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PREFACE

All of the chapters of this dissertation were written as manuscripts that will
be submitted to peer-reviewed journals. Chapter one, “Influence of plant
community traits on Juniperus virginiana invasion”, will be submitted to Applied
Vegetation Science. Chapter two, “Influence of resource availability on Juniperus
virginiana expansion in a forest—prairie ecotone”, will be submitted to Ecological
Applications. Chapter three, “When are native species inappropriate for
conservation plantings?” will be submitted to the Wildlife Society Bulletin. Each
chapter follows the style and guidelines of the respective journal in which it was

intended to be submitted.
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NOMENCLATURE

Plant nomenclature follows the National Plants Database published by

the United States Department of Agriculture, Natural Resource Conservation

Service (USDA, NRCS 2004)|
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Service. 2004. The PLANTS Database, Version 3.5
(http://plants.usda.gov). National Plant Data Center, Baton Rouge, LA,
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CHAPTER |

INFLUENCE OF PLANT COMMUNITY TRAITS ON

JUNIPERUS VIRGINIANA INVASION

Questions: Does invasion by Juniperus virginiana decrease with increasing
species diversity (plant species richness and Shannon’s H') and what role, if any
does plant species composition play in invasion by J. virginiana?

Location: Central Oklahoma, United States

Methods: We established a transplant experiment to evaluate the relationship
between J. virginiana seedling survival and growth and plant community traits in
3 distinct albeit contiguous plant communities: 1) tallgrass prairie; 2) old-field;
and upland oak forest. In each plant community we transplanted 900 two-year-
old J. virginiana seedlings in a systematic grid design. J. virginiana seedling
survival and growth were monitored 6, 18, and 30 months following transplant
and canopy cover by species, species richness, and Shannon’s H' were collected
in 1 x 1-m plots surrounding each transplanted seedling.

Results: Species diversity was either positively associated or was not related
with J. virginiana seedling survival and seedling growth. J. virginiana seedling
invasion was associated with plant species composition, but was most strongly
associated with plant species composition in the disturbed old-field.

Conclusion: Greater levels of plant species diversity provide little safeguard to



plant communities threatened by J. virginiana invasion. However, J. virginiana
invasion may be limited in areas where plant species composition reflects the
presence of abiotic stressors such as limited resource environments. All of the
plant communities we investigated are susceptible to J. virginiana invasion,
differing only in the probable rates of conversion to J. virginiana woodland.
Nomenclature: National PLANTS Database (USDA, NRCS 2004).
Keywords: eastern redcedar, invasion, seedlings, H’, species richness, woody
plant expansion

Abbreviations: DCA = Detrended Correspondance Analysis; USDA = United
States Department of Agriculture; NRCS = Natural Resource Conservation

Service.

Introduction

Concern regarding invasion of non-indigenous plant species and invasion
of native plants (encroachment) into natural and semi-natural plant communities
has stimulated interest in, and need for, identifying attributes of plant
communities that make them more susceptible to invasion by either non-
indigenous or native species. Although there has been considerable success in
identifying biological attributes of successful invasive species (Rejmanek &
Richardson 1996; Williamson & Fitter 1996), and identifying biotic (e.g. plant
community traits, soil microbes) and abiotic attributes (e.g. resource availability,
disturbance) of plant communities that make them more susceptible to invasion

(Hobbs & Huenneke 1992; Tilman 1997; Davis et al. 2000; Callaway et al. 2004),



the complex relationship between a species and its environment has made it
difficult to generate consistent predictions of invasion success.

Among the potential mechanisms postulated for community invasibility,
investigation of plant community traits has received a great deal of attention and
criticism. Plant community traits hypothesized to influence non-indigenous
species invasion include plant species pool (Smith & Knapp 2001), community
composition (Planty-Tabacchi 1996; Larson, et al. 2001; Dukes 2002; Stohlgren
et al. 2002), and community diversity (Tilman 1997; Levine & D’Antonio 1999;
Stohlgren 1999; Kennedy et al. 2002). In Cs-dominated grasslands, sites that
had greater ratios of non-indigenous species to native species in the local
species pool were more susceptible to invasion by non-indigenous species
(Smith & Knapp 2001). Investigations regarding plant community composition
and invasibility have focused on identifying communities or species assemblages
(Planty-Tabacchi 1996; Lonsdale 1999; Symsted 2000; Larson et al. 2001;
Stohlgren et al. 2002), and successional stages (Planty-Tabacchi 1996) that are
more susceptible to invasion by non-indigenous species.

The most extensively studied plant community trait with regard to
community invasibility is plant species diversity. The dominant hypothesized
relationship between diversity and invasion is inverse, that is, as plant species
diversity increases, the success of an invasive species decreases. Plant species
diversity is suspected to reduce invasion success because as native species
diversity increases, niche occupation increases, which may present a form of

resistance to invasion (Elton 1958, Tilman 1997). However, many different



relationships between plant species diversity and invasibility have been reported
in the literature, which may be a result of spatial scale at which the study was
conducted (Tilman 1997; Lonsdale 1999; Kennedy et al. 2002; Stohlgren 2002),
or the lack of control for extrinsic factors (Robinson et al. 1995, Levine &
D’Antonio 1999). Despite conflicting results, the relationship between plant
community traits and invasibility remains an extensively studied topic in invasion
ecology, partly because the discovery of mechanisms driving such relationships
might be used to develop approaches for invasive species management and
control.

Although plant community traits have been the focus of research on cause
of non-indigenous species invasions, the focus of research on the cause of
native woody plant expansion has been on livestock introduction, fire
suppression, and climate change (Archer 1989; Van Auken 2000). Regardless of
the mechanism, woody plant expansion, by native and non-indigenous species,
is a global phenomenon in grassland and savanna ecosystems (Archer 1994;
Binggeli 1996). Over the past 200 years, several Juniperus species have rapidly
expanded their distribution in North America (Archer 1994). One such example
of a rapidly expanding native woody species in the Great Plains is Juniperus
virginiana (Schmidt & Leatherberry 1995; Coppedge et al. 2001a; Hoch et al.
2002). J. virginiana is indigenous to the eastern United States (east of the 100™
meridian), but in the prairies of the Great Plains it was historically excluded by
fire except on isolated sites too rough or too shallow to produce sufficient fuel to

carry fire (Arend 1950; Bragg & Hurlbert 1976; Guyette & McGinnes 1982).



Grassland invasion by J. virginiana is an ecological concern because it changes
plant and animal community composition (Gehring & Bragg 1992; Coppedge et
al. 2001b; Hoch et al. 2002; Chapman et al. 2004a, Horncastle et al. 2005),
reduces grassland productivity (Engle et al. 1987; Smith & Stubbendieck 1990;
Hoch et al. 2002), and alters biogeochemistry (Norris et al. 2001a; b, Smith and
Johnson 2003; 2004). Human health also has been compromised by J.
virginiana through pollen related allergies and asthma (Levetin & Buck 1980).

Our overall goal was to test the effects of plant community traits on
invasion by a native woody plant after keystone processes that previously limited
its distribution have been altered. Therefore, we transplanted J. virginiana
seedlings in plant communities at risk of invasion by J. virginiana. We compared
J. virginiana seedling survival and growth, two phases of the invasion process, in
these plant communities and evaluated J. virginiana survival and growth relative
to plant species richness, diversity, and community composition. Our specific
objectives were to 1) test the hypothesis that invasion by J. virginiana decreases
with increasing plant species diversity, and 2) determine the role that plant

species composition as a community trait plays in invasion by J. virginiana.

Study Area

Our study was conducted from 2001 to 2003 in north-central Oklahoma at
the Oklahoma State University, Research Range (36°03'N, 97°12'W). We
selected a study area of contiguous albeit distinct plant communities susceptible

to invasion by J. virginiana. One site in each of 3 plant communities—tallgrass



prairie, old-field, and upland oak forest—was used to evaluate the relationship
between J. virginiana seedling survival and growth and plant community traits.
Before initiating this study, domestic livestock lightly grazed the research sites.
We excluded domestic herbivory upon initiation of this study. Average annual
precipitation in this area is 831 mm, mostly falling from April through October,
and the average frost-free growing period is 203 days (National Oceanic and
Atmospheric Administration 1999).

The tallgrass prairie and old-field sites were comprised of fine to fine-
loamy soils (Renfrow-Coyle-Grainola Association) derived from weathered shale
and sandstone under prairie vegetation (Henley et al. 1987). The dominant
herbaceous species on the tallgrass prairie site were Schizachyrium scoparium,
Andropogon gerardii, Sorghastrum nutans, Ambrosia psilostachya, and
Symphyotrichum ericoides. The tallgrass prairie site also contained isolated
mottes of Rhus spp., Symphoricarpos occidentalis, Prunus angustifolia, and J.
virginiana. The old-field was abandoned farmland that was terraced and
subjected to soil erosion during cultivation. Vegetation naturally reestablished
after cultivation ceased and J. virginiana invaded southern and eastern portions
of this site. The dominant vegetation on the old-field was Schizachyrium
scoparium, Aristida purpurascens, Sorghastrum nutans, Ambrosia psilostachya,
and Lespedeza virginica. The upland oak forest site had loamy to fine-loamy
soils (Stephenville-Darnelli Association) derived from weathered sandstone
under oak (Henley et al. 1987). Dominant overstory vegetation on this site was

Quercus stellata and Q. marilandica. The understory vegetation was dominated



by Symphoricarpos occidentalis, Dichanthelium oligosanthes, Toxicodendron

radicans, Celtis occidentalis and Q. stellata.

Methods

We investigated J. virginiana invasion through a transplant experiment in
which 2-year-old J. virginiana seedlings were transplanted in a systematic grid
design (180 x 180-m) within each plant community. By systematically planting
established seedlings, we intended to control for germination effects and the
clumped dispersal of J. virginiana by birds and mammals (Holthuijzen & Sharik
1985). In each grid, we transplanted 900 seedlings so that each seedling was 6
m away from its neighbors. We established 1 x 1-m permanent plots around
each seedling for subsequent vegetation measurements.

