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PREFACE
My dissertation is composed of five chapters. Chapter | is a general ictioydto the
topic of scaling in species composition and a summary of my main conclusions. Chapter
I, entitled “A long-term study on the scaling of vascular plant composti@ntaligrass
prairie”, was coauthored by my advisor, M.W. Palmer, and will be submitted as a Da
Paper to th&cological Archive Chapter lll, entitled “Modeling the sampling effect in
the species-time-area relationship”, was coauthored by M.W. Palmer andhedltigshe
journal Ecologyin March 2009. Chapter IV, entitled “Quantifying the influence of
environmental texture on the rate of species turnover — evidence from two haatats
coauthored by M.W. Palmer. Chapter V, entitled “The influence of managemdéierela
to inherent landscape heterogeneity on the vegetation of a tallgrass prasie”
coauthored by M.W. Palmer and P.G. Earls. Although much of the fieldwork work in
this dissertation was carried on by others prior to my arrival in Oklahomathei§iest

person singular in this document for stylistic reasons
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CHAPTER |

INTRODUCTION

Species composition is structured in space and time (Preston 1960, MacArthur
1965, Rosenzweig 1995, Hubbell et al. 1999). This fundamental aspect of communities
reflects the influence of various biotic and abiotic drivers including disidarstation
(MacArthur and Wilson 1963, Hubbell et al. 1999), competitive exclusion (Tilman 1994,
Pacala and Levin 1997, Wilson 2007), pathogenic effects (Janzen 1970, Connell 1971,
Petermann et al. 2008), environmental gradients (Whittaker 1956, Wilson and Mohler
1983, Palmer and Dixon 1990), clonal growth (Pechacova et al. 1999), and disturbance
events (Levin and Paine 1974, White 1979, Arévalo et al. 2000). The influence of these
various drivers on species turnover is generally expected to be scale and stosyste
dependent (Reed et al. 1993, Palmer 2007a).

Despite the degree of complexity underlying the spatial and temporetuse of
community patterns, ecologists have noted that some quantitative communiggmetri
such as community similarity and species richness, change systelnascalfunction of
spatial and temporal scale in almost all communities. Distance decaydsamscaling
relationship. Distance decay reflects what is often referred to assthaw of
geography: the spatial and/or temporal distance between two samplessslinve

proportional to their similarity (Tobler 1970, Nekola and White 1999). This general rule



applies to patterns of species composition, and it provides a basis for understanding the
rate at which new species are accumulated as a function of area or tintejswhic
reflected in turn by two other scaling relationships: the species-datianship and the
species-time relationship, respectively. All three of these scalatipreships provide
community-wide quantitative expressions of species aggregation (He et al. 1986, Plot
et al. 2000a, He and Legendre 2002, Morlon et al. 2008) and have the potential to
implicate which drivers are shaping species turnover across scales (@odridcCoy
1979, Drakare et al. 2006). Therefore, the distance decay relationship, the sgecies-a
relationship, and the species-time relationship are useful for testingscalt

hypotheses related to species turnover (Williams 1943, Storch et al. 2003, Adler 2004,
Fattorini 2007, Palmer 2007a).

The goal of this study was to advance our understanding of the spatial and
temporal patterns of change in plant species composition or species turnover and to
examine hypotheses related to the driving mechanisms of these patterramplestc
this goal with four complementary studies in the following chapters.

In Chapter Il, | provide metadata for an 11 year, multi-scale datasél fAt
Palmer, my advisor, initiated at the Tallgrass Prairie Preserve ge@a, OK. The
function of this contribution is to make this valuable, multipurpose dataset available to
the broader community of ecologists and conservationists. | helped to manage and
update this dataset over my five years of study, and these data formedsiué bgs
analyses in Chapters Ill and V of this dissertation. A detailed description aeiidmset
will help to supplement these later chapters, as well as to provide advancedhaotice t

these data will be submitted into the public domain in the near future.



In Chapter lll, | examine whether empirical patterns of spatial and temnpor
scaling of species richness reflect an ecological signature and ipby @ passive
sampling of species. | developed an analytical model for the species-ime-ar
relationship (STAR) based on the sampling effect and compared it with an empirical
STAR generated by the data described in Chapter II. The model genbeateghécted
STAR under the assumption that species were sampled at random from a species pool
(i.e., species are neutral). The model demonstrated that the averageaplaceinent
and the relative abundance distribution of the species pool can exert a stromg@éine
the STAR. Given the degree of variation observed in the expected STAR, | was unable
to reject the sampling effect as an explanation for an empirical STAR.cAdypser
represents the first attempt to analytically model the STAR, the firgitieal example of
a complete nested STAR, and the first study to derive patterns of the tiaredy-
interaction which is the fundamental basis of the STAR. The material in Chiaptes
been published iEcology (2009).

In Chapter IV, | continue my theoretical examination of species turnover with a
test of a generalized version of the Environmental Texture Hypothesis (Pak)dr
2007a). Specifically | tested whether more rapid environmental distancewiasay
positively correlated with more rapid community distance decay. For #hjd sampled
the vascular plant communities and environmental variables along grassland and
woodland transects at the Tallgrass Prairie Preserve (Osage Co., foknd that the
rate of species turnover was positively correlated with the rate of emardal distance
decay, but this relationship was only significant in the grassland habitgtedted the

relationship between environmental distance decay and community distangevdatth



not be as strong in the woodland because species composition was not as strongly
correlated with the measured environmental variables in this habitat. The primary
implication of this study is that the geometry or texture of the environment ¢aenioé
the rate of species turnover if the environment appears to influence specgesitiom.
This is the first direct empirical test of the assumptions of the ETH.

In Chapter V, | focus on conservation implications of environmental
heterogeneity. Specifically, | quantified the ability of temporal viamah management
variables, including prescribed fire and cattle/bison grazing, to explainioanat
species composition in a tallgrass prairie relative to spatial and tdraparaes of
heterogeneity. | found that although management variables explainedargnif
variation in species richness and species composition, the contribution of thelskesaria
was small relative to inherent spatial heterogeneity between sampleandliiges
suggested that the spatial variation between samples was primargyl elat
belowground differences. These findings demonstrate the importance of undegstandin
the influence of management in a broader context and suggest the exact details of
management plans may not be of critical concern when attempting to mésefle
management goals.

The common thread between these four studies is a focus on the central drivers of
species turnover. Overall my findings suggest that scaling relationshipsmtiliwe to
provide a fruitful avenue of research into the determinants of species turnoveevetipw
some important obstacles, such as empirically quantifying the influence aintipéirsy
effect and estimating the relative abundance distribution of the species pgol, m

continue to thwart predictive models of scaling relationships. In addition, marcase



demonstrates that the geometry of the environment deserves furtheomisrd

predictor of species turnover. Lastly, the influence of management heteitygm

species composition should be examined both through controlled experimental designs as
well as with observational studies that place the management effectdnotadar

context.
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CHAPTER Il

A LONG-TERM STUDY ON THE SCALING OF VASCULAR PLANT

COMPOSITION IN A TALLGRASS PRAIRIE

INTRODUCTION

Identifying how species richness changes as a function of scale has imhporta
theoretical and applied implications. For example, the well known species-area
relationship is an expression of how species richness changes as a functioialof spat
grain. This relationship has revealed how a diverse array of factors influerszalkbe
dependence of species richness, including the rarefaction effect (McGdiritaémer
2009), environmental heterogeneity (Palmer 2007a), dispersal limitation (Resgnz
1995), and evolutionary isolation (Drakare et al. 2006). Indeed, it is now relatively
common place for ecologists to consider patterns of richness at multiplé sgaits.
However, time, another important facet of scale, has received considesshdytention
in studies of biodiversity (White et al. 2006a, White 2007). This omission occurred
despite early recognition that the temporal scale of a sample is an imp@tarminate
of richness (Fisher et al. 1943, Preston 1960). The importance of considering the
temporal scaling of diversity is compounded by the growing body of evidence that

demonstrates that the scaling of richness in space depends upon the temporalrscale ove

10



which it is examined (Adler et al. 2005, Fridley et al. 2005, McGlinn and Palmer 2009).
The interdependence of the spatial and temporal scaling of diversity (i.e., tlesspec
time-area relationship, STAR) has the potential to provide new theoreticgitgby
requiring that models simultaneously account for changes in diversity in sghtiena

(e.qg., Adler 2004).

Applied ecology also may benefit through the development of novel methods for
carrying out space-for-time substitutions (Adler and Lauenroth 2003, Adler et al. 2005)
One potential application of space-for-time substitutions is to predict futapotal
patterns of diversity in light of climate change with the aid of current sypatitdrns of
diversity (Adler and Levine 2007).

Given the importance of temporal patterns of diversity, it appears that teatcurr
paucity of studies considering simply time or the joint influence of space andtdue
in large part to a lack of suitable datasets in the public domain. Here, | desculie a m
scale dataset in space and time on vascular plants that | hope, if acceptastomile
part of the publically accessibiecological Archives Portions of this dataset have
already addressed a range of applied and theoretical questions. Palm@08kaluged
part of this dataset to compare strategies for efficiently conductimyaugh taxonomic
inventory. Palmer et al. (2003) examined the relevance of the species pool hypgothesis
explain the relationship between species richness and soil reaction. Brokaw (2004)
compared the ability of modern measures of the soil environment (e.g., totadGalkesi
P) with traditional measures of soil properties (e.g., soil cations) toiexydant
composition using only samples in this dataset collected in 2002. Palmer et al. (2008a)

examined how the relationships between native and exotic richness as thelkpecies
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to genus ratio changed as a function of scale. McGlinn and Palmer (2009) constructed an
empirical example of a STAR with the data. M.W. Palmer has also used the data to
provide The Nature Conservancy progress reports related to changes igetta¢ioe of
the Tallgrass Prairie Preserve (TGPP).

In addition to stimulating additional studies into the relationship of biodiversity
and scale, this dataset will be valuable to practitioners interested in theriurgand

conservation of the tallgrass prairie ecosystem.

METADATA
Class I. Data Set Descriptions

A. Data set identity:
Title: Multi-scale vascular plant composition from long-term monitoring at thigraak
Prairie Preserve, Oklahoma
B. Data set identification code:
Suggested Data Set Identity Code: TGPP_plants
C. Data set description
Principal Investigator: Michael W. Palmer, Department of Botany, Oklahoma State
University Oklahoma USA
Daniel J. McGlinn, Department of Botany, Oklahoma State University, OklakigAa
Abstract:

| describe a dataset that was collected as part of a monitoring projessc@nar
plant composition at the Tallgrass Prairie Preserve (TGPP) in OsagtyQ0kiahoma.

