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Abstract: Recent studies suggest that perenniablnads susceptibility to invasions
(i.e. invasibility) by exotic plants may be relatedthe population of native grass
belowground meristems (the “bud bank”) in theseptmmmunities. In perennial
grasslands, the belowground bud bank plays a fuadtahrole in local plant population
persistence, structure and dynamics; all impoff@etbrs determining invasibility. Using
greenhouse and multiple field sites, Konza Pr&raogical Station (KPBS) and
Oklahoma State University — Range Research Stéb&u-RRS), the following
hypotheses were tested: 1) Bud:tiller ratios dessredth decreasing bud banks; 2)
Increases in bud bank size will lead to increasagassland stability, thereby reducing
invasibility; and 3) Grassland invasibility is régted by a minimum threshold in bud
bank densities. Treatment levels were created tapkshing a 0%, 33%, 66%, and 100%
bud bank gradient of natural field densitiesSchizachyrium scopariufgreenhouse),
andSchizachyrium scoparium, Andropogon gerardii, Saggilum nutansandPanicum
virgatum (field). Invasive specieBothriochloa bladhiiat KPBS andothriochloa
ischaemumBromus japonicusandLespedeza cuneatd OSU-RRS and greenhouse
were sown in each plot and mesocosm at a rate@§86ds speciésn?. At greenhouse
and both field sites, the lowest meristem dengl®) substantially decreased stability
and increased invasibility of my grassland communmio significant differences were
observed in bud:tiller ratios between the varioud bank density plots at KPBS and
OSU-RRS. KPBS and OSU-RRS 2-year average KPBS &utRRS 2-year average,
and greenhouse (1-year) aboveground exotic speigesss from plots and mesocosms
absent of bud bank (0%) was 10,165%, 467% and 8ff@#er than the low (33%) bud
bank density plots, respectively. However, no refethip was observed between the
various bud bank densities (33%, 66%, or 100%)iavasibility of these grassland
communities (field) and populations (greenhousé@h sites and greenhouse, the
exotic species biomass production was not propmatito the bud bank population, and
suggests the existence of an invasibility threshelitveen 0 and 33% of the bud bank
density. An important implication of these findingghat perennial grasslands that
maintain large bud banks are most resistant ta@gpecies invasions.
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CHAPTER |

INTRODUCTION

Grasslands are the most extensive terrestrial hioowering approximately 40%
of the Earth’s surface excluding Antarctica andeatand (White et al. 2000; Anderson
2006). Grasslands and other biomes are affectedelnyents of global environmental
change, with biological invasions constituting gngicant component of this change.
Recent studies in the North American grasslands Bhwewn that the belowground
meristem population or “bud bank”, rather than se&lthe primary source for plant
recruitment and of much greater importance to gheptulation persistence and
productivity (Benson et al. 2004; Benson and Hatt2@06; Dalgleish and Hartnett
2006). Understanding and predicting how perennmiaggland bud banks respond to
environmental change has been increasingly empdth§&mith and Knapp 2001;
Benson et al. 2004; Dalgleish and Hartnett 2006glBesh and Hartnett 2009; Dalgleish

et al 2008).

Using a one-year greenhouse mesocosm study anatygetav multi-site field

Study, my research assesses the potentially impaxée of bud banks in conferring



resistance to invasion by exotic species. In bo#ieighouse and field studies, invasibility
(susceptibility to invasion) was assessed as tiae aboveground biomass of all exotic
species.

Chapter 2 is a description of my greenhouse stindinis study, | examine
invasibility of bunchgrass dominated grasslandseurdntrolled conditions. My
representative grass, a dominant tallgrass praétiennial warm-season caespitose grass,
wasSchizachyrium scopariuftttle bluestem). My study assesses invasiongitinee
ecologically and environmentally important exofesies Bothriochloa ischaemurfyellow
bluestem)Bromus japonicugJapanese brome), abdspedeza cuneafaericea lespedeza).
My first objective in Chapter 2 was to test if retg bud bank size results in a loss of
resistance to invasion by exotic species. If low bank size does increase invasibility, then
my mesocosms containing smaller bud banks will lasgnificant increase in exotic
species biomass compared to mesocosms with langendnks. My hypothesis is that
grassland communities with large numbers of belowgd buds have the potential to
regulate exotic species invasions. My second abgat Chapter 2 was to test the
hypothesis that the invasibility of my warm-seagoass population is regulated by a
minimum threshold in bud bank densities. | hypotethat a minimum invasibility
threshold will occur in grassland. | expect thisethold to exist between 50% or fewer of the
native field density of warm-season grass belowgddauds (highly compromised bud banks
due to biotic or abiotic alterations) and systenits wo belowground buds (for example,
grassland systems following high levels of distud®.

For Chapter 3, | further assess the role bud bplasin resisting invasion by exotic

species by conducting a 2-year multi-site (Kansas@klahoma) field study. The vegetation



of both sites was dominated by the perennial wagassn grasseSchizachyrium scoparium
(little bluestem) Andropogon gerardi{big bluestem)Sorghastrum nutan@ndiangrass), and
Panicum virgatun{switchgrass). Invasive speciBsthriochloa bladhiiwas used at the
Kansas site andothriochloa ischaemurfyellow bluestem)Bromus japonicugJapanese
brome), and.espedeza cuneafaericea lespedeza) (the same exotic speciedustud
greenhouse study) were used at the Oklahoma $igefifBt objective in Chapter 3 was to
determine the relationship between belowground landistiller number. To determine this
relationship, | examined bud:tiller ratios by dastively harvesting experimentally
established treatments of varying tiller densiind assessing both the number of buds
present and total tillers present. | hypothesihed tiller initiation will increase in response
to a reduction in belowground buds, thereby ingrepisud:tiller ratio in treatments with a
reduced number of buds compared to those with aufisld density. However, there may be
a consistent allometric relationship between nunolb&uds and tillers present, i.e. my
hypothesis is not supported and buds initiatersilie a consistent pattern regardless of bud
density. If a consistent relationship exists afidd similar bud:tiller ratios for each of my
established bud densities, this will allow for exiolation from tiller assessments to
belowground buds present. The second objectivdhapter 3 was to test whether increases
in bud bank size leads to increases in grasslatulisy (resistance to change), thereby
reducing invasibility. | hypothesize that increasebud bank size strongly correlates with
increases in grassland stability (decrease in ibii&g). The final objective of Chapter 3 was
to determine whether the invasibility of my warnasen grass community was regulated by

a minimum threshold in bud bank densities. Sintathe greenhouse study, | suggests that a



minimum invasibility threshold would occur at a pbbetween no warm-season grass

belowground buds present and 33% availability effteld bud bank density.

My dissertation presents research that furthersittderstanding of belowground
meristem population dynamics and their role inqratt of plant community structure and
stability. My research indicates that belowground banks play an important role in

resistance to invasion by exotic species.
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CHAPTER Il

BUD BANK DEMOGRAPHY: DENSITY OF NATIVE CAESPITOSE
GRASS MERISTEMS AS A PREDICTOR OF

RANGELAND INVASIBILITY

ABSTRACT

Recent studies indicate that the belowground bud Kize. belowground
meristem population), rather than the seed bartkeiprimary source of new tiller
recruitment in tallgrass prairie. Therefore, grasdlsusceptibility to invasion (i.e.
invasibility) by exotic plants may be related tddveground bud bank densities. In my
study, the following hypotheses were testedReductions in bud bank size will lead to
decreases in invasion resistance to exotic grageds?) Grassland invasibility is
regulated by a minimum threshold in native belowagib meristem population or “bud
bank” densities. Field-collecteschizachyrium scopariumeristems were transplanted
into greenhouse 25 kg soil-containing mesocosms(22 X 32 cm) at 0% (control),
33%, 66%, and 100% natural field densities of bglmund buds. After tiller emergence
of S. scopariumseeds of three exotic speciBsthriochloa ischaemupBromus
japonicus andLespedeza cuneateere sown (300 viable seeds spetieg’) into each
mesocosm. The mesocosms were maintained in a 685-gBeenhouse for 18 weeks.
Exotic species invasibility was assessed by quangfexotic species biomass at the
conclusion of the study. Biomass production of &xspecies was profoundly increased
(>800%) in mesocosms which did not recezescopariunbbuds compared to
mesocosms with bud banks, regardless of the meridemsity. Final biomass of the
exotic species was 410.40 g, 45.21 g, 19.05 glamB g for 0%, 33%, 66%, and 100%
of field bud densities, respectively. Invasibilaymy grassland plant population was
associated with a minimum threshold (4,500 bud imbud bank densities, as even the
lowest density 05. scopariunbuds substantially increased stability and deegtas
invasibility compared to mesocosms containingsngcopariunbuds. An important
consequence of my research is that maintaininghpekgrassland plant populations
with large reserve bud banks may increase resist@ninivasion by exotic species.
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INTRODUCTION

Grasslands, savannas, and shrub steppe ecosysiempgse the greatest
percentage of global land cover, occupying ovem#ion km? worldwide (Leith, 1978;
Janisova, 2006). Across several continents perkgraaslands are the most important
ecosystems supporting human livelihoods and progiiey ecosystem services.
Understanding the processes influencing grasslinmd pommunities and ecosystem
structure and function is crucial to developingrsbmanagement strategies for their
sustainable use and for predicting their respomggabal environmental changes such as
exotic species invasion. In perennial grasslarasbelowground population of
meristems, or ‘bud banlds coined by Harper (1977), plays a fundamentalirolocal
plant population persistence, structure, and dyosufdalgleish and Hartnett 2006).
Recent studies in the North American grasslands Bawewn that the bud bank, rather
than seeds, is the primary source for plant retirit and of much greater importance to
plant population persistence and productivity (Benet al. 2004; Benson and Hartnett
2006; Dalgleish and Hartnett 2006). Even in a Hgalisturbed grassland site,
belowground meristems made a significantly largertigbution to plant recruitment than
did seed rain or seed bank (Rogers and Hartneft)2Mbreover, unlike seed banks, the
bud bank has been found to more closely resemelalibveground plant community
(Bensen et al. 2004, Dalgleish and Hartnett 20@08hese grassland ecosystems, the
reserve bud bank has been shown to be an excpiledittor of long-term annual net
primary productivity (ANPP), indicating that budritadynamics and resulting tiller
densities, rather individual tiller growth, are thrémary drivers in NPP. Recent studies
have also found that ecosystem invasibility is isety related to ANPP (Smith and
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Knapp, 2001; Stephenson and van Mantgem, 2005eBaet al. 2007; Schoolmaster and
Snyder, 2010). These studies, therefore, suggasatsimple quantification of bud bank
densities may be an excellent predictor of resiiestability and resistance to invasive

exotic species in grassland plant communities.