We obtained two-year-old, bare-root J. virginiana seedlings from the
Oklahoma Department of Forestry, Forest Regeneration Center (Goldsby,
Oklahoma) and planted the seedlings from during 20-27 March 2001. Our
seedling planting protocol included 1) using tree planting bars (Jim-Gem") to
make holes in the soil; 2) placing seedlings in the holes so that their root collars
were approximately 2 cm below the soil surface; 3) using tree planting bars to
subsequently close the holes; and 4) compacting the ground by foot to eliminate
air pockets. We measured seedling height and diameter following the transplant
and seedling height, diameter, and survival were measured 6, 18, and 30 months
following the transplant. Height of each seedling was measured by recording the

standing height of the tallest leader and diameter was measured with digital



calipers approximately 1 cm above the soil surface in 2 opposing directions.
Seedlings were counted as dead if they did not appear to have chlorophyll or if
seedlings were removed from the location where they were transplanted. The
average seedling height and diameter at the time of transplant were 255 mm and
4.5 mm, respectively. We combined seedling height and diameter into an index
of seedling growth (seedling height x seedling stem area) from which we
calculated percentage growth {[(final seedling size - initial seedling size) / initial
seedling size]*100}.

We estimated understory canopy cover by species on 1 x 1-m plots
centered on each transplanted seedling. We identified canopy cover as
occupying 0.25%, 0.5%, 1.0%, >1-5%, >5-10%, >10-25%, >25-50%, >50-75%,
>75-95%, or >95-100% of the plot and used cover values or cover-class
midpoints in subsequent analysis. We sampled the tallgrass prairie and upland
oak sites during the 2002 growing season and the old-field site was sampled
during the 2003 growing season. Using the cover data from each plot, we
calculated plant species richness and diversity (Shannons H'; Ludwig & Reynolds

1988).

Data Analysis

To determine if species composition varied among and within our plant
communities we performed Detrended Correspondance Analysis (DCA) on
square-root transformed data using CANOCO version 4.5 (ter Braak & Smilauer

2002). In the analysis, we down-weighted rare species, detrended by segments,



and used non-linear rescaling. Because DCA axis scores are scaled in units of
species standard deviations or beta diversity (Hill & Gauch 1980) and most of the
variation in species composition is along axis 1, we used axis 1 sample scores as
an index of sample species composition in subsequent analyses within each
plant community. Results from a DCA analysis of the 3 plant communities
confirmed that these communities were distinct in ordination space (Table 1).

We used logistic regression to model the probability of survival of J.
virginana seedlings 30 months following seedling transplant in relation to plant
species richness, species diversity, and species composition (DCA axis 1 sample
scores). Seedling survival is a binomial variable (1 = alive, 0 = dead) and was
our dependent variable. We evaluated significance of logistic regression
parameters using the Wald x? statistic (Hosmer & Lemeshow 2000). We
evaluated plant community differences in J. virginiana seedling survival using chi-
square analysis.

To determine if plant community traits were related to J. virginiana
seedling growth we used regression analysis (PROC REG; SAS Institute 2000).
We created separate models for each plant community trait with seedling growth
index (30 months following seedling transplant) as the dependent variable and
plant species richness, species diversity, and species composition (DCA axis 1

sample scores) as independent variables.



Results

J. virginiana invasion differed remarkably among plant communities. J.
virginiana invasion was more probable and was more rapid in the tallgrass prairie
over a 30-month period than in the other two plant communities (Fig. 1a; b). In
contrast, J. virginiana invasion in the upland oak forest was limited by low growth
of surviving seedlings, whereas J. virginiana invasion in the old-field was limited
by both low survival and low growth of surviving seedlings (Fig. 1a; b).

Our data did not support the hypothesis that invasion was reduced with
greater plant diversity in the 3 communities we investigated. In no instance did J.
virginiana survival (Table 2; Fig. 2a; b; Fig. 3a; b; c; d; e; f) or growth (Fig. 4a; b;
c; d; Fig. 5a; b; c; d) decline with greater species diversity. In some instances, J.
virginiana seedling survival and growth increased with increasing species
diversity. Seedling growth varied widely regardless of species diversity and this
was true across plant communities (Fig. 4a; b; c; d; Fig. 5a; b; c; d). However,
high variance in seedling growth in the tallgrass prairie translated into high
growth potential among a small but ecologically significant proportion of the
seedling population. Again, this high variance was spread equally across the
gradient in diversity.

Invasion success of Juniperus virginiana was in several respects related
to species composition. First, seedling growth and survival differed among the
three plant communities (Fig. 1a; b). Invasion, assessed by both seedling
survival and growth, was greatest in tallgrass prairie followed by upland oak

forest and old-field (Fig. 1a; b). Secondly, J. virginiana seedling survival (Fig. 6b;
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c; d) and growth (Fig. 7b; c; d) also differed with plant species composition within
each plant community, and survival was more sensitive to change in species
composition than to change in species richness or diversity. This result was
especially true for survival in the old field, where probability of survival varied
from 25 to 75%. Lowest survival occurred in plant assemblages that are typically
associated with disturbance on fine-textured soil, including species such as
Bothriochloa laguroides (DCA axis 1 species score = -0.12) and Amphiachyris
dracunculoides (DCA axis 1 species score = 0.40;Table 2; Table 3; Fig. 6¢).
Increasing seedling survival in the upland oak forest (Table 2; Fig. 6d) was
associated with species normally found in glades (Table 3). Change in seedling
survival across the three plant communities (Fig. 6a) and within the tallgrass
prairie (Fig. 6b) was not obviously associated with a meaningful change in
species composition. The relationship of seedling growth to plant species

composition (Fig. 7a; b; c; d), although significant, was slight.
Discussion

Species diversity was either not related or was positively associated with
J. virginiana invasion. Our results contrast with other invasion studies in which
greater species diversity was negatively related to invasion (Tilman 1997; Dukes
2002; Kennedy et al. 2002). Most of the relationships we observed between
invasion and plant species diversity were not strong, a result that is consistent
with findings from studies using similar plot size (i.e., 1-m?) in naturally occurring

populations of invasive species (Stohigren et al. 2003). However, our findings
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support a growing body of literature demonstrating a positive relationship
between diversity and invasion (Levine and D’Antonio 1999; Lonsdale 1999;
Stohlgren et al. 1999; Thompson et al. 2001; Huston 2004). Factors that relate
positively to diversity and to invasion often covary in that factors that facilitate
greater species coexistence may be responsible for the greater susceptibility of a
community to invasion (Levine and D’Antonio 1999; Thompson et al. 2001;
Huston 2004).

That species diversity and invasibility are inconsistently correlated may
reflect differences in the nature and design of experiments more than the
relationship itself (Zavaleta & Hulvey 2004). Spatial extent of the study,
experimental control of factors possibly influencing invasion (i.e., controlled
studies), and the response variable measured differ markedly among studies and
might influence outcomes. For example, diversity and invasion were negatively
correlated in controlled studies conducted at small spatial scales (Tilman 1997,
Dukes 2002; Kennedy et al. 2002), were poorly correlated in studies conducted
in a natural setting at small spatial scales (Stohigren et al. 2003), were positively
correlated in studies conducted at large spatial scales (Lonsdale 1999; Stohlgren
et al. 1999; 2002; 2003), and were positively correlated in studies conducted in a
natural setting (Robinson et al. 1995; Planty-Tabacchi et al. 1996; Wiser et al.
1998; Levine and D’Antonio 1999). Our results support those of similar studies
(i.e., those conducted in an uncontrolled environment on small plots representing
the spatial scale associated with plant neighborhood) (Stohligren et al. 2003).

Utilizing different response variables (e.g., germination, survival, growth,
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reproduction) in invasion studies potentially influences outcomes because factors
such as establishment and impact of invasion vary independently over
environmental gradients (Huston 2004; Levine et al. 2004).

J. virginiana seedling success was associated with plant species
composition, but was most strongly associated with plant species composition in
the disturbed old-field. This result may indicate that J. virginiana seedling
survival, which we found to be greatest in association with plants typically found
on disturbed sites, may be a function of soil resource availability (Davis et al.
2000; Huston 2004). Soil resources and vegetation in old-fields are typically
heterogeneous as a result of historical cultivation (Sietman et al. 1994; Tunnell
2002). The tallgrass prairie and upland oak forest sites likely do not display
comparable levels of heterogeneity in soil resource availability, even though
species composition within the oak forest is more diverse than in the old field.
Light, the factor likely limiting J. virginana seedling survival and seedling growth
(Lassoie et al. 1983), may exert less influence in the upland oak forest than soil
resources exert in the old field.

Although our results did not establish a strong relationship between
invasion and plant community composition (i.e., proportional representation of
species within the community), plant community composition has long been
viewed as influencing community invasibility (Elton 1958). Research in tallgrass
prairie has recently demonstrated that dominance, measured as the relative
proportion of C4 perennial grasses, was strongly related to invasion by an exotic

legume, and dominance was more strongly related to invasion than species
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richness (Smith et al. 2004). Because acquisition of resources is species-
specific, interspecific competition also may dictate invasion success (Grime
1977). Indeed, Levine et al. (2004) concluded from a recent meta-analysis that
competition from resident plants is an important contributor to biotic resistance.

The abiotic environment, which we did not address in this paper,
undoubtedly influences J. virginiana seedling survival and seedling growth
(Chapter II). Availability of resources, in particular, has been linked recently to
seedling survival and growth of invasive plants (Davis et al. 2000; Davis & Pelsor
2001). Resource availability can alter competition intensity within the resident
plant community such that intensity decreases as unused resources increase
(Davis et al. 1998; Davis et al. 2000). Thus, opportunistic woody species such as
J. virginiana might invade more successfully if resource availability reduces the
competition intensity of resident vegetation (Davis et al. 2000). Resource
availability can change within a plant community as a result of disturbance that
alters the use of resources by resident vegetation and biogeochemical processes
that increase resource availability (Tilman 1985; Davis et al. 2000). Resources
commonly limiting to seedling survival and growth include water (Davis et al.
1998; Davis et al. 1999), light (Nicotra et al. 1999; Lin et al. 2002), and soil
nutrient availability (Kaelke et al. 2001). Controlled study would elucidate the
relationship between resource availability and J. virginiana invasion.