The purpose of this description is to precede the submission of this information into the
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public domain as a Data PapeiEoological Archives The dataset is valuable for both
theoretical and applied questions given the relevance of scaling patternsrétiche
models of biodiversity which guide our conservation of diversity. Furthermore, these
data will provide a reference point for tallgrass prairie restoration psajethe Flint
Hills. Over the course of the 11 year period, | sampled 20 permanent plots annually. The
permanent plots were selected semi-randomly from a UTM grid using theectitat
they contain less than 20 % of woody cover, standing water, or exposed rock. Plant
species presence was recorded at five spatial scales: 0.01, 0.1, 1.0, 10, ahth¥Em
of the four corners of a 100%mmquare quadrat. Plant species were assigned to a percent
cover class at the 100°mgrain. In addition to information on plant composition, |
provide data on topography, soil variables, monthly total rainfall, monthly average
temperature, and management records related to fire and grazing history.tHisiope
dataset will simulate further research into the scaling of biodiversity aigthtimsto the
functioning and conservation of tallgrass prairie plant communities.
D. Key words:
tallgrass prairie, restoration, species-time-area relationship, bison, vegetation
monitoring, spatial scale, vascular plants, Flint Hills

Class Il. Research Origin Descriptors
A. Overall project description
I dentity: Multiscale vascular plant composition from long-term monitoring at the

Tallgrass Prairie Preserve, Oklahoma
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Originators. M.W. Palmer

Period of Study: Multiscale vascular plant data and environmental site data from the
month of June, 1998-2008. Climate data from January 1993 to December 2008.
Objectives:

Abstract: same as above

Sour ce(s) of funding: The Oklahoma State University College of Arts and Science, The
Oklahoma Nature Conservancy, The Spatial and Environmental Information
Clearinghouse, The Philecology Trust, The Swiss Federal Institute foit,emesv and
Landscape Research, and the Oklahoma Water Resources Research Irstitled pr
financial assistance at various stages of research at the TallgnaesHreserve.

B. Specific subproject description

Study Site:

The Tallgrass Prairie Preserve (TGPP, ca. 15,700 ha in size) is locatedretw
36.73° and 36.90° N latitude, and 96.32° and 96.49° W longitude in Osage County,
Oklahoma. The elevation on the preserve varies from 253 to 366 m, and over the course
of the study period (1998 to 2008) the total annual rainfall averaged 942 mm and ranged
from 593 to 1217 mm. The preserve is located in the southern terminus of the Flint Hills
(see Hamilton 2007 Fig. 2.1) which is an ecoregion characterized by shallow soils
derived from Permian sediment (Oviatt 1998). Due to long-term erosion, the surface
layers of soil are thin and young; limestone and sandstone are frequentlydeaiptbee
surface. Because of these shallow rocky soils, the Flint Hills, including thE, TTGB

remained unplowed and is utilized primary for cattle grazing (Kindscher @it 1997).
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The TGPP is owned and operated by The Nature Conservancy (TNC) who purchased the

bulk of the preserve (the 11,800 ha Barnard Ranch) in 1989. Since that time the TNC has

made additional land acquisitions that increased the preserve’s area tceits sze.

Prior to the acquisition of the preserve by TNC in 1989, the majority of the ste wa

managed for cow-calf and yearling cattle production with a 4- to 5rgéation of

prescribed burning and aerial application of broadleaf herbicides (1950-1989)t¢Ham

2007). In 1993, 300 bisoB¢s bisohwere introduced onto a 1,960 ha portion of the

preserve. Over time the bison unit has ground grown to a herd size of ca. 2,600 and

occupies an area of ca. 8,500 ha (shaded region, Fig. 2.1). Approximately 1/3 of the burn

units (watersheds) within the bison unit are randomly selected for prescrilmgagbur

annually. Some areas experience periods as long as 10 years without foeradue

random nature of burn unit selection. The remainder of the preserve is managed for

seasonal cow-calf production with a more frequent application of fire. Lasttn bre

allowed to graze year round, but cattle grazing is only during the spring and summe

months. Hamilton (2007) provides additional details on the management of the TGPP.
Approximately 90 % of the TGPP consists of grasslands. The majority of the

grasslands are composed of tallgrass prairie habitats dominafediimpogon gerardji

Sorghastrum nutanSporobolus composityBanicum virgatumandSchizachyrium

scoparium Shortgrass prairie habitat occurs to a lesser extent on more xeriadiies a

dominated byBoutelouaspp. Other notable vegetation types on the preserve are oak

woodlands of the cross timbers which are composed primar@uefcus stellatand

Quercus marilandicagallery forests along the main tributaries, and ephemeral wetland

communities on shallow slopes and plateaus. Despite the application of herbicate earli
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in the 28" century, the flora of the TGPP appears relatively intact with a total of 763
species of vascular plants present (to date) of which 12.1% are exotic (Palmer 2007b).
The referenced voucher specimens for my study are deposited in two locations: 1) in the
Oklahoma State University Herbarium (herbarium code: OKLA), Stillw&&r 74074
and 2) in the TGPP Herbarium, Pawhuska, OK (located at study site).
Resear ch methods:

A suitable sampling design for understanding the scaling of diversity witkin a
amongst samples requires objectively placed permanent plots. This is netessar
ensure that the results are not biased by the investigators subjective iompoéss
homogeneity or representativeness of the site (Palmer 1993). Other impqréans as
suitable long-term data include accurately relocating the samples amgimag the
consistency and accuracy of taxa identification (Milberg et al. 2008). Thetefore
selected twenty permanent 108 piots randomly from a UTM NAD27 1 km grid of 151
plots. The only criteria | imposed on plot selection were that plots not contériadrti
structures or more than 20 % of woody cover, standing water, or exposed rock.

| sampled the plots every June (when | could readily identify both early and last
season plants) from 1998 to 2008. Depending on weather, sampling typically required 10
days in the field to complete. Each plot wi&s10m with iron reinforcement bars at the
corners sunk to ground level and topped by Surv-Kap® aluminum caps stamped with the
plot ID number. The plots were relocated with a GPS and a magnetic locatbr. E
corner has a series of square nested subplots with areas of 0.01, 0.1, 1, &Eig0 m
2.2). lrecorded all vascular plant species rooted within each subplot, as tilentire

plot. Species not rooted in the quadrat but leaning into the quadrat were also recorded

16



but with a special code (see Table 2.1). | recorded a cover class for eciels sp the

100 nf grain (Table 2.2). M.W. Palmer estimated visual cover and made the final
identification on all recorded taxa to maintain consistency and accuracyhbrduge

study. Additionally, | recorded height of the tallest grass, forb, and woody plant;
estimated cover of woody plants, rock, bare soil, and water; and recordedrsiope

aspect. |took two 15 cm deep soil cores 50 cm outside each quadrat corner, for a total of
8 cores per quadrat; | varied the direction annually to minimize disturbance w8ials
analyzed by Brookside Labs (New Knoxville, OH) for total exchange dgpatl,

percent organic matter, bulk density, and, using a Mehlich 3 extractantpbéeaiiur,
phosphorus, calcium, magnesium, potassium, sodium, boron, iron, manganese, copper,
zinc, and aluminum (Mehlich 1984).

Climate data was downloaded from the Foraker Mesonet tower (36.841° N, -
96.428° W; elevation: 330 m) that is located on the preserve (Fig. 2.1). The Mesonet
tower is 10 m tall and collects data every 5 minutes on a wide range of meteotigiogica
relevant information (http://www.mesonet.org/mcdguide.pdf; McPherson et al. 2007).
However, for the purposes of this dataset | only accessed monthly data on total
precipitation and average temperature. Precipitation was measured wittOadle
Tipping-Bucket Rain Gauge located just off the ground. Temperature was recattded w
a Thermometrics Fast Air Temperature sensor 1.5 m above the ground. Although I
provide the monthly precipitation and temperature data here, all other measure@wariabl
are freely accessible via the Mesonet webpage on a daily interval

(http://www.mesonet.org/).
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Data on fire events that occurred at the twenty quadrats were extracted fro
topographic burn maps created by R. G. Hamilton. The burn boundaries were visually
digitized in ArcView v3.3 with the aid of a digital 3*mesolution aerial photograph of
the preserve and scanned USGS topo quads. The burn boundaries typically followed the
edge of an unpaved road or tributary and are therefore accurate within a reasonable
margin of error. Grazing history was reported by R. G. Hamilton and for thigetlatas
consists simply of years of bison grazing. All other sites were withile catits.

Nomenclature follows the PLANTS database (USDA NRCS 2008).

Project personndl:

M.W. Palmer was responsible for establishing the plots, gathering of eikspe
data, data input and error checking. D.J. McGlinn assisted in vegetation sampling, data
management, digitizing of burn layers, data input and error checking, and maiestehanc
the species and environmental components of the dataset. P.G. Earls developed the GIS
database of management information, assisted in sampling, data input and checking.
Many others assisted in the process of sampling the vegetation and soils (see
Acknowledgemernts

Class lll. Data Set Status and Accessibility
A. Status
L atest Update: May 2008 for the final format of all files.
L atest Archive date: June 2009
Metadata status. Metadata are complete for this period and are stored with the data (see

B. below).
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Data verification: M.W. Palmer verified all species data. The soil data was checked for
consistent values between years by D.J. McGlinn. The management dataraciecxt
by P.G. Earls and D.J. McGlinn.
B. Accessibility
Storage location and medium: All digital data exist on M.W. Palmer’s personal
computer in ASCII format.
Contact person: Michael W. Palmer, Department of Botany, Oklahoma State University,
Stillwater Oklahoma 74078 USA,; tel 405-744-7717; fax 405-744-7074,
mike.palmer@okstate.edu.
Copyright restrictions. None
Proprietary restrictions: None
Costs: None
Class IV. Data Structural Descriptors
A. Data Set Files
| dentity:
TGPP_spe. csv for the species composition from 1998 to 2008
TGPP_specodes. csv for the species names
TGPP_env. csv contains all environmental variables including management and
climate information for the study period.
TGPP_ri ch. csv contains species richness for each corner and each level (spatial

scale) of each sample
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TGPP_cl i m csv contains monthly total rainfall and average temperature for all years
of available Mesonet data, including years prior to the origination of sampling (1994-
1997).
Size:
TGPP_spe. csv -- 16819 lines, not including header row.
TGPP_specodes. csv -- 321 lines, not including header row.
TGPP_env. csv -- 220 lines, not including header row.
TGPP_cl i m csv -- 180 lines, not including header row.
TGPP_ri ch. csv -- 220 lines, not including header row.
Comments:
TGPP_spe. csv

Species occurrence is recorded at the highest level (smallest giaan 2T it
was observed for each corner. Because the subplots are nested within ongBigother
2.2), species that occur at a given level are assumed to occur in all levels below. For
example if a species is recorded at level 3 then it is also considered ptdseals 2 and
1. If a species was only observed at level 1 (i.e. it was not present in a subplot but was
rooted within the plot) then a 1 was recorded only in the column corresponding to
presences in corner 4.

Evidence of spot applications of herbicide to the invasive speesgsedeza
cuneata(sericea lespedeza) was observed occasionally in my plots. Therefmr® itn
this species should be interpreted with respect to this fact.

