' i980).
Medium shrubs are absent from this habitat type unless it has been severely disturbed. Our
specific sites were chosen because they were néar enougil to one another to be considered
similar. |

Sites were located on the Flying D Raﬁch approxirhately 70 km. east (45°34'N,
111° 34' W) of Bozeman, Montana. Si’;es lie on an east—riortheaét aspect of a 20 degree
slope at 1,624 m elevation. Prior to plot establishment, soils wére tested for the presence
of picloram (4-amino-3,5,6-trichloropicolinic acid, potassium salt) to minimize the risk
that site characteristics and plant community composition were influenced by recent -
herbicide applications. Picloram was not detected at a'levél of 0.01 mg/kg. Site 1 soils

were a loamy-skeletal, mixed, frigid, active Typic Haploctyolls (Haplo Cryic Mollisol) and
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site 2 soils were a coarse-loamy, mixed, frigid, active Typic Ha_plocryolls (Haplo Cryic
Mollisol). Annual average precipitation is 41 cm-with peaks in the spring and fall. Annual
average temperafure ranges from 5.5 to 7°C.

The area has been grazed for decades, and in some years it has been heavily
grazed, by either cattle or bison (Bison bison) in its recent history (50-60 years). Bison
grazing during the past ten years has been sporadic. Windblown slo?pes are prime winter
habitat for wildlife. In the study area, winter use by elk (Cervus elaphus) has steadily
increased as herd size increased during the past 20 years. In 2000, each site was fenced

with a 2 meter, eight strand fence to prevent grazing by livestock and wildlife.

Experimental design

Species of grass, forbs, and spikemoss were combined into functional groups based
on .morphological and physiological similéuities. Forbs were further divided into two
functional groups based on average rooting depth. Prior to rTemoving any specieé, all forbs
. were carefully excavated and their root structure and rooting depth determined. The
distinction between a shallow and a deep depth ;Nas based on a natural break within the
roots sampled which occurred at 15 cm. In cases where the average root depth was close
to 15 cm, species with primarily fibrous roots were considered shallow-rooted, while tap-
roots were grouped with deep-rooted forbs. The nonindigenous species, C. maculosa, is a
late-season, deep-.rooted forb from Eurasia (Jacobs and Sheley 1998) and was considered '

its own functional group.
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Treatments, arranged in a randoﬁﬁzed—complete-block design, were applied by
removing one or more functional grouios frc-)_m 2 x 2 m plots. The experiment was a -
complete factorial design, with 7 removal treatments, 2 nonindigenous invader treatments,
2 sites, and 4 blocks, for a total of 112 plots. Tﬁe seven removal ireatménts included
removal of: 1) nothing (control), 2) moss, lichens and fern allies (collectively referred to as
.\ spikemoss throughout the paper), 3) shallow-rooted forbs, 4) deep-rooted forbs, 5) all
grasses, 6) all forbs, and 7) all plant material. The two nonindigenous invader treatments
were 1) C. maculosa absent aﬁd 2) C. maculosa present. Removal treatments were
applied in the spring of 2000 and plot diversify was maintained biweekly throughout the
_2000 and 2001 growing seasons. |

Functional groups were removed by carefully brushing a 6% glyphosa’;e, [N-
(phosphonoﬁethyl) glycine] solution on foliage of target species, minimizing disturbance
to surroﬁnding soil and plant communify. After plants died, the remaininé aboveground
plant material was clipped at ground level and removed from the plot to minimize nutrient
leaching from plants to soil. We chose plant removals over additioné because

éxperimental removals is the most convincing way of determining interaction strengths
-(Wootton 1994) and inter-taxa competition (Goelz 2001), and because of the time |
required to establish mature plant communities. Through plant removals and addition of
C. maculosa seeds, we eliminate the possibility that the invaderﬂlilas altered the plant and
soil communitylf, and the invasion reflects the features of the community, not the propagule

supply (Levine and D’ Antonio 1999).
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During September and October 2000, the nonindigenous invader treatments were
applied by séeding C. maculosa on one-half the plots. Cei;taurea maculosa seeds were
collected in August 2000 from Plains, Montana (47°28' N, 114° 53' W). Prior to seeding,
seeds were cleaned of insects, vegetative material,' and other seeds using a South Dakota
Seed Blower (Hoffinan Manufacturing Company). Seed germination and viability rate
(AOSA 2000) were 55% and 94%, respectively. Centaurea maculosa seeds were
broadcast biweekly from Septembef 19 to October 31 to mimic natural seedrain (Sheley et
al. 1997). Seeding rate, based on the life-history study of J acobs and Sheley (1998) and

Sheley et al. (1997), totaled 2,000 seeds m™, or 8,000 seeds per plot.

Sampling and data collection

Species richness was recordéd biweekly through the 2000 growing season on al]
plots where no plants were removed (control) and where all plaﬂt material was removed.
For all other treatments, presence was determined for the plant material removed. All forb
species were identified using Dorn (1984), while grasses follow the nc;menclature of
Cronquist et al. (1977). |

Centaurea maculosa density was counted in the spring, summer, and fall of 2001

1

over the entire 2 x 2 m plpt. Spring sampling occurred when the majority of the spring
ephemeral forbs were blooming, summer sampling coincideéi with peak standing crop, and
_fall sampling occurred after 95% of the vegetation was senescent. Functional group
biomass was collected at each of the three sampling periods. Plots were divided into three

subplots which were randomly assigned to either of the spring, summer, or fall sample
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periods during 2001. Functional group biomass was collected within three 0.2x 0.5m
frames randomly located within the subplots. Cenfaurea maculosa biomass was colle(;ted
only in the fall of 2001 because harvesting during the spring and summer W.ould have
affected seedling establishment. All abc_)v_e-ground current-year growth was harvested at
groﬁnd level by functional group. Spikemoss biomass was removed as part of the
treatments and was not removed in subplots. Plant material was dried (40 °C; 160 hours)

to a constant weight and biomass was recorded.

Data Analysis

| For all analyses, sites were analyzed separately because of initial differences iri
~ plant community composition and soil nutrient levels. Test results were considered
significant at the o <0.05 level.

Analysis of variance (ANOVA) was used to test the hypotheses that increased
functional group removals would increase C. maculosa density and biomass. First,
ANOVA was used to determine effects'of removal treatment, season, énd block and a
removal treatment*seas;on effect on C. maculosa density. Square root trarisforrhations
were used to meet the assumption of equal variances. Block"“,remox./al treatment was
added to the error term when no significant diﬁ‘?rénces were found. The error term
included removal treatment*season*block plus block*removal treatment and had 60
degrees of freedom. Multiple comparisons were achieved using Tukey post-hoc tests (Zar

1999) in SAS (SAS 1990). Centaurea maculosa biomass was analyzed using ANOVA.

Site 1 data was transformed to the square root biomass and site 2 was transformed to the
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reciprocal to meet the assumptions of equal variance. Removal treatment and block were
main effects. The error term had 18 degrees of freedom.

ANOVAs with repeated contrasts (Zar 1999) were used to analyze differences ma
ﬁmctiongl group’s biomass between plots where C. maculosa was present versus plots
where this invader was absent. | One model compared the total plot biomass (minus C.
maculosa) of auspeciﬁc treatment with and without C. maculosa. For example, the
biomass of all forbs in plots where grasses were removed was contrasted with the biomass
of all forbs in f)lots where grasses were removed and C. maculosa \.7vas added. Another
model compared the biomass of each functional group grown in the presence and absence
of C. maculosa.

ANOVA was also used to test the effects of removals on total plot biomass.
Removal treatment waé the main effect and the error term had 36 degrees of freedorﬁ.
Biomass of each functional group was analyzed using ANOVA. In this case, functional
groups, season, and block were all main effects and functional group*season was the

interaction term. Tukey’s multiple comparisons were calculated in SAS.
Results

Functional group and total plot biomass

Ninety plant species were identified in this grassland system.- Of those species,
forty-seven were shallow-rooted forbs, 22 were deep-rooted forbs, 14 were grasses, 4
were lichens, 1 was a spikemoss, and 2 were mosses. Shallow-rooted forbs (0-15 cm

roots) consisted of annual and perennial species with bulbs, rhizomes, fibrous roots and/or
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shallow fap—roots. Deep-rooted forbs (15-40+ cm roots) were primarily peremﬁal tap-
rooted plants with varying lateral rc;ot lengths and depths.

We were interested in the natural variability and distribution of the functional
groups biomass over the three seasons in diverse grassland communities and found that
biomass at site 1 varied among functional groups and with season (Table 3.1). Deep-
rooted f(_)rb_s had a greater biomass (48 gm™) than shallow-rooted forbs (24 gm?) and
grass (27 gm?) at site 1 (Table 3.2). The highest functional group biomass occurred in the
fall while biomass of functional groups was lowest during the spring (Table 3.2). On site
2, the amount of biomass depended on functional group, season, and a functional
group*season interaction (Table 3.1). All three functional groups ﬁeldéd siﬁlilar biomass
in the spring (Figure 3.1). In the summer, grasses (30 gm™) and deep-rooted forbs (36
gm?) had a greater biomass than shallow-rooted forbs (16 gm™). Deep-rooted forbs
prodqced.higher biomass (65 gm?) than either of the other two functional groups in the
fall. Fall biomass for grass and shallow-rooted forbs was 36 gm™ and 23 gm?, (
respectively. Deep-rooted forbs was the only g;oup whose biomass varied seasonally with _
an increase in biomass from the séring (20 gm™) to the summer (60 gm™). Biomass of
spikemoss on plots was not used for the analysis of variance because it does not represent
the groups seasonal biomass (Mueggler and Stewart 1980, van Tooren et al. 1990).
Instead the biomass of spikemoss removed from plots when treatments were applied was
dried and weighed. Mean spikemoss biomass was 168 gm™ for site 1 and 366 gm? for

site 2. ANOVA contrasts found no differences between a functional groups biomass in .

the presence or absence of C. maculosa on either site. Data not shown.
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Table 3.1. ANOVA results for functional group, season, and block effects on functional
group biomass at sites | and 2,

Source df Site | Site 2

Mean P-value Mean P-value
Square Square

Functional Group 2 1467.1  <0.0001 1156.5 <0.0001

Season 2 1312.2  <0.0001 1226.2 <0.0001

Block 3 20.7 0.834 30.4 0.408

FGroup*Season 4 54.9 0.548 284.2 <0.0001

Error 300 718 n/a 314 n/a

Table 3.2. Mean separations for biomass main effects at site . Letters represent
significant differences at the a s0.05 level. Functional group biomass is average
over seasons. Seasonal biomass is the average of the grass, shallow-, and deep-
rooted forbs functional groups.

BoConficence Inenl

Depencent Vanade Bl(grﬂagfs Sd Bror LonerBund  Uper Bound
Fuctioel QGas 21.3a 180 2378 089
Qup
Sllowrooted Forls 23.55a 189 1980 2130
DeeprootedForks 47520 460 3839 56.64
Season Soring 1918a 1% 1610 2.2
Sumer 366/ 336 2000 4234
Fll 42.2% 345 H45 4914

At both sites, each removal treatment had a similar total plot biomass regardless of
C. maculosa presence or absence (data not shown). Therefore, we focus on the total
biomass of plots where functional groups were removed and C. maculosa was added for
these results and the discussion (Figure 3.2). Total plot biomass after functional groups

were removed depended on removal treatment at both sites (site I: F5I1g= 4.35, p = 0.009,
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Figure 3.1. Seasonal functional group biomass collected during the 2001 growing season
at site 2. Letters represent differences (P<0.05) among functional groups biomass,
comparable within a given season. Error bars (Std error) represent seasonal differences

in a functional groups biomass.
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Figure 3.2. Total plot biomass per removal treatment at sites 1 and 2. Removal
treatments were initiated in spring 2000 and means represent the seasonal
average for 2001. Letters represent significant differences within a site at the
0.05 level. C. maculosa (denoted KW) was seeded in removal treatments
during fall 2001.
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site 2: Fs 13=5.28, p=0.004). Plots where all férbs w'e‘re removed had a lower total plot
biomass (30 gm™) than plots where spikemoss (97 gm?) or grasses (89 gm?®) were
removed. All other treatments on site 1 had a s:imilar total plot biomass, averaging 57
gm?, At site 2, pllots‘where all forbs were removed had a léwer total plot bio}hasé (33
gm) than plots where nothing was removed (mean of 82 gm?), plots where spikemoss
was removed (69 gm™®), and plots where grasses were removed (68 gm?). All other

treatments on site 2 had a similar total plot biomass.