Perhaps the most enlightening aspect of our results is that a few rapidly
growing J. virginiana individuals distributed across the plant species diversity and

species composition gradient hold greatest potential for altering ecosystems.
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This was especially the case in the tallgrass prairie where a few J. virginiana
seedlings grew much more rapidly than the average. As was the case with mean
growth rate, these rapidly growing individuals were equally spread across the
diversity gradient. This result is ecologically significant because these few
individuals are more likely to represent effective transformers than slower-
growing seedlings in the seedling pool. Transformation occurs when these
seedlings continue to rapidly grow (Engle and Kulbeth 1992) and subsequently
influence plant and animal community structure (Gehring & Bragg 1992;
Coppedge et al. 2001b; Chapman et al. 2004b) and ecosystem function (Norris
et al. 2001a; b; Hoch et al. 2002). Moreover, because of their height and area of
influence, seedlings that rapidly reach large size are most likely to survive the
natural control process of fire (Buehring et al. 1971), and further reduce their
exposure to fire by reducing fine fuel loading (Engle et al. 1987; Smith &
Stubbendieck 1990).

In the absence of fire, a few rapidly growing J. virginiana individuals within
a plant community may present the catalyst for accelerated invasion and an
eventual irreversible plant community shift to J. virginiana woodland (Fuhlendorf
et al. 1996, Hoch et al. 2002). Accelerated invasion might occur through a series
of positive feedback mechanisms because J. virginiana trees in grassland attract
frugivorous birds that favor vertical structure (McDonnell 1986; Holthuijzen et al.
1987). Frugivorous birds feeding on J. virginiana seed also disperse J. virginiana
seed into favorable microsites, which often surround trees (Joy & Young 2002)

and other perch points (Livingston 1972) utilized by avian dispersers. The
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strength of positive feedback likely differs among the three plant communities we
studied because growth and survival of J. virginiana differ. Thus, the rate of
conversion to J. virginiana woodlands would also vary among the three plant

communities we studied.

Implications

All habitats studied here are susceptible to invasion, differing only in the
probable rates of conversion to J. virginiana woodland. These data suggest that
management to preempt J. virginiana invasion or to remove established invaders
initially should target tallgrass prairie areas given the rapid growth of J. virginiana
in tallgrass prairie. Eliminating isolated, fruit-bearing J. virginiana trees in
tallgrass prairie and old-fields may reduce seed dispersal and circumvent
establishment of J. virginiana clusters within grasslands. Upland oak forest may
succumb to J. virginiana invasion at slower rates than tallgrass, perhaps allowing
more time for management intervention. However, high survival in upland oak
forest suggests that invasion and conversion will be inevitable albeit gradual. J.
virginiana that eventually reach crown height in oak forest may outcompete
deciduous trees, shade new recruits, and increase the risk of fire damage to oak
forest. Exhaustive efforts to remove invading J. virginiana appear justified
especially in tallgrass prairie but also in old-growth oak forest and old-growth
juniper stands because conservation of these rare ecosystems is a priority (Clark

2003).
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Table 1. Mean (x) and standard error (SE) of plant community traits sampled
on 1 x 1-m quadrats in tallgrass prairie, old field, and upland oak forest

vegetation in the southern Great Plains.

DCA Axis 1

Plant Community =~ Species Richness = Shannon’s H'  Sample Scores

Tallgrass Prairie 16+ 0.1 1.7+£0.01 2.0+0.01
Old-field 12+ 0.1 1.3+0.10 1.0+ 0.02
Upland Oak Forest 6+0.1 1.1 £0.02 3.8+0.03
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Table 2. Logistic regression models of seedling survival (dependant variable)
using species richness, species diversity (Shannon’s H'), and DCA

axis one sample scores as independent variables.

Parameter Standard Wald

Site/Variable Estimate Error X P

Across Plant Communities

Species Richness 0.01 0.01 3.21 0.073
Shannons H' 0.15 0.08 3.46 0.063
DCA Axis 1 0.05 0.03 2.34 0.126

Tallgrass Prairie

Species Richness 0.08 0.02 16.46 <0.001

Shannons H’ 0.49 0.21 5.22 0.022

DCA Axis 1 -0.29 0.16 3.50 0.062
Old-field

Species Richness 0.04 0.02 2.85 0.091

Shannons H’ -0.11 0.17 0.40 0.527

DCA Axis 1 0.74 0.13 34.97 <0.001

Upland Oak Forest

Species Richness 0.02 0.03 0.76 0.383
Shannons H' 0.05 0.14 0.13 0.724
DCA Axis 1 -0.22 0.08 6.77 0.009
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Table 3. Detrended correspondence analysis axis 1 species scores for an
inclusive list of the 10 most frequently occurring plant species within

the tallgrass prairie, old-field, and upland oak forest plant communities.

Separate DCA of each plant
community
Tallgrass Upland Combined DCA

Species prairie Old-field oak forest  (All three sites)

---------------- DCA axis 1 sample scores ----------------

Ambrosia psilostachya 0.16" 0.65" 0.95 1.65"
Andropogon gerardii 1.737 3.24 0.171 2.437
Aristida purpurascens -2.10 3.95" —* -0.56
Bromus japonicus 2.147 -1.35 0.95 2.41
Carex sp. 1.267 2.847 1.507 2.457
Celtis occidentalis 3.20 2.73 3.30" 4.79
Coelorachis cylindrica -0.16" 3.05 0.16 1.72
Dichanthelium oligosanthes 1.667 1.377 1.577 3.18"
Dichanthelium scoparium 0.26 4177 1.38 0.49
Digitaria cognatum 0.91 2.387 0.45 0.88"
Lespedeza virginica 0.49 2.80" 0.37 0.12
Parthenocissus quinquefolia 4.44 2.64 3.541 4.93
Quercus stellata 3.68 4.18 4.26" 6.07
Schizachyrium scoparium 0.61" 2.20" -0.29 1.00"
Smilax bona-nox 3.70 —* 3.08" 4.47
Sorghastrum nutans 0.62" 2.39" -0.60 0.821
Sporobolus compositus 0.43" -0.34 0.90 2.33"
Symphoricarpos occidentalis 3.18 0.77 2.62" 3.72"
Symphyotrichum ericoides 1.247 1.017 0.16 1.487
Tridens flavus 2.57 2.57 1.221 3.43
Ulmus americana 4.26 -0.38 2.40" 4.33

* not present in this plant community

"most frequently occurring species within a plant community
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Figure Legends

Figure 1 (a, b). Growth and survival of J. virginiana seedlings 8, 20, and 30
months following transplant within the tallgrass prairie, old-field, and upland oak
forest plant communities in the southern Great Plains. (A) Mean J. virginiana
seedling growth index + standard error of established seedlings in the tallgrass
prairie (SD = 1691; %CV = 75), old-field (SD = 689; %CV = 160), and upland oak
forest (SD = 370; %CV = 115). (B) J. virginiana seedling survival in each plant
community. J. virginiana seedling survival did not differ between the tallgrass
prairie and the upland oak forest. Seedling survival was lower in the old-field

than in the other two communities (y*=42.9, d.f.=2, P<0.001).

Figure 2 (a, b). Logistic regression relationship of J. virginiana seedling survival
as a function of plant community traits (with 95% confidence intervals for
predicted values) for each of 3 plant communities. (A) Logistic regression
relationship of J. virginiana seedling survival as a function of species richness for
each of 3 plant communities. (B) Logistic regression relationship of J. virginiana

seedling survival as a function of Shannon’s H' for each of 3 plant communities.

Figure 3 (a, b, c, d, e, f). Logistic regression relationship of J. virginiana seedling
survival as a function of plant community diversity traits (with 95% confidence
intervals for predicted values). (A) Logistic regression relationship of J. virginiana
seedling survival as a function of plant species richness in the tallgrass prairie.

(B) Logistic regression relationship of J. virginiana seedling survival as a function
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of Shannon’s H' in the tallgrass prairie. (C) Logistic regression relationship of J.
virginiana seedling survival as a function of plant species richness in the old-field.
(D) Logistic regression relationship of J. virginiana seedling survival as a function
of Shannon’s H' in the old-field. (E) Logistic regression relationship of J.
virginiana seedling survival as a function of plant species richness in the upland
oak forest. (F) Logistic regression relationship of J. virginiana seedling survival

as a function of Shannon’s H' in the upland oak forest.

Figure 4 (a, b, c, d). Regression analysis results of J. virginiana seedling growth
index as a function of plant species richness. (A) Regression analysis of J.
virginiana seedling growth index as a function of plant species richness for each
of 3 plant communities (y = 166.0 — 13.8x + 6.5x%). (B) Regression analysis of J.
virginiana seedling growth index as a function of plant species richness in the
tallgrass prairie (y = 844.0 + 87.1x). (C) Regression analysis of J. virginiana
seedling growth index as a function of plant species richness in the old-field (y = -
162.2 + 47.2x). (D) Regression analysis of J. virginiana seedling growth index as
a function of plant species richness in the upland oak forest (y = 250.6 — 12.7x +

3.5x%).

Figure 5 (a, b, c, d). Regression analysis results of J. virginiana seedling growth
index as a function of Shannon’s H'. (A) Regression analysis of J. virginiana
seedling growth index as a function of Shannon’s H' for each of 3 plant

communities (y = 37.0 + 183.9x + 338.3x?). (B) Regression analysis of J.
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virginiana seedling growth index as a function of Shannon’s H' in tallgrass prairie.
(C) Regression analysis of J. virginiana seedling growth index as a function of

Shannon’s H' in the old-field (y =-103.3 + 412.7x). (D) Regression analysis of J.
virginiana seedling growth index as a function of Shannon’s H' in the upland oak

forest (y = 332.6 — 180.7x + 122.9x°).

Figure 6 (a, b, c, d). Logistic regression relationship of J. virginiana seedling
survival as a function of plant species composition (DCA axis 1 sample scores)
(with 95% confidence intervals for predicted values). (A) Logistic regression
relationship of J. virginiana seedling survival as a function of axis 1 sample
scores from a DCA of the 3 plant communities. (B) Logistic regression
relationship of J. virginiana seedling survival as a function of axis 1 sample
scores from a DCA of the tallgrass prairie. (C) Logistic regression relationship of
J. virginiana seedling survival as a function of axis 1 sample scores from a DCA
of the old-field. (D) Logistic regression relationship of J. virginiana seedling
survival as a function of axis 1 sample scores from a DCA of the upland oak

forest.