TGPP_env. csv andTGPP_cl i m csv
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The total monthly precipitation and monthly average temperature information in
TGPP_env.csv reflects the monthly conditions from June of the previous calendar year t
May of the current sampling year. Additionally | provide the datafile TGRMR.csv,
which contains monthly precipitation and temperature records beginning 4 yeais pri
the initiation of my study (1994 to 2008). Therefore the data in the two files are
redundant in part. |included this redundant information primarily because | telt tha
others would find it convenient that the climate variables were already inclutihethey
other site variables and because | wanted to provide others the option to caltuktte cl
lag effects for years prior to the beginning of sampling.

Lastly, in the month of February 1998 the rain gauge at the Mesonet tower did not
record any data and therefore | provide no estimate of total rainfall fantmgh.

Format and Storage mode:

ASCII text, comma delimited. No compression schemes used.
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B. Variable definitions

TGPP_spe. csv

but

Variable | Variable definition Units Storage | Range Missing value codes
name type numeric
values
plot plot number number integer | 1-20 N/a
year calendar year number integer | 1998- N/a
2008
cornerl | the finest grain (i.e., highest level) of species occurrence innumber integer | 0; 2-5 No missing data,
corner 1 (see Table 2.1 and Fig.2) a blank indicates a
true absence of the
species
corner2 | the finest grain of species occurrence in corner 2 number integer  0; 2-8s above
corner3 | the finest grain of species occurrence in corner 3 number integer-5 0; 2| As above
corner4 the finest grain of species occurrence in corner 4 (levels 2+5)mber integer | 0-5 As above
or if the species has not occurred in any of the subplots but is
in the plot (level 1); level O applies to both corner 4 and the
remainder of the plot not sampled in the subplots
cover cover class (see Table 2.2) number integer 1-9 N/a
idnum numeric ID for each species; as in TGPP_specodes.csv number integer 1-3Ala
code eight-letter code uniquely identifying species; typically firs| text string N/a N/a
four letters of genus and species; as in TGP_specodes.cs
species species name according to PLANTS text string N/a N/a
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TGPP_specodes. csv

Variable Variable definition Units Storage | Range | Missing
name type numeric| value
values | codes
idnum numeric ID for each species; asliGPP_specodes. csv number | integer 1-321| N/a
code eight-letter code uniquely identifying species; typically fasr letters of | text string 0-4 N/a
genus and species; as in TGP_specodes.csv
species species name according to PLANTS (2008) text string N/a a N
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TGPP_env.

Csv

Variable | Variable definition Units Storage | Range numeric| Missing value
name type values codes
plot plot number; as iTGPP_spe. csv number integer 1-20 N/a
yr calendar year number integer 1998-2008 N/a
plot_yr plot number and calendar year numeric string n/a N/a
concatenated; as in TGPP_spe.csv code
date_samp calendar date of sampling MM/DD/YY numerig string 06/04/98— N/a
code 06/21/08
jul_samp | Julian day of sample relative to Jan. 1 of number integer 150-181 N/a
the calendar year of sampling
easting UTM coordinate; NAD27 Conus zone 1 m integer 727000-738000 N/a
northing UTM coordinate; NAD27 Conus zone 14 m integer 4069000- | N/a
4086000
grass ht distance from the ground to the highest| m floating 0.3-1.8 N/a
blade of grass in the plot point
forb ht distance from the ground to the highest | m floating 0.3-1.6 N/a
forb leaf in the plot point
woody ht | distance from the ground to the highest| m floating 0-0.9 N/a
shrub leaf in the plot point
woody % | percent cover of woody plants in the plot % floating| 0-15 N/a
point
water % percent cover of water in the plot % floating | 0-15 N/a
point
rock % percent cover of rock in the plot % floating | 0—40 N/a
point
bare % percent cover of bare soil in the plot % floating| 0-55 N/a
point
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slope slope % integer 1-8 N/a

aspect aspect ° integer 28-310 N/a

TEC Total Exchange Capacity MEQ/100g floating | 4.86—-32.67 N/a
point

PH pH pH units floating 5.5-7.6 N/a
point

ORG Organic Matter (humus) % floating | 1.91-8.65 N/a
point

S Soluble Sulfur ppm floating | 8-87 N/a
point

P Easily extractable Phosphorus ppm floating| 3—-23 N/a
point

CA Calcium ppm floating 769-5001 N/a
point

MG Magnesium % floating 78-673 N/a
point

K Potassium % floating 61-658 N/a
point

NA Sodium % floating 14-322 N/a
point

BCA Saturation of Calcium % floating | 44.31-86.61 N/a
point

BMG Saturation of Magnesium % floating | 9.15-24.68 N/a
point

BK Saturation of Potassium % floating | 1.28-6.11 N/a
point

BNA Saturation of Sodium % floating | 0.24-5.11 N/a
point

BH Saturation of Hydrogen % floating | 0-39.73 N/a
point

25




B Boron ppm floating 0.23-1.87 N/a
point
FE Iron ppm floating 68-330 N/a
point
MN Manganese ppm floating | 8-99 N/a
point
CuU Copper ppm floating | 0.67-4.92 N/a
point
ZN Zinc ppm floating 1.48-8.03 N/a
point
AL Aluminum ppm floating 344-919 N/a
point
rainé total monthly rainfall in June of the mm integer 24-269 N/a
previous calendar year
rain7 total monthly rainfall in July of the mm integer 14-176 N/a
previous calendar year
rain8 total monthly rainfall in Aug. of the mm integer 0-240 N/a
previous calendar year
rain9 total monthly rainfall in Sept. of the mm integer 13-152 N/a
previous calendar year
rain10 total monthly rainfall in Oct. of the mm integer 25-210 N/a
previous calendar year
rainll total monthly rainfall in Nov. of the mm integer 1-116 N/a
previous calendar year
rainl2 total monthly rainfall in Dec. of the mm integer 6-138 N/a
previous calendar year
rainl total monthly rainfall in Jan. of the mm integer 1-94 N/a
calendar year of sampling
rain2 total monthly rainfall in Feb. of the mm integer 0-101 NA

calendar year of sampling
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rain3 total monthly rainfall in Mar. of the mm integer 18-217 N/a
calendar year of sampling

rain4 total monthly rainfall in Apr. of the mm integer 32-159 N/a
calendar year of sampling

rain5 total monthly rainfall in May of the mm integer 32-170 N/a
calendar year of sampling

temp6 average monthly temperature in June of °C floating 21.9-24.8 N/a
previous calendar year point

temp7 average monthly temperature in July of | °C floating 24.6-29 N/a
previous calendar year point

temp8 average monthly temperature in Aug. of| °C floating 24-28.6 N/a
the previous calendar year point

temp9 average monthly temperature in Sept. o] °C floating 18.9-25.1 N/a
the previous calendar year point

templ0 average monthly temperature in Oct. of| °C floating 11.9-16.9 N/a
previous calendar year point

templl average monthly temperature in Nov. of °C floating 4.7-12.4 N/a
the previous calendar year point

templ2 average monthly temperature in Dec. of °C floating -3.9-4.7 N/a
previous calendar year point

templ average monthly temperature in Jan. of| °C floating 0.2-6.8 N/a
calendar year of sampling point

temp?2 average monthly temperature in Feb. of| °C floating 1.5-8.2 N/a
calendar year of sampling point

temp3 average monthly temperature in Mar. of| °C floating 6-13.6 N/a
calendar year of sampling point

temp4 average monthly temperature in Apr. of | °C floating 12.8-17.9 N/a
calendar year of sampling point

temp5 average monthly temperature in May of| °C floating 17.8-21.8 N/a
calendar year of sampling point

27




Obison binary variable indicating plots that were numeric integer 0-1 N/a
grazed by bison for at least half of a year code
prior to June sampling in 1998 (=1) or
were grazed by cattle (=0)

bison binary variable indicating plots that were number integer 0-1 N/a
grazed by bison for at least half of a yea
prior to the date of sampling (=1) or were
grazed by cattle (=0)

YrsOB the years at plot was considered in the | number floating 0-14.66 N/a
bison unit relative to sampling date point

BP5Yrs the number of burns in the past five yeafsiumber integer 0-5 N/a
relative to the date of sampling

YrsSLB the years since the last burn relative to theaumber floating 0.15-10.25 N/a
date of sampling point

burn a binary variable indicating a plot was | number integer 0-1 N/a
reported as burned less than one year prior
to sampling (=1) or was not burned (=0)

date_burn | calendar date of burn for burns that less MM/DD/Y | character | 01/28/98— N/a
than one year prior to sampling date Y string 04/07/08

jul_burn Julian day of burns that occurred less thanumber integer 28-349 N/a

one year prior to sampling, calculated

relative to January 1 of the calendar year

the burn

of
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TGPP_climcsv

Variable name Variable definition Units | Storage type| Range numeric valug Missing value code
year calendar year numbeinteger 1994-2008 N/a

mo calendar month numbemteger 1-12 N/a

rain total monthly rainfall mm integer 0-269 N/a

temp average monthly temperaty °C floating point| -3.9-29 N/a
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TGPP_rich. csv

Variable name| Variable definition Units Storage type Range| Missing
numeric | value codes
values

plot plot number; as iITGPP_spe. csv number | integer 1-20 N/a

year calendar year number| integer 1998- | N/a
2008

L1 number of species at level 1 (see Table 2.1) number integer 48-104 N/a

L2C1 number of species at level 2 in corner 1 (see Table 2.1 and Rigumber | integer 2468 N/a

2.2)

L2C2 number of species at level 2 in corner 2 number integer 25+70 N/a

L2C3 number of species at level 2 in corner 3 number integer 21+67 N/a

L2C4 number of species at level 2 in corner 4 number integer 24+74 N/a

L3C1 number of species at level 3 in corner 1 number integer 10+40 N/a

L3C2 number of species at level 3 in corner 2 number integer 10+44 N/a

L3C3 number of species at level 3 in corner 3 number integer 3-40 N/a

L3C4 number of species at level 3 in corner 4 number integer 7-89 N/a

L4AC1 number of species at level 4 in corner 1 number integer 2-21 N/a

L4C2 number of species at level 4 in corner 2 number integer 4-23 N/a

L4C3 number of species at level 4 in corner 3 number integer 0-24 N/a

L4C4 number of species at level 4 in corner 4 number integer 1-25 N/a

L5C1 number of species at level 5 in corner 1 number integer 1-10 N/a

L5C2 number of species at level 5 in corner 2 number integer 1-11 N/a

L5C3 number of species at level 5 in corner 3 number integer 0-9 N/a

L5C4 number of species at level 5 in corner 4 number integer 0-9 N/a
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Class V. Supplemental Descriptors

A. Data acquisition

Data forms: data forms

L ocation of completed data forms: The completed species data forms are stored at

Oklahoma State University Department of Botany (M.W. Palmer’s €)ffic

B. Quality assurance/quality control procedures Field sheets were proofed for

concerns after every day in the field as well as during digitization.

C. Related material: n/a

D. Computer programs and data processing algorithms: n/a

E. Archiving: n/a

F. Publications and results:

These data have been used in the following publications:

Brokaw, J. M. 2004. Comparing explanatory variables in the analysis of species
composition of a tallgrass prairie. Proceedings of the Oklahoma Academy of
Science 84:33-40.