My study assesses the potentially important roleeddwground bud banks in
grassland ecosystems in conferring resistancevesion. Belowground bud banks may
allow native grass plant species to maintain aelaegerve propagule pool, thereby
reducing windows of opportunity for invasive spacielowever, grassland disturbances
from management practices such as high grazingsities, or abiotic changes such as
drought, may compromise the native bud propagute wih a resultant decrease in
resistance to invasibility. Theoretically, pereim@rm-season grasslands with high bud
bank densities enable rapid reductions in the alaity of unused resources in early
spring. Greater resource availability may resulitiong negative interactions with plants
reproducing from seed, thereby reducing invasibditd rendering habitats more stable
(ability to limit exotic species biomass produciidRig. 1). | suggest the existence of a
non-linear response in exotic species biomass ptamatuwith a clear minimum threshold
of the belowground bud density (i.e. bud$)rthat prevents invasion by exotic species.
Therefore | assessed whether the invasibility wham-season caespitose grass-
dominated community was regulated by a minimumsttoéd of belowground bud bank
densities, and if bud bank density could serve gsoa predictor of grassland
community invasibility (Fig. 1). Caespitose grovitinms are abundant in many warm-
season dominated grassland biomes. As a modekragaspitose plant species for my
study, | selecte@chizachrium scopariuiftittie bluestem). Because bud bank densities

8



are expected to decrease in response to grasskncbdnces (Dalgleish and Hartnett
2009), my overall objective was to assess if thesdyg of nativeS. scopariums a
primary factor influencing invasion by exotic spesiMore specifically, the following
hypotheses were assessed (1) reduction in buddizmks associated with greater
invasibility and lower temporal stability (resistda change) or resilience of plant
populations (Fig. 1); and (2) invasibility in gréssds is regulated by a minimum

threshold in belowground meristem population (Big.

MATERIALS AND METHODS

Exotic Species Seed Collection and GerminationsTest

At the end of the growing season in the year godhe greenhouse experiment,
seeds of the exotic grass species were collecbed fallgrass prairie at the Oklahoma
Range Research Station (OSU-RRS), bespedeza cuneateeds were purchased from
a certified seed company. Collected and purchasedssswvere stored in a seed storage
room with 8C constant temperature (cold stratified) and 30Rtive humidity until
germination tests. Germination tests were condudtethg winter 2008/2009 to
determine seed viability. Each test was conductedrding to ISTA (2005) testing
standards. Each test consisted of four hundred) @€¥xls which were drawn from the
seed lot and then randomly divided into eight élicates of 50 seeds. Seeds for each
replicate were place on moist blotter/filter paped a layer of sterile, moist very fine
sand (0.05 — 0.10 mm diameter) placed over thesseeal 9 cm diameter transparent
disposable Petri dish. Relative humidity was keptlase to saturation as possible to

reduce watering. Seeds were misted with distilledewas necessary. Seeds were



considered germinated when either the root or stimotture exceeded the length of the
caryopsis. Germinated seedlings were removed atasity census and test duration was
14 days. Germination was expressed as the pereeatageds reaching germination.

Experimental set-up

Soil was collected from an annually burned lowlaitd at the Konza Prairie
Biological Station (KPBS), Manhattan, KS. The salkentified as a Benfield fine, mixed,
superactive, mesic Udertic Argiustoll, was sievewtigh a 5 mm sieve to remove
rhizomes, roots, and pebbles. Twenty-five kg of wais placed into 20 mesocosms (20 x
42 x 32 cm plastic containers with small holestmunderside) and placed in a
greenhouse at Oklahoma State University. Soil-tntegristems of. scopariunwere
collected from an annually burned watershed at KR2®sported to Oklahoma State
University and maintained in &€ cold room until experimental setup. At experinaént
set-up, the meristems were washed free of soirandomly transplanted into
mesocosms in tightly packed, caespitose distribstgdmulating typical bunchgrass
rangeland communities. The mesocosms were arrangechndomized complete block
design, with five replicates per treatment. Fostidct levels were simulated by
transplanting zero, four, eight, or 12 caespitaseches into five replicate mesocosms.
Therefore, my treatments consisted of 0%, 33% (|&&Yo (medium), or 100% (field
density) of native bud bank field densities, resipety. My field density estimates
indicatedS. scopariunbud banks to be 13,500 bud& nTherefore, on a square meter
basis, my field density mesocosms received 13,5@8,my low density contained 4,500

buds, and 9,000 buds were established into theurmmedensity mesocosms.
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After S. scopariuntiller emergence, seeds of three ecologicallyesahomically
important exotic species of the tallgrass prairegersown in each mesocosm at 300
viable seeds speciésn? The three exotic species included a perennjal@m-season
caespitose grasBg¢thriochloa ischaemunyellow bluestem), an annuak Cool-season
grass Bromus japonicus]apanese brome), and a perennial forb/sub-shedpédeza
cuneata Sericea lespedeza). Mesocosms were maintainadiamnal 18 - 36C
temperature regime to maximize growth of the waeassn grass selected for this study
and watered periodically to field capacity throughtihe experiment. Using weekly
census throughout the 2009 growing season, inViagibl each of the mesocosms was
assessed by quantifying the emergence, establisham&hsurvivorship of each exotic
species. Native species were assessed monthlgeAsrd of the growing season (fall
2009), aboveground biomass was clipped at thesadice, sorted by species, oven-
dried at 6(°C for 48 hours, and weighed to the nearest 0.0tg.fdllowing definitions
were applied for determining exotic species pertoroe. Emergence was defined as the
number of seedlings germinated but not exceedicm i height. Establishment was
defined as the number of tillers or stems per mesoc Survival was defined as the
proportion (%) of plants recorded at tiféat 2'° census that were still present at the final
census. Biomass was defined as the abovegrounseadgit (g). Invasibility of each of
the mesocosms was assessed as the total abovedpioarabs of all exotic species.
Exotic species performance (i.e. emergence, eshabént, survivorship, and total

biomass production), and tiller density were calted.
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Data Analysis

Exotic species performance was analyzed via oneANOVA (SAS 2007).
Values are reported as means = 1 SE, and weredewadisignificant for all statistical
tests atx < 0.05 level. Duncan's multiple range test (squaass) was used to assure no
existence of a Type | comparison-wise error ratdukey’s Studentized Range (HSD)
Test (square mass) and Bonferroni (Dunn) t-Testisai® mass) were used to assure no

existence of a Type | experiment-wise error rate.

RESULTS

Bud bank density comparisons to exotic specieppednce (invasibility)

EmergenceNlNo relationship was observed between the bud bankites and
total exotic species as approximately 20% of atitiexseeds germinated in each of the
mesocosms. Emergence success values for each speties are presented in (Fig. 2.
A). There were no significant differences betweeregotic species emergence in the
33% (low), (66%) medium, or (100%) belowground lolethsity mesocosms (Fig. 3. A).

EstablishmentTotal exotic species establishment was betweeh&1id 91.6 %
for all treatment levels. Therefore, no relatiopsivas observed between bud densities
and exotic species establishment (Fig. 2. B). Thene no significant differences
between an exotic species establishment in the (83%), 66% (medium), or 100%
belowground bud density mesocosms (Fig. 3. B).

Survivorship:Total exotic species survivorship was high, witlang100%
established seedlings surviving throughout theystlilerefore, no relationship was

observed between bud densities and exotic spaaesarship (Fig. 2. C). There were
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no significant differences between an exotic spgesigvivorship in the 33% (low), 66%
(medium), or 100% belowground bud density mesocdsigs 3. C).

Aboveground Biomasg3:otal exotic species aboveground biomass was ak asic
800% greater in the control (1% scopariummesocosms, as compared to any mesocosm
that contained. scopariunbuds, regardless of bud density. However, there we
significant differences between exotic species lissrproduction in the low, medium, or
natural field density mesocosms (Fig. 2. D; Tabld_.ikewise, no significant differences
were observed between nat@escopariunproduction in the low, medium, or natural
field density mesocosms. Howevér,scopariunbiomass production was profoundly
increased in all mesocosms which recei8edcopariunbuds compared to mesocosms
which did not receiv&. scopariunbuds (Fig. 2. F). Assessing aboveground biomass (o
invasibility) of each exotic species individualhdicates that not all exotic plants equally
contributed to the overall biomass. In my studg, éiotic warm-season grass,
ischaemunwas the largest contributor to overall exotic ba@s production in the high
disturbance$. scopariunabsent) mesocosms (Fig. 3. D¢spedeza cuneagtthe exotic
forb/sub-shrub, produced significantly greater agpeund biomass in the high
disturbance mesocosms (0% bud density) comparesdvianedium or natural (100%)
field density bud bank mesocosms. However, whendta exotic biomass of all three
species was combineld, cuneatacontributed substantially less to the overall bass
than that observed 8. ischaemumThe exotic specie. japonicusa cool-season
grass, produced little biomass and did not conteilsubstantially to the total biomass

production of any mesocosm (Fig. 3. D). Howe®erjaponicussurvival and
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establishment was high across all treatment leweal$ had the greatest density (tillers
m) for the low field density bud bank mesocosms (Bi@, C, and E).

Density:At the end of the study, there were no signifigdifferences in exotic
species density (stems or tiller&ibetween the 0, 33, 66, and 100% belowground bud
density mesocosms (Fig. 2. E). Further, exotic igsetensity was not attributed to a
single species (Fig. 3. E; Fig. 4espedeza cuneatkensity increased as bud bank
density increased and strongly dominated the espgcies assemblage in the 66% and

100% belowground bud density mesocosms (Fig. Bidz;4. C and D).
DISCUSSION

This study addressed the effectsSokcopariunbelowground meristem density
on invasibility as a measure of emergence, estabbsat, survivorship, and aboveground
biomass of exotic species. Using a highly-clumpeatial distribution of belowground
meristems, | examined (1) whether larger bud basisities will be more invasion-
resistant than smaller meristem densities, and/@ther the invasibility 06. scoparium
plant community is regulated by a minimum thresholtdud bank densities. Although
previous research studying habitat invasibilitydaged richness or density of exotic
species (Lonsdale 1999; Davies et al. 2005), whatast often ecologically and
economically important is the exotic species biagmasher than richness or density (Guo
2008). However, it is important to note that biosakbne does not indicate the potential
for currently noninvasive exotics to become invadiwvough evolutionary or future
habitat changes (Taylor and Hastings 2005), anefihies, establishment, reproduction,
survivorship, density, and size of the exotic spetias been selected as the dependent

variable when studying habitat invasibility (Lonsxla999; Davies et al. 2005). In my
14



study, | proposed that biomass best reflects ibidygj as plants must reach a minimum
size class for reproductive success, resource sitiqui or sufficient inter-/intra-specific
influence to have a negative ecological or econahimpact.