Figure 7 (a, b, c, d). Regression analysis results of J. virginiana seedling growth
index as a function of plant species composition (DCA Axis 1 sample scores).
(A) Regression analysis of J. virginiana seedling growth index as a function of
axis 1 sample scores from a DCA of the 3 plant communities (y = -124.7 + 1389x

— 288.5x%). (B) Regression analysis of J. virginiana seedling growth index as a
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function of axis 1 sample scores from a DCA of the tallgrass prairie (y = 1087.8 +
1911.9x — 658.0 x%). (C) Regression analysis of J. virginiana seedling growth
index as a function of axis 1 sample scores from a DCA of the old-field (y =
1016.0 -239.83x). (D) Regression analysis of J. virginiana seedling growth index
as a function of axis 1 sample scores from a DCA of the upland oak forest (y =

717.7 — 247.3x + 31.0x%).
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Figure 3
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Figure 4.
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Figure 5.
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Figure 6.
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Figure 7.
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Chapter lI

INFLUENCE OF RESOURCE AVAILABILITY ON JUNIPERUS VIRGINIANA

EXPANSION IN A FOREST—-PRAIRIE ECOTONE

Abstract: Widespread expansion of the fire-intolerant species, Juniperus
virginiana, in North America where fire has largely been removed has prompted
the need to identify mechanisms driving J. virginiana expansion. We
transplanted J. virginiana seedlings in three plant communities within an oak
forest—tallgrass prairie ecotone. We evaluated J. virginiana seedling survival and
seedling growth, two important phases in woody plant expansion, relative to two
belowground resource factors, soil texture (clay content, as an index to available
soil water) and plant available nitrogen (PAN) and an aboveground factor,
photosynthetic active radiation (PAR). In each plant community we transplanted
900 two-year-old J. virginiana seedlings in a systematic grid design and
monitored J. virginiana seedling survival and growth 6, 18, and 30 months
following transplant. Seedling survival and seedling growth were related to soil
and PAR data collected on 1-m? quadrats centered on each transplanted
seedling using path analysis at two spatial scales (144 m? and 2916 m?). J.
virginiana seedling survival and seedling growth were inconsistently related to a
single resource factor as a direct influence across plant communities and spatial

scales in this ecotone. However, indirect and direct influence of a single
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belowground resource factor, soil clay content, emerged as an integrating
resource factor that drives J. virginiana seedling survival and seedling growth.
The direct and indirect effects of soil texture together provide insight into the rate

of J. virginiana expansion within the oak forest-tallgrass prairie ecotone.

Key words: crosstimbers forest, eastern redcedar, limiting factors, seedlings, soil

texture, tallgrass prairie, woody plant expansion

INTRODUCTION

Woody plant expansion is a global phenomenon in grassland and savanna
ecosystems (Archer 1994, Binggeli 1996). Factors often attributed as drivers of
woody plant expansion include livestock introduction, fire suppression, and
climate change (Archer 1989, Van Auken 2000). A recent synthesis of over two
decades of research on woody plant expansion in the tallgrass prairie of central
North America illustrates the widespread expansion of woody plants in the
absence of fire (Briggs et al. 2005). This synthesis revealed that re-introduction
of historic fire regimes may not reverse woody plant expansion in tallgrass prairie
(Briggs et al. 2005), furthermore, infrequent fire can accelerate woody plant
expansion in tallgrass prairie (Briggs et al. 2005).

Models of plant community dynamics based on plant-soil interactions
characterized by limiting resources (Lauenroth and Coffin 1992, Seastedt and
Knapp 1993, Burke et al. 1998) might be useful in understanding successional
pathways of plant communities or the resources of greatest importance in woody

plant expansion in the absence of fire. Limiting resources driving plant-soil
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interactions can change along an increasing precipitation gradient and are
associated with a shift from belowground-driven plant community dynamics to
aboveground-driven plant community dynamics (Lauenroth and Coffin 1992,
Burke et al. 1998). Arid grassland communities, for example, are thought to be
primarily driven by water limitation (Noy-Meir 1973, Lauenroth et al. 1978). In
contrast, forest-dominated plant communities are generally found at upper
portions of the precipitation gradient and are driven primarily by light limitation
(Burke et al. 1998). At intermediate locations along the annual precipitation
gradient (approximately 700 to 1200mm) plant community dynamics can be
indeterminate, that is, plant community dynamics can be driven by either
belowground or aboveground plant-soil interactions (Lauenroth and Coffin 1992).
For example, sub-humid to humid grassland communities that span this
precipitation region are thought to be driven by spatial and temporal limitations of
water, nitrogen, and light (Seastedt and Knapp 1993). Although plant-soil
interactions are thought to change along an increasing precipitation gradient, soil
texture can modify plant-soil interactions because of the influence of soil texture
on water infiltration and water availability (McBride and Strahan 1984, Burke et
al. 1998). Thus, in forest—grassland ecotones, like the upland oak forest—
tallgrass prairie ecotone of central North America, soil texture or other
topoedaphic factors can modify plant community dynamics (Knapp et al. 1993,
Tunnell 2002).

For some plant communities, resource-mediated plant-soil interactions are

overshadowed by historic disturbance regimes like fire. Several Juniperus
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species in North America were historically limited in distribution by natural and
man-made fire (Bragg and Hurlbert 1976, Guyette and McGinnes 1982, Miller
and Rose 1995). Juniperus virginiana is one such example of a species that has
expanded in grasslands following anthropogenic alteration of historic fire regimes
(Schmidt and Leatherberry 1995, Coppedge et al. 2001a, Hoch et al. 2002).
Expansion of J. virginiana is an ecological concern because it changes plant and
animal community composition (Gehring and Bragg 1992, Coppedge et al.
2001b, Horncastle et al. 2005), reduces grassland productivity (Engle et al. 1987,
Smith and Stubbendieck 1990), and alters biogeochemistry (Norris et al. 2001a,
b, Smith and Johnson 2004). In the absence of fire, other factors such as
resource availability might drive plant community dynamics to include woody
plant expansion. Resource availability, for example, has been recently linked to
the success of invasive plants establishing in grasslands (Davis et al. 2000,
Davis and Pelsor 2001).

Resources commonly limiting to woody seedling survival and seedling
growth include water (Davis et al. 1998, Davis et al. 1999), light (Nicotra et al.
1999, Lin et al. 2002), and soil nutrient availability (Kaelke et al. 2001). The
availability of limiting resources can alter competition intensity within the resident
plant community such that competition intensity decreases as unused resources
increase (Dauvis et al. 1998, Dauvis et al. 2000). Resource availability can change
within a plant community as a result of disturbance that alters the use of
resources by resident vegetation, and by biogeochemical processes that

increase resource availability (Tilman 1985, Davis et al. 2000).
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Our objective was to determine if a single belowground resource
constrains J. virginiana expansion across plant communities within a common
precipitation zone in an oak forest-tallgrass prairie ecotone as opposed to a
mixture of belowground and aboveground factors that vary with plant community.
The oak forest—tallgrass prairie ecotone is located in a geologic transition zone
with upland oak forest sites occurring on sandstone-derived soils and tallgrass
prairie sites occurring on shale- and limestone-derived soils (Dyksterhuis 1948,
Hoagland et al. 1999). We transplanted J. virginiana seedlings in three plant
communities within an oak forest—tallgrass prairie ecotone to evaluate J.
virginiana seedling survival and seedling growth, two important phases in woody
plant expansion, relative to two belowground factors, soil texture (percent clay)
and plant available nitrogen (PAN) and an aboveground factor, photosynthetic

active radiation (PAR).

STUDY AREA

Our study was conducted from 2001 to 2003 in north-central Oklahoma at
the Oklahoma State University, Research Range (36°03'N, 97°12'W). We
selected a study area of contiguous albeit distinct plant communities within an
oak forest-tallgrass prairie ecotone. Upland oak (Quercus spp.) forests of
Oklahoma, commonly referred to as the cross timbers, are considered to be the
western extent of the eastern deciduous forest (Hoagland et al. 1999). The cross

timbers ecosystem consists of a mosaic of upland oak forest, savanna, and
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prairie habitat currently encompassing approximately 4.8 million hectares from
southeastern Kansas to north-central Texas (Hoagland et al. 1999).

One site in each of 3 plant communities—old-field, tallgrass prairie, and
upland oak forest—was used to evaluate the relationship between J. virginiana
seedling survival and growth and resource availability. Before initiating this
study, domestic livestock lightly grazed the research sites. We excluded
domestic herbivory upon initiation of this study. Average annual precipitation in
this area is 831 mm, mostly falling from April through October, and the average
frost-free growing period is 203 days (National Oceanic and Atmospheric
Administration 1999).

The tallgrass prairie and old-field sites were comprised of fine to fine-
loamy soils (Renfrow-Coyle-Grainola Association) derived from weathered shale,
limestone, and sandstone under prairie vegetation (Henley et al. 1987). The
dominant herbaceous species on the tallgrass prairie site were Schizachyrium
scoparium, Andropogon gerardii, Sorghastrum nutans, Ambrosia psilostachya,
and Symphyotrichum ericoides. The tallgrass prairie site also contained isolated
mottes of Rhus spp., Symphoricarpos occidentalis, Prunus angustifolia, and J.
virginiana. The old-field was abandoned farmland that was terraced and
subjected to soil erosion during cultivation. Vegetation naturally reestablished
after cultivation ceased and J. virginiana invaded southern and eastern portions
of this site. The dominant vegetation on the old-field was Schizachyrium
scoparium, Aristida purpurascens, Sorghastrum nutans, Ambrosia psilostachya,

and Lespedeza virginica. The upland oak forest site had loamy to fine-loamy
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soils (Stephenville-Darnelli Association) derived from weathered sandstone
under oak (Henley et al. 1987). Dominant overstory vegetation on this site was
Quercus stellata and Q. marilandica. The understory vegetation was dominated
by Symphoricarpos occidentalis, Dichanthelium oligosanthes, Toxicodendron

radicans, Celtis occidentalis and Q. stellata.

METHODS

We investigated J. virginiana expansion through a transplant experiment
in which 2-year-old J. virginiana seedlings were transplanted in a systematic grid
design (180 x 180-m) within each plant community (Figure 1). By systematically
planting established seedlings, we intended to control for germination effects and
the clumped dispersal of J. virginiana by birds and mammals (Holthuijzen and
Sharik 1985). In each grid we transplanted 900 seedlings so that each seedling
was 6 m away from its neighbors. We established 1 x 1-m permanent plots
around each seedling for subsequent soil and vegetation measurements.