McGlinn, D. J. and M. W. Palmer. 2009. Modeling the sampling effect in the species-
time-area relationship. Ecology 90:836-846.

Palmer, M. W., J. R. Arévalo, M. C. Cobo, and P. G. Earls. 2003. Species richness and
soil reaction in a northeastern Oklahoma landscape. Folia Geobotanica 38:381-
3809.

Palmer, M. W., P. G. Earls, B. W. Hoagland, P. S. White, and T. Wohlgemuth. 2002.

Quantitative tools for perfecting species lists. Environmetrics 13:121-137.
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Palmer, M. W., D. J. McGlinn, and J. F. Fridley. 2008. Artifacts and artifictions in

biodiversity research. Folia Geobotanica 43:245-257.
G. History of data set usage: see F. above for references that use the data
H. Data set update history: All of the data were last updated in June 2008.
Review history: n/a
Questions and comments from secondary users. n/a
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TABLES

Table 2.1. The linear dimension and area of the five spatial grains/levels are hoted be
The grain at which a species was first encountered (the level) is denoted in

TGPP_spe. csv.

Level | Linear Dimension (m) Area (nf)
1 10.0x10.0 100
2 3.16x3.16 10
3 10x10 1
4 036x 036 0.1
5 010x 010 0.01

“a level of zero was recorded for unique species leaning over but not rooted in the quadrat
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Table 2.2. Each species was placed in a visual cover class at thé gemglevel 1).

Cover class % range

trace

<1

1-2

2-5

5-10

10-25

25-50

50-75

O |ONOO|OPWIN|F

75-100
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FIGURES

The Nature Conservancy'’s
Tallgrass Prairie Preserve, Osage Co., OK, USA

C o
Bison Unit

Mesonet tower . _O’—L

A

A Bison

/\ Transition

O Cattle

0 S 10 15 km

Preserve Area 15,700 ha
Bison Unit Arear 8,500 ha (54%)

Fig. 2.1 A map of the Tallgrass Prairie Preserve. The shaded area denbiesrthmit,
which increased in area during the duration of the study. The Mesonet tower where the
climate data was recorded is marked on the map as a¥taflie twenty quadrats

sampled each year of this study are displayed on the map (as triangleslasil cithe

sites that were grazed by bison at the beginning of the study (1998) argedispith

filled triangles @), those that transitioned during the study from cattle to bison are
denoted by unfilled triangled], and the other cattle grazed samples are denoted by

unfilled circles ¢). *Area of bison unit as of May 1, 2008.
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Corner 2 Corner 3

) 0
N
A 100 n?
10 n?
1.0 n?
71.0.1 n?
; #
Corner 1 0.01 n? Corner 4

Fig. 2.2 Sampling design for the permanent plots. The presence of each spgcies wa
recorded in each corner at each spatial grain and percent cover way estiralated at

the 100 rf grain.
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CHAPTER IlI

MODELING THE SAMPLING EFFECT IN THE SPECIES-TIME-AREA

RELATIONSHIP

Abstract Recent empirical work in numerous systems has demonstrated the
interdependence of spatial and temporal accumulation of species in the dpesiasea
relationship (STAR). | developed a process-based stochastic model forARetIGak
assumes species neutrality, and compared the model’s expectationsctulldetad on
plant species in a tallgrass prairie. | varied two important aspects rélm@l species
assemblage: evenness in the species pool and individual replacemery raténR is
larger than approximately 0.5 and evenness is intermediate to high, the S&étiral
generates patterns qualitatively similar to the empirical STAR. Mgemnalso indicates
that space and time were not symmetrical in their effects on specieawdation, except
in the special case &=1.0. | observed both positive and negative time-by-area
interactions in the sampling model, which indicates that nonzero interactions are not
necessarily evidence of ecological processes. Furthermore, as acedmulatess
approaches the size of the species pool, the time-by-area interaction bewressngly
negative in my model. This suggests that negative time-by-area interattoarid be

expected priori in empirical systems if rates of species accumulation decrease due to
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increasing rarity of unique species. Given the wide range of STAR&¢hsampling
model generated, the difficulty in estimating key parameters, and theecotyoif
assessing the relative abundance distribution and scale of the species gt refute
the sampling effect and | suggest caution in accepting ecologically-ariexpéanations

of empirical STARSs.

Keywords biodiversity, grassland, sampling effect, rarefaction effect,ragadpecies

richness, species turnover, STAR, scale dependence

INTRODUCTION

The species-area relationship (SAR) and the species-times relatioriBRip (S
were recently unified conceptually and empirically as the speciesatiegerelationship
(STAR) (Adler and Lauenroth 2003, Adler et al. 2005, White 2007). The basis for this
unification was Preston’s (1960) conceptual model that both the STR and SAR are driven
by analogous sampling, ecological, and evolutionary processes and the éerfnpdircg
that the influences of space and time on accumulated richness are not mutuadliyvexcl
(Adler et al. 2005). Specifically, Adler et al. (2005) found that for all datéseys
investigated, the slope of the log-log STR decreased as the spatial scale of the sample
increased. Simultaneously, the slope of the log-log SA&ecreased with increasing
temporal scale. The rate at whiglthanges as a function of log area, actianges as a
function of log time, are identical to each other and are, by definition, an traaerac
effect (Ai and Norton 2003). Adler et al. (2005) referred to the decreasandz as

area and time increased respectively as a negative time-byvameation. This finding
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has renewed interest in Preston’s model, and many have found that the SAR and STR are
qualitatively similar (Rosenzweig 1995, 1998, McKinney and Frederick 1999, Hadly and
Maurer 2001, Adler and Lauenroth 2003, White 2004, Adler et al. 2005, Fridley et al.
2006, Ulrich 2006, White et al. 2006b, Carey et al. 2007, White 2007) and likely driven

by similar processes, but there is little empirical documentation of therslof the STR

(White 2007).

Although Preston’s argument is conceptually appealing, | still do not hawve an
priori reason to expect accumulation of species to be similar in space and time and to
depend on one another. Such an argument is difficult to formulate due to the complexity
and stochasticity of ecological and evolutionary drivers of species asggslh space
and time (Brown 1971, Pickett and White 1985, Chesson and Huntly 1989, Russell et al.
1995). However, it should be possible to formulate a model for the sampling component
of the STAR from first principles (Rosenzweig 1998).

Thesampling effectalso known as thearefaction effectPalmer et al. 2000a)
describes a process by which species are gained by collecting mergualsi or
samples from a fixed “universe” (Palmer 1991, Goldberg and Estabrook 1998, Palmer et
al. 2000, Gotelli and Colwell 2001). Although the sampling universe has not changed,
the samples will not contain identical species due to chance. This proceks® leesea
referred to as random placement (Turner and Tjgrve 2005) and passive sampling (Conner
and McCoy 1979, McGuinness 1984a, 1984b). The influence of the sampling effect
extends easily to samples taken in both space and time (Fisher et al. 1948393,
Preston 1960, Brewer and Williamson 1994, White 2004). The sampling effect is

generally thought to dominate species accumulation at fine temporal aiadl gr@ahs
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although its effect never goes to zero (Preston 1960, Palmer and van der Maarel 1995,
White 2004). Ecological explanations for SARs and STRs are not warranted unless the
sampling effect can be rejected; therefore, it has played an importand eolaui model
(Conner and McCoy 1979, McGuinness 1984a, 1984b, Rosenzweig 1995, Gotelli and
Graves 1996).

Many authors have modeled the sampling effect for the SAR (e.g. Arrhenius
1921, Williams 1943, Coleman 1981), and recently White (2004) has extended
Coleman’s (1981) approach to the STR, but none have yet modeled the sampling effect in
both space and time on first principles (see Adler et al. 2005 for a randomization
approach). If the STAR is to be used to test ecological hypotheses and prvidahee
for ecological mechanisms (Adler et al. 2005), | must develop a more sophdticat
understanding of its basic underpinnings, and the sampling effect is a soiid giamt.
Therefore, the purpose of this study is to derive a model to investigate thedbelfide
sampling phase of the STAR and to qualitatively compare the results to an dmpirica

STAR from a tallgrass prairie ecosystem.

SAMPLING EFFECTMODEL
Model assumptions
If the number of species added to a community (by increasing area orgime) i
driven only by a sampling effect, then the relationship between species and individual
will be solely determined by the distribution of relative abundances in the speck
and will not be related to the environment or intrinsic differences betweerspdtius,

species interactions are here assumed to be nesgraildubbell 2001). For ease of
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presentation, | start by assuming the neutral community experiencesiaerhssamics
(later, | relax this assumption without changing the model outcomes);dtesrtfe

number of individuals in the local communit)) (s held constant over time, and birth and
death rates are simplified into one term for all species: the individuatespémt rateR
The replacement rate is the probability that individuals in the local community are
replaced by individuals chosen randomly from the species pool during one time unit.
Following Williams (1943) and consistent with zero-sum dynamics, one unit oisarea
defined as the area occupied by an individual. Therefore, the number of individuals at
any given time is equal to the sampled ar9a At each new time uniflj, the number of
individuals added to the sample is the product of the number of individuals in the
sampled ared, and the replacement rat®)(and if the first sampled individual is
defined to occur ad =1, T =1, then the cumulative number of individuals sampled

through time after the first sampling is equalA®T —1). Therefore, the total number
of individuals sampled for a given area and temporal duration is given by:
J=A+ART-1) (1)
From these assumptions | derive the sampling model for the expected numberes. speci
Model derivation
The expected number of speciesfosandomly sampled individuals is equal to
one minus the probability that no individuals of spece® present in the sample

summed over all the species in the species (Bl (

Sp Sp
E[S( | R,p)]:z[l— (- pi)J]=sp—Z(1— D)’ 2)
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Wherep is a vector of lengtlss that represents the relative abundance distributio
(RAD) of the species pool. After substitution of.Bgnto Eq. 2 the expected number of

species is:

S
E[S(AT[RpP)] =S, - > (- p ) ) 3)

i1
To characterize the relative increase in richness fanction of area and time for
the sampling based STAR (Eq. 3), | also derivethidas for the partial derivatives of
the natural logarithm (In) of the expected richn@sterred to a&: for brevity) as a
function of In area and In time respectivedyandwe (see Appendix A). | used the

subscriptE to indicate these are tle@pected/alues derived from the sampling effect

model (Eqg. 3).
& AlL+R(T-1)]
oms, acs ~ALFRT-DIX[a-p)* T ina—p)]
= = — = 1= (4)
£ 0InA S A s, _i - p_)A[1+R(Tfl)]
i=1 I
_ TARi [@- p) R Dn - p)]
W _aInSE _IaSE _ i=1 I I (5)
E 8 InT S 8T SP _ i (1_ p_)A[lJrR(T,l)]
i=1 I
The relationship betwees andwe is a linear function
1-R
Ze = WE[FWL j (6)

and thus wheR=1.0,z: = we. Equations 4 and 5 describe the independentendie of
area and time on the accumulation of richnesstHauéquations also demonstrate that
area and time cannot be decoupled. To quantifynteedependence between area and

time on richness | calculated the second-ordeigbaierivative of log richness with
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respect to In area and In time together (see Aprdsid resulting in the following

equation.