Understanding and predicting how perennial grasistard banks respond to
environmental change has been increasingly empgthg&mith and Knapp 2001,
Benson et al. 2004; Dalgleish and Hartnett 2006glBesh and Hartnett 2009; Dalgleish
et al. 2008). Although not tested, recent obsemnathave suggested that bud banks may
have the potential to regulate exotic species innagDalgleish and Hartnett 2009).
Results from my study supported my first hypothésad larger bud bank densities will
be more invasion-resistant than smaller bud bankitdes. Removal of all belowground
buds profoundly increased exotic species biomasdyation, as compared to mesocosms
that contained. scopariunbuds, regardless of bud bank density. At the sgdevel,
high disturbance greatly increasg@dischaemunB. japonicusandL. cuneataindividual
biomass production, as compared to biomass praguctimesocosms that contaired
scoparium regardless of bud bank density. However, themewe significant
differences in total exotic species biomass pradadietween mesocosms with 33%,
66%, or 100% field density belowground buds.

A species must pass through at least three magestantroduction, colonization
(where recruitment, establishment, survival, afqtoguction must all occur), and spread
before it will have an ecological and/or economipact to be considered invasive.
Although biomass was used for measuring invasyailitmy study, other invasion
performance measures (i.e. emergence, establishswnivorship, and reproduction)

within the second main stage (colonization), ad agdensity were measured to provide
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further insight in the invasion process. Numeragdrs may explain why no observable
relationship was found for any of the invasion perfance measures (emergence,
establishment, survivorship, density, and biomass)ss the meristem densities of my
mesocosms (excluding the 0% control). The reasasintlude, nurse-plant
interactions, differences in resource patterns anuiffierent species, self-facilitation
through modification of soil microbial communities, soil nutrient availability leading

to positive plant-soil feedbacks, or allelopathyadsving the roles of the different factors
discussed here may improve predictive power reggriivasion resistance of native
grassland communities.

Data from my study support the hypothesis thatsibty in grasslands is
regulated by a minimum threshold in belowgroundistem population densities. A non-
linear relationship was observed when comparing #stotic species aboveground
biomass across the bud bank density treatmentsleVbe minimum threshold was below
the lowest (33%) native bud bank density or betw@eand 4,500 buds fn At the
species level, a similar non-linear relationshigwhaserved when the individual exotic
speciesB. ischaemum, B. japonicuandL. cuneatavere compared across the treatment
levels. Using rhizomatous tallgrass prairie warrase® grasses, Sprinkle (2010)
conducted a similar study using the same tempaoihbkpatial scales and the same exotic
species as were used in my study, and reportadilsiminimum threshold as | detected
with caespitose grasses. Both of our studies foang® increases in invasive species
biomass between mesocosms with no belowground teesiand mesocosms
established with meristems at approximately 33%etd density. The minimum

threshold found in my study indicated that nonéefexotic species were able to achieve
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the final step of invasion as described by Richamdsnd Pysek (2006). Invasions of
successionally mature, undisturbed communities fegennial grasslands) usually
require that the exotic species overcome resistposed by the following barriers,
geographic, environmental (local), reproductivepérsal, environmental (disturbed
habitats), and the final barrier step (Richardgosl.€2000). Exotic species may
overcome the early stages (e.g. emergence, esialelig, survivorship), but if the final
barrier is not met with success, then the specikésot become invasive (Richardson
and PySek 2006). As discussed earlier, biomadsaslyg critical for assessing
invasibility, especially in determining reprodu@iguccess and achieving the final state
of invasion. For exotic species to be competitivih wative species, they need time to
buildup sufficient biomass to use space, light,enatutrients, other resources, or to exert
an influence (e.g. plant-soil feedback, allelopaitry other species (Smith et al. 2004).
Identifying thresholds will play a key role in und&anding these barrier dynamics and
predicting invasion resistance to exotic plant ggeby native grass communities.
Predicting threshold disturbance levels beforeasgstem becomes susceptible to
invasion is important since it can greatly assigirgization decisions of invasive species
management by targeting those species, and/orghsicular invasion performance
measures (e.g. emergence, establishment) most tikeuccessfully invade in disturbed
grassland habitats.

The law of constant yield (Harper 1977) indicatest biomass and density are
not always correlated, biomass can saturate oapgereven as density continues to
increase, creating opportunities for biomass amgitketo have distinctly different

influences on ecosystem functioning (Hulvey andafeta 2012). Density alone may
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serve as a measure of invasibility, but it is reotiseful as biomass because the latter
better reflects resource use (Guo and Rundel 1¢@r)example, one individual of a
large-sized perennial exotic species may use faemesources than many individuals of
a small annual species. However, if exotic spestesv a consistent pattern of tiller or
stem density, there can be great strength in asgdsends in increases in biomass
versus tiller density. For example, in a trend gsiglwhere an exotic species is assessed
individually there may be no evidence of increasbiomass, while density (i.e. number
of tillers or stems M) may increase. Alternatively, invasibility (or bi@ss production)
may be highly significant when biomass is measwigla no increase in density. Using
both biomass and density can provide insights ersitke of the exotic species, which has
been another common invasion performance measorexample, the relative increase
in total exotic species biomass, (e.g. 0% bud lekemsity mesocosms) (Fig. 2 D),
compared to total exotic species density for timeesaeatment (Fig. 2. E), reveals that
there has been an increase in the average planvgtz no corresponding increase in
density (Fig. 3 D). At the species level, exotiedps plant size is revealed when an
individual exotic species biomass is small relativés density. For example, at the end
of the growing season, mdstcuneatastems were just exceeding emergence height
(personal observation) and had very low biomasgivel to its density (Fig. 3 D and E).
Therefore, it important to note that selecting be@sias my exotic species performance
indicator is context dependent; biomass dependedha species were considered. In
my study, exotic species biomass throughout thadysitas driven byB. ischaemun(Fig.

3. D), while density at the end of the 18 week gtwds dominated bl. cuneata(Fig. 3.

E).
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Therefore, it may be argued that density be theopaance indicator to assess
invasion success. However, using density as arsiongerformance measure, removal
of all belowground buds did not significantly inase overall exotic species density, as
compared to mesocosms that contaiedcopariunbuds, regardless of bud bank
density (Fig. 2.E). | did not observe any relatlapsetween total or individual exotic
species density and the bud bank densities, suggeke absence of an invasibility
threshold using density as a performance measure.

However, results of the study indicated that usiagsity as the exotic species
performance indicator is also context dependentekampledensity in the 66 and
100% bud density mesocosms was driveh bguneata(Fig. 3. E), but this was not
evident at the other densities. Interestinglyjaponicushad the highest density at the
33% native meristem density level, perhaps dubdaight combination of adequate
density of natives for nurse-plant effect and adég|light from less competition for
space. Specifically, the native plants may haveeskas plants facilitating growth and
development of other plant species beneath thawma thereby offering a benign
microhabitat that is more favorable for seed geatiom and/or seedling growth, as well
as avoiding herbivory. There was a general decri@dBeischaemundensity along an
increasing bud bank gradient (Fig. 3. E), with eeegponding increase In cuneata
density along these bud bank gradients. The dor@éendensity by.. cuneataat the
end of the growing season may indicate this spegigsan invasion lag phase, and
possibly capable of rapid growth once favorablermmental conditions arise. Such a
scenario, however, doesn’t preclugleischaemunandB. japonicugeing in an invasion

lag phase as well.
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Results of my study should add empirical suppat thstoring and maintaining
large belowground meristem populations may aid laadagers in regulating and
limiting exotic plant invasions. Further, discoverfyconsistent non-linear responses in
aboveground exotic species biomass with clear mimrthresholds may assist land
managers in (1) anticipating and understandingystesy behavior when evaluating
perennial grasslands, and (2) prioritizing manageraed restoration efforts. With that
said, ANPP may need other performance measured@ngity) for predicting
invasibility, especially if an exotic species igadale of persisting in communities with
high bud bank densities until conditions becomeeatiavorable for its growth. An
important consequence of my research is that anpedegrassland plant population with
a large reserve bud bank may be most resistanvésion by exotic species. The
findings gained in this research begin a crititepsn obtaining a better understanding of

belowground bud banks in rangeland responses &sion by exotic species.
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TABLES

Table 1. Measures of exotic speciBstfiriochloa ischaemunBromus japonicusand
Lespedeza cunegtauccess following seeding into microcosms&oiiizachyrum scoparium
belowground meristems established at 0%, 33%, 6&3d80% nativeSchizachyrum scoparium
belowground meristem field density. (n=201 Standard Error)

Treatment M easur es of Exotic Species Success Native
Native Emergence Establishment Survivorship Native
Belowground (% seed)* (% emergence)* (% survival) * Aboveground Aboveground
Meristem Biomass Biomass
Density (g m?) * (g m?)
(%)
0 195+4.9 91.6+2.8 99.7 +3.0 410.4 +66.1 -
33 19.2+1.6 85.7+2.8 100+ 0.8 452 +14.4 295.4 +169.2
66 21.8+1.68 81.1+3.9 88.4+2.1F 19.1+5.9 384.6+135.6
100 208+2.% 88.3+2.7 94.2 +3.F 12.7 +3.8° 372.0+117.9
p-value >0.05 >0.05 >0.05 0.0006 -

#= means within columns followed by the same letterrat statistically different (one-way ANOVA;< 0.05)
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FIGURE CAPTIONS

Figure 1. Hypothesized relationship between bud bank dessatiel native plant
community invasibility and stability.