" Centaurea maculosa density and biomass

The influence of removal treatments on C. maculosa dénsity depended upon the -

season at both sites (Table 3.3). At site 1, removal treatments did not influence C.
maculosc; density in the spring (Figure 3.3). Spring C. maculosa density averaged 4
plants m?2. Centaurea maculosa density increased from spring to summer for all
treatments. In the summer, the highest C. mgculosa density occurred where all plant
material was rer.noved (56 plants m?). Remo'ving spikemoss, shallow-rooted forbs, and all
f;)rbs produced similar summer C. maculo.;a densitieé, averaging ar'ound 26 C. maculosa
plants m™?. Treatments where nothing (3 plants m?), deep-rooted forbs (4 plants ;ﬂ'z), or
grasses (10 plants m?) were removed had the lowest summer C. maculosa densities.
Centaurea maculosa density ;>n plots where ‘no'thing‘, spikemoss, shallow-rooted forbs,
deep-rooted forbs or grasses were removed decreased from the summer to the fall to
levels similar to spring dénsities (average 1 plant m?). In the fall, removal treatments

where all plant material or all forbs were removed had the highest C. maculosa densities
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(41 and 16 pla'nts m, respectively). Thé lowest C. maculosa densities ip all three seasons
occurred on plots where nothing, the deep-rooted forbs, or grasses were removed.
On sit;a 2, response of C. maculosa density to removal treatments was similar as
site 1 (Figure 3.4). In the spring, all treatments had a similar C. maculosa density (2 to 6
plants m™?) except where all plant material was removed at site 2. Removing all plants
produced an average of 67 C. maculosa seedlings m™®. Centaurea maculosa density
' increased from spring to summer on all treatments except where no plant material or all
plant material was removed. The control, where all func;cional groups eﬁsted, héd the
lowest summer density of C. maculosa density (3 plants m™), while plots where all plant
material was removed had the highest summer C. maculosa density (80 plants ﬁ'z). In
addition, plots where all forbs were removed had 30 C. maculosa plants m™ which was
similar to the C. maculosa density of plots where spikemoss was removed (16 plaﬁts m?)
that season. Removal of deep-rooted forbs and grasses had a similar effect on the summer
C. maculosa density (average 12 plants m™?). When shallow-rooted forbs were removed,
the summer C. maculosa density (8 plants m?) was similar to all treatments except where
all forbs or all plant material was removed. Centaurea maculosa density declined from the
summer to the fall for all treatments except where all forbs or grasses were removed on
site 2. Treatmerits p;roducing highest fall densities of C. maculosa Were where ;dll plant
material was removed (56 plants m?) and where all forbs were removed (22 plants m).
Treatments where nothing, spikemoss, shallow-rooted forbé, deep-rootéd forbs, or grasses
were removed had similar C. maculosa densities as in the spring (average 2.6 plants m?)

at site 2.
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Spring
Nothing Spikemoss  Shallow Forbs Deep Forbs Grasses All Forbs Everything
Summer
Nothing Spikemoss  Shallow Forbs  Deep Forbs Grasses All Forbs Everything
Nothing Spikemoss  Shallow Forbs Deep Forbs Grasses All Forbs Everything

Removal Treatments

Figure 3.3. Centaurea maculosa densities for site | where functional groups had
been removed. Removal treatments were initiated in spring 2000 and means are

from 2001. Letters represent density differences among treatments at the P< 0.05
level. Superscript letters represent seasonl density differences within a treatment.
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Figure 3.4. Centaurea maculosa densities for site 2 where functional groups had
been removed. Removal treatments were initiated in spring 2000 and means are
from 2001. Letters represent density differences among treatments at the P< 0.05
level. Superscript letters represent season! density differences within a treatment.
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Centaurea maculosa biomass depended on removal treatment at both sites (Table
3.4). Removing all plant material produced the highest C. maculosa biomass on site |
(12.5 gm'2 and on site 2 (99 gm"2; (Figure 3.5). On plots where all forbs were removed,
C maculosa biomass was 2 gm"2and 4 gm“2for site | and 2, respectively. At site I, C.
maculosa biomass was similar on plots where shallow-rooted forbs, grasses, or all forbs
were removed, averaging | gm"2 On site 2, removing deep-rooted forbs produced a
similar C. maculosa biomass as removing all forbs, 0.4 gm"2and 4 gm"2, respectively. All

other treatments per site had a similar C. maculosa biomass ranging from 0-0.5 gm 2

Table 3.3. P-values and mean squares for the square root Centaurea maculosa density.

Source df Site 1 Site 2
Mean P-value Mean P-value
Square Square
Treatment 6 109.44 <0.0001 280.79 <0.0001
Season 2 182.89 <0.0001 91.87 <0.0001
Block 3 3.54 0.285 2.35 0.368
Treatment*Season 12 20.46 <0.0001 9.89 0.020
Error 60 2.74 n/a 2.19 n/a

Table 3.4. ANOVA results for the square root Centaurea maculosa biomass on site | and
the reciprocal C. maculosa biomass on site 2.

Source df Site | Site 2

Mean Square  P-value Mean Square ~ P-value
Treatment 6 1.87 <0.0001 0.50 <0.0001
Block 3 0.31 0.007 0.01 0.625

Error 18 0.06 n/a 0.01 n/a
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Site |

Nothing Spikemoss Shallow Forbs Deep Forbs Grasses All Forbs Everything
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100 -

Nothing Spikemoss Shallow Forbs Deep Forbs Grasses All Forbs Everything

Removal Treatments

Figure 3.5. Centaurea macuolsa biomass in plots where functional groups
had been removed at sites | and 2. Removal treatments were initiated in
spring 2000 and means are from fall 2001. Letters represent biomass
differences among removal treatments at the P<0.05 level.
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Discussion

Functional group and total plot biomass

Forbs represented a greater proportion of plant biomass than grasses on our sites
which was consistent with Mueggler and Stewart (1980) Idaho fescue/ bluebunch ‘
whéatgrass habitat description where forbs accounted for approximately 1.5 times more
biomass than grasses. The robust, deep-rooted forbs- dominated the biomass on site 1 and
were a large contributor to the overall community biomass in all three seasons on site 2.
Biomass of the shallow-rooted forbs in this grassland community has been underestimated
in land management practices.  This group is typically characterized as small, spring
ephemeral plants. Our data- suggests that even though small, these species are ubiquitous
enough to comprise roughly one-fourth of the total biomass on both sites. Furthermore,
shallow-rooted forb biomass was well represented throughout the entire growing season
and were not ‘merely spring ephemeral forbs.

Some variation in total plot biomass was expected due to the variability in
functional groups present per treatment (Mueggler and Stewart 1980). It was reasonable
to believe that removing one or two functional groups contributing a large portion of the
- communities’ biomass would decrease total plot biomass and aﬂ‘ect community stability
(Tilman et al. 1996, Tilman et al. 1997, Hooper and Vitousek 1997). For example, natural
disturbances can cause decreases in indigenous vegetation biomass and increases in a
nonindigenous invader biomass (Pokorny et al. 2001). In this study, a treatments total

plot biomass and C. maculosa density and biomass seemed to be unrelated. Therefore, C.
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maculosa establishment wés not biased by overall plot productivity but may instead be
associated with restructuring functional group diversity and composition {Sjnﬁstad 2000).

Our results suggest that functional group biomass 'and total plot biomass was
resilient to change b};’C. maculosa, therefore we rejected our hypothesis that a
nonindigenous invader decreases the biomass of indigenous functional groups. This was a
surprising result because grasslands heavily invaded by C. maculosa have had a change in
the organization and structure of the in&igenous plant community (Olsen 1999). We
believe C. maculosa may not have negatively effecied the indigenous biomass because it is'
in an initial establishment stage and may not have extended its complete influence.
Continued monitoring of indigenous plant biomass will investigate long-term changes
between the biomgss, of functional groups in the presence and absence of C._maculosd.
Thus, lack of negative impact of C. maculosa on the indigenous plant biomass may be
due to the competitive ability of indigenous functional groups and/or the lack of

interspecific competition occurring in C. maculosa’s early stage of development.

Centaurea maculosa density and biomass

Our results are consistent with a growing body of evidence ,s{xggesting increased
functional diversity decreases invasion i:hrough the pree;nption of available resources
(Sheley et al. 1998, Levine and D’ Antonio 1999, Tilman et al. 1996, Davis and Pelsor
2001, Diaz and Cabido 2001, Dukes 2001). Work by Stohlgren et al. (1999) and
Robinson et al. (1995) found that species-poor comrﬁuﬂties resist invasion beter than

species rich communities. Both studies focused on species diversity rather than functional

i
/o
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diver.sity. It is possible that each species in species-poor communities differed in function
and/or had a particular species present increased resistance to invasion. We focused on
functional group diversity because it accounts for redundancy in ecosystem function
among species, and may be a better test for measuring invasion resistance. In our study,
C. maculosa density and biomaés was higher at lower levels of functional group diversity
on both sites. Similarly, in érassland community microcosms, Dukes (2001) found high
functional diversity reduced thé'su’ccess of an invader by decreasing resource avﬁilability,
and in a tallgrass prairie ecosystem, Symstad (2000) found a negative relationship 1t,)e’cwe‘en
functional group richness and invasion success.

Data supported the hypothesis that indigenous forbs resist invasion by C. maculo.'ga
better than grasses because the absence of functionally similar groups was related to the
higher C. maculosa densities and biomass. These results suggest the degree of fu\nc'tional
* diversity may not be as important in C. maculosa invasion as the composition of functional
groups in the community (Symstad 2000, Diaz and Cabido 2001, Tilman et al. 2001.)

. because competition may be more active within functionally similar groups (Lavorel et al.
1999). The proposed mechanism for invasion resistence by morphologically similar
in'digenous and nonindigenous forbs is that they share physiological traits and ecosystem

" function (Johnson 1985, Smith et al. 1998). Thé presenée of indigenous forbs increases
the degree of interspecific resource competition with a nonindigenous invader and may
inhibit their recruitment success (Brown 1998, Symstad 2000, Dukes 2001, Carpinelli
2001). On site 1, removing nothing, spikemoss, shallow-rooted forbs, deep-rooted forbs,

or grasses singularly resulted in low C. maculosa densities and biomass. Limited C.

i
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maculosa invasions into these treatments may be a response of relatively diverse plots with
functional groups_br'esenfc that share close traits to the invader. Centaurea maculosa
density and bioméss increased when all forbs were removed from either site. Rerﬁoving all
forbs opened complementary niches to the grass vegetation in the community that may
have allowed greater resource acquisition by C. maculosa (Hooper and Vitousek 1997)
and a higher likelihood of establishment in the grass monocultures (Dukes 2001).

Seasonal variations in C. maculosa density followed a bell-shaped curve for most
treatments. Centaurea maculosa density increased from spring to summer on all
treatments except the control and where all plant material was femoved. The increase in
C. maculosa may be due to late spring moisture increasing nutrient gain through mass
flow. In most treatments, C. maculosa seedlings died by mid-summer perhaps due to
increased competition for resources from diverse functional groups (Brown 1998, -
- Symstad 2000, Carpinelli 2001, Dukes 2001). On plots where all vegetation was
removed, seedlings survived into the fall. The lower degree of competition for resources
such as light, water, and nutrients méy have contributed to their survival. This treatment
also had higher levels of soil nutrients (Chapter 4) available to the rapid growing C.
maculosa. Centaurea maculosa density on plots where all forbs were removed did nc;t
decrease from summer to fall on site 2. The removal of ﬁlnctionally similar indigenous
groups may have increased resource availability and decreased competiti‘on allowing C.
maculosa to persist (Hooper and Vitousek 1997, Symstad 2000, Duk'e’s 2‘0"01).

Functional group diversity and composition was important for resisting invasion in

our research but species diversity within a functional group was also important because it
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added to ecosystem complexity, increased productivity and may have contributed to a
preemption of resources (Case 1990, Lavorel et al. 1999, Tilman 2001). Species diversity
)
within a functional group may fill a more subtle temporal and spatial niche than functional
group diversity alone (Prieur-Ri.chardyand Lavorel 2000), making each type ’of diversity
appropriate at different scales (Walker 1992). Individual species diversity witliin a
functional group may be redundant in that they have the same general ecological role
(Smith et al. 1998, i)iaz and Cabido 2001). However, because species within a group
di‘ffer’ed in traits and range of environmental tolerance, greater species diversity within a
functional group increased the likelihood of containing a species that will thrive in the -
community under different conditions (Tilman 1994). Our sites had high represéntation of
phenologically different species within a functional group which may have increased the
level of competition with C. maculosa throughout the growing season and in varying
conditions. Enhanced épecies divefsity within a fur;ctional group also increasés_ the
likelihood particular key species are present which may have an increased ability to resist
invasion (McGrady-Steed et al. 1997). The absence of the key species can be more
irl;portant the ecosystem processes than the presence of another in ldrge quantity (Holling
1992, Sala et al. 1996 Power et al.1996). In this study, Liatri& punctata (Hook) was one
of the only indigenous forbs with the same phenology as C. maculosa. 1t is possible this
species alone competes more with C. maculosa for resdurceé than all other forbs.
Plant functional groups, assigned according to the form and function of the
_vegetation, provid¢ a link befcween the physiological and life history strategies at the ﬁlant

level and the processes at the ecosystem level (Chapin 1993). If we assume that species
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within a functional group have the same ecological role, then it is logical to believe
indigenous and nonindigenous plants with similar morphologies have similar ecological
roles in the community (Johnson 1985). Our research suggests that indigenous and
nonindigenous forbs have similar functional roles because the presence of indigenous forbs
precludes the presénce of C. maculosa, perhaps tﬁrough resource preemption. Therefore
functional group composition is important because a plant community missing a keystone
ﬁmctioﬁal group has a greater susceptibility of invasion. |

Our study has important management implications for establishing and maintaining
weed_ resistant plant communitiés. Grasslands higher in functional group diversity are
critical for resisting invasion by nonindigenous invaders. The role of various indigenous
functional groups, particularly forbs, and their composition in the plant gommunity needs
to be considered more seriously in future grassland management. Maintaining ﬁmcﬁonal :
group diversity should be a primary objective of land managers, because increased
functional group diversity correlates with increased stability through niche differentiation
and resource acquisition (Tilman 1997, Naeem 1994, Levine and D’Antonio 1999, Tilman
et al. 2001, Anderson and Inouye 2001; Symstad 2000, Dukes 2001). Indigenous forb
functional groups may use resources similarly to C. maculosa and were a critical
component in invasion resistance. The goal of invasive plant management must be to

establish and maintain these keystone functional groups.
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CHAPTER 4
ECOLOGICAL ROLE OF INDIGENOUS FUNCTIONAL

AND A NONINDIGENOUS INVADER IN A
GRASSLAND PLANT COMMUNITY

Introduction

During the past century, ecologists have described the structure of major grassland
vegetation types of western North Americe (Clements 1920, Stoddart and Smith 1943,
Daubenmire 1970, Mueggler and Stewart 1980). To date, little is known about the role,
or function, of species, or groups of species, occurring within grasslands. Most of that
known emphasizes grasses over other functional groups (White 1973, Mueggler and
Stewart 1980, Holechek et al. 1989, Sheaffer et al 1992). Furthermore, little is known
about plant function and ecosysterﬁ processes as functional group diversity changes. By
definition, species within functional groups share physiological and morphological traits
and provide similar roles in the ecosystem (Lauenroth et al. 1978, Chapin 1993).
Ecological roles can.be partially defined by nutrient and water cycles which provide a
mechanistic understanding of plant community structure, dynamics and trajectories
(Daubenmire 1970, Tilman 1988, McJannent et al. 1995). Research implies indigenous
functional groups evolved to fill selected ecological roles because they differ in nutrlent
accumuldtion, storage, conservation strategies, and concentration (Parriah and Bazzaz
1976, McJannet et al. 1995, Carrera et al. 2000, Duke and Caldwell 2001, Reich et al.