2
o°’Ins. ow AawE :_I_azE 7)

ETOINASINT  oInA_ 8A  oT

The mathematical basis of Eq. 7 is identical tofithed interaction parameterin

2
the “full model” of Adler et al. (2005) (i.e., bothandug are equal t%).

Therefore, | will refer taig using the term applied by Adler et al. (2005), tihee-by-
areainteraction. There are two important differencesneenu andug: 1) uis a single
fitted parameter andk is a continuous function, and @)s a statistically estimated
interaction andig is a mathematically exact numerical interaction.

Equation 3 is conceptually a neutral model, ndig¢a@onfused with the Unified
Neutral Theory (UNT, Hubbell 2001). Unlike the UNiere | am sampling from an
infinite metacommunity with no dynamics in abundargpeciation, or extinction.
However, like the UNT, biological interactions be#w individuals are assumed to be
neutral and of no consequence except for the itipnsaf zero-sum dynamics. | do not
expect many real communities to follow this relasibip, but | seek to determine whether
its qualitative behavior can reveal whether a samgffect is a reasonable explanation
for fine-scale STARs. The computer code to runmogels in R v2.6.2 (R
Developmental Core Team 2008) is provided as alsomgmt (S1).

Model parameters
| do not attempt here to estimate or constrairptrameters of the sampling model based
on my empirical data set from a tallgrass praiestribed later), and therefore my

model should not be considered a null model indhelysis. The clonal nature of many
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plants in my study system cause estimates of almeedsuch as visual cover and stem
counts to become decoupled from numbers of indalgluFurthermore, extrapolating
from a series of observed plots to the relativendlance distribution of the entire species
pool (which has an unknown spatial extent) is peotatic (Bunge and Fitzpatrick 1993,
Palmer 1995, Gotelli and Colwell 2001, Brose eR@D3). Here, | assume arpriori
RAD of the species pool, random sampling of indixal$ from the species pool. |then
compare the qualitative behavior of my neutral mhéaleny empirical STARS.

| calculated expectations for the neutral samphiraglel using a wide range of
parameters. Preliminary results (not shown) wesditatively robust to the size of the
species pool, so | simply set the species pood@véhich is slightly larger than the
number of recorded vascular plants at my study(Biéémer 2007b). However, |
recognize that the species pool may greatly ex86@d | varied area and time from 1 to
16384 by successive doublings of scale and setfilacement ratdrj at five values:
0.00, 0.01, 0.10, 0.50. and 1.00. | generated R#Bs for the species pool which
differed dramatically in evenness (following Siegall German 1982) to investigate the
influence that the relative abundance distribu{RAD) of the species pool had on the
neutral STARs. One distribution was uniform (evehiee distributions were
lognormally distributed [LOGN(, o)] with three levels of standard deviatian< 1, 2,
and 4), the other distributions included the geommét = 0.9), broken stick, Zipfy(=
1.3), Zipf-Mandelbrot{ = 1.3,5 = 100) RADs (see Wilson 1991 for details on these
RADs), and the uneven. The uneven distributiondiatbst complete dominance where
one species had probability of 0.99 and the remgifii01 was distributed evenly among

the otherS, —1 species (Table 3.1, Fig. C1). | considered mafigrént RADs for the
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species pool because | haveanpriori reason to prefer one model over the other for the
entire species pool. My interest is primarily mcdmenting the variability in the
expectations of the model. | varied the standardadion of the lognormal because this
provided a straightforward method for decreasimgabvenness of an assemblage.
Model results

The neutral STAR displayed a large range of vammiin response to the
replacement ratej and to different RADs; however, there were sompartant
generalizations that emerged. The SAR and STRrgttkewith the broken stick, Zipf,
and Zipf-Mandelbrot RADs were qualitatively simitarthe results of the LOGN(0,1)
RAD under the chosen parameters. To avoid redwydamvill not discuss or display
the results of these four RADs in this sectione BAR in log-log space was

predominately linear except when it approachedibe of the species pool in which case

2
it became more concave-down (i.é;,:g%i < 0) in shape (Fig. 3.1, Fig. 3.2) or when

0%logS

evenness was low in which case it displayed conocavg.e., “loa A > 0) curvature
0g

(Fig. 3.2). In contrast, the STR in log-log spa@s concave-up except whBwas

larger than approximately 0.50 and evenness wasmeidiate to high in which case the
STR was linear to concave-down (Fig. 3.1, Fig..312)s worth noting that although the
geometric RAD had an intermediate level of evenif€able 3.1), it did not necessarily

produce a SAR and STR intermediate to the other R{y. 3.2). This is because the
majority of the species were very rare (median 5.254x10%°, Fig. C1) which caused

the SAR and STR to be constrained below the asympfdhe species pool. As

expected from Eq. 6, the SAR and the STR were icEnthenR = 1.0 because area
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and time were varied at equal intervals and with plarameterization the scaling of
species richness is equal in space and time #.es,w. ); however, | did not expect the

SAR and STR to display such similar patterns wRevas as low as 0.50 (Fig. 3.1). As
expected, wheR = 0 the SAR and the STR were completely indepenidiecause there
was no accumulation of species through time.

The time-by-area interactiong, displayed a range of values [-0.41,0.25] and was
only zero in special cases (Fig. 3.3). In FiguBI3lisplay only a subset of the
parameterizations for clarity, but in appendix €rthis a more thorough comparison
(Fig. C4). Positive values of resulted when evenness was low at relatively small
scales. A positive time-by-area interaction mersSARs diverge from one another as
the temporal scale increases, and equivalentl§iies diverge as the spatial scale
increases (e.g., at small scales for uneven RA®BFge 3.2). As the SARs and STRs
converged towards the species pool (or asymptatieeainodel) z andwe decreased
resulting (as one may expect) in predominately tlegéime-by-area interactions.
Negative time-by-area interactions were also olexkin the geometric RAD when the
expected number of individuals was well below tize ®f the species pool because this
RAD had a high degree of rarity. Negative valueseamore commonly observed across
the range of parameterizations | chose (Fig. 3Bhen the expected richness finally
saturated at the size of the species ppa@Andwe became fixed at zero and therefage
was also forced to go to zero (see Eq. 7 and F3). Ihe time-by-area interaction was
also zero when the replacement rate was zero betiaeri® was no accumulation of

species through time; the SARs and the STRs werefthre parallel.
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EMPIRICAL PATTERNS
Empirical analysis

A temporal moving-window approach (Adler et al. 3p&as used to construct
the empirical STAR from the case study quadratsrdeed in Chapter 1l (Fig 2.2).
Species richness at each spatial scale was cadutatevery possible one year time
span, then calculated for every two year time spad,so on to a time span of ten years.
The richness values were then averaged acroseuhedrners of each quadrat and
across all twenty quadrats for each time span a@mbination. My method of data
collection and analysis are equivalent to what Cateal. (2007) referred to as nested and
complete nested designs for the SAR and STR, régplc

Empirical results

The empirical SAR and the STR displayed strongepagtof scale dependence
(Fig 3.4). The rate of change of log richness el@eed as log area increased resulting in
a concave-down SAR. The STR appeared more lindagtlog space; however, closer
examination of the rates of change in log richrassa function of time (not shown)
indicated that the STR was also concave-down alfhowot as extremely as the SAR.
More relevant to the characterization of the erspIrBTAR was the observation that the
slope of the SAR decreased as the temporal duraittoeased, and equivalently the slope
of the STR decreased as the spatial scale wasasente In other words, there was a
strong negative time-by-area interaction.

Difficulties in estimating the RAD of the speciesagb, plus other key parameters,
preclude us from making rigorous quantitative congoas between my model and my

empirical system. It is important to note that tim¢s of time and space in my sampling
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model are not arbitrary because they are definati®@basis oR and individual size
respectively (i.e., individual size equals one whiarea). It may be possible in some
ecological systems to chose a spatial unit thdéfsmed on the basis of average
individual size and a temporal scale that corredpda individual temporal turnover;
however, for most grassland systems (with larg&atian in body size, clonality,
unknown longevities, and unknown spatial scaldhefdpecies pool) this remains

problematic.

DiscussioN

My objective was to investigate the sampling plafsbe STAR with a neutral
sampling model and to qualitatively compare my nhed#h empirical data. The
sampling model indicated that a neutral, zero-samging process is a simple
mechanism by which the SAR and the STR can bedinkairthermore, area and time do
not exert symmetrical sampling effects on the STekRept in the special case in which
all individuals turnover each unit of time. Diféat parameters of the sampling model
can lead to a wide diversity of STARS, and negataiees for the time-by-area
interactions are expected when richness is linbied finite species pool.

Spatial and temporal scale dependence

The empirical and neutral SAR and STR both dispglagyestematic patterns of
spatial and temporal scale dependence, respectivdiijough scale dependence is not
considered in the most common models of the SARSA (the power and exponential
models), the scale-dependent behavior | observethataunexpected. It is well

documented that the slope of the SAR exhibits nthgpatial scale dependence (Shmida
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and Wilson 1985, Palmer and White 1994, Rosenziv@®b, Plotkin et al. 2000Db,
Crawley and Harral 2001, Fridley et al. 2005, Turaved Tjgrve 2005, Fridley et al.
2006, Palmer 2007a), and it appears the STR eghdniporal scale dependence
although this has not been documented as extepgRekenzweig 1998, White 2007).
The general pattern of spatial scale dependentteeaflobal log-log SAR (and likely of
temporal scale dependence in the STR) is charaeteby a steep slope over fine and
broad scales and a shallow slope over intermedcaties. My study spanned five orders
of magnitude in space but only one in time; thaefbexpected the STAR to potentially
show more negative spatial scale dependence thgotal scale dependence. Negative
spatial and temporal scale dependence (concave-dowature) was also observed for
the neutral STAR when the species pool or a higjneseof rarity exerted a negative
influence on the rate of accumulated richness.

The different patterns of scale dependence betteeneutral SAR and the
neutral STR illustrate that area and time exertequivalent sampling effects on
accumulated richness. In contrast to previous eogbistudies | suggest that the STR is
not simply a temporal analogue of the SAR with eespo the sampling effect. This is
especially true when the replacement rate in a coniynfalls below approximately 0.5.

Time-by-area interaction

The third type of scale dependence | observeddtr the neutral and empirical
STARs was the time-by-area interaction (Figs. 33.-Big 3.4). The strength and pattern
of the time-by-area interaction is the most imparguantitative description of the
STAR. If the interaction is positive then the es\wof the STAR are diverging from one

another, and if they are negative then they argarging (to an asymptote for example).
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If the interaction is zero then the curves of tHAR will be parallel which indicates that
the SAR and STR are independent of one anothereripyirical results as well as my
sampling model demonstrated that the interactionbeaquite strong and displays
systematic patterns of scale dependence.

| stress that the ‘interaction’ in the neutral miadea purelynumericalinteraction,
because no interaction between space and timeasgporated in the model. As
neutrality can result in both negative and posiinteractions depending on the
characteristics of the species pool and the replaoerate, deviations o from zero
cannot be used to infer processes of ecologicalfgignce within communities.