Figure 2. Emergence (A), establishment (B), isarghip (C), aboveground biomass
(D) and density (E) of exotic species @hizachyrium scopariutmiomass (F) at O buds
m(0%), 4,500 buds M(33%), 9,000 buds M(66%), or 13,500 buds A{100%) field
(Schizachyrium scopariunbelowground bud densities. Significant< 0.05) difference
indicated by different letters above bars. Graplk no significant difference among
treatments have error batSE.

Figure 3.  ExoticBothriochloa ischaemunBromus japonicusandLespedeza cunegta
invasion performance measures, (A) emergenceefplishment, (C) survivorship, (D)
biomass, and (E) density at 0 bud$(®26), 4,500 buds #(33%), 9,000 buds #(66%), or
13,500 buds m(100%) field Schizachyriunscopariumpelowground bud densities. Bars with
the same letter are not significantly differesnt(0.05).

Figure 4. Tiller density ofSchizachyriunscoparium and exotic specieBothriochloa
ischaemunandBromus japonicusand stem density dfespedeza cuneatd of 0% (A), 33% (B),
66% (C), and 100% (D) native belowground bud desssitf Schizachyriunscoparium
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CHAPTER IlI

BUD BANK DENSITY OF WARM-SEASON
GRASSES AS REGULATORS OF

GRASSLAND INVASIBILITY

ABSTRACT

Exotic species invasions have serious consequdorceative species populations,
biodiversity, and ecosystem processes. Thus, igergifactors that influence invasions
by exotic plant species is of critical importanteperennial grasslands, the belowground
population of meristems or “bud bank” plays a fumeatal role in local plant population
persistence, structure and dynamics; all impoff@eibrs determining invasibility. Using
two field sites, Konza Prairie Biological StatidhRBS) and Oklahoma State University
Range Research Station (OSU-RRS), the followingthgses were tested:1) Decreases
in native belowground buds promote tiller initiatjoesulting in a decreased bud:tiller
ratio; 2) Increases in bud bank size will leadncréases in grassland stability, thereby
reducing invasibility; and 3) Grassland invasilil$ regulated by a minimum threshold
in bud bank densities. Treatment levels were estadd by thinning out native warm-
season (§) grasses to create four different bud bank dessitontrol (0% or complete
removal of belowground buds), low (33% of field kiehsity), medium (66% of field

bud density), and field density (100% or no remafdielowground meristems). In the
following two years, invasive species were soweach plot at a rate of 300 viable seeds
species m. Bothriochloa bladhiiwas selected for KPBS abthriochloa ischaemum
Bromus japonicusandLespedeza cuneateere selected for OSU-RRS, as these species
are abundant at these sites. My results did ngg@tithe hypothesis that native
belowground bud:tiller ratios decrease with dedrepbud bank size. At both sites, the
control (total removal of all belowground meristgragbstantially decreased stability and
increased invasibility of our grassland commuritBS and OSU 2-year average
aboveground exotic species biomass from plots aleddrelowground buds (control)

was 10,165% and 467% greater than the low (33%Ylbiné density plots, respectively.
However, no relationship was observed between 38&, 6%, or 100% field density
treatments and invasibility of these grassland camities. At both sites, the exotic
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species biomass production did not decrease piopalty with increased bud bank
population. This suggests the existence of an ihilag threshold between total absence
of belowground buds and 33% of field bud density.idsportant implication of these
findings is that mesic perennial grasslands thahtaia large bud banks are most
resistant to exotic species invasions. These fgslbegin a critical step in obtaining a
better understanding of the role of bud banks myetand responses to environmental
change.

INTRODUCTION

Grasslands are the most extensive terrestrial hioomprising one fifth of the
Earth’s land surface (NASA, 2012) and covering agpnately 40% of the Earth’s
surface excluding Antarctica and Greenland (Whital.e2000; Anderson 2006).
Grasslands are the center of the world’s agricaltactivities (Davis 2011) supporting
human livelihoods and providing key ecosystem ses/i Grasslands and other biomes
are affected by elements of global environmentahge, with biological invasions
constituting a significant component of this charfgevironmental change (e.g. changing
climate, changing fire regimes, alterations grazimanagements, invasions of exotic
plant species, nutrient enrichment) can resultpteghora of scenarios, such as shifts in
plant composition leading to further biotic andadlw changes in the environment
(Jeltsch et al. 2011; Wellstein, et al. 2011). Tésponse of perennial grasslands to
environmental changes may be limited by belowgrouedistem or “bud bank”
demography (Benson et al. 2004), since the bud Isathle primary source of plant
regrowth (Benson et al. 2004; Benson and Hartr@¥#6p For example, Benson and
Hartnett (2004) found that regrowth of warm-seag@sses of the tallgrass prairie occurs
primarily (>99%) from vegetative recruits ratheathrecruitment from seed. In some

grassland communities, bud bank dynamics may b@ager driver of net primary
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productivity than individual till growth size (Hawett and Fay, 1998).

In perennial grasslands, maintenance of a bud imaniks significant costs
(Dalgleish 2007). The allocation of resources betwieelowground bud production and
aboveground growth may be a bet-hedging strateggr(il et al. 1994; Nilsson et al.
1996), whereby plants forgo growth opportunitiesaturn for increased survival by
avoiding unfavorable conditions. When conditionsdiee favorable, recruitment from
the bud bank enables rapid regrowth (Vesk and Vidlgs2604, Benson et al. 2004)
following solil disturbances (Rogers and Hartne@@80 drought (Dalgleish and Hartnett
2006), fire (Dalgleish and Hartnett 2009), and hegty (Ott and Hartnett 1011). Recent
studies have investigated bud bank responsestigloisice events such as grazing and
fire (Benson et al 2004; Benson and Hartnett 20@0gleish and Hartnett 2009), nutrient
limitation (Seastedt et al. 1991; Dalgleish andthkiett 2008) and precipitation gradient
(Dalgleish and Hartnett 2006). For example, in atigtburned perennial prairie, the bud
bank density at the onset of the growing seasaattlgrexceeded aboveground tillers,
suggesting that aboveground tiller populationsnatemeristem-limited (Benson et al.
2004). An important consequence is that perenmégsiands with high bud bank
densities may be resistant to environmental chéage exotic plant invasions).
However, disturbances may influence invasibility(B and Grime 1996; Smith and
Knapp 2001). Although several studies have invattdthe effects of disturbance events
and environmental conditions on bud bank demogratbieyassociation between
different size belowground bud bank densities @let tlensity has not been
documented. Therefore, my first hypothesis is that per tiller ratio will decrease as bud

bank densities decrease due to greater tilleatroth. This may be important as
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increasing meristem limitation from disturbances/mesult in increased tiller initiation,
possibly leading to alterations in plant commusifiyicture (Benson et al 2004; Dalgleish
and Hartnett 2006; Dalgleish and Hartnett 2009).

Recent studies suggest that the bud bank of perlegmaisses is a key
characteristic influencing community structure, dymcs, and local population
persistence (Dalgleish and Hartnett 2006); all ingoat factors of how grassland plants
respond to exotic plant species. Observations aathese suggest that grasslands
susceptibility to invasion (i.e. invasibility) byetic plants may be related to
belowground bud bank densities in these plant conitnes (Hartnett 2009). However,
this relationship has not been well tested.

Since invasion thresholds are a central concepgnpithing restoration ecology
(Hobbs and Harris 2001; Greenman and Pasour 2td)eland ecology (Walker 1993),
and landscape or spatial ecology (Turner 2005)pthetical implications are immense
(Neri et al 2011). Surprisingly, identifying criicecological thresholds in predicting
invasibility, have scarcely been explored (Walked &eyers 2004), yet these thresholds
may be important for developing theories and mottelmticipate invasibility in
ecosystems (MEA 2005). | hypothesized that thelmnk-invasibility relationship for
perennial grasslands is non-linear, with a mininthnaeshold of buds resulting in high
invasibility. Therefore, greater temporal stabiltyl be present in warm-season
grassland communities with high bud bank densities.

My research assessed the following hypothesesiud:}iller ratios decrease with
decreasing bud banks; (2) increases in belowgrbuddoanks lead to increases in

grassland stability (resistance to change), theretycing invasibility; and (3) grassland
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plant community invasibility is regulated by a rmmim threshold in belowground bud
bank densities (Fig. 1). Using two tallgrass peaireld sites, my study addresses the
theory that warm-season grass bud banks maintamgigdensities will confer increase
resistance to invasion by exotic species, resuitirggassland communities that are more

stable than communities with lower bud bank deesiti

MATERIALS AND METHODS

Exotic Species Seed Collection and Germinationslest

At the end of the growing season in 2009, the peiar to Year 1 (2010) and
Year 2 (2011) field experiments, seed8othriochloa ischaemurandBromus
japonicuswere collected from tallgrass prairie at the Oklala Range Research Station
(OSU-RRS)Bothriochloa bladhiiseeds were collected the Konza Prairie Biological
Station (KPBS), andespedeza cuneat®eds were purchased from a certified seed
company. Seeds were stored in a seed storage ritbr6’® constant temperature (cold
stratified) and 30% relative humidity until germiiaa tests. Germination tests were
conducted three times during winters of 2009/201d 2010/ 2011 to determine seed
viability. Each test was conducted according toAZ005) testing standards. Each test
consisted of four hundred (400) seeds which wardamly drawn from the seed lot and
then randomly divided into eight (8) replicateb0fseeds. Seeds for each replicate were
placed on moist blotter/filter paper and a layestefile, moist very fine sand (0.05 —
0.10 mm diameter) placed over the seeds in a 9iameder transparent disposable Petri
dish. Relative humidity was kept as close to sétmaas possible to reduce watering.

Seeds were misted with distilled water as necesSagds were considered to be
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germinated when either the root or shoot struatieded the length of the caryopsis.
Germinated seedlings were removed at each dailyuseand test duration was 14 days.
Germination was expressed as the percentage of sesching germination.
Study area

Tallgrass prairie research sites located in KaasdsOklahoma were used for this
study. The Kansas site, Konza Prairie Biologicatish (KPBS), a National Science
Foundation (NSF) Long-Term Ecological Research (RJEite, is located within the
Flint Hills region of northeastern Kansas, 10 kmthoof Manhattan, Kansas, USA
(39°06’'03.47”N, 96° 36’36.8W) at an elevation of 350 m. Annual preifion averages
835 mm. KPBS site solil type was a Clime, fine, rdixactive, mesic Udorthentic
Haplustoll. The Clime series is a gently sloping amoderately deep, well-drained, silty
clay loam with medium available water capacity andace runoff (USDA-NRCS WSS
2012). The native vegetation is dominated by threm@al, warm-season grasses big
bluestem Andropogon gerardii)indiangrass$orghastrum nutansswitchgrass
(Panicum virgaturjyy and little bluestem(Schizachyrium scoparigmrhis site also has
invasion byB. bladhii The KPBS site was ungrazed and burned annually.