2001). Functional groups may be utilizing soil nutrients and water from separate temporal
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| and spatial nichgé (Parriah and Bazzaz 1976, Berendse 1979, McKane et al. 1990,
Golluscio and Sala 1993). Altering plant functional group diversity and composition may
influence the primary productivity, nutrient cycling, and water cycling within the
community (Hooper and Vitousek 1997, Tilman 1997, Dukes 2001, Peltzer and Kochy.
2001). Understanding the ecological role of various indigenous functional group;s 1s
import-ant because it provides basic information abou"c plant community dynamics. It also
provides baseline information necessary for developing restoratibn goals, assessing the
effects of management, and directing plant communities to a desired sfcate‘(Lauenroth et.
ai. 1978, Picket et al. 1987, McLendon and Redente 1991, Sheley et al. 1996, Tilman et
al. 1999).

While little is known about the ecological role of indigenous functional groups,
even less is known about the ecological role of nonindigenous invéders. Some studies
suggest indigenéus and noniﬂdigenous plants may have similar ecological roles (Johnson
1985, Thompson et al. 1995, Reich et al. 2001) while others disagree (Risser 1994,
Vitousek 1990, LeJeune and Seastedt 2601). The degree of similaﬁty could have
profound implications on the ecological risk associated with their invasion. It is oﬁen
stated thaf nonindigenous plants alter the fun'ction of indigenous plant communities .(Lacey
et al. 1989, Mack and D’ Antonio 1998, Sheley et al. 1998, Olson 1999). Evidence of a
nonindigenous invader’s effect on an indiéenous plan_t‘ cc;mmunity is often coﬁtradictory,
even when exémining the same species in western North American grasslaﬁds. For
exémple, the nonindigenous grass Bromus tectorum has been found to alter nutrient

dynamics in some studies (Evans et al. 2001) but not in others (Svejcar and Sheley 2001).
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Other evidence suggests nonindigenous invaders may reduce soil nutrient availability
(Christian and Wilson 1999), possibly by having higher nutrient uptake rates and
increasing the rate of nutrient cycling (Vinton and Burke 1995)." Alternatively, Ehrenfeld
et al. (2001) suggested a nonindigenous invader prémoted increases in nutrient
availability. Mack et al. (2001) indicate that nonindigenous invaders affect nutrient cycles
indirectly by altering disturbance regimes such as fire. Many ecological impacts associated
with nonindigenous plant invasions are hypothesized but not well understood (D’Antonio
and Vitousek 1992). Few ’studies are designed to elucid;'tte nonindigenous species as
causal factors. Understanding the ecological roles and impacts of nonindigenous invaders
on plant community function is critical for developing invasive plant management
strategies because it provides information necessary for ecdlogical risk assessment.

- Susceptibility of western North America grasslands to invasion may‘ Be ‘i'nﬂpenced

'by community structure (Orians 1984), resource availability (Elton 1958, Burke and

.Grime 1996, Tilman et al. 1996, Stolgren et al. 1999) and invader traits (Davis and Pelsor

2001). Emerging theories of invasion resistance are mechanistically linked to nutrient
availability. A number of researchers have suggested that functionally diverse plant
assemblages resist invasion (Elton 1958, Burke and Grime 1996, Levine and D’ Antonio
1999) through resource preemption (Tilman 1999, Symstad 2000, Davis and Pelsor 2001,
Dukes 2001). Niche differentiation is the suggested mechanism for resource depletion -
found in experiments and theory (Naeem et al. 1994, Tilman et al. 1996 and 1997, Hooper
and Vitousek 1997, Hooper 1998), and maximizing niche occupation has been shown to

decrease community invasibility (Bfown 1998, Carpinelli 2001). Another mechanistic-
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based invasion theory is the fluctuating resource availability hypothesis, which implies that
plant communities are more susqeptible to invasion under conditions of increased unused
resources (Hobbs and Atkin 1988, Maron and Conners 1996, Burke and Grime 1998,
Davis et al. 2000). Therefore, a community’s susceptibility to invasion fluctuates
temporally and can be determined by a 1imiting resource. Even shon—te;,rm'increases in
resource availability can temporarily reduce or suspend competition intensity, and in turn,
invasion (McNaughton 1993, Davis and Pelsor 2001). Research clarifying invasion
" mechanisms is needed (Lavorel et al. 1999, Prieur-Richard and Lavorel 2000), because

support of these hypotheses is confounding and incompleté. For example, empirical
evidence suggesting diverse communities resist invasion has not considered factors such as
disturbance and fertility (Prieur-Richard and Lavorel 2000). This is also the case with
research suggesting community diversity increases invasion (Robinson et al. 1995,
Rejmanek 1996, Smith and Knapp 1999, Stohlgren et al. 1999). In these examples,
‘favorable biotic or abiotic co;lditions, including nutrient and water availability, co-vary
'with diversity. |

There is a need for studies addressing invasion mechanisms of the invaded
community, and invader success in communities with different levels of functional
diversity (Lavorel et al. 1999). Understanding the influence of nonindigenous plants on
ecosystem function is critical for ecologically-based invasive plant management. This
knbwledge could lead to management strategies that modify processes directing plant
community chaﬁges rather than managing a symptom of a problem (Pickett et al. 1987,

Sheley et al. 1996, Ehrenfeld and Toth 1997). Without a predictive understanding of the
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influence of management on ecosystem function, the decision to impose a particular
strategy is arbitrary, and the coﬂsequences are unknown.
In this research,' we quantified portions of the nutrient and hydrologic cycles of
several functional group.s. We also compare the basic ecological functions between -
_indigenous functional groups and a nonindigenous invader. Our specific objectives were
to quantify the nitrogen (N), phosphorus (P),A potassium (K), sulfur (S), carbon (C), and
Awater cycles of the following indigenous functional groups: shallow-rooted forbs, deep-
rooted forbé, grasses, spikemoss, and a nonindigenous invader, Centaurea maculosa
(spotted knépweed). More specifically, we quantified the toj:al N, nitrate (NO,-N),
ammonium (NH,-N), P, K, S, total C, and water cycles in the soil and the concentration
(percent) and uptake (coﬁcenjcration x biomass) of N, P, K, and S in aboveground plant
tissue. We hypotheéized that indigenous functional groups have different ecological roles,
and that removing a functional group, singularly or in concert, would alter the soil nutrient
and hydrologic cycleé, with the impact increasing with removal intensity. We also
hypothesizea indigenous‘ aﬁd nonindigenous forbé have similar ecological role_s cycling N,
P, K, and S in plant tissue because they share morphological, and éerhaps, physiological
traits. Because nonindigenous invaders are tﬁought to impact ecosystem processes, we
'hypothesizéd that C. maculosa would alter nutrient and water cycles in the soil, and that
the presence of C. maculosa. would alter the ability of indigenous functional groups to
capture resources. Although we focus on one nonindigenous species in this research,

othe;r deep-rooted nonindigenous forbs may act similarly.
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Methods

Study sites

This study was conducted on two sites within the Festuca idahoensis/Agropyron
spicatum (Idaho fescue/bluebunch wheétgfass) habitat type (Mueggler and Stewart 1980).
’l:his habitat type lies at thé cool-wet end of grassland habitat types and is widely
distributed throughout the mountain grasslands in southwestern Montan‘a and thg western
United States, providing an excellent model for applied ecological research, Besides the
perennial grasses Festuca idahoensis Elmer and Agropyron spicatum Puréh., prédominant
indigenous forbs include Artemisia ludoviciana Nutt. (prairie sage), Balsamorh;za
sagittata Nutt. (arrowleaf balsamroot), and Lupinus spp. (Lupine), although the
proportion of forbs varies with location for this habitat type (Mueggler and Stewart 1980).
We chose this grassland habitat type because it is characterized by a high species diversity
and is often invaded by C. maculosa, and therefore provides an excellent model system for
testing the ecological role of indigenous functional groups and a nonindigenous invader in
a grassland ecosystem. |

Sites were located on thg Flying D Ranch approximately 70 km east (45°34'N,
111° 34' W) of Bozeman, Montana. Sites lie on an east-northeast aspect of a 20 degree
slope at 1,624 m elevation. Prior ”to piot establishment, soils were tested for the presence
of picloram (4-amino-3,5,6-trichloropicolinic acid, potassium salt) to minimize the risk
that site characteristics and plant community composition were influenced by recent

herbicide applications. Picloram was not detected at the 0.01 mg/kg level. Annual
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average precipitation is 41 cm, with peaks in the.spring and fall. Annual :average
" temperature ranées from 5.5 to 7°C.

Soil classifications indicated site 1 soils are a loamy-skeletal, mixédj frigid, active
Typic Haplocryolls (Haplo Cryic Mollisol). Site 2 soils are a coarse-loamy, mixed, frigi;i,
active Typic Haplocryolls (Haplo Cryic Mollisol). Soil profile descriptions for each site
showed small variations in the structure, material and pH of the A and Bw horizons. Main
differences in .the soil profiles were depth of the A horizon (22 verses 12 cm, site 1 and 2,
respectivé]y) and the presence of a Bw horizon at site 2. The Bw horizon structure, which
contributed substantially to.total proﬁle.depth, had larger, blo‘ckier soil aggregates (peds)
than the A or Bk horizons of eacﬁ site. )

The area has been grazed for decades, and in some years it has been heavily
grazed, by either cattle or bison (Bison bison) in its recent history (50-60 years). Bison
grazing during the past ten years has been sporadic. Windblown. slopes are prime winter
habitat for wildlife. In the study area, winter uée by elk (Cervus elaphus) has steadily
increased as herd size increase(i during the past 20 years. In 2000, each 'si£e was fenced

with a 2 meter, eight strand fence to prevent grazing by livestock and wildlife.

Experimental design

Species of grass, forbs and spikemoss were combined into functional groups based
on morphological and physiological similarities. Forbs were divided into two functional
groups based on average rooting depth of the species. Prior to removing any species, all

forbs were carefully excavated and their root structure and rooting depth determined.
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This information was used to determine functional group associations. The distinction
between a shallow' and a deep depth was based on a natural break within the forb roots
sampled which occurred at 15 cm. In cases where the average rooting depth was close tq |
15 cm, the root type (taproot verse_;: fibrous root) was use(i to determine which area of the
soil the plant was most likely extracting the majority of nutrients and water. For example,
species with primarily fibrous roots were considered shalloW—réoted while tap-roots were
grouped with deep-rooted forbs. The nonindigenous species, Centaurea maculosa, is a
late-season, deep-rooted forb from Eurasia (Sheley et al. 1998) and wés consideyed its
own functional groulz;.