We utilized this spatial design to investigate the effects of scale (i.e.,
increasing grain size) on the relationship between resource availability and J.
virginiana seedling survival and seedling growth. Spatial dependence of
ecological processes has been found in large landscape-scale investigations
(Godfray and Lawton 2001, Fuhlendorf et al. 2002) as well as small-scale plot
investigations (Purves and Law 2002). Therefore we selected two spatial scales
to investigate the effects of scale on the relationship between resource

availability and J. virginiana seedling survival and seedling growth. We used
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ArcView GIS software v.3.3 with the Moving Windows Statistics v.1.1a extension
to aggregate groups of 4 and 81 adjacent samples into single data units (Isaaks
and Srivastava 1989) which correspond to areas of 144-m? and 2916-m?
respectively (Table 1.). We allowed moving windows to overlap and calculated
the mean for each window.

We obtained two-year-old, bare-root J. virginiana seedlings from the
Oklahoma Department of Forestry, Forest Regeneration Center (Goldsby,
Oklahoma) and planted the seedlings during 20-27 March 2001. Our seedling
planting protocol included 1) using tree planting bars (Jim-Gem") to make holes
in the soil; 2) placing seedlings in the holes so that their root collars were
approximately 2 cm below the soil surface; 3) using tree planting bars to
subsequently close the holes; and 4) compacting the ground by foot to eliminate
air pockets. We measured seedling height and diameter following the transplant
and seedling height, diameter, and survival were measured 6, 18, and 30 months
following the transplant. Height of each seedling was measured by recording the
standing height of the tallest leader and diameter was measured with digital
calipers approximately 1 cm above the soil surface in 2 opposing directions.
Seedlings were counted as dead if they did not appear to have chlorophyll or if
seedlings were removed from the location where they were transplanted. The
average seedling height and diameter at the time of transplant was 255 mm and
4.5 mm respectively. We combined seedling height and diameter into an index

of seedling growth (seedling height x seedling stem area) from which we
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calculated percentage growth {[(final seedling size - initial seedling size) / initial
seedling size]*100}.

We sampled soil chemical and physical properties throughout each grid
during May — June 2001. Around each eastern redcedar seedling, 4 soil cores
(15cm deep) were collected and combined to form a composite sample, dried in
a forced-air oven at 60 °C, and ground to pass a 2mm sieve. Soils were
analyzed for texture, nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N), pH,
phosphorus, and potassium. We focus on plant available nitrogen (PAN)
because nitrogen is often recognized as the most limiting nutrient to plant growth
(Blair et al. 1998) and percent clay because the clay fraction of soil is important
indicator of soil water infiltration rates and water retention (Harlan 1957). In
using percent clay as an indicator of plant available water, we assume that as the
clay fraction of soil increases the amount of water available to plants decreases.
Soil nitrate and ammonium were extracted with 1 molar potassium chloride
solution. Both were analyzed by flow injection utilizing the cadmium reduction
method for nitrate and the salicylate method for ammonium. We used the sum of
our nitrate and ammonium values to estimate total plant available nitrogen
(Schlesinger et al. 1996). Soil texture was determined through the hydrometer
method (Gee and Bauder 1986). Photosynthetic Active Radiation (PAR) was
measured above each seedling with a LI-190SA Quantum Sensor (LI-COR, Inc.,
Lincoln, NE, USA) on cloudless days within 75 minutes of solar noon May - July

2002.
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DATA ANALYSIS

We used path analysis, a general form of multiple regression (Dewey and
Lu 1959, Sokal and Rohlf 1995), to assess effect of resource availability traits on
J. virginiana seedling survival and seedling growth. Path analysis allowed us to
assess the direct and indirect effects of the resource availability traits (predictor
variables) on J. virginiana seedling survival and seedling growth (criterion
variables) (Figure 2). Direct effects between the predictor variables and J.
virginiana seedling survival and seedling growth were shown with standardized
partial regression coefficients and can be greater than one because a standard
deviation change in the predictor variable may potentially effect more than one
standard deviation change in the criterion variable (Sokal and Rohlf 1995).
Indirect effects of the predictor variables (i.e., indirectly influencing J. virginiana
seedling survival or seedling growth) were shown as Pearson’s correlation
coefficients. We performed the path analysis using SAS (ver.8 SAS, Inc), and
we used P < 0.05 to determine significance of path models and direct and

indirect effects within path models.

RESULTS

J. virginiana seedling survival and seedling growth, two phases of
expansion process, differed across the three plant communities we investigated
(Figure 3) as did the three resource factors (Table 1). J. virginiana seedling
survival was 72% in the tallgrass prairie, 71% in the upland oak forest, and 59%

in the old-field grassland. Seedlings in the tallgrass prairie grew more over 30
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months than did seedlings in the old-field grassland and upland oak forest
(Figure 3).

Path analysis confirmed that resource availability factors that limit J.
virginiana seedling survival and seedling growth differ among the three sites we
investigated (Fig. 4; 5). In fact, resource variables that limit J. virginiana seedling
survival differ from the resource variables that limit J. virginiana seedling growth
within a plant community (Fig. 4; 5). Furthermore, the relative importance of
resource factors influence on J. virginiana seedling survival and seedling growth
changes at different spatial scales and overall path model predictability of
seedling survival and seedling growth improved with increasing spatial scale (Fig.
4; 5).

J. virginiana seedling survival and seedling growth increased with
increasing levels of PAR and PAN. In contrast, J. virginiana seedling survival
and seedling growth increased with decreasing soil clay content across
communities and spatial scales. PAR generally had the strongest direct effect on
seedling growth and seedling survival (Figures 4-5). However, there are a few
instances where clay had the strongest direct effect on seedling survival and
growth (Figure 5 a, d) and seedling survival was poorly related to all of the
resource factors in the oak forest (Figure 4c; 5¢) suggesting the resource factors
that constrain J. virginiana expansion vary across plant communities and spatial
scale in this ecotone. This supports our hypothesis that multiple resource factors

control J. virginiana expansion in the ecotone.
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However, even stronger evidence supports the alternative hypothesis that
soil clay content is the primary resource factor influencing seedling survival and
seedling growth. Consistently across communities and spatial scales, clay either
directly influenced or indirectly influenced seedling survival and seedling growth
(Figures 4-6). Thus, our results provide compelling evidence that factors
controlling J. virginiana expansion are determinate (i.e., one factor) rather than
indeterminant as we had hypothesized. Clay was consistently negatively related
to J. virginiana seedling survival and seedling growth and positively correlated to
PAR, which in turn was consistently positively related to seedling survival and
seedling growth (Figure 4-6). PAN had direct influence on seedling survival and
seedling growth in a few relationships, but clay was correlated to PAN in most of
these. Therefore, these results indicate that soil texture (i.e., clay content) is an

integrating factor controlling J. virginiana expansion in this ecotone.

DISCUSSION

Plant-soil interactions and resulting plant community dynamics are
hypothesized to be driven by limiting resources that vary along a precipitation
gradient (Lauenroth and Coffin 1992, Burke et al. 1998). Areas of low
precipitation characterized by arid to semi-arid grassland plant communities are
postulated to be dominated by belowground constraints, and water is the most
limiting resource (Noy Meir 1973, Lauenroth et al. 1978). In contrast, areas of
high precipitation characterized by mesic forests are postulated to be dominated

by aboveground constraints, and light is the most limiting resource (Kaelke et al.
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2001, Lin et al. 2002, Green et al. 2004). In areas of intermediate precipitation,
such as sub-humid to humid grasslands, this hypothesis suggests that plant
community dynamics are characterized by indeterminate limiting resource
factors, commonly water, nitrogen, and light that are spatially and temporarily
variable (Lauenroth and Coffin 1992, Seastedt and Knapp 1993, Burke et al.
1998). We applied this hypothesis to the expansion of J. virginiana in an oak
forest—tallgrass prairie ecotone located within an intermediate precipitation zone
by hypothesizing that several factors would control expansion.

When direct effects of resource factors are considered only, our results
support the hypothesis that within an intermediate precipitation zone, resource
factors influencing success of a single expanding species are indeterminate.
That is, J. virginiana seedling survival and seedling growth were inconsistently
directly related to a single resource factor. Perhaps the most enlightening aspect
of our results is that even when soil texture (i.e., percent clay) was not directly
related to J. virginiana seedling survival and seedling growth, percent clay was
consistently indirectly related to seedling survival and seedling growth through its
influence on either PAR or PAN. This consistent relationship of clay with J.
virginiana seedling survival and seedling growth supports the alternative
hypothesis that J. virginiana expansion in this ecotone is determinant, insomuch
that J. virginiana expansion can be predicted largely by inherent site
characteristics driven directly or indirectly by one single resource variable, soil
clay. Our results support the concept that multiple resource factors have the

potential to interact to create an integrated limiting condition important to plant
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community dynamics, or in the case of this study, the survival and growth of a
single expanding species (Chapin 1980, Seastedt and Knapp 1993).

Resource factors influencing J. virginiana expansion in this ecotone might
be expected to not vary because a single belowground factor, soil texture,
generally defines plant community composition (i.e. forest versus prairie) in the
oak forest—tallgrass prairie ecotone (Dyksterhuis 1948, Bell and Hulbert 1974,
Hoagland et al. 1999) and often globally (Walter 1971). Thus, coarse textured
soil permits rapid infiltration so that hardwood trees are community dominants,
and light, not water or nitrogen, is generally the most limiting resource to plant
community dynamics, and as we found, light directly limits expansion of J.
virginiana. In contrast, when fine-soil texture limits water infiltration, grasses
dominate, and water, not light, is the dominant factor controlling plant community
dynamics, and as we found, water directly and indirectly limits expansion of J.
virginiana.

More broadly considered, however, limiting resource factors are
considered indeterminant. Water, nitrogen, and light vary in the importance of
their role in constraining plant community dynamics within grasslands in this
geographic region of intermediate resource dominance because these resources
vary spatially and temporally (Seastedt and Knapp 1993, Burke et al. 1998). For
example, grazing and fire directly alter resource availability as well as
aboveground biomass, plant community structure, and plant species composition
in tallgrass prairie (Seastedt and Knapp 1993, Blair et al. 1997, Fuhlendorf and

Engle 2001). By altering plant biomass, litter quality, and litter quantity, fire and
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grazing change the spatial and temporal availability of water, nitrogen, and light,
and therefore indirectly modify plant community characteristics (Seastedt and
Knapp 1993). Therefore, limiting resource factors are more likely determinate
where the influence of fire or grazing has been removed.