The Oklahoma site, Oklahoma State University Rd&Rgsearch Station (OSU-
RRS) is located in the western part of the CrogsbErrs ecosystem, 12.9 km southwest
of Stillwater, Oklahoma, USA (363'51.70"N, 97° 13'47.08W) at an elevation of 326
m. Annual precipitation averages 932 mm. OSU-RRBgeme was a Coyle, fine-loamy,
siliceous, active, thermic Udic Argiustoll. Natu@lganic content is high for this site
(USDA-NRCS WSS 2012), which was last cultivatedha 1970’s (Stansberry, 2010).

The Coyle series is a gently sloping and moderategp, well-drained clay loam with
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medium available water capacity and surface ruddfé native vegetation is dominated
by the perennial, warm-season grasses big bluggtedropogon gerardii)indiangrass
(Sorghastrum nutansswitchgrassKHanicum virgatur) and little bluestem
(Schizachyrium scoparidmThis site also has invasion Byischaemum, B. japonicus
andL. cuneataThe OSU-RRS site was ungrazed and burned annually

2010 and 2011 were below-average years for toaipitation at KPBS (2010:
598 mm, 28% below average; 2011: 753 mm, 10% bealmvage). Warm seasonal
precipitation was also below the long-term aver@§i0 Mar—Oct: 548 mm, 25% below
average; 2011 Mar—Jul: 369 mm, 16% below aver&§d)0 and 2011 were below-
average years for total precipitation at the OSUSRR well (2010: 812 mm, 13% below
average; 2011: 585 mm, 37% below average). Warsosaaprecipitation was also
below the long-term average (2010 Mar—Oct: 680 ®9¥h below average; 2011 Mar—
Jul: 241mm, 50% below average). The seasonal praogn (Mar—Jul) was 271 mm
lower in 2011 than in 2010.

Native plant communities and invasive species

At both sites, the vegetation is dominated by peig@nwarm-season grasses (i.e.
Andropogon gerardii, Schizachyrium scoparium, Sagglum nutansandPanicum
virgatum). Subdominant species include cool-seasggré@sses (KPBS only), forbs, and
a few woody species.

Study 1: Assessment of bud: tiller ratio

Experimental design and field setup
At both sites, corresponding (i.e. correspondintheomain 1 rh*“invasion” field

plots) field plots were established in early spr2@4.0 using (32) 0.125nplots (in 4
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blocks of 4 plots for each year of the two-yealjget) arranged in a randomized
complete block design. Plots were separated bgtartie of 2 m or greater to insure
spatial independence with respect to soil and aiget characteristics likely to influence
local seedling or tiller establishment. Plots weretal-tagged for identification after
annual burn, marked on all 4 corners of each pitit eolor-coded flags for treatment
type, and their borders delineated with brightlyeced masonry cord for better visibility.
Prior to treatment, percent cover of plant fundiildiypes (warm-season grasses, cool-
season grasses, forbs, and woody species) wasagstinsing a modified (i.e. percent
cover scale: 1 =< 1%; 2 = 1-5%; 3 = 5-25%; 4 =5P86; 5 = 50-75%; 6 = 75-95%; and
7=> 95%) Daubenmire (1959) method.
Experimental establishment of belowground bud lzbenisities

In late spring 2010, native warm-season grasses glgninated with glyphosate
to experimentally establish: Control = 0% (eliminatof all warm-season grasses), low
(33% removal of warm-season grass tillers), medi&®% removal), and high (100%
belowground bud field densities = no alterationverm-season grass tiller density).
Field sampling

Throughout the 2010 and 2011 growing seasons, ipecoger of G and G
grasses, forbs and woody species was estimatéel. ddnsity was determined by
guantifying the total tillers. At senescence, waeason grasses were harvested by
excavating to a 15-cm depth to ensure inclusiaallohterconnected perennating organs
(rhizomes and buds). Following harvest, plants weashed to remove soil.

Year-1 growing seasomy fall at the KPBS site, the warm-season grakses

completed anthesis and some tillers had senestmuerfng tillers were then counted.
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By late September at the OSU-RRS site, the warrsesegrasses had completed anthesis
and flowering tillers were counted.

Year-2 growing seasoy mid-summer, the warm-season grasses at the KPBS
site had completed anthesis, and flowering tikeese counted. By late summer, the
warm-season grasses at the OSU-RRS site had cexhplethesis, and some tillers had
senesced. Flowering tillers were then counted.

Laboratory methods and analysis

Belowground buds were examined using 7X and 10¥nifi@ation. Buds and
flowering tillers were counted, assessed as liwndead, and categorized as live or dead
buds. Live buds included developmental, mature,aatidated buds. Dead buds were
easily identified by their mealy or soft light-bravo dark-brown interiors. Flowering
tillers were tillers with seed head entirely expbdeaboratory tiller counts closely
resembled field tiller census, and therefore, labmy tiller counts were used when
calculating bud:stem ratios.

Assessment of treatment establishment

Main 1nf invasion plots (Study 2):
Stem density of native warm-season grass and esqgicies communities
KPBS warm-season grass communityWeek 14 (2010), the low (33%)
and medium (66%) native warm-season grass tillesitielevels (a surrogate multiplier
for bud bank density) was equivalent to 38% and 66%e field (100%) tiller density,

respectively (Table 3)
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OSU warm-season grass community: In Week 27, 20803% and 66% tiller
density levels were equivalent to 25% and 64% efli0% tiller density, respectively
(Table 4).

The KPBS 2-year average end-of-season percemtd#lesity (a proxy for
percent belowground bud density) was 38.5 and Gf¥%he 33 and 66% tiller field
density treatments, respectively. The OSU 2-yearame end-of-season percent tiller
density was 32.5 and 74.5 % for the 33 and 66%r filéld density treatments,
respectively.

Data analysis

To test for the effects of bud density on exotie@ges performance, biomass of
each exotic species (measure of growth succeswasibility) was compared with the
various bud densities via one-way ANOVA using SAB2. Values are reported as
means = 1 SE, and were considered significantlfatatistical tests at < 0.05 level.
Duncan's multiple range test (square mass) wastasesbure no existence of a Type |
comparison wise error rate. A Tukey’s Studentizadid®e (HSD) Test (square mass) and
Bonferroni (Dunn) t Tests (square mass) were usedsure no existence of a Type |
experiment wise error rate.

Study 2: Assessment of bud density and grasslarsssiinility

Experimental design and field setup

At both sites, field plots were established inagring 2009 using 20 1mplots
(in 4 blocks of 5 plots each) arranged in a randechicomplete block design. Plots were
separated by a distance of 2 m or greater to irsuagal independence with respect to

soil and vegetation characteristics likely to iefhee local seedling or tiller
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establishment. Plots were metal-tagged for ideatiibn after annual burn, marked on all
4 corners of each plot with color-coded flags featment type, and their borders
delineated with brightly-colored masonry cord. Ptitreatment, percent cover of plant
functional types (warm-season grasses, cool-sagssses, forbs, and woody species)
was estimated using a modified Daubenmire (195%hoake
Establishment of belowground bud bank densities

One year prior to Year 1 growing season (late gp2id09), native warm-season
grasses were eliminated with glyphosate to experiatly establish four belowground
bud density treatments: Control = 0% (eliminatiémlbwarm-season grasses), low (33%
native belowground bud field density), medium (66&ive field bud density), and field
density (100% belowground bud field densities: leration in warm-season grass tiller
density). Elimination of tillers are expected tpmesent similar reductions in
belowground buds, as Benson and others (2004)tegptirat the bud bank generally
reflected aboveground patterns in species compasaind grass tiller number in annually
burned grasslands. In spring of 2010 and 2011eaK®BS site, seeds of the exotic
specieBothriochloa bladhii{Caucasian bluestem, a perennigt&espitose grass) were
sown in each plot (300 viable seed$)nBothriochloa bladhiwas used because the
KPBS site was characterized by the presence oftbrgynvasive species. In spring of
2010 and 2011 at the OSU-RRS site, seeds of theespeciedBromus japonicus
(Japanese brome, an annualg@ass)Bothriochloa ischaemurfyellow bluestem, a
perennial Gcaespitose grass), ahdspedeza cuneataericea lespedeza, a wood/shrub
legume) were sown in each plot (300 viable seedsis§ m?). These species were used

because the OSU-RRS site was characterized byptesence. Therefore my treatments
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consisted of experimentally modified bud bank deéesiwith no warm-season grass buds
(0%), low (33% field bud density), medium (66% d@iddud density), and field density
(100% of native warm-season grass belowground butis all treatments receiving
seeds of exotic species.

Aboveground tiller sampling

Throughout the 2010 and 2011 growing seasons, afveach plant functional
type was estimated. Invasibility (density) was deiaed by quantifying the total tillers
or stems produced by each invasive species. Inlipsibas also assessed by measuring
aboveground biomass at plant senescence.

Year-1 growing seasout the KPBS site on April 24, 2018, bladhiiseeds
were sown into the treatment plots. Establishmétti@exotic species was assessed
monthly. By July 24, 2010, it was determined thaimvasion occurred for any of the
KPBS field observations and monthly assessments e@rcluded. At the OSU-RRS site
on April 30, 2010B. japonicus, B. ischaemuamdL. cuneataseeds were sown into the
plots and density was assessed monthly. By Octtiteenative warm-season grasses at
the OSU-RRS site had completed anthesis, and stens had senesced, and monthly
assessments were concluded.