Treatments, arranged in a randomizéd-complete-block design, were applied by
removing one or more functional groups from 2 x2 m plots.‘ The experiment was a
complete factorial design, with 7 removal treatments, 2 nonindigenous invader treatments,
2 sites, aﬁd 4 blocks, for a total of 112 plots. The seven removal treatments included
removal of: 1) nothing (controlj, 2) moss, lichens and fem‘ allies (collectively referred té as
spikemoss throughout the paper), 3) shallow-rooted forbs, 4) deep-rooted forbs, 5) all
grasses, 6) all forbs, and 7) all plant material. The two nonindigenous invader treatments
were 1) C. maculosa absent and 2) C. maculosa present. Removél treatments were
applied in the spring of 2000 and maintained biweekly thrbugilout the 2000 and 2001
growing seasons. |

Functional groups were removed by carefully brushing a 6% glyphosate [N-
(phosphonomethyl) glycine] solution on foliage of target species, 'minimizing disturbance

to surrounding soil and plant community. After plants died, the remaining aboveground
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plant material was clipped at ground level and removed from the plot to minimize nutrient
Jeaching from plants to soil. We chose plant removals over additions because
experimental removals is the most convincing way of determining interaction strengths
‘(Wootton 1994) and iﬁter-taxa competition .(Goelz 2001), and because of the time
required to establish mature plant communities. ‘

During September and October 2000, the nonindigenous invader treatments were
applied by seeding C. maculosa on one-half the plots. Centaurea maculosa seeds were
collected in August 2000 from Plains, Montana (47°28'N, 1 14° 53' W). Prior to seeding,
seeds were cleaned of inéects, vegetative material, and other seeds using a South Dakota
Seed Blower (Hoffiman Manufacturing Company). Seed germination and viability rate
(AOSA 2000) were 55% and 94%, respectively. Centaurea maculosa seeds were,
broadcast biweekly from September 19 to October 31 to mimic natural seedrain (Sheley et
al. 1997). Seeding rate, based oﬁ the life-history study of Jacobs and Sheley (1998) and

Sheley et al. (1997), totaled 2,000 seeds'm™, or 8,000 seeds per plot.

Sampling and data collection

Soils samples were coliected from each plot with a 2.2 cm soil core during the
spring, summer, and fall 2001. Spring sampling occurred when the majority of the slpring
_ephemgral forbs were in bloom, summer sampling coincided with peak standing crop, and
fall sampling occurred after 95% of the vegetation was senescent. Plots were divided into
three subplots which were randomly a-ssigned to either of the spring, summer, or fall

\

sample period during 2001. Within each subplot, three randomly located soil cores were
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collected and separated into two depths. Soil samples were taken to coincide with the
shallow-rooted (0-15 cm) and deep-rooted (15-40 cm) forbs rooting depths. To capthre

heterogeneity of soil properties at each season, three samples per depth were collected

from each plot and were combined into one sample per plot for analysis. Soils were

analyzed for mass water content, total nitrogen (N), nitrate (NO,-N), ammonium (NH,-

. N), sulfur (S), phosphorus (P), potassium (K), and total carbon (C) levels. Soil samples

collected from the field were weighed, dried (40° C, 160 hours) to a constant weight,

weighed again, then ground to pass through a 2 mm sieve. Inorganic soil N (NO;-N and

NH,-N) was determined on 1 M KCl extracts of soils (5 g soil:50 ml extractant)
(Mulvaney 1996) and 'total N was determine usihg the Kjeldahl (TKN) fnefchod (Bremnef
1996). Available P in the soil was measured by fhg NaHCO, extraction method (Olsen et
al. 1954). Available K and S were determined by extraction with 1 M NH,O0AC (Helmke
and Sparks 1996) and 0.001 M CaCl, (Hamm et al. 1973) respectlvely, using a 5:1
extractant to soil ratio. Flltered extracts were analyzed for P, K, and S by mductlvely
coupled plasma membrane spectroscopy (Jones 1977). Total C was determined by loss-
on-ignition (Nelson and Sorﬁmers 1996). Gravimetric mass water content was calc.:ul’ated
for each soil sample (Brady and Weil 1999).

Centaurea maculea density was counted in the spring, summer, and fall of 2001
for the entire 2 x 2. meter plot. Biomass of each functional group was collected within
three 0.2 x 0.5 m frames, randomly located within the subplots at each sampling period.
Centaurea mdculosa biomass was .collected only in the fall of 2001 because it was still

establishing during the spring and summer, and harvesting would have affected seedling
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establishmént. All above-ground current-year growth was harvested at ground level by

ﬁmctiona1~ group. Spikemoss biomass was removed as part of the tréatments and was not
removed in subplots. Plant material was dried (40° C, 160 hours) to a constant weight
and biomass recorded. Plant tissue was ground and analyzed for nitrogen (Nj, phosphorus
(P), potassium (K), and sulfur (S). Plant tissue analysis for S content was conducted in
the spring and fall only. Chemical analysis of plant tissue for total N and S were
performed using the Leco CNS-2000 dW combustion analyzer (LECO Corporation).

Plant P and K analyses was performed by dry ashing subsamples of the —ground plant
material according to the procedure described by Jones and Case (1990). Potassium and P
concentrations in the dissolved ash were determined using inductively coupled plasma
(ICP) membrane spectroscopy (Jones 1977). Nutrient uptake by functional group was

determined by multiplying biomass of a functional group by its nutrient concentrations.

‘Data Analysis

For all analyses, sites were analyzed separately. For soil analyses, shallow and
deep soil depths were analyzed separately. Test results were considered significant at the
a <0.05 level. For ease of interpretation, non-transformed means are presented in the text

and tables with test results for transformed data.

Soil. To test the hypotheses that indigenous functional groups have different roles,
and that removing plant functional groups from a grassland community would alter
nutrient and water cycles in soils, we compared soil parameters among various removal

treatments where C. maculosa was absent. A multivariate analysis of variance
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(MANOVA) was used to compare soil parameters for each treatment by site and soil
depth. MANOVA was chosen over separate analysis of variance tests (AN OVAs) because
it reduced the risk of a Type I.error (Zar 1999). The model analyzed effects of season,
functional group, and season*functional group on soil parameter levels. The error term
had 720 degrees of freedom.. Data was transformed, to meet the assumption of equality of
variance, in consecutive order of square root, natural log, and reciprocal until the model
met the assumption of equality of variance. We followed MANOVA’s Pillai’s trace
sta’éistic because it is able to accommodate some deviation frpm equality of variance (Zar
1999). Mean separations were achieved using Tukey post hoc tests (Zar 1999) in SPSS
(SPSS 1999).

To determined whether the nonindigenous invader altered nutrient and water
cycles in thé presence of various combinations of fu;lctional groups and/or alone, we
included all plots with and without C. maculosa. MANCOVA repeated contrésts were
uged to compare soil parameters of the seveﬁ.removal treatments in the presence and
absence of C. maculosa. Because MANCOVA requires the correlation between two
variables to be the same across all groups, we used the density of C. maculosa (m?) as a
covariate ‘amon.g treatments (Hair et al. 1995). The model was the same as the previous
soif analysis. Data was transformed as néc_essary when predicted versus residual plots
indicated the assumption of equal variance had been violated. The p-value of the contrast

~ was used to determine significant differences in soil parameters between the presence and

absence of C. maculosa.
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P_lag‘g.. To test our hypothesis that indigenous and nonindigenous forbs have similar
ecological roles, it was important to quantify the nutrient concentration in plant tissue
across groups and the mean nutrient uptaké by functional group per unit area. Separate
ANOVAs were conducted for each of the 4 nutrients. For all AN OVA’s, functional group
and season were main effects and functional gro_up*season was the interaction term. !
Indigenous functiohal group nutrient data was included in the model if the group was
grown in the absence of C. maculosa. Centaurea maculosa plant tissue data was inﬁluded
in the model if it was grown in a monoculture. For plant tissue nutrient concentratibn,

ANOVA was used to compare nutri.ent concentrations of five nutrients among the five
functional groups; grasses, shallow-rooted forbs, deep-rooted forbs, spikemoss and C.
maculosa. ANOVAs for plant nutrient uptake of N, P, K, and S compared grasses,
shallow-rooted forbs, deep-robted for_bs? and C. maculosa. Spikemoss was not sampled
on-a unit area basis; therefore, the percent uptalge could not be compared to that of other
groups. Data was transformed as necessary when predicted versus residual plots
‘indicated the assumption of equal variance had been violated. Tukey post hoc tests were
used to elucidate differences in significant main and interaction effects (SAS 1990).

To determine whether C.. maculosa altered nutrient percentage and accumulation Sy
of indigenous functional groups, we compéfed the plant nutrient concentration and plant
nutrient uptake of grasses, shallow-rooted forbs, deep-rooted forbs and spikemoss
growing in the presence and absence of C. maculosa. ANCOVA was used for each of the
four nutrient parameters; N, P, K, and S. Data was transformed when necessary to meet

assumptions of equality of variance. Centaurea maculosa density was used as the
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covariate. Functional group and season were the main eﬁ'ects and functional
group*season was the interaction term. Contrast p-values determined differences in plant
nutrient concentratio'n and plant nutrient ~uptake between Vege;cation grown in the presence
~and absence of C. i'haculosa. . |

Results

Ecological role of functional groups in nutrient and hydrologic cycles

Seasonal soil nutrient variations. Site 1. Soil nutrient and water parameters

depended on the season and removal treatment main effects for both sites and soil depths,.
but were not dependent on the interaction of season and removal treatment in any case
(Table 4.1). Therefore, in text and tables, mean seasonal soil nutrient values are averaged
over removal treatments, and means removal treatment soil nutrient values are averaged
over seasons. Fall values for NO,-N, NH,-N, P, and S were at least one-third their spring
levels. Total soil C and N for both depths decreaséd slightly from spring to fall at this site.
By fall, soil water decreased at both soil depths, but rose slightly in summer in the deep
soil depth before declining in the fall. Plant available K in the soil remained constant across
seasons. Deep soil strata had lower values for all soil parameters than thé shallqw soil
strata, except for soil water content and NH,-N. (Data not shown.)

Site 2. In the shallow soil depth at site 2, values for totgl N, NO;-N, NH,-N, K, S,
and total C did not differ across seasons. Soil parameters which remained relatively
constant in the deep depth from spring to fall were total N, NO,-N, K, and S. The level of

NH,-N in the deep soil depth decreased from spring to fall. Phosphorus levels in both soil
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depths decrease by about one-halffrom spring to fall. By fall, soil water decreased by

one-halfits spring value in the shallow soil depth and one third its spring value in the deep

soil depth. Total soil C increased from spring to fall. Most soil parameter levels had lower

values in the deep soil strata compared to shallow soil strata. The exception was soil

water at site 2. (Data not shown.)

Table 4.1. Pillai’s trace MANOVA statistic results for total N, NO3N, NH4N, P, K, S,
total C and soil water content at sites land 2 shallow and deep soil depths. Error

term has 576 degrees of freedom.

Site  Soil Depth (cm) Source
| Shallow (0-15)  SEASON
TREATMENT
SEASON*TREATMENT
| Deep (15-40) SEASON
TREATMENT
SEASON*TREATMENT
2 Shallow (0-15) SEASON
TREATMENT
SEASON*TREATMENT
2 Deep (15-40) SEASON
TREATMENT
SEASON*TREATMENT

df
16
56
112
16
56
112
16
56
112
16
56
112

22.1
16
0.8
20.5
16
0.9
13.0
2.2
11
5.2
16
10

P-value
<0.0001
0.008
0.951
<0.0001
0.006
0.737
<0.0001
<0.0001
0.271
<0.0001
0.004
0.490

Soil nutrients response to removal treatments. Site | shallow soil depth. Soil

NO3N was nearly three times higher in treatments where all vegetation was removed,

either with or without C. maculosa, than in any other treatment (Table 4.2). Soils from

the control had less NH4N than soils where all vegetation was removed. All other
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treatments had 'similar NH,-N levels, averaging 8.01 mg/kg. Phosphorus levels were 1.5
times higher where all plant material was removed than where spikemoss or deep-rooted
forbs were removed. All other treatments yielded similar soil P. Values of total N, K, S,
total C, and soil water did not differ among removal treatments. |

Site 1 deep soil depth.. Nitrate was the only soil parameter to differ among
treatments in site 1 deep soil strata (Table 4.3). Treatments where noiching, spikemoss, or
deep-rooted forbs were removed had the lowest NO,-N levels, averaging 3.6 mg/kg.
When grasses or all forbs were removed, NO3-N levels were similar and slightly higl}er
than the control. Removing all plant material and adding C. maculosa ‘pro'cluced aNO;-N
level of 7.92 mg/kg. This level was similar to soil NO;-N levels where grasses, all fofbs,
or all vegetation was r;emoved but higher than NO,-N levels of the control. When all
vegetation was removed, the NO,-N level was 8.5 mg/kg. Removing shallow-rooted
forbs cfeated NO;-N levels similar to all other treatments.

Site 2 shallow soil depth. Removing functional groups did not influence soil
nutrient levels of total N, K, S, and total C in site 2 shallow soil strata '(Table 4.4). Means
for these soil parameters were 0.3%, 324 mg/kg, 7.3 mg/kg, and 3.3%, respectively.

- Nitrate was highest in soils where all plant material was removed, in the presence (8.3 -
NO,-N mg/kg) and absence (9.2 NO;-N mg/kg) of C. maculosa. All other removal
treatments raised soil NO,-N over that of the control, which was 1.5 mg/kg, but below
that of complete vegetation removals. Soil NH,-N increased over the control where one
or more functional groups were removed. Removing gragses, or all vegetation, in the

presence or absence of C. maculosa, tended to have the highest NH,-N levels, averaging




Table 4.2. Removal treatments’ mean soil parameters ,averaged over seasons, for site | shallow soils depth (0-15 cm). Removal treatments were initiated in
the spring of 2000, and soil parameters measured spring, summer, and fall 2001. Values in each column which do not share the same letter are
significantly different (a<0.05, MANOVA followed by Tukey post hoc test).