Even within the old field, which is an anthropogenically altered plant
community where soil nitrogen might be expected to dominate as a limiting
resource factor, soil texture was the overriding resource factor associated with
seedling survival and growth. Degraded soil quality of the old field adds further
to the complexity inherent in high spatial and temporal variability of limiting
resources in this ecotonal region. For example, secondary succession
processes differ on nutrient-rich soils compared to nutrient-poor soils (Gleeson
and Tilman 1990), and nitrogen is the most limiting nutrient in tallgrass prairie
and old-fields (Wedin 1995, Blair et al. 1998, Knops and Tilman 2000). Thus,
degraded soil quality in old-fields might result in nitrogen playing a relatively more
important role in the ecotone. However, clay was consistently a more important
resource factor than was PAN in the old field. Others also have found soil
nitrogen to be relatively unimportant in expansion of native woody plants in intact
tallgrass prairie as compared to light availability (Heisler et al. 2004, Briggs et al.
2005).

Coupled with its indirect effect on the two other resource factors, soil
texture is uniformly the dominant resource factor constraining eastern redcedar
establishment in the oak forest-tallgrass prairie ecotone. This provides critical

insight into expansion rate, and therefore, insight into conservation priorities and
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mitigation strategies. Indeed, time to reach a threshold of plant community state
change to juniper woodland likely would vary among the three plant communities
we investigated within the oak forest-tallgrass prairie ecotone. Furthermore,
rapidly growing J. virginiana seedlings in tallgrass prairie might rapidly reach a
point that fire, if re-introduced, would no longer carry through the stand or fire
intensity would be insufficient to kill the trees (Buehring et al. 1971, Engle et al.
1987, Smith and Stubbendieck 1990). In contrast, slower growth of even the
most rapidly growing seedlings in both the old-field and oak forest plant
communities delays passage to juniper woodland. Therefore, these data suggest
that conservation efforts to prevent J. virginiana expansion or to remove
established individuals should target tallgrass prairie communities first given the
high survival and rapid growth potential of J. virginiana in tallgrass prairie.

Our results provide substantial evidence that resource factors constraining
expansion of J. virginiana are strongly determinant in an oak forest-tallgrass
prairie ecotone that lies within an intermediate precipitation zone. Moreover, this
was uniformly true across considerable spatial variability in availability of
resources known to be important to plant growth and community dynamics within
this ecotonal region. On the other hand, the dominant resource factor, soll
texture, is strongly coupled in many instances to the other two resource factors
we investigated. Coupling of resource factors and resource-factor interactions
commonly occur in plant community dynamics (Palmer 1993). In this sense, the
relationship is not truly determinant in the ecotone we studied, and we suggest

that this is likely the rule rather than the exception, as has been noted for North
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American grassland plant communities at both extremes of the precipitation

gradient (Burke et al. 1998).
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Table 1. Mean (x), standard deviation (SD), and the % coefficient of variation
(CV) of clay, plant available nitrogen (PAN), and photosynthetic active
radiation (PAR) in three plant communities in the southern Great Plains

at the 1 x 1-m spatial scale (n = 900 for each plant community).

Tallgrass prairie Old-field grassland Upland oak forest
Variable (x)£SD CV (x)xSD  CV (x)+SD  CV
Clay (%) 195 13 24 +8 33 135 22
PAN (ppm) 145+34 24 120+ 3.4 29 11.3+3.3 30
PAR (umol s" m?) 1600 +490 30 1630 £ 620 38 340 £ 520 152
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Figure Legends
Figure 1. Systematic grid sampling design utilized in each plant community.
Soil, photosynthetic active radiation, and J. virginiana seedling measurements
were made on 1 x 1-m quadrats centered on each transplanted seedling (n = 900
per study location). Adjacent samples were aggregated to investigate the effect
of increasing scale on the relationship between resource availability and J.

virginiana seedling survival and seedling growth.

Figure 2. A priori hypothesized relationships between resource availability traits
photosynthetic active radiation (PAR), plant available nitrogen (PAN), clay, and J.
virginiana seedling survival and seedling growth. One-way arrows represent
path coefficients that are standardized partial regression coefficients. Path
coefficients measure the direct influence of a predictor variable on a criterion
variable. Two-way arrows between predictor variables are Pearson’s correlation
coefficients and represent the indirect effects of predictor variables on a criterion

variable.
Figure 3. Percent change in seedling size 30 months after J. virginiana
seedlings were transplanted into (a) tallgrass prairie, (b) old-field grassland, and

(c) upland oak forest.

Figure 4 (a, b, c, d, e, f). Path analysis of J. virginiana seedling survival and

seedling growth at a fine spatial scale (grain = 144—m2) in tallgrass prairie (a, d),
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old-field grassland (b, e) and upland oak forest (c, f). Direct arrows to seedling
survival (a, b, c) or seedling growth (d, e, f) from prediction variables
photosynthetic active radiation (PAR), plant available nitrogen (PAN), and clay
include standardized partial regression coefficients, and arrows between
prediction variables are Pearson’s correlation coefficients. Solid lines indicate
positive relationships between variables, whereas dashed lines indicate negative
relationships in the path analysis. Standardized partial regression coefficients

and correlation coefficients are only shown when significant P < 0.05.

Figure 5 (a, b, c, d, e, f). Path analysis of J. virginiana seedling survival and
seedling growth at a coarse spatial scale (grain = 2916-m?) in tallgrass prairie (a,
d), old-field grassland (b, e) and upland oak forest (c, f). Direct arrows to
seedling survival (a, b, c) or seedling growth (d, e, f) from prediction variables
photosynthetic active radiation (PAR), plant available nitrogen (PAN), and clay
include standardized partial regression coefficients, and arrows between
prediction variables are Pearson’s correlation coefficients. Solid lines indicate
positive relationships between variables, whereas dashed lines indicate negative
relationships in the path analysis. Standardized partial regression coefficients

and correlation coefficients are only shown when significant P < 0.05.
Figure 6. Path analysis of J. virginiana seedling survival and seedling growth

across plant communities at a fine spatial scale (grain = 144-m?) and coarse

spatial scale (grain = 2916—m2). Direct arrows to seedling survival (a, b) or
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seedling growth (c, d) from prediction variables photosynthetic active radiation
(PAR), plant available nitrogen (PAN), and clay include standardized partial
regression coefficients, and arrows between prediction variables are Pearson’s
correlation coefficients. Solid lines indicate positive relationships between
variables, whereas dashed lines indicate negative relationships in the path
analysis. Standardized partial regression coefficients and correlation coefficients

are only shown when significant P < 0.05.

70



Figure 1.

Grid
180m

Cell
12m

180m

@® =seedling

Quadrat 1m| ®

1m

71

12m



Figure 2

Predictor Variables

PAR

r'N

Criterion Variable

v Juniperus virginiana
PAN Seedling Survival or
7'\ Seedling Growth

Clay — direct effects

- indirect effects

72



Figure 3.
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Figure 5.
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CHAPTER I

WHEN ARE NATIVE SPECIES INAPPROPRIATE

FOR CONSERVATION PLANTINGS?

Abstract: Conservation agencies and organizations are generally reluctant to
encourage the use of invasive plant species in conservation programs. Harsh
lessons learned in the past have resulted in tougher screening protocols for non-
indigenous species introductions and removal of many non-indigenous invaders
from planting programs worldwide. Although the focus of screening and risk
assessment programs has traditionally been on non-indigenous species, we
present an example of a rapidly expanding native tree, eastern redcedar
(Juniperus virginiana), widely used in planting programs throughout the United
States. Intentional planting of eastern redcedar and fire suppression have
converted many native grasslands to eastern redcedar woodlands. We
contacted state nurseries to evaluate the extent of eastern redcedar distribution
programs throughout the United States, identified major uses for the seedlings,
and determined the duration of the distribution programs. In 2001, 22 state
nurseries distributed over 2.3 million seedlings, mostly used for windbreaks and
wildlife habitat improvement. The oldest distribution programs and greatest
number of seedlings were distributed within the prairie biogeographic province.

Planting and subsequent expansion of eastern redcedar threatens remaining

77



prairie fragments and other vegetation types in many areas of North America.
Programs that encourage planting of eastern redcedar in prairie ecosystems are
likely accelerating the decline of grassland endemic species through
displacement and fragmentation. We recommend evaluating the invasive
potential of all species proposed for use in conservation programs and we
present a conceptual framework for the assessment of native and non-

indigenous species used in conservation programs.

Key words: conservation programs, eastern redcedar, Juniperus virginiana,

prairie, woody encroachment

Introduction

Woody plants have rapidly invaded grasslands and savannas worldwide
presenting an ecological and economic threat to many natural and managed
ecosystems (Archer 1994, Binggeli 1996, Pimentel 2002). A global investigation
of 1,060 woody plant invasions revealed that accidental introductions
represented a small proportion of the total invasions (0.2%) whereas human-
mediated introductions for amenity purposes (30.9%), forestry (12.3%), and
agriculture (11.3%) represented over half of the total invasive events (Binggeli
1996). Many factors have been implicated in the spread of woody plants
including livestock introduction, fire suppression, and climate change (Archer
1989, Van Auken 2000). Factors that present a barrier to woody plant expansion

include lack of dispersal (Johnstone 1986), life-history traits (Rejmanek and
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Richardson 1996), edaphic properties (Archer 1994), removal of herbivory
(Weltzin et al. 1997), and fire (Bragg and Hurlbert 1976).

Conservation seedling programs have come under scrutiny for using
woody species that subsequently invade natural grasslands. Most of the
attention has been placed on non-indigenous species such as Russian olive
(Elaeagnus angustifolia), a species native to Eurasia that was introduced into the
United States (Olson and Knopf 1986, Lesica and Miles 1999) and black wattle
(Acacia mearnsii), a species native to Australia that was introduced to South
Africa (de Wit et al. 2001). In response to criticism from environmental and
natural resource conservation communities (Olson and Knopf 1986), many
United States agencies and non-government organizations switched from
promoting non-indigenous species to promoting species native to North America.
Many successes resulted, but indiscriminant use of native species may pose
comparable risk to conservation because similar potential exists for invasion and
subsequently altering ecosystem structure and function. We use eastern
redcedar (Juniperus virginiana), a tree native to eastern North America and a
plant we suspected was used widely in conservation planting programs
throughout the United States, as a study of arbitrary planting of native species for
conservation purposes. The objectives of this paper are to (i) examine the origin
of tree invasion and consequences to grasslands and (ii) offer a screening
framework to assess the invasion risk of native species used in planting

programs.