Year-2 growing seasout the KPBS site on April 24, 2018. bladhiiseeds were
sown into all plots, and monthly assessments wetiated. At the OSU-RRS site on
April 15, 2011, exotic species were seeded inttspdod monthly density assessments
were initiated. By late August 2011, the warm-seag@sses at both sites had completed
anthesis and some tillers had senesced, therdfiereyonthly assessments were

concluded. At the time of each exotic species smme®, aboveground biomass was
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clipped at the soil surface, sorted by warm-seasahcool-season grass species, forbs
and woody species, tillers or stems were countedchpped biomass was oven-dried at
60°C for 48 hours. Biomass was weighed to the ne@ré4g to determine total
aboveground biomass production of each exotic spend each functional group
(Abrams et al. 1986). Total aboveground biomasallaxotic species was used as an
indicator of invasibility.
Data analysis

To test for the effects of bud density on exotie@ges performance, biomass of
each exotic species (measure of growth succeswasibility) was compared with the
various bud densities via one-way ANOVA using SAB®2 Values are reported as
means = 1 SE, and were considered significantlfatatistical tests at < 0.05 level.
Duncan's multiple range test (square mass) wastasesbure no existence of a Type |
comparison wise error rate. A Tukey’s Studentizende (HSD) Test (square mass) and
Bonferroni (Dunn) t Tests (square mass) were usedsure no existence of a Type |

experiment wise error rate.

RESULTS

Using two field studies (Oklahoma and Kansas) ftlewing hypotheses were tested:
(1) bud:tiller ratios will decrease with decreasingl banks; (2) Increases in bud bank
size will lead to increases in grassland stabitligreby reducing invasibility; and 3)
Grassland invasibility is regulated by a minimumesihold in belowground bud bank

population densities.
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Study 1: Estimation of bud bank density (bud:tiliatio)

The ratio of native warm-season grass belowgrownts bo native warm-season
aboveground tillers was assessed to test my fyjgsbthesis that bud:tiller ratios will
decrease with decreasing bud banks. At both KPBIS281UJ, no significant differences
were observed between bud:tiller ratios and tH83066, and 100% belowground bud
density treatments. KPBS 2-year average bud:ti#ieos were 1.42, 1.81, 1.73, and 1.67
for 0, 33, 66, and 100% of the belowground budifensities, respectively (Fig. 2.A);
an average of 1.66 buds per tiller. None of thetilet ratios for the various
belowground bud density treatments were signifigaiat < 0.05) different from one
another. Therefore, total tiller number in my platss related to that of belowground
buds (generally 1 tiller = 1.66 buds). OSU-RRS aryeverage bud:tiller ratios were
1.00, 2.47, 3.99, and 1.26 for the 0, 33, 66, &¥d belowground bud field densities,
respectively (Fig. 2.B); an average of 2.18 buddifer.

Study 2: Assessment of exotic species biomassitgeasd grassland invasibility

Aboveground Biomass:

KPBS site (Kansas site)lo invasion occurred during year 1 (2010) growing
season, however, invasion (biomass productioneéiotic species) did occur in Year 2.
Exotic species biomass data supported by my sdogpathesis that decreases in the
belowground bud bank lead to decreased grasslahditst (resistance to change),
thereby increasing invasibility. Exotic speci8s bladhi) aboveground biomass was as
much as 10,162% greater in the control (0% warnseseéllers remaining) plots as
compared to plots that contained warm-season grasggardless of bud bank density.

However, there were no significant differences lesmvexotic specie8( bladhii
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biomass production in the low (33%), medium (666ét)ield density (100% of warm-
season tillers remaining) plots (Table 1; Fig. 3.A)

OSU-RRS site (Oklahoma sit&milar patterns in exotic species biomass
production observed at KPBS field site occurrethatOSU-RRS site. The 2-year
average exotic specieB.(ischaemunB. japonicus, and L. cunegtaboveground
biomass was as much as 467% greater in the cgntralative warm-season grasses)
plots as compared to any plots that comprised wsgason grasses, regardless of bud
density. However, there were no significant diffexes between exotic species biomass
production in the low (33%), medium (66%), or fieldnsity (100% of warm-season
grass buds) plots (Table 2; Fig. 3.B). At the spebevel for this multi-exotic species site
in Year 1,B. ischaemundominated the exotic species community acrossuallbank
densities (Fig. 4.A). In Year 2, cuneatasurpasse®. ischaemunm biomass production
across all bud bank densities (Fig. 4.B).

Minimum invasibility threshold in perennial warmas®n grass bud bank

KPBS siteNo minimum invasibility threshold could be detereuifor Year 1
due to lack of invasion. Year 2 exotic speci@skladhi) biomass from field plots
indicate a non-linear response relationship betwkeemwarious native bud bank densities
and invasion success By bladhii(Fig. 3.A). The data also suggest there is an
invasibility threshold between 33% of the belowgrdubud field density (approximately
671 buds rif) and total removal of the warm-season grass blalsl¢ 3). Therefore,
KPBS data supports my third hypothesis that gragstdant community invasibility is
regulated by a minimum threshold in belowground badk densities. Year 2 end-of-

season exotic specieB. (bladhi) density from my field plots indicate a similarmbnear
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relationship between the various native bud bamisities and density successiby
bladhii. The data suggest there is a threshold betweean@?33% of the belowground
bud field density plots, where stability decrea@egasibility increases) and exotic
species are successful in establishing and reproglugemoval of all belowground buds
profoundly increased exotic species density, agpeoad to plots that consisted of warm-
season grass buds, regardless of belowground msityldn 2011 B. bladhiitiller

density trend (% change over 4 weeks) for the cb{®26) native bud bank density
treatment was +200 at Week 5, then an density tf@nchange over 5 weeks) of +50.7
was evident by Week 10, and finally an densitydré change over 4 weeks) of +6.7
occurred at Week 14. At the end of the 2011 growason, tiller density of this
invasive exotic was 111 tiller ffor plots that did not contain any warm-seasorssga,
versus only 3 tillers fifor plots with buds reduced to as much as 33%efhative bud
bank density (Fig. 5. A and BBothriochloa bladhiwas not observed in the 66% and
100% native bud bank density plots (Fig. 5.C and D)

OSU-RRS sitéAt the Oklahoma site, where multiple exotic spegwese used, a
strikingly similar non-linear response and minimumvasibility threshold were found.
Both 2010 and 2011 seasons experienced a non-liegaonse relationship between the
exotic species aboveground biomass and bud barditiésn Data from both years, as
well as the 2-year average, suggest an invasiiiigshold between a belowground
meristem level of less than 33% of field densit9q®uds rif) and total removal of
belowground buds (0% of field density) (Table 43.R3.B). Therefore, OSU data

supports my third hypothesis that grassland plantraunity invasibility is regulated by
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a minimum threshold in belowground bud bank deesitAt the species level, a similar
non-linear response occurred when compalinguneataaboveground biomass across
the native bud density treatment levels, and wagpled with an invasibility threshold
between 0 and 33% of field density. Neither noedinresponse relationship, nor an
invasibility threshold was found when comparihgaponicusaboveground biomass
among the treatment levels (Fig. 4.A and B).

Similar to KPBS, removal of all belowground budsfpundly increased exotic
species density, as compared to plots that corttairmem-season grass buds, regardless
of belowground bud density. At the species levegrall exotic species trend density was
not driven by one species (Fig. 6 and 7). In 281€&n density of the control (0%
belowground bud field density) plots were domindigdB. ischaemunandL. cuneata
with a trend of increasing density observed thrauglthe season. At Week 18 the exotic
species assemblage began to shift Bitischaemunsurpassingd.. cuneatan dominance
(Fig. 6.A). At the 33% field bud density treatmeBt japonicusdiominated the exotic
plant assemblage throughout its growth period (€iB). From Week 4 through Week
25,L. cuneatahad greater density th&h ischaemupnthen by the final week (Week 27)
both species had nearly equal density. The bud Hankities reduced to 66% field bud
density had a nearly co-dominant exotic speciesnaskge of.. cuneata and B.
japonicus(Fig. 6.C). FollowingB. japonicussenescencé, cuneatadominated the
density of the exotic communities. In 2010, at188% field bud densityB. japonicus
dominated the exotic species community throughsugrowth period as both cuneata

andB. ischaemunhad very low stem production. However, in both@@hd 2011, stem
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or tiller production was very low for all three diospecies in the field density (100%)
treatment density levels were relatively low thrbagt the 2010 season (Fig. 6.D).

At the onset in 2011, the exotic species densitheé control plots was entirely
attributed toL. cuneataThen, similar to th&. ischaemundensity trend observed for the
2010 33% field bud density treatmeris,ischaemunbegan an increasing trend toward
the same level ds cuneataBy the final weekB. ischaemunmslightly surpasset.
cuneatain density (Fig. 7.A). In the 33% field bud degditeatments, unlike 201Q,
cuneatadominated the exotic species community duBngaponicusgrowth (Fig. 7.B).
There was relatively lo8. japonicusandB. ischaemundensity throughout the 2011
season. The 66% field bud density treatments wen@rthted byL. cuneatasimilar to
2010. (Fig. 7.C). The 100% field bud density plaésl essentially onll. cuneatastems

(Fig. 7.D).

DISCUSSION

This 2-year multi-site study examined (1) whethed:kller ratios decrease with
decreasing bud banks; (2) whether decrease in getaxnvd bud bank size (i.e.
population) will lead to decreases in grasslantikia (resistance to change), thereby
increasing invasibility; and (3) whether grasslghght community invasibility is
regulated by a minimum threshold in belowground badk densities.

Results of Study 1 did not support my first hypaikehat bud:tiller ratios
decrease with decreasing bud banks. No signifidéierences in bud:tiller ratios were
observed between the control (0% or complete rehaiMzelowground buds) low (33%

of field bud density), medium (66% field bud deysdand field bud density (100% or no
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removal of belowground meristems) plots. Bud:til&ios for both KPBS and OSU-
RRS field (100%) bud density plots ratios werekgtigly similar to earlier studies
(Benson et al 2004; Dalgleish and Hartnett, 200@) l&ely not meristem limited, with
bud:tiller ratios of one (1) or greater for all teiground bud density plots (Table 5; Fig.
2). In fact, since my bud:tiller ratio assessmeas\wased on late summer and early fall
samples, | may have underestimated bud:tiller sghat occurred in the following

spring. Tallgrass prairies grasses make graduatantihual deposits to the bud bank
until the following growing season (Dalgleish andrthett 2006). Therefore, it is likely
that competition for resources (water, light, antrients) rather than meristem limitation
resulted in tiller emergence and/or mortality rgdéssk and Westoby 2004, Benson et al
2004). Winning such competitions may be attributethe ability to re-sprout rapidly
from a pool of dormant meristems, conferring soraedfits to offset meristem
production and maintenance cost (Vesk and Wesilf}4), and perhaps the pre-
emption of resources from potential exotic invaderabling a resident plant community
more resistant to invasion.