Furctirdl Gup il Poraneters
Ramol Treen@ts
Taad N NOBN(okgs NHN(holg?  Pholg Kiglkg  Shokg Tad COH  Wter Grtart (kgkg)

Qrd 0% 31a 83al A%b 3B 89 36 007
Sikams 0 25 6&b 4 A 82 36 008
SellonFarts 0P 37a 7% AsD W 77 36 000
DipFats 0% 3% 7 A8 B 76 33 000
Qas 0% 50a 9Cb A% W 81 34 008
Al Frts 0% 4la 85b AT AU 84 34 008
Al Flart Miterid 0% 0% 07 6 B 86 37 007
AlFert Miaid vith 0 82 L lab s&b 3% 72 36 0110

5Test results for the colunm represant the returdl log transformrationlout ioHrarsformed nears are presanted

TTest results for the colunm represant the redprocal transformrationout iontrarsiomed nears are

1Anexdtrare valuss exists inthe cataset. The outliers raised the mean NHAHvalue of the Gontrdl to gpear similar to otier treainent mears.
The test results indicate the Contrdl hes aloner NHéH level trenwhen all plant nretenial is reroved, and it does when the autlier is removed
With the outlier reroved, the NHAHrean for the Contrdl is 5,56k, Test results were the sanre with and without the autlie:



Table 4.3. Removal treatments’ mean soil parameters ,averaged over seasons, for site | deep soil depth (15-40 cm). Removal treatments were initiated in
the spring of 2000, and soil parameters measured spring, summer, and fall 2001. Values in each column which do not share the same letter are
significantly different (a<0.05, MANOVA followed by Tukey post hoc test).

Furdiadl Gup Sl Poraneters
Rod Treen@ts
TaeaN©@© NBNgkgs NNy Pholkg Kiokg  S(okg Tad COH  WerQriert (kgh)

Qrird 0% 3% 85 38 33 68 27 an
Sikenes 0% 408 83 35 W 78 27 009
SellonForts 027 63 13 41 38 74 27 010
Deep Forts 0 3% a1 38 il 71 26 010
Qas 0 4% 87 42 W 68 29 an
Al Farts 05 5Gb 100 43 35 83 28 an
Al Fart Materid 028 85 77 51 b 79 30 013
AlFirt M vifh 02 79 21 44 36 78 25 an
maculosa

5Test results for the colum  represent the neturdl log transformration bt nonrarsfomed nears are presanted



Table 4.4. Removal treatments’ mean soil parameters values, averaged over seasons, for site 2 shallow soil depth (0-15 cm). Removal treatments were
initiated in the spring of 2000, and soil parameters measured spring, summer, and fall 2001. Values in each column which do not share the same

letter are significantly different (a<0.05, MANOVA followed by Tukey post hoc test).

35
34
34

33
33
35
3l
33

0(8la
0087a
(0103271
0083
Q0alzb
00Ba
0111b
0033:h

Furdtiadl Goup Soil Poraneters

Rnowd Tieatnerts ,
TadN©@©) NEBNokgs N#N(okgf  P(wokg) K(wkg)  S(okg Tad COY  WerGriat(ald

Qrird 03 15 57a 5b 35 72

Sikents 029 2l 5%b 4% 8 71

SellovFats 034 27 7.lax 4% 0 68

DepFarts 028 24b 6%k 570 3 67

Qas 02 3D 78 4% €3] 76

Al Fots 0 3% 7lae 62b 3B 73

All Flart Mterid 02 9x 85 1< B2 70

é" Fat Miterid, vith 029 8% 156d 78 3L 84

maculosa

STest resuits for the colunm  represent the returdl log transformration ot nonvtrarsforned neers are presartsd
T Test resuits for the colunm represent the rediprocal transformration (ot nondrarsfornred nears are presarted
1Values for the colum represent the souare root trarsformration but iorHrarsformed nears are presanied
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10.6 mg/kg. Alf treatments had similar soil P levels, except where all vegetation was
removed and C. maculosa was seeded. This treatment increased P levels above treatments
where spikemoss, shallow-rooted forbs, or grasses were removed. Rerﬁoviﬂng all -
vegetation increased the soil ‘wat.er content abo,;/e the level of all removal treatments,
except where gfasses or all vegetation were removed in the presence of C. maculosa
seeded.

Sit.e 2 deep soil depth. Removal treatments had no effect on levels of total N, K,
S, total C, and mass water content in site 2 deep soils ‘(Tgbl‘e 4.5). Bemoving all
vegetation, either iﬁ the présence or absence of C. maculosa, increased soil NO;-N levels
about three times above that of all other treatments. All"treatments had NH,-N levels
similar to the controi, except where all vegetation was remov?d in the presence or absence
of C. maculosa. These treatments d;i;f‘ered in NH,-N from the control, but were similar to
other treatments. Soils where all vegetation was removed, either. with or without C.
maculosa, had P leveis twice as high as soils where all forbs or shallow-rooted forbs were

" removed. All other treatments had similar P values.

Plant nutrient concentration. Nitrogen. Plant tissue concentration (percent) of N
depended on the interaction of functional group and season on both sites (site 1:
| F 218=68.9, p<0.0001; site 2: Fy ,,,=46.5, p<0.0001). Therefore, functional group
nutrient concentfation valueé presented in the text and table are the seasonal mean of all
/

removal treatments where the group was present. Percent N did not differ between the

spikemoss and grass functional groups in the spring and summer at either site (Table 4.6).




Table 4.5. Removal treatments’ mean soil parameters values, averaged over seasons, for site 2 deep soil depth (15-40 cm). Removal treatments were
initiated in the spring of 2000, and soil parameters measured spring, summer, and fall 2001. Values in each column which do not share the same
letter are significantly different (P<0.05, MANOVA followed by Tukey post hoc test).

TaaN® NEBN(oko  NH#N(gkgr

S

Goird 023
Sokenoss 020
SllovFarts 02
Deep Frts 024
Qas 023
Al Forts 018
All Flat Miterial 022
All Flat Miterid, with 0.2
C maculosa aodckd

21a
18
253
28
253
27a
83
81b

51a
57db
5%b
6.4eloc
6.3ac
6.0eb
lec
138 1

Soil Paraneters
Pl Kihgkd Shokg TadCh

38b
35D
28
4530
37ab
28
5%
5™

REBBEBRE

76
6.9
6.0
65
6.8
71
89
89

5Test results for the colum  represent the returd log trarnsformration bt rorHrarsfiomed nears are presarted)

t Test resuits for the colum represent the rediprocal

trarsforration but rontrarsformed nears are

25
23
24
27
27
22
27
25

Wter Griat (ghg)§
0104
0123
0106
0.100
0224
0118
0118
o1

presated
1Two extrene values exist in the cita set. Ore of the outliers raised the mean NHAH\Value to gpear higher where all plant naterial wes renoved
A C maculosa added thenwhen inthe alsence of C macutosa. With the two autliers renoved, the neen of all plant nraterial removed wes 862
and the meanfor al plant nateria renoved with C maculosa addedwes 7.80. Test results were the save with andwithouit the outlier.



Table 4.6. Seasordl vaniatiors of rean plant tissue nutrient concentrations within afunctional group, andvariations in mean plant tissue nutrient

conoentrations amongy
furctional group wes

functiorel grous.

For each functionel

gayp the seasordl nutrient vale is
presart. Plant biomess wes collected in 2001 Values ineach colunm, withina site, which co ot Srare the sane letter are

ower dl renod trestments where the

significantly different (2<0.05, ANOVA falloned by Tukey ppost hoc test). Significant seasonal differences are discussed inthe text
Tissue Nutrient Concentration (99

St Fuctiosl N
Qup

| Spikemoss 60
Shallow Forbs 48
Deep Forbs 48
Grass 60
C maculosa 4

2 Spikemoss 60
Shallow Forbs 48
Deep Forbs 48
Grass 60
C. maculosa 4

Spring
1.57a
2.15b
2.96¢
| 75a
n/a

1.46a
2.30b
2.81c
1.58a

n/a

Nitrogen

Summer

1.59ab

1.76bc

1.91c

1.45a

n/a

1.53a

1.91b

1.94b

1.52a

n/a

Fall

1.66¢c

1.11b

0.89ab

0.82a

2.14d

1.59d

1.21bc

0.98ab

0.92a

1.56¢d

Spring
0.14a
0.22b
0.28¢c
0.16a
n/a
0.10a
0.19b
0.21b
0.11a

n/a

Summer

0.09a

0.14b

0.10a

0.10a

n/a

0.09a

0.14c

0.11b

0.10ab

n/a

Proshonss

Fall

0.10c

0.09bc

0.07ab

0.06a

0.13c

0.10c

0.09bc

0.0Sab

0.06a

OlO0bc

Potassiumb

Spring Summer Fall

0.27a 0.27a 0.46a
2.18c 2.05¢ 1.42c
2.91c 2.04c 1.18¢c
1.23b 1.01b 0.73b
n/a n/a 1.39bc
0.40a 0.34a 0.34a
2.22c 1.95¢ 1.52c¢
2.23c 1.75¢ 1.20c
1.16b 1.00b 0.60b
n/a n'a 1.74c

Sulfurf
Spring Fall
0.14a O.Mbc

0.30b 0.13bc

0.26b 0.12b

0.15a 0.10a
n/a 0.18c
0.13a 0.14c
0.32b 0.14c

0.25b 0.12b

0.12a 0.08a

n/a 0.13bc

5STest results represarnt the returdl log transformration for site land the rediprocal trarsformration for site 2. NonHrarsfomed nears are presarted
1Test results for the colunm represent the souare root trarsformration ut rorarsfomed neers are presarnted
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Shallow-rooted forbs and deep-rooted forbs had high percent N that differed from percent
N of spikemoss and grasses on both sites in the spring and summer. In the spring,
shalloW— and deep-rooted forbs also differed from each other in N concentratidn, 2.15%
and 2‘96%, respectively on site 1, and 2.30% and 2.81% respectively at site 2. In the fall,
when C. macz;losa tissue was also analyzed, N concentration was greater in C. maculosé
than any functional group at site 1. Nitrogen concentration of shallow-rooted forbs was
similar to the deep-rooted forbsiin the fall on site' 1. Deep-rooted forb percent N was also
similar to grasses but differed from spikemoss on this site. At site 2 in the fall, percent N
in C. maculosa was similér to that of spikemoss and shallow-rooted forbs, and were
1.56%, 1.59%, and 1.21% respectively. Although percent N in spikemoss and shallow-
rooted forbs differed from each other on this site in the fall. Percent N wa; lower in the
grasses thén other groups, except deep-rooted forbs on site 2 in the fall. All functional _
groups, except spikemoss, dec}ined in plant I\I'-cohcentrz;tion from the spring to fall on
both sites.

| Phosphorus. Tissue P concentration depended upon functional groups and season
at both sites (site 1: Fy 5,5=35.6, p <0.0001; site 2: F, ,,;,=28.2, p<0.0001). Spring percent
P was similar for the spikemoss and grasses at both sites (Table 4.6). These values were
lower than other functional groups on both sites. In the spring, shallow- and deep-rooted
forbs had a P concentration about 1.5 times the value of that for grasses and spikemoss at

site 1. Inthe spring, shallow- and deep-rooted forbs had a similar percent P in their plant

tissue at site 2, averaging 0.20%. In the summer, percent P in deep-rooted forbs

decreased by one-half to a percent similar to grasses on both sites. Shallow-rooted forbs
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had the highest summer value of percent P which differed from other groups on both sites.
On both sites in the fall, C. maculosa percent P was similar to shallow-rooted forbs and
spikemoss, averaging 0.10%. On site 2 in the fall, C. maculosa percent P was also similar
to deep-rooted forbs. Fall tissue concentrations of the; shallow- and deep-rooted forbs
remained similar to each other, averaging 0.08% on both sites. On both sites in the fall,
deep-rooted forbs were also similar in P percent to grasses, while they were lower than
spikemoss. Except for spikemoss on site 2, all functional groups declined in P
concentration from spring to fall at both sites.

Potassium. Plant percent K depended upon functional groups and season at both .
sites (site 1: Fq 5,5=10.9, p <0.0001; site 2: Fy 5,5~4.5, p=0.0002), and followed the same
pattern in functional groups for each season at both sites (Table 4.6). -Spikemoss percent
K differed from all other functional groups and ha(i the lowest percent K on both sites,
averaging 0.34%. Percent K ';7vas at least three times higher in grasses than spikemoss in
the spring and summer, and 1.5 times higher in the fall. Percent K in grasses differéd from
all other. groups in each season, ekcept for C. maciilosa in the fall. Shallow- and deep-
rooted forbs had similar percent K during all seasons. These values were twice as high as
percent K in grasses. In the fall on site 1, percent K in C. maculosa (1.39%) was similar
to the percent K in shallow-rooted forbs, deep-rooted forbs, and grasses. On site 2, fall
percent K in C. maculosa (1.74%) was similar to the percent K in shatlow- and deep-
rooted forbs. Potassium declined seasonally in plant tissue concentration, except in the

spikemoss functional group which remained relatively constant.
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Sulfur. Plant S tissue concentration depended on the-interaction of functional
group and season on Both sites (site 1: F; ,,,=18.6, p <0.0001;'site 2: F; 14728.6,
p<0.0001). Spring sulfur concentration was similar, and lowest, for spikemoés and
grasses on both sites, averaging 0.14% (Table 4.6). On both sites, tissue percent S in
shallow- and d‘eep;rooted forbs was similar to each other and differed from the spikemoss
and gfass functional groups by a factor of two. For all ﬁ/mctional groups, except
spikemoss, _’Fhe percent S decreased throughout the growing season. Grasses retained the
‘Jowest amount of tissue S in the fall. This value differed from all other groups. Centaurea
maculosa had a similar percent S as spikemoss and shallow-rooted forbs on site 1. On site
2, fall S concentration of C. maculosa was similar to shallow-rooted forbs, deep-rooted

forbs, and spikemoss.