To date all published empirical STARSs (including empirical results) have
displayed negative time-by-area interactions (Adleal. 2005), and my neutral model
indicates that this behavior should be expeeatpdori if the species pool is finite.
Specifically as the SAR or STR approached the sggmol in my model, the interaction
became increasingly negative until the asymptote achieved in which case the
interaction was forced to zero. Although in natasgmptotes do not exist for empirical
SARs or STRs (Williamson et al. 2001), in smalllegaatterns the rarity of unsampled
species will cause accumulation rates to decrdzalener and White 1994, Rosenzweig
1995, Plotkin et al. 2000b). Thus even though elcgdiSTARS are not strictly
asymptotic, one should expect a negative time-kg-arteraction if the probability of
encountering a new species is quite low and/oredsitng. Regardless of which
processes are driving species accumulation (sagpfiecological), the nature of this

expectation does not change. Thus, | have edteblia general priori expectation that
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the SAR and STR should not be independent if raieiyreases the relative rate of
species accumulation in space or time.
Importance of the RAD of the species pool

My comparison of the nine different RADs for theesies pool indicated the
choice of model and parameterization of the RADIlead to dramatically different
STARs. This is most clearly illustrated for theogeetric RAD, in which the degree of
rarity was so severe that the SAR and STR convergd#idoelow the size of the species
pool (Fig. 3.2, Fig. 1C). It was not entirely upexted that the broken stick, Zipf, and
Zipf-Mandelbrot would generate similar STARs asltbgnormal RAD because these
distributions had similar slopes and curvaturelenrank-log probability plot with the
parameterizations | chose (Fig. 1C). Howeves worth noting that the Zipf and Zipf-
Mandelbrot RADs can also give very similar restdtshe geometric RAD under certain
parameterizations (not shown).

Relaxing the zero-sum assumption

In my model of the sampling effect, | assume adirember of individuals
occupying a fixed area. This assumption can laxeel if | recognize that the expected
number of species is a function of the expectedbmirof individuals. If individuals are
distributed in space and time by a stationary @msdee., the mean and variance of the
process do not vary) then the expected cumulativeber of individuals will not be
altered by variance in this number. Therefore diesity (number of individuals per unit
area op, after Hubbell 2001) is a random variable with &sgation equal to the average

density orp . Each time unit, a constant fractid®) Of the local community is recruited

and distributed in space such thatis not changed. In this sengais the long-term
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average proportion of the community that 'turnsroaed is replaced by new individuals,
even if the actual number of new individuals vabgdime unit. Therefore the new
equation for expected number of individuals is:
J = pA+ pAR(T -1) (8)
Equation 8 is very similar to Eqg. 1 and could b&emed into Eq. 3 in a similar manner;
however, now | am considering that density is @loam variable. The replacement rate
(R) is no longer the probability that an individuatéplaced, but rather it is the fraction
of the local community that recruits each generatibhe assumption of stationarity does
not prohibit the possibility of aggregation or clpimg of individuals in space or time, it
simply requires that the mean and variance optbeessof clumping does not change
(Wagner and Fortin 2005). These changes to my lsagnmpodel imply that my results
should generally hold for communities with variafidet stationary) population sizes and
for communities in which individuals display varialfbut stationary) patterns of spatial
aggregation as long as the individuals are randardwn from the species pool (i.e.,
species neutrality still holds).
Relevance and future utility of the model

My primary motivation in developing a model of thempling effect was to
generate expectations of the STAR under a setrddt@ining assumptions.  |If
difficulties in estimating key parameters can beroceme, my model may also provide a
null model for the STAR which can be compared twl@gical models incorporating non-
neutral dynamics and spatial and temporal tren@dumdance. Systems in which unique

individuals can be identified and monitored ovardj such as small mammal
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communities or annual plant communities may proul@al systems for studying the
sampling phase of the STAR in the future.

My model can be viewed as an analytical extensfdwo previous approaches to
modeling aspects of the STAR. A neutral simulatimrdel was used to predict values of
average richnesg, andw, and to compare these with estimates from an éapir
grassland community (Adler 2004). Adler’s (200 ation model produced realistic
looking SARs and STRs, but it was not able to siandously generate reasonable
estimates for all the empirical community’s termsl & did not consider the time-by-area
interaction. My model is also an extension ofred@mization-based null model in which
individuals were randomly drawn without replacenfeom the empirically observed
pool until the observed number of individuals fqraaticular site in a particular year was
achieved (Adler et al. 2005). This null model iroply assumed that the replacement
rate R) was equal to one. Adler et al. (2005) found thatr sampling model did a poor
job of predicting the empirical STAR when compawath multiple regression models.
Both of these previous models (like my own modely pn the assumption of random
spatial and temporal structure in individuals (iuedividuals are independent of each
other). My model extends the Adler (2004) simalatmodel by explicitly considering
the time-by-area interaction in an analytical framgk, and it extends the Adler et al.
(2005) null model by analytically allowingto vary from one. Although these are
improvements, the assumptions of spatial and teahpomogeneity as well as species
neutrality (that all the models require) could blaxed in future models of the STAR.
There have been many successful attempts to in@igimformation on spatial

aggregation into models of the SAR (e.g. PlotkialeR000b, He and Legendre 2002,
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Picard et al. 2004) and recently White and Gil¢dH&907) also demonstrated that
temporal population structure can be incorporatéal models of the STR to yield more
accurate predictions.

Although the assumptions of my model are necegdaitie, it was still able to
reproduce patterns that were similar to my datanwdwenness and the replacement rate
were intermediate to high. Furthermore, the paldicshapes and attributes of the
sampling STAR strongly depend upon the replacemsatand the particular RAD (e.g.
lognormal vs. geometric), such that almost any esfable monotonic SAR or STR can
result. Therefore, | cannot rule out the posgipthhat my empirical patterns are shaped
by sampling effects. These findings imply thaampling effect should be considered a
null hypothesis for observed STARs (Adler et aD20White 2007), and that it may be
difficult to differentiate a sampling effect frone@ogical patterns without detailed
information on turnover rates, the nature of theCRANnd the number of individuals per
unit area. Given these data, analytical and ramhkiman-based null models which
incorporate fewer constraining assumptions showdnedifferentiating the ecological
and sampling effects on the STAR in the future.

Conclusions
| formulated a sampling-based model that yieldeld/arsity of STARs based on the
nature of the species pool and individual replacenmete. Unless the individual
replacement rate is equal to one, time and spa&ceatrsymmetrical. Due to the diversity
of outcomes, and the difficulty in estimating kegrgmeters, | cannot discount the
possibility that the sampling effect structured emypirical STAR. Strong time-by-area

interactions are not evidence of ecological drivedrthe STAR. Furthermore, the
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existence of a finite species pool leads to an eapien of negative time-by-area
interactions regardless of the processes shapmgAliR and STR. Lastly, both my
simulated and empirical STARs indicated that spatid temporal scale dependence are
fundamental characteristics of fine-scale speaesraulation relationships that should

be incorporated into future statistical modelshaf TAR.
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TABLES
Table 3.1. The evenness of each of the relativaddnce distributions (RADS)
calculated using Pielou's (1975) evenness inBgx This evenness index is the Shannon

information scaled by maximum information and rapetween 0 and 1.

RAD E

High evenness
Even 1.00
Zipf-Mandelbrot ¢ = 1.3,/ =100) 0.95
broken stick 0.94
LOGN(0,1) 0.93

Intermediate evenness

LOGN(0,2) 0.71
Zipf (y = 1.3) 0.55
Geometrick=0.9) 0.49

Low evenness
LOGN(0,4) 0.20

uneven 0.02
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Fig. 3.1. The SAR and STR calculated with the samgphodel (Eq. 3). The evenness in the assemhwagenigh (LOGN(0,1)E =
0.93) and the replacement ral} vas at one of five levels: 0.00, 0.01, 0.10, 0&01.00. For each curve the species p§g)lWas
set to 800 and points were calculated from 1 tdB4d8/ successive doublings of scale. The sizhegpecies pool is indicated as the

horizontal dashed grey line, and the arrows omigie¢ margin indicate the influence of increasihg scale on the relationships.
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new species became extremely smalljvas forced to zero. Similar results occur when

time instead of area is fixed.
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arbitrary choice of measurement units.
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CHAPTER IV

QUANTIFYING THE INFLUENCE OF ENVIRONMENTAL TEXTUREON THE

RATE OF SPECIES TURNOVER - EVIDENCE FROM TWO HABITS

Abstract.The Environmental Texture Hypothesis proposestttetspatial geometry or
texture of the environment influences the rate ltivnew species are accumulated in
space or time. This suggests that regions thabiehlarger rate of environmental
distance decay should exhibit more rapid ratepeties turnover. This hypothesis
should apply over any range of scales where thatdiea environment is correlated
with species composition. | tested for a positelationship between the rate of change
in soil cations and vascular plant species comiposdf a grassland and woodland
habitat. | recorded presence-absence data al@r&88 m transect in each habitat and
estimated the rate of turnover and environmentthdce decay for spatial lags of 1 to 41
m. | found that the soil cation environment expéal spatial patterns of species
composition more accurately in the grassland habimpared to the woodland habitat.
Consequently, the rate of change in soil catiors fasction of spatial distance was
significantly positively correlated with the ratespecies turnover in the grassland but
not the woodland. My study suggests that one@t#ntral premises of the

Environmental Texture Hypothesis is relevant faalgpatterns of species turnover if the
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environment influences species composition.
Keywords distance decay, scaling of biodiversity, spatgbendence, spatial

autocorrelation, Euclidean variogram, soil catiaresstimbers, tallgrass prairie

INTRODUCTION

Conservation of species diversity depends on mijtyatm explain and predict
variation in patterns of species turnover or distatiecay (Wilson and Mohler 1983,
Nekola and White 2002, Buckley and Jetz 2008).tddisally patterns of turnover were
related almost entirely to the degree of environ@@erhange between samples (e.g.,
Whittaker 1960). However, ecologists later recagdithat spatial or temporal distance
between samples, irrespective of environmental ghanas positively correlated with
the degree of species turnover (Nekola and Whig®)19Legendre (1993) referred to
these endogenously driven patterns of speciesvarras false gradients of species
composition. From a modeling standpoint, the ingrore of false gradients shifted the
focus away from the environment and towards bi@algbrocesses such as dispersal
limitation (e.g., Hubbell 2001). The recent in@ean models that address the inherent
spatial autocorrelation in ecological communitiesviides ecologists with powerful new
tools for dissecting spatial patterns; howevethaprocess the role of the environment
which can induce spatial dependence in the commirat true gradients), has been
neglected.