79



Origin of tree encroachment and consequences to grasslands

History of tree planting in North American grasslands

Grasslands are among the most endangered ecosystems in North
American (Samson and Knopf 1994, Samson et al. 2004). From the time of
European settlement, the native flora and fauna of the North American
grasslands have declined under an altered fire regime and landscape
fragmentation resulting from conversion to cropland agriculture and human
settlement. Tree invasion and tree planting projects are less obvious sources of
fragmentation that followed settlement (Henzlick 1965, Droze 1977, Engle et al.
2003).

Tree planting in North American grasslands was initiated at settlement
when pioneers from eastern states, who longed for the trees they left behind in
the east, and desperately needed timber for fuel and building materials (Droze
1977). The United States government promoted tree planting through a number
of programs including the Timber Culture Act of 1873, which granted homesteads
of 160 acres provided trees were planted to 40 of those acres (Droze 1977). In
an effort to cope with the decline of soil and wildlife resources associated with
unsustainable farming practices and drought of the 1930’s and 1950’s, tree
planting was promoted by federal action agencies (e.g., Soil Conservation
Service), which culminated in modern state and federal tree planting programs

for conservation (Glanz 1994).
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Survey of agency-sponsored tree planting programs

Since the evaluation by Olson and Knopf (1986) of agency-sponsored
planting of the invasive Russian olive, no systematic evaluation of agency-
sponsored tree planting programs has been conducted despite continued agency
operated tree planting programs. Therefore, we conducted a telephone survey of
state-operated seedling nurseries in autumn of 2001. We focused on eastern
redcedar, a plant we suspected was used widely in conservation planting
programs, and on state-operated seedling nurseries in the contiguous United
States. State nurseries, in contrast to private nurseries, function as a low-cost
source of plant materials for conservation purposes rather than for urban
landscaping. Three states did not operate state nurseries, and data from nine
states were either inaccessible or not compiled. From the remaining 36 forest
and conservation tree nurseries in the United States (USDA/FS 1994), we
determined the following information: (1) the number of eastern redcedar
seedlings sold in 2001, (2) the average number of seedlings sold annually, (3)
seedling price, (4) seedling use, (5) program duration, and (6) if seedlings were
distributed solely through conservation districts. Missing responses were a result
of incomplete records kept by some nurseries (Table 1). Larger nurseries sell
their seedlings in large quantities (bundles of 100 or 1,000), therefore their
seedling estimates were rounded accordingly.

Twenty-two state nurseries sold eastern redcedar to public and private
entities, and conservation districts in four states (Montana, Wyoming, Michigan,

and Massachusetts) purchased eastern redcedar seedlings from other state
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nurseries to distribute within their respective districts in 2001. The average
number of seedlings distributed by states during 2001 was less than 128,000, but
some states sold markedly more (Table 1). In 2001, a year of below-average
seedling production in most states and seedling crop failure in Ohio and Indiana,
80% of the seedlings (1,842,000) were distributed in the Great Plains states.
Nebraska, with a distribution program dating from 1926, distributed more than 1.2
million eastern redcedar and 350,000 Rocky Mountain juniper (J. scopulorum)
seedlings from the 1980s to the early 1990s.

Seedling purchase from each of the 22 state nurseries has been open to
any person or agency and for any use. The most common conservation uses for
the seedlings were windbreaks and wildlife habitat plantings. Seedlings were
used to a lesser extent for soil stabilization, living snow fences, shelterbelts,
Conservation Reserve Program plantings, and mine reclamation. Non-
conservation uses of seedlings included privacy fencing, Christmas trees, and
duck blinds. Seedling prices varied (Table 1), and purchases of seedlings in
bundles of 100 or 1,000 were common and typically resulted in bulk discounts.
The duration of the eastern redcedar seedling distribution programs ranged from
5 to 76 years, with the older programs located in the prairie biogeographic

province.

Conservation implications of tree-planting programs

By contributing to tree invasion and fragmentation of prairie caused by

tree invasion (Holthuijzen and Sharik 1985, Holthuijzen et al. 1987, Coppedge et
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al. 2001a), tree planting in the historically treeless North American prairies
contradicts conservation. Grassland invasion by eastern redcedar alters plant
and animal community composition (Henzlick 1965, Gehring and Bragg 1992,
Coppedge et al. 2001a, Chapman et al. 2004, Horncastle et al. 2005), reduces
wildlife and livestock forage production (Engle et al. 1987, Smith and
Stubbendieck 1990, Hoch et al. 2002), and alters biogeochemistry (Norris et al.
2001a, 2001b). Our survey indicated that eastern redcedar is planted
extensively in the United States and that the oldest distribution programs and
greatest number of seedlings are distributed within the prairie biogeographic
province, a particularly alarming finding given the threatened status of prairies
(Samson and Knopf 1994, Samson et al. 2004).

As first noted by Olson and Knopf (1986), conservation programs have
notoriously promoted planting non-indigenous invasive woody plants to benefit
wildlife habitat. Notable examples of invasive woody plants used in the United
States include Russian olive, autumn olive (E. umbellata), multiflora rose (Rosa
multiflora), and Japanese honeysuckle (Lonicera japonica). Perhaps because of
this history that has included criticism by scientists (Olson and Knopf 1986),
many conservation programs have switched from promoting non-indigenous
species to promoting species native to a particular region.

Although a form of wildlife habitat enhancement is indeed accomplished
by tree planting in prairie, many birds and mammals that use eastern redcedar
for food and cover (Van Dersal 1938) are habitat generalists that thrive at the

expense of native prairie habitat specialists (Henzlick 1965, Coppedge et al.
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2001a, 2001b). Eastern redcedar is planted in some states specifically to
support non-indigenous game species such as ring-necked pheasants
(Phasianus colchicus) despite negative effects of eastern redcedar on sensitive
sympatric native species such as the lesser prairie chicken (Tympanuchus
pallidicinctus) (Fuhlendorf et al. 2002). In fact, tree planting and woody plant
expansion are associated with loss of grassland biodiversity including the recent
decline of grassland birds (O’Leary and Nyberg 2000, Woodward et al. 2001,
Coppedge et al. 2001a, Fuhlendorf et al. 2002), the fastest declining bird guild in

North America (Knopf 1994, Herkert 1995).

Conservation enigmas associated with tree planting using native species

Tree-planting programs supported by conservation agencies are perhaps
the most enigmatic element of tree invasion in North American grasslands. The
enigma is all the more troubling when tree planting is operated within an agency
that administers programs to remove trees from grasslands. For example, the
Natural Resource Conservation Service in Oklahoma has in the recent past
administered conservation programs encouraging tree planting while also
administering federal cost-share conservation programs that remove eastern
redcedar from grassland. This apparent contradiction in conservation practices
sends the public a mixed message and otherwise detracts from conservation
efforts.

Another troubling enigma is the current dispute and confusion within the

scientific community that excludes native species from classification of potentially
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invasive simply because native species are indigenous to the continent
(Richardson et al. 2000). This position ignores the fact that endemic species with
wide amplitude of environmental tolerance are potentially invasive when barriers
to their expansion are removed (Johnstone 1986, Myster 1993, de la Cretaz and
Kelty 1999). Invasion by native and non-indigenous species, distinguished only
because of semantic arguments based on geographic origin (Elton 1958,
Richardson et al. 2000), operate through identical ecological processes
(Thompson et al. 1995, Davis et al. 2000). Ignoring functional similarity between
non-indigenous and native invaders leads ultimately to the perception that any
native plant species is benign if not beneficial, regardless of regional and site
endemism.

The enigma of failure to consider the invasive potential of eastern
redcedar in particular has resulted in a long history of liberal transportation of
eastern redcedar seeds and seedlings throughout the United States (Figure 1).
Many states we surveyed trade or sell eastern redcedar seedlings to other
states, with the farthest exchange being from North Carolina to California. In
general, transportation of nursery stock of any species across state borders is
poorly restricted (Reichard and White 2001) although several nurseries have
voluntarily discontinued growing and selling non-native and native plants such as
eastern redcedar that pose an invasive threat (Baskin 2002).

The exceptionally wide range of environmental tolerance of eastern
redcedar founds these enigmas. Eastern redcedar thrives in the absence of fire

in an environment normally hostile to trees, and it shares other traits common to
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woody invasive species of plants introduced for horticultural or conservation
purposes. Ease of propagation, rapid growth, and high rates of survival
(Richardson 1998, Reichard and White 2001) are traits preferred for trees
planted in prairies. Traits that render eastern redcedar attractive to land owners
and managers for establishing trees in prairies also enable eastern redcedar to

effectively invade prairie.

Acknowledging the role of keystone processes

When evaluating the potential invasiveness of a native species for use in
conservation planting programs, we recommend that agencies insure that
keystone processes are functional components of ecosystem dynamics.
Expansion of many native woody species in North America can be attributed to
anthropogenic alteration of keystone processes that presented barriers to
species distribution and abundance (see review by Archer 1994). Keystone
processes such as fire, herbivory, or climate maintain ecosystem function and
structure. Altering, adding, or removing any of these processes may alter
properties of ecosystems to include increasing susceptibility to invasion even by
native species historically absent from the site.

In the Great Plains prairies, eastern redcedar has been directly influenced
by keystone process modification (i.e., fire and grazing). Eastern redcedar was
historically excluded throughout the Great Plains by natural and anthropogenic
fire except on isolated sites too rough or too shallow to produce sufficient fuel to

carry fire (Arend 1950, Bragg and Hurlbert 1976, Guyette and McGinnes 1982).
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Fire suppression throughout the Great Plains is a major factor contributing to the
substantial encroachment by eastern redcedar in this region (Guyette and
McGinnes 1982, Schmidt and Leatherberry 1995, Coppedge et al. 2001b).
Because fire no longer operates through most Great Plains grasslands, planting
eastern redcedar is likely to result in invasion of the remaining native grasslands
in the region (Coppedge et al. 2001, Hoch et al. 2002).