Plant nutrient uptake. Site 1. Plant nutrient uptake (concentration x plant biomass

per meter square) depended on functional group and season for N, K, and S uptake (Table
4.7). For fupctiopal groups, means in the text and tlables were averaged over seasons,
‘while means for s;ason were averaged over functional groups. Grasses, shallow-rooted
forbs and C. maculosa had similar N and S ,uptake rates that differed from those of deép-
rooted forbs on this site (Table 4.8). Nitrogen uptake by deep-rooted forbs was greater
than the other groups by roughly 400 mg m?. Sulfur uptake by déép-rooted forbs was
about twice that of shallow-rooted forbs and grass, and three times the amount of C.
maculosa. Deep-rooted forbs had a higher K uptake on site 1 (1,000 mg m™) than any

other functional group. Shallow-rooted forbs K uptake also differed from all other




Table4.7.  f -values gererated fran ANOVA for nutrient uptake (concentration X plant bioness) by functional grous at sites 1 ad 2
The error degress of freedomfor each site is 159 for N P, Kand 108 for S

St Source df Nitrogen* Prosphons 1 Potassium5 Qifur *
F Pvae F Pvale F Pwele F Pvalue
I Furctionel Goup 3 146 <0001 1106 <0001 25 <0001 924 <0001
Seasn 2 468 001 231 0108 324 00 420 0043
Fudtiond GouprSsssn 4 181 0131 3% 0014 13 02400 130 02%
2 Functiorel Goup 3 226 <0001 1472 <0001 B <0001 e <000
Seesn 2 431 0015 121 0284 33 003 228 0108

Fuctiodl QoypSeesocn 4 115 036 100 0407 312 0017 3HA 0.040

1The souare root transformretion wes Lsed for all ANOVAs except for sulfur onsite 2 Nnvrarsfamed neers are preserted
5Test results for the colunm represent the returd log trarsformration ot rorarsfomed nears are presarnted
*dffor sutfur is 1 for season and 2 for functional grous*season because tissue saples were not analyzed for sulfur in the sunrey.
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functional groups at site I. At this site, K uptake was similar, and lowest, for grasses (258
mg m'2 and C. maculosa (186 mg m"2. Uptake ofK, S, and C increased from the spring

to the fall while N uptake remained the same. (Seasonal data not shown.)

Table 4.8. Significant differences in plant rutrient uptake anong functiorel groups. Afurctiordl
group’s Lﬁdevaleareﬁerremofqonng,smrrer adfal 201 cata. Values ineach
colunm which db not sherre the sare letter are significantly different (a <0.05, ANOVA falloned

_ byTukey post hoc test). _

_ Plant Nutrient Uptake (g m2)
Functiorel Gap N Stel Ste2
Ntrogen1 Potassium5  Sulfiir*  Nitrogen1  Phosphorusl
SllovForts 8 La 420 47a 35 XA
Deep Forts 48 18 1000c D 65% 4
Qs 0 I s3] 3la 3la Xa
C. maculosa 4 22a 186a 2a 1463c 9c

t Test results for the colunm represent the suare oot transformration, norHrarsformed ears are resanied
5Test resuits for the colum represent the retural log trarsforretion, nontrarsformed neers are presantsd
1The Nfor Sulfur is grass: 40, shallowand degp-rooted forks: 2 adc. maculosa: 4 duetosaples in

the soring and fall only.

Phosphorus uptake varied across seasons differently among functional groups at
site | (Table 4.7). Site | spring P uptake was three times higher in deep-rooted forbs than
in shallow-rooted forbs and grasses (Table 4.9). Phosphorus uptake by deep-rooted forbs
decreased from the spring to summer giving all three functional groups similar P uptake
values for the summer. In the fall, when C. maculosa was sampled, all functional groups
had a similar P uptake, ranging from 17 to 43 mg m"2. Uptake of P remained relatively
constant for shallow-rooted forbs and grasses throughout the growing season at site |

Site 2. Plant nutrient uptake was affected by functional group and season for N

and functional group only for P (Table 4.7). On this site, shallow-rooted forbs and grasses
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had a lower N and P uptake than deep-rooted forbs and C maculosa (Table 4.8). Deep-
rooted forbs had a N uptake twice as high as the grass and shallow-rooted forb groups.
Centaurea maculosa and deep-rooted forbs also differed from each other in N and P
uptake. Centaurea maculosa had the highest N uptake on site 2 (1,468 mg m"2.
Centaurea maculosa also had a higher P uptake than any other group. Total N uptake by

plants was similar in the spring and fall, with a peak during the summer. (Seasonal data

not shown.)

Table 4.9. Sgnificant interaction results for plant nutrient uptake for functional group*season. Values in
each colum which do nat share tre sae letter are significantly different (PO.05, ANOVAfolloned
Tukey post hoc test). P resuts are for site . Kand S results are forsite 2. For each functional group,
seasonal nutrent value is averaged over all rermrdtreatrrertswereﬁeﬁrm%rrnl;sggmaspresert

Seasoral varations of rean plant nutrient uptake within afunctional group are inthe tedt
Fudiod Qap N Plant Nutrient Uptake (g )
Phosphons ! Potassium5 SUfura

Spring Summer Fall Spring Summer Fall Spring Fall
Shallow Forbs 48 32a 47a 41a 276a 363a 376a 38a 34a
Deep Forbs 48 98b 52a 43a 483a 761b 912b 45a 76b
Grass 60 23a 30a 22a 255a 296a 217a 27a 31la
C. maculosa 4 n/a n/a 17a n/a n/a 1653b n/a 122b

tTest results for colum represant the souare root transformration but ronrarsfomed nears are presanted
$Test resuits for colunm represent the returd log trarsformration ot ronvrarsforred reers are presanted

Nutrient uptake was affected by the interaction of functional group and season for
K, and S on site 2 (Table 4.7). All functional groups had a similar K uptake in the spring,
averaging 338 mg n#2(Table 4.9). Inthe summer and fall on site 2, grasses and shallow-
rooted forbs had a similar K uptake while deep-rooted forbs K uptake differed and was
greater. Centaurea maculosa K uptake was similar to deep-rooted forbs (1,653 and 912

mg m"2, respectively) in the fall. Sulfur uptake did not differ among functional groups in
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the spring on site 2. In the fall, deep-rooted forbs and C. maculosa had higher S uptake
than shallow-rooted forbs and grasses. Potassium uptake by deep-rooted forbs increased
throughout the growing season. Nutrient uptake remained seasonally constant for all

- other functional groups/nutrient combinations. (Seasonal data not shown.)

Effects of a nonindigenous invader on nutrient and hydrologic cycles

Soil contrasts. Site 1. Contrasts were used to test the hypothegis that the
presence of C. maculosa would alter soil nutrient and water regimes. On site 1 in shallow
_soil depths, nitrate was greater, 2.5 versus 3.5 mg/kg, in the presence of C. maculosa
where spikemoss was removed (Table 4.10). When all forbs were removed, shallow soil
NH,-N, 15, and total C levels were higher in the presence of C. maculosa while soil water
content was lower in the presence of C. maculosa. At site 1 in the shallow soil depth, S
did not differ in the presence or absence of C. maculosa. (Data not shown.) At site 1in
deep soil depths, when all forbs were removed, soil water content was g;eater when C.
maculosa was present (0.134 kg/kg verses 0.110 kg/kg) (Table 4.11). The presence of C.
maculosa did not influence any other soil parameter, regardless of removal treatment, in
site 1 deep soil depth.

Site 2. The presence of C. maculosa may have caused a decrease in soil NO;-N,
from 9.2 mg/kg to 8.3 mg/kg in the shallow soil depth and from 8‘.3 mg/kg to 8.0 mg/kg in
the deep soil depth, where all vegetation was removed (Tables 4.12)." Nitrate levels in
shallow soil depths also were lower in plot with C. maculosa present when shallow-rooted

forbs were removed. In shallow soil depths at site 2, soil NH,-N was nearly twice the




Table 4.10. MANCOVA contrasts to investigate the effect of C. maculosa on the mean soil parameters for site | shallow soil depth (0-15 cm). Removal

treatment mean soil parameters were averaged over seasons. Removal treatments were initiated in the spring of 2000, and soil parameters measured
spring, summer, and fall of 2001.

Trestnerts Sol Numentsad
Gfer Sall Prangtars

Removal Treatment C maculosa NO3N P-value* NHv N P-value P P-value Total C P-value Water content P-value
Treatment (mgkg) (mg/kg) (mg/kg) (%) (kg/kg)

Control absent 3.1 0.142 8.3 0.411 4.5 0.418 3.6 0.375 0.098 1 0.159
present 3.4 8.4 4.0 3.7 0.088

Spikemoss absent 2.5 0.038 6.6 0.609 4.3 0.326 3.6 0.770 0.088 0.621
present 3.5 7.8 5.8 3.8 0.091

Shallow Forbs absent 3.7 0.909 7.9 0.774 4.6 0.290 3.6 0.315 0.090 0.990
present 3.9 7.1 4.0 3.6 0.091

Deep Forbs absent 3.3 0.175 7.7 0.444 4.0 0.880 3.3 0.323 0.099 0.952
present 2.8 6.5 4.1 3.4 0.099

Grass absent 5.0 0.374 9.0 0.406 4.9 0.286 3.4 0.514 0.088 0.642
present 3.3 6.5 3.9 3.6 0.091

AU Forbs absent 4.2 0.644 8.5 0.013 4.7 0.055 3.4 0.053 0.098 0.018
present 6.1 9.5 55 3.8 0.096

All Plant Material absent 10.9 0.497 10.7 0.779 6.4 0.787 3.7 0.935 0.097 0.380
present 8.2 7.7 5.8 3.6 0.110

5Test resuits for the colunm represent the returd log transformration ut iontrarsfomed nears are presanted



Table 4.11. MANCOVA contrasts to investigate the effect of C. maculosa on the mean soil parameters for site | deep soil depth (15-40 cm). Removal
treatment mean soil parameters were averaged over seasons. Removal treatments were initiated in the spring of 2000, and soil parameters measured
spring, summer, and fall of 2001.

Trestnerts Sol Numertsad
Grer Sall Prangtars

Removal Treatment C. maculosa NO3N P-value NH4N P-value P P-value Total C P-value Water content P-value t
Treatment (mg/kg) (mg/kg) (mgkg) (%) (k&kg)

Control absent 3.2 0.441 8.5 0.784 3.8 0.618 2.7 0.811 0.109 0.672
present 3.6 8.8 3.4 2.7 0.104

Spikemoss absent 4.0 0.566 8.3 0.818 3.5 0.860 2.7 0.908 0.095 0.888
present 4.2 7.4 4.0 2.9 0.124

Shallow Forbs absent 6.3 0.467 11.3 0.510 4.1 0.811 2.7 0.565 0.096 0.449
present 35 6.6 3.8 2.6 0.106

Deep Forbs absent 3.8 0.633 9.1 0.889 3.8 0.797 2.6 0.609 0.104 0.861
present 4.2 8.2 3.7 2.7 0.109

Grass absent 4.5 0.617 8.7 0.776 4.3 0.237 2.9 0.243 0.108 0.892
present 4.3 8.0 3.4 2.7 0.116

All Foths absent 5.0 0.231 10.0 0.502 4.2 0.866 2.8 0.881 0.110 0.035
present 5.7 8.1 4.4 3.0 0.134

AU Plant Material absent 8.5 0.296 7.7 0.827 51 0.454 3.0 0.224 0.126 0.514
present 7.9 121 4.4 2.5 0.108

$Test resuits for the colunm represant the soLare root trarsformration ot rorHrarsformed neers are presarnted

c0T



Table 4.12. MANCOVA contrast to investigate the effect of C. maculosa on the mean soil parameters for site 2 shallow soil depth (0-15 ¢cm) and deep soil
depth (15-40 cm). Removal treatment mean soil parameters were averaged over seasons. Removal treatments were initiated in the spring of 2000,
and soil parameters measured spring, summer, and fall of 2001.