The Environmental Texture Hypothesis (ETH) is ameent attempt to shift the
debate back towards the relevance of environméetarogeneity on patterns of species

turnover (Palmer 2007). Specifically the ETH sigigehat the rate of species
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accumulation is determined by the rate new envimmsiare sampled (i.e. the texture or
geometry of the environment influences the ratspaicies accumulation). This
hypothesis may offer an explanation for the triph@sttern of the species-area
relationship (SAR). It predicts that at local agidbal scales the environment varies in a
smooth manner (i.e., low fractal dimension), whsaluses rapid accumulation of new
species. At intermediate scales the environmeswpgcted to be rougher (i.e., high
fractal dimension) in which case new species actat@unore slowly (because many of
the species in the region are encountered in teieféw samples).

Although the ETH makes several specific predictigaiated to the triphasic SAR,
testing these predictions is difficult due to &la€ multi-scale richness data that span
many orders of magnitude. However, testing whettherate of species accumulation is
determined by the rate of change in the environnselogistically feasible because this
prediction should apply at any range of scales atech the environment influences
species composition. Therefore, the purpose o$tugy was to test the ETH by
examining if areas of more rapid environmentalatise decay (DD) possess more rapid
species accumulation.

Examining this hypothesis does not necessarilyiredne usage of the SAR
which is, ideally, constructed from spatially neste contiguous quadrats. A powerful
but more flexible alternative approach, in termsaipling design, is to quantify the rate
of community DD. However, care must be taken wéaacting the choice of metrics for
guantifying community DD because different meto€€ommunity dis/similarity or
species turnover carry different interpretationd anmetimes important subtleties

(Koleff et al. 2003). The semivariance of the Earehn community variogram (aka, the
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variogram of complementarity) is the ideal metaddst the this hypothesis because it is
equivalent to the expected number of unique spe&riesuntered at a given spatial
distance from the focal quadrat (Wagner 2003, 2004)

A test of my hypothesis relies on the assumptia tthe environmental variables
we include in the calculation of environmental Die eelevant predictors of species
composition. Therefore, the objectives of my studye to: 1) identify relevant
environmental variables explaining the spatialctrite of species composition, 2)
guantitatively describe the spatial geometry oféheironment and species composition,
and 3) test for a positive correlation betweenr#tte of environmental and community
DD. | accomplished these objectives with data feograssland and woodland habitat
along two 1,883 m transects.

METHODS
Study Site

| conducted my study on The Nature Conservancylg s Prairie Preserve
between 36.73° and 36.90° N latitude, and 96.38°%1n49° W longitude, in Osage
County, Oklahoma. The vegetation of the presesxa®mposed of approximately 90%
grasslands and 10% forests or woodlands. Thelgrassare dominated by tallgrass
prairie plant species such Asdropogon gerardjiSorghastrum nutanSporobolus
compositusPanicum virgatumandSchizachyrium scopariuntShortgrass prairie habitat
occurs to a lesser extent on more xeric sitesaddminated byoutelouaspp. The
woodland habitats can be classified primarily assSTimbers, and they vary in
structure from open and savanna-like to rathereleltsed canopy forests. The two

most common tree species &eercus stellatandQ. marilandica The herbaceous
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layer of the woodlands commonly consist$afietaria pensylvanicaDxalis violacea
Solidago ulmifolia Andropogon gerardiiandCarex gravida
Sampling methods

An investigation of DD requires objectively samptaehdrats, otherwise the rate
of turnover in species composition may simply retfkae investigators’ sampling biases
(Palmer 1993). However, in this study | was indézd in examining whether my
hypothesis was robust as to habitat type, andftirerseveral criteria were developed for
a constrained objective placement of quadrats wittne grassland and woodland
habitats: transects were to be oriented in a galdiirection, not run parallel to roads
(crossing was considered acceptable), not intefaey bodies of water, be located in
the bison management unit, and be located almdistlgrwithin their respective habitats
(grassland or woodland) according to aerial phatolgy. With these criteria in mind
two sets of UTM coordinates for the origin of eai@dnsect were selected from a USGS
topographic map. Once the initial coordinatesamhetransect were set all other points
were determined by the sampling grid. The grassteansect was oriented north-south,
the woodland transect was oriented east-west,fanttansects were separated by
approximately nine kilometers. The transects vgarapled in different months due to
differences in flowering phenology between speofgfe two habitats. The grassland
transect was sampled over a 10 day period in datly2006. The woodland transect
was sampled over a 16 day period from May to ehrhe of 2007. Although the
transects were oriented in different directions saghpled in different years, we do not

expect these differences to bias our results.
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The two transects were both composed of 200? équare quadrats arranged
identically in ten subtransects (Fig. 4.1). Eadbtsansect was separated by a distance of
117 m and covered an extent of 83 m. Within eatiiransect, four quadrats were
arranged continuously into five sections. Eaclhiseavas separated by 17 meters.
Within each 1 rhquadrat | recorded the presence of every vascldat ppecies rooted
within the quadrat, and collected three 10 cm@miés at 0, 0.5, and 1 m perpendicular
to the transect. The three cores were aggregatea isingle sample and sent to
Brookside Labs (New Knoxville, Ohio) to be analyZedthe following cations: Ca, Mg,
K, Na, B, Fe, Mn, Cu, Zn, Al, and P. | collectddreon-woody above-ground biomass
below 1.3 m (i.e. the herbaceous layer) from the&oof each quadrat in an area of 0.01
m? (Fig. 4.1). The wet and dry mass of the biomassewecorded in the lab. In the
woodland, a spherical densiometer (Model A, FobesisiometersBartlesvillg
Oklahoma) reading was recorded in each cardinattlon for each section. | converted
the four readings to percent canopy cover and geerthem. | recorded a single field
measurement of slope and aspect for each secteodistance of 10 m from the transect.

Analytical methods
Studies of compositional distance decay typicadlg an analytical framework in which
two or more distance matrices are related to onéghanwith the Mantel statistic (see
Legendre et al. 2005 for review); however, for niygmses | used the Euclidean

community variogram also known as the “variograncahplementarity” (equation 5 of

Wagner 2003):
TOIE 3 MR i S R ®
2N, abhosh T 21N, apihe<h
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where, y(h) is the estimated semivariance at a spatial lag af is the number of pairs of

samples separated by a distanch, @ndX, andXy, are vectors of species abundance or
presence/absence in sam@emndb respectively that are separated by distdnchlote

that decomposing equation 1 into its species SpamMmponents reveals that the
Euclidean community variogram does not considampse covariances between species
(i.e. interspecific associations) but simply thensof the squared differences in
abundance or presence of speciassamples andb across alS species.

Equation 1 provides both an intuitive metric of@ps turnover and a clear link to
environmental models of species composition thanhacessary for addressing my

hypothesis. When based upon presence-absencehgasgmivarianceyh)] of the

Euclidean community variogram is the expected nurobanique species that will be
encountered at a given distance from the focal gug@/agner 2003, 2004). This aspect
of the Euclidean community variogram makes it adyoetric of turnover for my study
because my hypothesis is tied to the relationsbiprden the rate of encountering new
environments and the rate of encountering new ep&s a function of distance.
Additionally, the semivariance can be thought od&sale-dependent decomposition of
the variance-covariance matrix associated wittlthear” ordination techniques:
principal components analysis (PCA) and redundanajysis (RDA). This is beneficial
because it provides a direct link between the nagaexplained by a non-spatial model of
the species environment relationship and the pettefr semivariance in the environment
and species composition. The scale specific exatmim of ordination techniques is
generally referred to as multi-scale ordination yNeir and Anderson 1971, Wagner

2004).
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| used RDA to test whether variance in species @amitipn was related to the
environment (ter Braak and Smilauer 2002, Palmat.€008b). RDA was the natural
choice of explanatory model in my study becausddta variance of this analysis can
be decomposed by the Euclidean variogram intoatswmce profile. The only
environmental variables in my analysis were stasidad, log transformed soil cations
(ppm). This decision was made in part because stidies have demonstrated that soil
cations were strongly correlated with vascular ptammposition at our study site
(Chapter V). Additionally soil cations provide @atively precise measurement of
spatial environmental heterogeneity. | standadithe cations because two cations in
the grassland displayed a few strong outliers,staddardization was able to decrease the
influence of these samples on the PCA. | quadtiékeven different soil cations: P, Ca,
Mg, K, Na, B, Fe, Mn, Cu, Zn, and Al. Because mahthese cations are highly
correlated with one another, | summarized the nagan the soil cations with the first
four axes of a PCA on the soil cations from eadbhith Four axes were necessary to
capture at least 80% of the variance in the catiatisn both habitats. The four
orthogonal PCA axes for each habitat type were tisexdl as explanatory variables in the
RDA analyses. Additionally, | performed a backwatepwise selection of soil cations
that minimized the AIC value of the RDA analysist(shown). These two methods
resulted in the same qualative results and thexefoly the environment defined by the
PCA axes will be discussed further. The amoumnaoiance explained by the PCA soil

axes was quantified as the ratio of the sum oftcaimed variance over the total variance

(R%,4)- The unbiased or adjusted version of this statQR,iDAadj) was also calculated

using Ezekiel's formulation (Peres-Neto et al. 2006 should be noted that because |
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am not factoring out the purely spatial componédmompositional variance these
estimates of variance explained are inflated (Ldgei993, Legendre et al. 2005).

| tested whether the RDAs explained significantlyrenvariance in the species
composition than expected due to chance with caimgld permutation tests. The
permutation algorithm simultaneously carried ouidi@m reflections and rotations of the
rows (or sites) of the raw site-by-species matdaliner and van der Maarel 1995, ter
Braak and Smilauer 2002). These permutations desggned to maintain the spatial
autocorrelation and interspecific associations betwthe samples while nullifying their
spatial dependence (i.e. relationship between pleaamd the environment). The
permutation scheme was applied separately at theearchical scales that corresponded
with the three levels of my sampling design: quejrsections, and subtransects (see Fig.
4.2 for an example of the permutation techniqudiegpo subtransects).

The permutation algorithm can be thought of congapt as first breaking the
overall site-by-species matrix along its rows itite subunits of interest (e.g., sections).
Next there was a 50% chance that the order ofas (sites) in a particular submatrix
were reversed (the random reflection). Followingit® and Gilchrist’'s (2007) analogy,
each submatrix was then rolled into a cylinder i last quadrat in the series adjacent
to the first quadrat in the series and rotatechdaen number of positions. The rotations
between submatrices were independent of one andtineg each permutation. Lastly,
each cylinder was broken and the overall matrix igasnstructed for usage with the
observed site-by-environment matrix in an RDA. sTipermutation scheme only
preserves a fraction of the original spatial autcedation because the cylinder is broken

at different positions (White and Gilchrist 2007he test statistic for this analysis was
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theF-value (Legendre and Legendre 1998, p608). Whatmgea model at the
subtransect scale there were only 20 possibleadmaientations (including the empirical
ordering), and therefore it was possible to perfaraomplete permutation test in which
every possible permutation was enumerated. Inctse the smallest possilpivalue

was 0.05 (=1/20). Complete permutation tests wepgactical for all other tests and 999
permutations were conducted instead. To judgafgignce, | used a Bonferonni
corrected alpha value af= 0.05h wherenis the number of tests performed on a single
dataset.

| quantified the rate of change in the environmeena function of spatial lag by
first calculating multivariate Euclidean variografos the variables of interest. A
weighted least squares regression model was usssditoate the slope of the relationship
between the log of the semi-variance in the enviremt on the log of spatial lag. The
weights of the model were determined by the nurobeair-wise comparisons that were
available for a given spatial lag. The numberaifqise comparisons (for both species
composition and the environment) were 15, 15, 8022 and 30 at spatial lags of 1,
2.33, 19, 21.4, 35.55, and 41 m respectively. elmegal, ordinary least squares regression
models agreed closely with the weighted regressiodel (not shown).