Expansion of honey mesquite (Prosopis glandulosa) into grasslands of the
American Southwest represents yet another consequence of altered keystone
processes with respect to the expansion of native woody plants in grasslands.
Honey mesquite, a woody plant native to the southwestern United States, has
increased in distribution and abundance in grasslands and savannas following
the addition of one keystone process (dispersal through livestock grazing) and
the removal of another keystone process (herbivory by black-tailed prairie dog
[Cynomys ludovicianus]). Encroachment of honey mesquite into grasslands and
savannas was historically suppressed through black-tailed prairie dog herbivory
(Weltzin et al. 1997). Perceived conflicts of prairie dogs with livestock production
resulted in the large-scale extirpation of black-tailed prairie dog throughout North
America (Miller et al. 1994, Vermeire et al. 2004). lronically, livestock have been
the primary agent augmenting honey mesquite seed dispersal in grasslands and
savannas (Brown and Archer 1987). Removal of prairie dog, a species that
suppressed honey mesquite expansion, to benefit livestock production, an
activity that increased dispersal of honey mesquite, illustrates the unintended

consequences of altering keystone processes (Weltzin et al. 1997). Livestock
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dispersal of seed also has been suggested to be a primary factor aiding the
spread of velvet raisen (Grewia flava), a native shrub expanding in African
savannas (Tews et al. 2004).

The impact of removing keystone processes has long been appreciated
with native animals but not plants. For example, an ecological equivalence to
planting eastern redcedar in areas where the keystone process (i.e., fire) has
been removed would be introducing an ungulate (e.g., white-tailed deer
[Odocoileus virginianus)) in areas where the keystone process of predation
including human hunting has been removed. Predation was the keystone
process that limited population size, consequently the removal of predation
ultimately leads to rapid population growth until resources become limiting. In
general, risks associated with introducing a native herbivore are often taken into
consideration as compared to the poorly understood and often-ignored risks

associated with native plants.

Assessing the risk of native species used in conservation programs

Native plants with wide environmental tolerances sometimes expand into
formerly unoccupied sites and regions when ecological barriers are removed
through the loss of keystone processes such as fire and herbivory. Risk
assessment is a potential solution for evaluating native species considered for
conservation use in ecosystems where ecological barriers have been removed.
A process in which invasive characteristics of species are used to construct

screening protocols for potentially invasive species, risk assessment could
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minimize the hazard of using potentially invasive native plants in conservation
programs. Risk assessment protocols have been recommended (National
Research Council 2002) and used successfully to screen non-indigenous species
(Pheloung et al. 1999, Rouget et al. 2002, Hughes and Madden 2003, Daehler et
al. 2004). We argue that screening protocols also should be constructed for
potentially invasive native woody plants, and furthermore, these protocols should
include the status of keystone processes acting on ecosystems. Developed for
non-indigenous species, risk assessment has been rarely used to assess the
invasive potential of native species (for an exception see Martyn et al. 2003).

Existing weed risk assessment protocols would have little value in
predicting invasion by native species because current protocols fail to incorporate
the presence of keystone processes that historically limited the distribution of
native species. Weed risk assessments are limited generally to questions
regarding history and biogeography, undesirable characteristics, and biology and
ecology of the species under evaluation (Pheloung et al. 1999). Weed risk
assessment protocols are fast, objective, cost-efficient, and adaptable for any
number of invasive species of any region (Pheloung et al. 1999, Daehler et al.
2004), so elements of the risk assessment framework should be considered for
incorporation into risk assessments for potentially invasive native species.

When considering planting any plant species, either non-indigenous or
native, for conservation purposes, a risk assessment is advisable (Figure 2).
Within this framework we recommend using established risk assessment

protocols (Figure 2, right pathway) (e.g., Daehler et al. 2004) to assess the
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invasive potential of non-indigenous species. We propose an additional
screening framework (Figure 2, left pathway) for evaluating the invasion risk of
native species proposed for use in conservation programs. In this framework,
native species are assessed by evaluating extrinsic (edaphic properties and
keystone processes) limiting factors and intrinsic species traits. A species poses
little risk of invasion if the species is limited by species traits such as low growth
rate, shade intolerance, low seed viability, or absence of seedling establishment.
If edaphic properties (e.g., soil texture, soil depth, resource availability,
topography) limit the distribution and abundance of a species, the risk of invasion
will be low in areas where the limiting edaphic properties exist, but high in areas
where the limiting edaphic properties do not exist. For example, cottonwood
(Populus deltoides) is a native tree limited to moist soils (Fowells 1965) in much
of the western Great Plains, thus risk of invasion of cottonwood is low on upland
sites. In contrast, eastern redcedar is a native species with a wide tolerance to a
variety of edaphic properties thus risk of invasion is high on most sites. Species
limited by a keystone process that has been removed (e.g., eastern redcedar and
honey mesquite) have high potential for invasion and should not be considered
for use in conservation plantings. However, if an intact keystone process will
limit spread of a species, the risk of invasion is low and the species is acceptable

for use in conservation plantings.
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Summary

That eastern redcedar is native to North America has been used to justify
extensive planting programs, a practice we now understand as ecologically
misguided. No species, native or non-indigenous, should be used in planting
programs without considering its invasive potential (i.e., by risk assessment).
Increased dispersal from tree planting can be the catalyst in converting grassland
to woodland when accompanied by change in ecosystem keystone processes.
Consequently, tree planting in North American prairie represents a contradiction
to conservation of imperiled prairie ecosystems. Indeed, woody plant invasions
resulting from introduction of species for aesthetics, conservation, and
agroforestry is a global problem (Richardson 1998, Reichard and White 2001,
Rouget et al. 2002). If conservation of native species and native grasslands is
considered an important goal in conservation, then programs and activities that
facilitate the spread of invasive species, both native and non-indigenous, must be

curtailed.
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Table 1. State nurseries® that distribute eastern redcedar seedlings as a conservation species in the United States.

Easter Redcedar

Seedlings Distributed

Annual # Of Years Cost ($)/

State 2001 Average Distributing Seedling Purpose
Colorado 200,000 200,000 44 0.40-1.00  windbreaks
Connecticut 4,000 4,000 6 0.50  wildlife habitat, windbreaks
Georgia 50,000 75,000 >41 0.50-1.00  privacy fencing, Christmas trees
Indiana 0 10,000 15 0.17  erosion control, windbreaks, mine reclamation
lowa 93,200 100,000 20 0.20 wildlife habitat, erosion, and shelterbelts
Kansas 155,000 115,000 44 0.56-1.37  windbreaks, wildlife habitat
Maryland 20,000 50,000 6 0.04-0.12  windbreaks, privacy fencing, duck blinds
Minnesota 19,800 98,000 41 0.18 shelterbelts, windbreaks, wildlife habitat
Missouri 70,000 100,000 53 0.16  windbreaks, wildlife habitat
Nebraska 511,373 850,000 76 0.36-0.62  windbreaks, living snow fences, wildlife habitat

Nevada 368 400 b 1.40  windbreaks




Lol

New Mexico 7,000 7,500 15-20 0.85-2.10 farmsteads, livestock protection, windbreaks

New York 25,000 25,000 15 0.30  windbreaks, beach stabilization, wildlife habitat
North Carolina 274,500 275,000 >40 0.20 privacy fencing, windbreaks

North Dakota 198,000 200,000 -0 0.19-0.50  windbreaks

Ohio 0 17,500 <5 0.24-0.35  mine reclamation, private landowner uses
Oklahoma 70,000 85,000 54 0.27-0.35  windbreaks, living snow fences

South Carolina 80,000 78,500 >20 0.20-0.50 reforestation, Christmas trees

South Dakota 500,000 500,000 43 0.45  windbreaks, wildlife habitat, CRP plantings
Texas 17,500 23,500 20 1.20-1.73  windbreaks

Utah 5,275 5,000 23 0.76  windbreaks, shelterbelts

Virginia 10,300 10,300 7 0.44-1.20 windbreaks, fencing, erosion control, wildlife habitat
Total 2,311,316 2,829,700

@ Conservation districts typically obtain their seedlings from state nurseries therefore this table does not include their statistics.

® information not available



Figure Captions
Figure 1. Survey results of eastern redcedar seedling distribution by state
nurseries and local conservation districts within states. States without data do
not have a state-operated nursery, the data were inaccessible, or the data were

not compiled.

Figure 2. Proposed conceptual framework for evaluating native and non-
indigenous species used in conservation plantings. In this framework non-
indigenous species are evaluated through established risk assessment protocols
and native species are evaluated through assessing the presence or absence of
limiting factors such as species traits and extrinsic factors (edaphic properties
and keystone processes). Species traits (limiting or non-limiting) and extrinsic
factors (absent or present) are used to evaluate acceptability of the species for

conservation planting.
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communities within an oak forest-tallgrass prairie ecotone. Understory
canopy cover by species was measured on 1-m? quadrats surrounding
each seedling. Soil chemical and physical properties (NO3s-N, NH4-N, and
soil texture) were measured around each seedling, and photosynthetic
active radiation was measured above each seedling. We surveyed state
nurseries to evaluate the extent of J. virginiana seedling distribution
programs throughout the United States, identified major uses for the
seedlings, and determined the duration of the distribution programs.
Detrended correspondence analysis, chi-square analysis, logistic
regression, regression, and path analysis were used to analyze data.

Findings and Conclusions: Greater levels of plant species diversity provide little
safeguard to plant communities threatened by J. virginiana expansion.
However, J. virginiana expansion may be limited in areas where plant
species composition reflects the presence of abiotic stressors such as
limited resource environments. J. virginiana seedling survival and
seedling growth were inconsistently related to a single resource factor as
a direct influence across plant communities and spatial scales. However,
indirect and direct influence of a single belowground resource factor, soil
clay content, emerged as an integrating resource factor that drives J.
virginiana seedling survival and seedling growth. All of the plant
communities we investigated are susceptible to J. virginiana expansion,
differing only in the probable rates of conversion to J. virginiana woodland.
J. virginiana is extensively used as a conservation species for windbreaks
and wildlife habitat in the United States especially in the prairies of the
Great Plains. Planting and subsequent expansion of eastern redcedar
threatens remaining prairie fragments and other vegetation types in many
areas of North America.
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