Soil Nutrients

Removal Treatment C. maculosa NO3N P-value NH4N P-value Total C P-value NO3N P-value NH4N P-value Total C P-value
Treatment (mgkg) (mglcg) (%) (mglcg) (mg/kg) (%)

Control absent 15 0.559 5.7 0.687 3.5 0.431 2.1 0.178 51 0.348 2.5 0.196
present 2.0 6.4 3.5 21 6.0 2.5

Spikemoss absent 21 0.492 5.9 0.785 3.4 0.703 1.8 0.623 5.7 0.108 2.3 0.101
present 1.8 5.4 3.2 18 6.0 2.5

Shallow Forbs absent 2.7 0.457 7.1 0.509 3.4 0.939 2.5 0.002 5.9 0.830 2.4 0.980
present 2.4 8.0 3.1 1.9 5.8 2.3

Deep Forbs absent 2.4 0.961 6.9 0.815 3.3 0.229 2.8 0.624 6.4 0.339 2.7 0.840
present 2.3 6.7 3.6 2.4 7.0 2.3

Grass absent 3.2 0.332 7.8 0.575 3.3 0.170 2.5 0.189 6.3 0.621 2.7 0.113
present 2.7 8.2 31 2.4 6.8 2.4

All Forbs absent 3.5 0.398 7.1 0.922 3.5 0.356 2.7 0.459 6.0 0.976 2.2 0.365
present 3.2 7.9 3.5 3.1 6.8 2.8

All Plant Material absent 9.2 0.000 8.5 0.000 3.1 0.139 8.3 0.004 11.6 0.120 2.7 0.020

present 8.3 155 3.3 8.1 13.8 2.5
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value in the presence of C. maculosa where all vegetation was removed. Total C levels in
the site 2 deep soil strata was lower in the presence of C. maculosa. No differences were
detected between the presence and absence of C. maculosa for total N, P, K, S, and soil

water content for this site. (Data not shown.)

Plant tissue concentration contrasts, Plant tissue nutrient concentration (percent)

was affected by the C. maculosa .treatment in two cases on each site (Table 4. 13). On site
1, percent S in deep-rooted forbs was lower when C. maculosa was present on the plots.
Percent K in C. maculosa at site 1 was greater when C. maculosa was grown alone verses
with other indigenous plants (0.19% vérses 0.17%, respectively). On site 2, N and P
concentrations were greater in C. maéitlosa when it'was grown in the presence of other

plants.

Plant nutrient uptake contrasts. ANOVA contrasfs identified twelve differences in

-

furictional group nutrient uptake values between C. maculosa treatments (Table 4. 14). On
site 1, shallow-rooted forbs had roughly 1.5 times higher N, P, S, and C uptake when C.
maculosa was absent. Sulfur and C upte;ke for the C. maculosa group were higher when
C. maculosa was grown alone verses grown with other functional groups at site 1. On site
2, C. maculosa nutrient uptake was greater for all nutrients when C n;aculosa was grown
alone verses grown with other functional groups. In the absence of C. maculosa, deep-

rooted forbs had a higher S uptake.




Table 4.13. ANCOVAirast to investigate the effect of c. maculosa 0N nean plant tissue nutrient concentration (percarnt) of various functional groys.
Mears are the average of soring, sunrer, and fall 2001 values for eech functional grayp. Covarant is the dersity of C macutosa perplot

Site Functional Group C. maculosa Plant Tissue Nutrient Concentration (percent)
Treatment
Nitrogenl P Phosphorus P Potassium P8 Sulfur P8
| Spikemoss absent 161 0.909 0.10 0.128 0.33 0.579 0.14 0.992
present 1.59 0.11 0.32 0.13
Shallow Forbs absent 1.67 0.209 0.15 0.788 1.88 0.121 0.22 0.332
present 1.69 0.15 1.95 0.17
Deep Forbs absent 1.92 0.998 0.15 0.938 2.03 0.362 0.19 0.027
present 1.90 0.15 1.88 0.17
Grass absent 1.34 0.898 0.10 0.115 0.99 0.473 0.12 0.531
present 1.37 0.11 1.00 0.12
Cmaculosa alone 2.15 0.589 0.13 0.129 1.39 0.007 0.18 0.592
with other plants 1.74 0.12 1.12 0.16
2 Spikemoss absent 1.53 0.857 0.09 0.609 0.36 0.893 0.14 0.712
present 1.56 0.10 032 m 0.14
Shallow Forbs absent 1.81 0.958 0.14 0.706 1.90 0.208 0.23 0.555
present 1.80 0.15 1.95 0.17
Deep Forbs absent 191 0.719 0.13 0.668 1.73 0.946 0.18 0.665
present 1.85 0.14 1.66 0.17
Grass absent 1.34 0.553 0.09 0.770 0.92 0.918 0.10 0.701
present 1.32 0.10 1.00 0.10
Cmaculosa alone 1.56 0.023 0.10 0.049 1.74 0.211 0.13 0.109
with other plants 1.88 0.11 0.95 0.16

8Test results for the colum represent the returd log transforration ot rotrarsfiomed nears are presarted
1The saple sizes vary dLe to differences in seasors sapled (S), the quentity of the tissue saple limited testing



Table 4.14. ANCOVA contrasts to investigate the effect of C. maculosa on mean plant nutrient uptake (mg/m2 of various functional groups. Values are the

means for spring, summer, and fall nutrient uptake for each functional group. Covariant is the density of C. maculosa per plot. Values for each
functional group are significantly different at a <0.05. The natural log transformation was used for all ANCOVAs except for N, P, K, and S on site 2.

Functional Group
Site

| Shallow Forbs

Deep Forbs

Grass

C. maculosa

2 Shallow Forbs

Deep Forbs

Grass

C. maculosa

1Tre e sizes van dLe to differences in seasons sanpled (S), the quentity of the tissue sanple linvited testing of all nutrients (Pand K), and the linvited
anount of bioress rleserttosm‘rie (C maculosa).

C. maculosa
Treatment

absent
present
absent
present
absent
present
alone
with other plants
absent
present
absent
present
absent
present
alone

with other plants

Plant Nutrient Uptake (mg m"2

434

3.12

787

778

315

243

27

1468

31

60 1

60

48

48

48

48

60

60

48

48

48

48

4

12

P-value

0.012

0.493

0.349

0.174

0.468

0.178

0.865

0.000

P

40

26

64

59

25

24

17

4

25

22

47

42

26

32

91

7

60

60

48

48

46

47

60

60

48

48

48

48

4

3

P-value

0.006

0.575

0.777

0.864

0.462

0.109

0.893

0.029

K

999

1000

258

232

186

35

302

718

580

256

1653

81

60

60

48

48

46

47

60

60

48

48

48

48

3

P-value

0.092

0.912

0.256

0.133

0.745

0.077

0.991

0.001

S

47

29

73

61

31

27

22

36

27

61

55

27

31

122

2

40

40

32

32

32

32

40

40

32

32

32

32

4

12

0.374

0.374

0.018

0.251

0.014

0.811

0.000

901
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Discussion

Ecological role of indigenous functional groups and C. maculosa

Our data supported the hypothesis that indigenous functional groups have different
ecological roles. Data also supported the hypothesis that removing functional groups
would al'ger the nutrient and hydrologic cycles in soils because pools of N, P, and soil
water were altered when one or rﬁore functional groups were removed (Vinton and Burke
1995, Dukes 2001, Peltzer and Kochy 2001). In our study, removing functional groups
increased soil NO;-N, NH,-H, P, and water. Therefore, ﬂnctional groups may be using
resources from different zones in the soil strata which are not accessible to other groups.
The increase in unused resources in a functional groups absence implies ﬁmctionél groups
may differ in resource capture, niche occupation and/or ecological role (Parriah and
Bazzaz 1976, Berendse 1979, McKane et al. 1990, Golluscio and Sala 1993, Brown 1998,
Carpinelli 2001). Similarly, Sala et al. (1989)' found that resources freed by a functional
group removal could only partially (or not at all) be used by another functional group.
The increase in soil NO,-N, NH,-H, P, and soil water could also reflect differences in a
functional groups ability to fill unoccﬁpied space (Symstaci and Tilman 2061). Increased
resource availability through functional group removals and/or seasonal variability could
effect ecosystém processes such as competition intensity, and in turn, invasion (Burke and
Grime 1996, Stoﬁlgren 1999, Davis and Pelsor 2001, Dukes 2601, Herron et al. 2001).
For example, if resource supply is unused, community invasibility may increase (Davis et |

al. 2000).
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In some cases, differing ec‘ological roles of functional groups were recognized
when soil resources were lost in the absence of a particular functional group. Functional
groups influence the input of resources fo different soil strata via processes like
penetration (Sala et al. 1989). For example, when all vegetation was removed, NO3-N
increased in deep soil ﬂepths on both sites. This could reflect leaching of NO;-N from |
shallow to deep soil depths when the functional group diversity was lost and roots were
not present to accumulate mineralized NO,-N in the upper soil profile (Symstad and
Tilman 2001). Because functional groﬁps respond differently to changes in community
o nutrient levels (Lauenroth and Dodd 1978, McLendon and Redente 1991, McJannet et al.
1995, Reich et al. 2001), altered nutrient availability dﬁe to the absence of a functional
group coula have affect community structure, nutrient cycling, and eventually ecosystem
function. Soil parameters that increased in this study with or without the removal of a
functional group may réﬂect soil heterogeneity more than finctional group acquisition“ of
resources.

Results of N, P, K, and S uptake by plants support the hypotheses that inciigenous
functional groups differ in ecological roles, and that removing one or more groups would
‘ alte/r the soil nutrient cycles (Pastor et al. 1984, van Breeman 1995, Vinton and Bl_lrke
1995). For most nutrients, the functional group with the greatest biomass had a greater
uptake than other groups (Chapter 3). Removing this one group could have large
implications on the community nutrient pools, and possibly on invasion.

© Our plant nutrient results support the hypothesis that indigenoué functional groups

have different ecological roles because groups differed in N, P, K, and S concentrations
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and uptake (Parriah and Bazzaz 1976, McJannet et al. '1995, Carrera et al. 2000, Duke
and Caldwell 2001, Reich et al. 2001). Even functional gfoups within the same soil strata
had different nutrient concentrations. This may indicate groups have different
physiological demands from life history traits, ecological roles, and/or may be acquiring
resources differently. Of all the functional groups, shall-ow- and deep-rooted forbs had the
most overlap in which may reflect physiological demellnds of morphologically similar i)lants
(Chapin 1993, Lambers et al. 1598) even though they occupy different areas of resource
availability in the soil. Grasses overlapped in resource capture with the other groups, but
its inconsistency in similarity of nutrient concentration with any one group suggests is
more uniqué in ecological role than the other groups in the community.

Centaurea maculosa nutrient concentration was similar to all other functional
groups on different occasions. However, nutrient concentration pf C’ maculosa tissue
was usually similar to that of’shallow—rooted forbs. Therefore, our data‘ sﬁppoﬁs the
hypothesfs that indigenous and nonindigenous forbs have similar ecological roles (Johnson
1985, Thompson et al. 1995, Reich et al. 2001). This implies that the presence of one may
exclude the other through resource preemption (Tilman et al. 1996, Symstad 2000, Davis
and Pelsor 2001, Dukes 2001). Plant nutrient uptake data also supports this hypotheses -
because C. maculo‘sla and indigenous deep-rooted forbs had similar values for nutrient
uptake. These two groups have the greatest above and below ground biomass of any -
functional group and a higher resource acquisition may be required to meet demands for
growth and reproduction (Tilman et al. 1999). Centaurea maculosa tended to have

nutrient concentrations and uptake higher, singularly or with other groups, than other
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functional groups. While indigenous groﬁps and C. maculosa have similar ecological roles,
in this community, nutrient uptake and concentratioﬁ rates that are as high of higher than
indigenous functional groups could reflect the physiological demands of C. maculosa’s
evolutionary environment.\. If C. maculosa evolved on nutrient poor soils, it may have the‘
physiological ability to stére and reutilize excess nutriénts to increase its success of
surviving (LLambers et al. 1998). Ifthis is the case, then increased nutrient stora;ge by C.

- maculosa could possibly decrease pools of soil nutrients in the invaded community over
time if the rate of nutrient recycling differs from indigenous groups (van der Kirift and
Berendse 2001).

There was a degree of ‘overlap in C. maculosa nutrient concentration with other
groups. This may suggest indigenous and nonindigenous functional groups have similar
ecological roles (Risser 1994, _Vitousek 1990, LeJeune and Seastedt 2001), or that
functional groups do not have complete niche diﬂ'ereptiation (Bengtsson et al. 1994).
Based on nutrient concentrations, we believe C. maculosa has a broad overlap in resource
capture with other functional groups (Hoopes and Hall 2002). Plants may try to avoid
competition throﬁéh niche differentiation (Bengtsson et al. 1994) but all plants have
similar resource demands and are drawing resources from the sinﬁlar nutrient pools in soil
strata which leads to overlap in nutrient consumption. For example, C. maculosa was

]
similar to the spikgmoss functional group nutrient concentration on some occasions

possibly because they acquire resources from a similar soil nutrient pools. Ecologists have

suggested that species with broad niche overlap may require disturbance for colonization
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and that these plants may not be a superior competitors for resources but are more plastic
to environmental changes such as alterations in resource availability (Bazzaz 1984).