Results of my study support my second hypothesitsdécreases in the
belowground bud bank lead to decreased grasslahditst (resistance to change),
thereby increasing invasibility. At both KPBS an8 @ RRS sites, removal of all
belowground buds profoundly increased exotic spgdoiemass production, as compared
to plots that consisted of native warm-season ggssgardless of belowground bud
density. Analysis at the species level indicates tiot all exotic plants equally
contributed to the overall biomass. At the OSU-RIRE&, plots absent of native warm-

season grass belowground buds greatly increBsesthaemunandB. japonicus
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individual biomass production, as compared to b&smaoduction in plots that
comprised native warm-season grasses, regardléstanfground bud density. However,
there were no significant differences in totalradividual exotic species biomass
production between treatments with any warm-segsass belowground buds. Sprinkle
(2010) recently conducted a greenhouse mesocosiyn &texamine the relationship
between bud bank density and grassland stabilithizomatous-dominated warm-season
grass communities. In this study, mesocosms tllahali contain native belowground
buds were profoundly greater in exotic species hgsproduction (successful growth),
as compared to mesocosms that contained nativemnatous warm-season grass buds,
regardless of bud bank density. This greenhoushy stgrees with my field study, in that
maintaining bud banks reduces the susceptibilityheftallgrass plant community to
invasion by exotic plants, imparting stability teese communities by significantly
limiting exotic species growth and reproduction.

At the community level for the multi-exotic specifexdd plots of the Oklahoma
site, exotic specids. cuneataandB. ischaemundominated the exotic species
community biomass among the various bud bank dessAn interesting pattern was
revealed regarding exotic species dominance, b@séimass production, at the
Oklahoma site. At the end of the first yearjschaemundominated the exotic species
community across all bud bank densities. Howewethb end of Year 4,. cuneata
surpasse®. ischaemunm biomass production. This shift in dominance rhaydue to,
but not limited toL. cuneata’sextensive root system over tallgrass prairie g=éBlair
and Fleer 2002), release of more effective alldlupachemicals by.. cuneataeffects of

shading a$. cuneatabegan to outsize the less shade-tolerate grasseés nitrogen-
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fixing ability of L. cuneatawith a resultant alteration in soil nutrient aaility. Year 2
total precipitation was 37% below average, andrimy have placed. cuneataat a
competitive advantage having more extensive rogtesy than the prairie grasses (Blair
and Fleer 2002), allowing it to dominate by best@rviving periodic droughts
(Ohlenbusch and Bidwell, 2001). Also, since annulllirned tallgrass prairie is
chronically nitrogen-deprived (Eisel et al. 198@libs et al. 1991; Seastedt et al. 1991,
Ojima et al. 1994), a competitive edge may have lsbéted to the nitrogen-fixing
legumeL. cuneata

At both the Kansas and Oklahoma sites, similatio¥lahips were found using
density of the exotic species as a measure of sscés with biomass, removal of all
belowground buds profoundly increased exotic sget@nsity, as compared to plots that
contained warm-season grass buds, regardlessafdpelund bud density. Community
dominance, measured as warm-season grass bionoasg{ion, appears to negatively
affect density of exotic plant species (Smith amdpp 1999). At the species level for the
2010 OSU-RRS plots, end-of-season exotic speBies¢haemumandL. cuneata
density greatly increased in plots absent of waeasen grass buds. In 2011, the same
relationship was observed for all three exotic sgge®. ischaemum, B. japonicus, and L.
cuneata as well as the exotic speciés pladhi) at the KPBS site. Hartnett and Fay
(1998) found that most of the variation in aboveg net primary production (ANNP)
in tallgrass prairie could be accounted for byeatihces in tiller densities rather than
differences in tiller size. Perhaps the same ppiecsupports stem and tiller density as an
invasion performance measure in grasslands. Iniegés the low (33% field bud

density) and medium (66% field bud density) platsboth years at the Oklahoma site
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showed a general decline in native warm-seasors glessity corresponding with a
general increase In. cuneatadensity. Also, the Old World bluestem specksbladhii
andB. ischaemumat the Kansas and Oklahoma sites, respectivedgladied a robust
positive tiller density trend for the control (0% tive bud density) treatments, never
decreasing at any sampling point during my studgndity could be an equally or more
important factor than biomass production for pradginvasibility, especially if the
exotic species is capable of persisting in comnmesivith high bud bank densities until
conditions become more favorable for its growtim-essence, within an invasion lag
phase.

Results from my study support my third hypothelsa ggrassland plant
community invasibility is regulated by a minimunrébhold in belowground bud bank
densities. At both KPBS and OSU-RRS sites, theiespecies biomass production was
not proportional to the belowground meristem popoig and suggests the existence of
an invasibility threshold between 0 and 33% ofliewground bud bank density. A
recent greenhouse study using native rhizomatassglant communities and exotic
species suggested an invasibility threshold ocdusegween 0 and 30% (800 tillersn
of the estimated belowground bud density at KPB8i(&le 2010). Native belowground
meristems of my treatments with greater than 324d tud density were sufficiently
high enough to initiate new tiller growth. Neweits of the native grasses presumably
were able to rapidly capitalize available resousigsh as water, light, and nutrients.
Therefore, a threshold was observed, where fevegr 33% of field bud bank density

was necessary for invasion by the exotic speciég teuccessful.
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At the species level for the multi-exotic specigs OSU-RRS)B. ischaemum
andL. cuneataaboveground biomass each displayed a similar ime@# response as was
observed at the Kansas site. Furthermore, thisasseempanied by a minimum
invasibility threshold between the control and 38fthe field bud bank density for both
years: also similar to the KPBS site. HoweRerjaponicusdid not display a non-linear
response, and therefore, did not exhibit a mininmwasibility threshold. The importance
of thresholds for land management has made themtimfal importance in restoration
(Hobbs and Harris 2001). Knowing the processesceseal with these invasibility
thresholds can assist land managers to anticipat@derstand ecosystem behaviors
when evaluating perennial grasslands (Tongway 20a4#}her, thresholds can be used to
prioritize management and restoration efforts (Blestyer 2006). For example, already-
crossed-threshold areas may be unlikely to respmnektoration actions, thereby would
be considered low priority. Hence, consideratiothoésholds provides a sorely needed
prioritizing element to public and private landsmagement (Hobbs and Kristjanson
2003). The discovery of consistent thresholds is $study was intriguing and may aid in
understanding non-linear exotic species responpernennial grasslands.

The relationships elucidated from this study emeathe important role bud
banks play in rangeland ecosystems in conferriagti@nce to invasion by maintaining
high bud bank densities. Results of this studyngfiypsupport the suggestion that
perennial grasslands with a large bud bank are reestant to exotic species invasions.
My findings begin a critical step in obtaining atee understanding of belowground bud

banks in rangeland responses to environmental ehang

53



REFERENCES

Anderson, R.C. 2006. Evolution and origin of thenC&l Grassland of North America:
climate, fire, and mammalian grazers. Journal efftbrrey Botanical Society.

133(4): 626-647

Benson, E.J., D.C.Hartnett, and K.H.Mann. 2004o®ground bud banks and meristem
limitation in tallgrass prairie plant populatio#smerican Journal of Botany
91:416-421

Benson E.J. and D.C. Hartnett. 2006. The role efl sd vegetative reproduction in
plant recruitment and demography in tallgrass @aklant Ecol 187: 163-178

Bestelmeyer, B.T. 2006. Threshold concepts and tis& in rangeland management and
restoration: the good, the bad, and the insidiBestoration Ecology 14(3): 325-
329

Blair E. and Z. Fleer. 2002. Early growth stagek.afuneataare a factor in its ability to
colonize in tallgrass prairies. Tillers 3:11-14

Burke, M. J., and J. P. Grime. 1996. An experimesttedy of plant community
invasibility. Ecol77: 7767

Dalgleish, H.J. 2007. Belowground bud banks aslatégrs of grassland dynamics. PhD
dissertation, Kansas State University, Manhattamgas.

Dalgleish, H.J. and D.C. Hartnett. 2006. Below-gribud banks increase along a
precipitation gradient of the North American GrBé&ins: a test of the meristem

limitation hypothesis. New Phyto 171:81-89

54



Dalgleish, H.J. and D.C. Hartnett. 2009. The effaftfire frequency and grazing on
tallgrass prairie productivity and plant compositere mediated through bud
bank demography

Dalgleish, H.J., A.R. Kula, D.C. Hartnett, and B¥andercock. 2008. Responses of two
bunchgrasses to nitrogen addition in tallgrasgigraihe role of bud bank
demography. Amer J Bot 95:672-680

Daubenmire, R. 1959. A canopy-coverage method gétational analysis. Northwest
Sci 33:1:43-64

Davis, T. 2011. Perspectives: Konza Research Imfgalabal Grasslands. Kansas State
University, Division of Communication and Marketinganhattan, KS

Eisele, K., D.S. Schimel, L.A. Kapustka, and W.artén. 1989. Effects of available P
and N:P ratios on non-symbiotic nitrogen fixatiaorprairie soils. Oecologia 79:
471-474

Greenman, J.V. and V.B. Pasour. 2012. Thresholdmyes for periodically forced
ecological systems: The control of population inwvasnd exclusion. J. of Theor
Biol 295, 154-167

Harper, J.L. 1977. Population biology of plantsademic Press, New York, New York,
USA

Hartnett, D.C., J.P. Setshogo, and H.J. Dalgl&i8h6. Bud banks of perennial savanna
grasses in Botswana. African J of Ecol 44: 256-263

Hobbs, N.T., D.S. Schimel, C.E. Owensby, and D j8n& 1991. Fire and grazing in the

tallgrass prairie: contingent effects on nitrogewdpets. Ecology 72: 1374-1382

55



Hobbs, R.J. and J.A. Harris. 2001 Restoration egolepairing the earth’s ecosystems
in the new millennium. Restor Ecol 9: 239-246

Hobbs, R.J. and L.J. Krisjanxon. 2003. Triage: limave prioritize health care for
landscapes? Ecol Mgmt Restor 4 (Suppl.): S39-S45

Knapp, A.K. and M.D. Smith. 2001. Variation amongrbes in temporal dynamics of
aboveground primary production. Science 291: 484-48