This study supports the theory that maximizing niche occupation decreases the risk |
of invasion through preemption of resources by functionally similar indigenous and
nonindigenous groups of pl‘arits. Diverse grassland communities may be more stable if a
separation of resource use reduces the degree of competition among indigenous plants
(Berendse 1979, Fowler 1986 and.l990). Ecosystem function can be maintained if the
ecological rble of an iﬁvader and an indigenous functional group are redundant (Schulze
and Mooney _1993). Thus, preemption of resources by an indigenous group may exclude
recmitment of a functionally similar nonindigenous groﬁp. Mechanisms and. processes of
competition exclusion are tied to~resource fluctuations on spatial and temporal scales
(Bengtsson et al. 1994). Because resource preemption can be affected by phenology,
horizontal space, life stage, and/or rooting distribution (Parriah and Bazzaz 1976,
Berendse 1983, Bengtsson et al. 1994, Fowler 1986, Hdoper 1998), a plant community’§
risk of invasion can fluctuate over time and space as available soil nutrients may fluctuate
by seasons and the presence of phenologically similar functional groups (Davié et al.
2000). Therefore, our results also consistent with the fluctuating resource theory of
invasion. Spatiotemporal resource partitioning decreases the rate of competitive
displacement among indigenous groups.(McKane et al.- 1990) while it might increase
competition and decrease invasion among functionally similar invaders (Brown 1998,

Carpinelli 2001, Dukes 2001). Invasive plant management that focuses on promoting
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functional group diversity throughout the growing season should increase the likelihood

that a functionally similar species will preempt resources and resist invasion (Chapter 3).

Nonindigenous invader effects on indigenous plant community

Research by D’ Antonio and Vitousek (I992); .Ehrenfeld et al. (2001), and Evans et
al. (2001) indicates that nonindigenous invaders may effect soil nutrient. In this study, the
preser;ce of C. maculosa was correlated with soil nutrient levels on both sites, although
the results were inconsistent. Invaders are thought to alter plant community nutrients to
levels unsuitable to othér vegetation. C. maculosa may impact nutrient cycles of a plant
community by altering the degree of nutrient uptake by indigenous plants, the rate of
decomposition (Christian and Wilson 1999, LeJeune ;and Seastedt 2001, Mack et al.
2001), and the frequency and intensity of disturbance regimes (D’ Antonio aﬁd Vitousek |
1992, Svejcar and Sheley 2001). We found soil parameter levels to bé either higher or
lower in the presence of C. maculosa, depending on parameter and/or soil depth.
Centaurea maculosa may be altering the soil parameter because all plots where a nutrient
changed in the presence of C. maculosa had at least 16 C. maculosa plants m?. The two
exceptions were where spikémoss was removed and NO,-H was greater in the presence of
C. maculosa, and whg\re shallow-rooted forbs were removed and NO,-H was lower in the
presence of C. maculosa. Since 0.3-1.0 C. maculosa plants m™? existed on these
treatments, we attributed these changes to natural soil heterogeneity. (See Chapter 3 for

density data.) Our soil contrasts may be variable in this study because C. maculosa has

only been present for 1 year and is still in the development stage. For example, C.
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maculosa may be decreasing soil water in the shallow soil depth becausé it is a seedling
(Sperber 2001). The increase in deep soil water on the same site and treatment may have
occurred because deep-rooted forbs were removed in the treatment and C. maculosa roots
had not matured to reach water in the deep soil depth. More time may be required for
changes in nutrient and watér cycles to become evident. It is also pdssible that the invader
had no consistent impact on the indigenous community but rather adapted to conditions on -
the site (Svejcar and Sheley 2001). Centaurea maculosa may be similar enough to
indigenous functional groups that it will never alter soil parameters, or changes will be .
difficult to detect (Mack et al. 2001). The lack of site-to-site similarities in soil nutrient
alterations in the presence or absence of C. maculosa makes us reluctant to draw
conclusion on these findings. We do not support or reject our hypothesis that a
nonindigenous invader would alter soil nutrient and water cycles.

Nutrient concentration in plant tissue was altered in the presence of the invader
(Ehrenfeld et al. 2001). Therefore, we support the hypothesis that the presence of a
nonindigenous invader alters an indigenous functional group’s ability to cépture resources. .
There were significant differences in plant tissue nutrient concentration of C. maculosa
grown alone verses C. maculosa grown with other plants. Nitrogen ;md P éoncentr‘ation.
was greater in C. maculosa when it was grown with other p]ar;ts' on site 2 implying C.
maculosa may have a greater ability to compete for N and P (Blicker 2001, LeJeune and
Seastedt 2001), or C. maculosa may be a stronger interspecific than intraspecific
competitor for resources. Even though the nonindigenous invader Was similar in nutrient

concentration and content as indigenous functional groups, it may have competitive
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mechanisms which are not present in the indigenous community that allow it to be a better
competitor (Callaway and Aschehoug 2000). Therefore, the factors that allow a species
to invade an area may be different than the factors allowing ;1 specieé to dominate fhé
community (LeJeune and Seastedt 2001). Changes in resource availability through thé
removal of key functional groups may have increased C. maculosa invasion success, but

| C. maculosa ability to compete for resources 'may allow it to persist and possibly
dominate. While increased diversity may decrea'se invasion,. it may not prevent the invader
from being a successful competitor, altering ecosystem function, or decréasing community
stability once it’s éstablished (Vitousek 1990, Evans et al. 2001).

Centaurea maculosa may be a better competitor for N and P than for K because
percent K in C. maculosa was lower when it was grown in the presence of other
vegetation. Being a better competitor for N and P c;ompared‘ to other soil nutrients may
be advantageous for C. maculosa because these are commohly cited as limiting resources
in semi-arid grasslands (Gleeson and Tilman 1990, DeLuca and Keeney 1994, LeJeune
and Seastadt 2001). Sulfur concentration in deep-roofed forbs was lower in the pfesence
of C. maculosa on site 1. It is possible that the juvenile and adult roles of C. maculosa
differ and over time, C. maculosa may be more similar to deep-rooted forbs than shallow-
rooted forbs in nutrient concentration. Our contrast results of plant nufrient
concentrations in the presence and absence C. maculosa were not consistent between
sites, perhaps because is was premature to detect alterations in the pl»an’c community from

juvenile C. maculosa and/or the sample size may have been too small:
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In support of oﬁr hypothesis, nutrient uptake by indigenous functional groups was
altered in the presence of C. maculosa. Furthermore, the presence of indigenous forbs
altered nutrient uptake of C. maculosa. Uptake of N, P, K, and S by C. maculosa was
lower when it was grown in the presence of other vegetation versus when grown alone.
Therefore, the presence of indigenous vegetation may be increasing competition and‘
decreasing C. maculosa’s ability to acquire resources and produce biom.as's. On site 1,
shallow-rooted forbs growing in presence of C. maculosa had lower N, P, and S uptake
than shallow-rooted forbs growing in the absence of C. maculosa. The similarity in the
plant tissue nutrient concentration of shallow-rooted forbs with C.-maculosa, and our ;
results of nutrient uptake contrasts, suggests these two functional groups compete directly _

for resources. As a key competitor with C. maculosa, the presence of the shallow-rooted

forb functional group may be more important to invasion resistance than the presence of

another group in large quantity. Similarly, Levine and D’ Antonio (1999) suggested
indigenous and nonindigenous species competing for resources is a likely explanation of
invasion success. The presence or absence of a shallow-rooted forbs could completely

alter plant community function and invasion resistance.
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CHAPTER 5
SUMMARY

. This research investigated écological principles related to invasive plant
management. The three overall objectives of this research were 1) to quantify the
functional diversity of a grasslaﬁd ecosystem, 2) to investigate the ability of functional
groups (singularly or in combination) to resist invasion by a-nonindigenous species, and 3)
to quantify the ecological role of indigenous functional groups and a nonindigenous
invader.

In Chapter 2, I hypothesized that the species and functional group diversity would
be greater than previous descriptions for the Festuca idahoensis/A gro?yron spicatum
habitat type because a multiple-visits method would recognize seasonal and environmental
variations in community composition. Of the species present, I hypothesized that forb
functional groups account for the majority of the richness ana biomass of a grassland plant
community. Data supported the hypothesis fhat continuous, periodic sampling recognizes
greater species diversity at one location because both sites were more diverse plant
communities than previously described for this habitat type. 1 documénted 14 graminiods
and 69 forbs species from just two sites. Total diversity of a 4m? plot averaged 42
species, consisting of 5 grasses, 12 deep-rooted forbs, and 25 shallow-rooted forbs. My
data also support the hypothesis that forb functional groups represent the majority of the
richness aﬁd biomass of the grassland community. Forbs accounted for 83% of the

species richness in this research.
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In the invasion study in Chapter 3, I hypothesized that removing a functional group
would yield higher densities and biomass of a nonindigenous invader, Centaurea
maculosa, than that of the control, and that C. maculosa density and biomass would
increase as functional groups were progressively removed. Furthermore, I also
hypothesized that removing forB functional groups would increase C. maculosa biomass
and density more than removing grasses because indigenous and nonihdigenous forbs may
share physiological and morphological traits and perhaps ecosystem funetion. Resﬁlts
Were consistent with a growing body of evidence suggestirig incréased functional diversity
decreases invasion. ‘Centc'zurea maculosa density and biomass was higher at lower levels
of functional group diversity on both sites. Data also supported the hypothesis that
indigenous forbs would resist invasion by C. maculosa 'more .than grasses because the
absence of functionally similar groups was related to the higher C. maculosa densities and
biomass. These results suggest the degree of functional diversity may not ‘be as important
in C. maculosa invasion as the functional composition of the community. My results
indicated that indigenous forbs may compete more direcﬁy for resources with C.
maculosa and their presence may be rﬁore important for invasion resistance than the
presence of other functional groups.

To investigate the mechanisms behind invasion resistance, Chapter 4 qualified the
nitrogen (N), phosphorus (P), potassium (K), sulfur (S), carbon (C), and water cycles in
indigenous and nonindigenous functional groups, I hypothesized that indigenous
functional groups have diffefent ecological roles. I also hypothesized indigenous and

nonindigenous forbs have similar ecological roles in cycling N, P, K, and S in plant tissue.
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Data supported the hypothesis that indigenous functional groups have different ecological
roles. Pools of é().il resources increased in the absence of a functional group indica£ing that
other groups were unable to obtain the unused resources. This irﬁplies functional groups
may differ in niche occupation and ecological role. In support of the hypothesis that
indigenous groups have different ecological roles, functional groups differed in N, P, K,
and S concentrations and uptake. This may indicate groups have different physiological
demands from life history traits, ecological roles, and/or may be acquiring resources from
different niches. Data supported the hypothesis that indigenous and nonindigenous forbs
have similar ecological roles because C. maculosa percent nutrient concentration was
most similar to that of shallow-rooted forbs. Furthermore, C. maculosa and indigenous
deep-rooted forbs had similar levels of nutrient uptake. This implies that the presence of
one group may exclude the other through resource pr’eemption. This 'study supports the
theory that maximizing niche occupation decreases the risk of invasion tﬁrough
preemption of resources by functionally similar indigenous and nonindigenous groups of
plants.

Because nonindigenous invaders are thought to impact ecosystem ‘processes, I

hypothesized in Chapter 4 that C. maculosa would alter nutrient and water cycles in the

soil, and that the presence of C. maculosa would alter a indigenous functional groups

ability to capture resources. In this study, the presence of C. maculosa altered soil

nutrient levels on both sites, although the results were inconsistent. The lack of site to site

_similarities in soil nutrient alterations in the presence and absence of C. maculosa makes

me reluctant to draw conclusion on these findings. I did not support or reject the
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Ahypothesis that a nonindigenous invader wbu]d alter soil nutrient and water cycles. Plant
nutrient data supported for this hypothesis that invaders alter the function of an indigenous
group. Nutrient concéntra;cion and uptake in indigenous functional groups plant tissue was
altered in the presence of the invéder. Furtheﬁnore, N and P percent increased in .C.
maculosa when it was grown with other plants indicating C. maculosa may have a greater
ability to compete for N and P than indigenous groups. The presence of indigenous forbs
altered nutrient uptake of C. maculosa. Uptake of N, P, K, and S by C. maculosa
decreased when it was grown in the presence of other vegetation versus when grown
alone. Theréfore, the presence of indigenous vegetation may be increésing competition
and decreasing C.. maculqsa s ability té acquire resources. Shallow-rooted forbs growing
in presence of C. maculosa had lower N, P, and S uptake than shallow-rooted forbs
growing in the absence of C. mac.ulo,sa. The similarity in the plant tissue nutrient
concentration of shallow-rooted forbs with C. maculosa, and results of nutrient uptake
contrasts, suggests these two functiqnal groups compete directly for resources.. As akey
competitor with C. maculosa, the presénce of the shallow-rooted forb functiohal group
ﬁlay be more important to invasion resistance than the presence of another group in large
. quantity.

This study suggests that forbs are an important component to grassland community
diversity, and establishing and maintaining a diversity of plant functional groups. within the
community enhances resistance to invasion. Indigenous forbs were particularly important
to r.esisting invasion by 'nonindigenous forbs. Therefore, it is recommend that land

managers recognize functional diversity, especially forb diversity, in grassland
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management decisions. Indigenous forbs may be. _incre"asing resource ‘co*mpetition and
decreasing invasion success Because théy were ﬁmctié‘nally similar in percent tissue
concentration and plant nutrient uptake ‘t'o nonindigenous forbs. If indigenous forb
functional groups that use resources similar.ly to ﬁéﬁindigenous forb invaders and are a
critical component in community invasion resistance, then the gpal of invasive plant

management must be to establish and maintain these keystone functional groups.