Jeltsch, F., K.A. Moloney , M. Schwager, Koilker, and N. Blaum. 2011. Consequences
of correlations between habitat modifications aadative impact of climate
change for regional species survival. Agri. Ecoslgsiviron. 145; 49-58

MEA, Millennium Ecosystem Assessment. 2005. Synsh@eport. Island Press,
Washington, DC

NASA, National Aeronautics and Space Administrati®dl2. Url:

http://earthobservatory.nasa.gov/Features/Grassland

Neri, F.M., A. Bates, W.S. Fuchtaauer, F.J. Perech®, S.N. Taraskin, W. Otten, D.J.
Bailey, and C.A. Gilligan. The effect of heteroggyen invasion in spatial
epidemics: From theory to experimental evidenca imodel system. 7 (9): 1-9

Nisson, P., J. P. Tuomi, and M. Astrom. Bud dornyaasa bet-hedging strategy. Amer
Naturalist 147:269-281

Ohlenbusch, P.D. and T.G. Bidwell. 2001. Sericepdeleza: history, characteristics, and
identification. KSU Agriculture Experiment Statiadanhattan, KS MF-2408

Ojima, D.S., D.S. Schimel, W.J. Parton, and C.Ee@sby. 1994. Long- and short-term

effects of fire on nitrogen cycling in tallgrassapie. Biogeochemistry 24: 67-84

56



Seastedt, T.R., J.M. Briggs, and D.J. Gibson. 1@@htrols of nitrogen limitation in
tallgrass prairie. Oecologia 87:72-79

Smith, M.D. and A.K. Knapp. 1999. Exotic plant sigean a C4-dominated grassland:
Invasibility, disturbance and community structu@&cologia 120: 605-612

Smith, M.D. and A.K. Knapp. 2001. Size of the lospécies pool determines invasibility
of a C4-cominated grassland. Oikos 92:55-61

Sprinkle, J.W. 2010. Bud bank density regulatessnn by exotic plants. M.S. thesis.
Oklahoma State University, Stillwater, OK.

Stansberry, C.J. 2010. Personal communication.l®kfa State University Range
Research Station

Turner, M.G. 2005. Landscape ecology in North Aceerpast, present, and future. Ecol
86: 1967-1974

Tuomi, J., P. Nilisson, and M. Astrom. 1994. Plemmpensatory responses: bud
dormancy as an adaptation to herbivory. Ecologyl429-1436

USDA-NRCS WSS, United States Department of Agrimalt— Natural Resource
Conservation Service Web Soil Survey. 2012. url:

http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm

Vitousek, P.M. 1994. Beyond global warming: ecolagny global change. Ecology 75:
1861-1876

Vitousek, P.M., C.M. D’Antonio, L.L. Loope, M. Repnek, and R. Westbrooks. 1997.
Introduced species: a significant component of hiewused global change. New

Zealand Journal of Ecology 21 (1): 1-16

57



Walker, B.H. and J.A. Meyers. Threshold in ecolagy social-ecological systems: a
developing database. Ecol and Soc 9:3

Walker, B.H. 1993. Rangeland ecology: understandmfymanaging change. Ambio 22:
80-87

Wellstein, C. B. Sclader, B. Reineking, and N.E. Zimmermann. 2011. Usideding
species and community response to environmentalgeha a functional trait
perspective. Agri Ecosys. Environ 145: 1-4

White, R., S. Murray, and M. Rohweder. 2000. Paloalysis of global ecosystems:
Grassland ecosystems. World Resources Institut€, $ NE, Washington, DC.

100 p

58



TABLES

Table 1. Measures of exotic speciBsthriochloa bladhij success following seeding into 1piots of warm-season tallgrass prairie grass
belowground meristems (n=16 SE) established at 0%, 33%, 66% and 100% nate fiud density at Konza Prairie Biological Station

(KPBS), 2010 and 2011 growing seasons.

Treatment
Success
(YRD)
Native Aboveground
Belowground Biomass
Meristem (g m?)
Density
(%)
0 No invasion
33 No invasion
66 No invasion
100 No invasion
p-value -

Exotic Species  Native Species

(YR 1)

Native
Aboveground
Biomass

(g m?)

3.69 + 2.67
99.48 + 16.82
260.46 *+49.89

3,777.98 =
16.75

Exotic Species

Aboveground

34.89 + 15727
0.34+ 334
0.00 +0°00

0.00+0.06

Native Species
(YR 2

Native
Aboveground
Biomass

(g m?)

40.52 +16.73
176.26+ 35.13
301.10 + 13.56

366.68 + 17.55

= means within columns followed by the same letterrat statistically different (one-way ANOVA;= 0.05)

Exotic Species
Success
(2-YR avg)

Aboveground
Biomass

(g m?)

17.45 + 7.63
0.17+0.17
0.00+0.00

0.00 + 0.60

0.0001

Native Species
(2-YR avg)

Native
Aboveground
Biomass

(g m?)

34.51 +15.76
171.26+ 35.13
301.10 + 13.56

366.68 + 17.55



Table 2.

Measures of exotBdthriochloa ischaemupBromus japonicusandLespedeza cunedtauccess following seeding into plots

of warm-season tallgrass prairie grass meristersg;x SE) established at 0%, 33%, 66% and 100% natle fiud density at Oklahoma
State University — Range Research Station (OSU-RER)0 and 2011 growing seasons.

Treatment Exotic Species Native Species
Success (YRD
(YRD)
Native Aboveground Native
Belowground Biomass Aboveground
Meristem (g m?) Biomass
Density (g m?)
(%)
0 149.58 + 64.81 0.00 £ 0.00
33 22.21+13.97  87.00 +53.74
66 7.25+3.18 464.33 + 47.84
100 252 +2.52 1,601.50 +
318.55
p-value - -

Exotic Species
Success
(YR 2

Aboveground
Biomass

(g m?)
133.00 + 36.25
14.21 +3.64
3.08 +1.39

0.95 + 0.5%

0.0001

a Superscripts indicate statistical similarity withlemns (one-way ANOVAg = 0.05)

60

Native Species Exotic Species Native Species

(YR2) Success (2-YR avg)
(2-YR avg)

Native Aboveground Native
Aboveground Biomass Aboveground

Biomass (g m?) Biomass

(g m?) (g m?)
16.69 + 13.22 117.14 +27.94 8.35+6.61
119.73 £ 39.04 18.21 + 7.88 70.96 + 26.98
243.14 + 38.68 5.16 + 1.99 360.96 + 11.12
380.00 + 69.65 1.73+1.44 955.31+ 161.6

- 0.0001 -



Table 3. Konza Prairie Biological Station (KPBf)tive warm-season grass community
tiller density (meat SE) and respective percent tiller density relatovthe average 100%
tiller density per sampling event among 0%, 33%6&8nd 100% native field bud densities,
for 2010 and 2011 growing seasons.

Sampling Treatment
Event (Percent Native Warm-Season Grass Bud Bank)
2010 0% 33% 66% 100%
Week 14 Tillers i 0.00 £0.00 375120 590 £ 60 995 + 97
(Jul 24) Percent of 0% 38% 59% 100%
100%
2011 0% 33% 66% 100%
Week 13 Tillers it 128 + 38 404 + 114 699 +71 1,033 + 105
(Jul 23) Percent of 12% 39% 68% 100%
100%

Table 4. Oklahoma State University — Range Rekéatation (OSU-RRS) native warm-season
grass community tiller density (mearSE) and respective percent tiller density relativehe
average 100% tiller density per sampling event ay@%, 33%, 66%, and 100% native field bud
densities, for 2010 and 2011 growing seasons.

Sampling Treatment

Event (Percent Native Warm-Season Grass Bud Bank)

2010 0% 33% 66% 100%
Week 27  Tillers i 0.00£0.00 136 + 28 351 +34 546 + 168
(Oct 30) Percent of 0% 25% 64% 100%

100%

2011 0% 33% 66% 100%

Week 15 Tillers i 80 +0.00 228+9 509 + 48 597 + 87
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Table 5. Konza Prairie Biological Station (KPBXRlahoma State University — Range Research

Station (OSU-RRS), and cited literature bud andrtdensities and meristem limitation index
values based on 100% native belowground bud density

Peak Bud Density* Peak Tiller Meristem Limitation
Site (buds n¥) Density* Index
(stems rif) (total buds/total

tillers**)

KPBS (2-YR 1901 1137 1.66

Average)

OSU (2-YR Average) 1353 3023 2.18

KPBS (Dalgleish & 2450 + 231 1831 + 167 1.35

Hartnett 2009)

KPBS ) Benson et al.

2004) 1830 + 330 -- --

1997 -- -- 1369 + 158 1.3

1998

*

** Tillers = flowering tillers
T 2010 and 2011

Estimates are means * one standard error
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FIGURE CAPTIONS

Figure 1. Hypothesized relationship between lbargk densities and native plant
community invasibility and stability.

Figure 2. Two-year average bud:tiller rationes at Konza Prairie Biological Station
(A) and Oklahoma State University — Range Rese&tation (B), 2010 — 2011.

Figure 3. Konza Prairie Biological ResearchiSta{A) and Oklahoma State
University — Range Research Station (B) 2-yearageinvasive species production at
0%, 33%, 66%, and 100% native field bud densi284,0 and 2011 growing seasons.

Figure 4. Oklahoma State University — Range RebeStation exotic species
(Bothriochloa ischaemunBromus japonicusandLespedeza cunegthiomass at 0%, 33%,
66%, and 100% native field bud densities, 2010a/d 2011 (B).

Figure 5. Oklahoma State University — Range R&$eStation native warm-season
(C4) grasses and exotic speciBstfiriochloa ischaemunBromus japonicusand
Lespedeza cunegttller and stem densities at 0% (A), 33% (B), 68%), (@nd 100%
native field bud densities, 2010.

Figure 6. Konza Prairie Biological Station natwarm-season grasses (WSG) and
exotic speciesBothriochloa bladhij tiller densities at 0% (A), 33% (B), 66% (C), and
100% native bud bank densities, 2011.

Figure 7. Oklahoma State University — Range R&$eStation native warm-season
grass and exotic speciddathriochloa ischaemunBromus japonicusandLespedeza
cuneata tiller and stendensities at 0% (A), 33% (B), 66% (C), and 100%westield
bud densities, 2011.
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