The same general approach was used to calculatattéhef species turnover as a
function of spatial lag. | quantified spatial conmmity turnover with Euclidean
variograms (Wagner 2003, 2004). As with the emmental variograms, | log
transformed the semivariance of species compositnohspatial lag before estimating the

slope of the relationship with a weighted lineagression model. Only spatial lags up to
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half of the distance of the replicate were congddo reduce the influence of spatial lags
with poor replication. With respect to the subs@cts this was a distance of 41 m.

| chose to examine the variograms in log-log spgmemuse | was interested in
estimating the relative rate of DD rather than &ldsarate of change. Furthermore, if
patterns of DD are relatively linear in log-log spdhen it suggests that they may be
scale invariant which would aid in my ability togglict patterns outside the domain of
my sampling scales. Lastly, | expected that mddhechange in composition and the
environment may take place rapidly at relativelyairacales given the small grain of my
sampling unit (1 rf) and in order to better qualitatively and quatitigly characterize
this pattern, a log transformation of spatial laasvioeneficial.

| tested if a positive relationship between the @tchange in the environment
and the rate of change in species turnover existbseen the subtransects with
constrained but spatially random permutation te$tse spatial positions of each
subtransect were randomly swapped, but the ordguadrats within each subtransect
were kept fixed in the observed spatial arrangem@&he test statistic for this
randomization test was thealue for the slope of the OLS regression modehefrates
of species turnover on the rates of environmenial @nly data on 9 of the 10
subtransects were included in the test of the EdrH¢&ch habitat due either to
compromised soil samples or to exposed bedrockhwirievented soil coring. This
missing environmental data precluded the calculadiospatial lags at intermediate
scales for the subtransects in which they occuanebtherefore these specific
subtransects were not used to estimate the rat@B ofThe vegetation information from

these subtransects (which was complete) was sélll in the randomization procedures.
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RESULTS

In the grassland average species richness was W&l0a range of 7-33 and in
the woodland it was 13.62 with a range of 0-29e Woodland habitat had higher
gamma diversity with 40 more species than the gaddabitat (211 species in the
woodland compared to 171 in the grassland). Tamadpositional variance was similar
in the two habitats (Table 4.1). Total variancéhia standardized soil cations was also
similar in the two habitats: 9.31 and 9.01 in theodland and grassland, respectively.
Average aboveground dry biomass in the grasslasd2a88 g compared to 5.86 g in
the woodland. Average canopy cover in the woodiaasl 60%, but ranged from 0-90%.

Environmental control of species composition

The species composition in the grassland respomibed strongly to variance in
soil cations (Table 4.1). Specifically, the RDAp&ained 12% of the variance in
grassland species composition and was either gigntfor marginally significant at each
of the three scales of randomization. In contitagt RDA in the woodland explained 5%
of the variance in species composition and was siglyificant or marginally significant
at the section and subtransect scales, respectively

Geometry of the environment and species turnover

The log-log variograms for both the environment apdcies composition were
generally well described by linear models in log-8pace (Figs. 4.3-4.4). The estimated
semi-variance for both the environment and spesmesposition did not consistently
deviate from the regression line in either the fpasior negative direction for a certain
spatial lag which would be indicative of spatiapdedence. However, | refrain from

describing them as self-similar or scale free bseeawnsiderable variation exists around
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some of the regression lines (given that thisl®ydog scale). The average rate of DD
(i.e., the weighted OLS regression slope of theléggvariogram) for the grassland was
0.38, which was higher than the average rate af@mwental decay observed in the
woodland (0.30); however, in both habitats the suistects displayed a range of
environmental decay rates (Figs. 4.3-4.5). The eatommunity turnover was
positively correlated with the rate of environmém® in only the grassland habitat, and
there was no relationship in the woodland (Fig).4rbboth habitats the relationship was

rather noisy.

DiscussioN

| hypothesized that if the environment structur@sunity composition, then
the rate of DD in the environment should be poslticorrelated with the rate of DD in
species composition. My results suggest that th habitats the rate of community DD
increased with the rate of environmental DD, howglebserved a significant positive
correlation only in the grassland habitat. Thé latcsignificant correlation in the
woodlands did not strongly support or strongly cadict my hypothesis. My results
suggest that one of the central premises of the@maental texture hypothesis (ETH)
may be relevant at local spatial scales.

Implications for the ETH and future tests

My study was stimulated in large part by the ETHijch hypothesizes that the
triphasic pattern of the species-area relationE®#R) is due to changes in the geometry
of the environment as a function of spatial gréalfner 2007, Qian et al. 2007). An

underlying premise of the ETH is that the rate haiclw unique species are accumulated (
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of the species-area relationship) is determinethbyate at which new environments are
sampled. Many conceptual models and empiricaliesudclude a metric of
environmental or habitat diversity when attemptim@redict species richness (Conner
and McCoy 1979, Storch et al. 2003, Triantis e2@03); however, the hypothesis |
addressed suggests that it is not simply the watahbility in the environment but the
spatial (or temporal) structure of that variabiliiich is relevant to understanding the
rate of species accumulation or turnover. If theinmental variability is strongly
spatially structured it will have a steep Euclidéaglog variogram, which is
characteristic of an environmental gradient (Palr888), and new species should
accumulate rapidly.

Although the ETH was first suggested as an expiamai the triphasic SAR that
is only observed across many orders of magnitu@eda, my study suggests that the
underlying assumption that the geometry of theremvinent influences the rate of
species turnover may be also relevant for vasqldants at local scales (1-5F)m If my
sampling design captured a larger range of spatales, the ETH would predict that the
log-log variograms for both the environment andcgggecomposition would display a
scale dependent deceleration in the relative fade@mulation of new species and new
environments as a function of spatial scale. Aeptil test of the ETH is to examine if
this is indeed the case and if the scale at winerehvironment changes geometry
corresponds with a change in the rate of speciesver. However, a strong obstacle in
performing such a test would be that the same enwiental variable that is relevant at

local scales is not necessarily the most impodantgional scales.
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Euclidean and chi-squared variograms as metricspafcies turnover

| used Euclidean variograms to estimate the rat®wipositional turnover and
environmental change between two sampling unithoke this metric because when
based upon presence/absence data the semivaisaheeeixpected number of unique
species between two sampling units. Euclidearogeaaims also provide a spatial
decomposition of the variance explained by RDA.diidnally, the mathematical
properties of variograms are generally well unaedtdue to their rich history in the
field of geostatistics, unlike newer methods ofigtng species turnover such as
dissimograms and correlograms (Journel and Huifbr&g78, Wagner 2003). Over the
scales | examined both the environmental and coitiqogl variograms generally
appeared linear in log-log space. This justifrepart my usage of linear regression to
estimate the slopes of these relationships, besit&te to refer to them as self-similar.
Palmer (1988) demonstrated that considering vanati the slope of the log-log
variogram (via fractograms) can yield additionaight into the geometry of species
composition even when the relationship appearsoxppately linear.

Wagner (2004) noted that although the Euclideannconity variogram has many
useful properties (some of which | have mentionet)) it may be best suited for
describing species turnover over relatively shodi®nmental gradients in which
species are expected to display linear respondésg tenvironment. If species display
unimodal responses to an environmental gradiean ithis typically argued that
weighted averaging ordination techniques such aeggondence analysis (CA) or
canonical correspondence analysis (CCA) offer @soprepresentation of community

variation (Gauch 1982, ter Braak 1986, ter Braak Rrentice 2004). Therefore Wagner
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(2004) developed the chi-square community variograhich is a spatial decomposition
of the chi-squared variance-covariance matrix Use@A and CCA. | refrained from the
interpretation of the chi-squared variogram in nudyg because the semivariance of this
method does not have an intuitive link to the exgeoumber of unique species between
two samples. In a study of several different datgsSchlup and Wagner (2008) found
that the Euclidean and chi-squared variograms géyergreed with one another.
However, in their study increasing quadrat grainsistently increased the semivariance
of the Euclidean variogram but not the chi-squat@tbgram. More case studies are
required to better understand the differences apdopriateness these two community
variograms.
Habitat differences

The geometry of the soil environment appeared &stexstronger influence on
the rate of species turnover in the grassland ithéme woodland. This was expected, in
part, because the RDAs indicated that in the wowt$pecies composition was less
related to the soil environment than in the grasstlaGiven how little of the total
variation the woodland RDA explained (5%), it sedikaly that other environmental
variables may be shaping community spatial pattératswere not included in the
analysis. In the woodland, heterogeneity in degfdight limitation may have
influenced understory plant composition given tiege of overstory canopy cover |
observed in my study (0-94%, standard deviatid2zbéo). However, additional RDA
analyses (not shown) indicated that average caooypgr explained only a small
additional portion of the total variability (ledsain 0.1%). The woodlands were also

more topographically complex than the grasslandscamssed several small gullies or
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arroyos, which may have decreased the relative itapoce of measures of the soill
environment. But here again additional analys#zing slope and aspect (not shown)
indicated that these variables also only contridb@esmall fraction of explained variance.
Moisture and nutrient availability are also knowrshape herbaceous understory
community composition (Ludwig et al. 2004, Galhe&tyal. 2006, Graves et al. 2006), but
| did not collect information on either of theseiahles.

An alternative explanation for the weaker environtaésignature in the
woodland, is that historical drivers are playingti@nger role in this habitat. Both
habitats were in the bison management unit but difégred in frequency of prescribed
burning. The woodland sites were located in a mameent unit that experienced a more
frequent burning regime (seven spring burns inpte seven years) than the
management unit in which grassland site was lod@enlburns in the past seven years).
Because of the greater opportunity for fire exadnsn the forest (due to rockiness and
bare patches without fuel) it is unknown if theumttfrequency of fire at the woodland
sites was lower than what was reported by The MaDanservancy. It seems reasonable
that a high fire frequency in the woodlands mayeheantributed to decreased response
in the understory vegetation to soil cations. Hesvea study conducted on the
understory of a mixed-oak forest found that frecuyeof fire explained relatively little
total variation in species composition (Hutchingbml. 2005). Reilly et al. (2006) found
that a single wildfire increased (not decreased)ctirrelation between species
composition and the environment. However, thidifig was primarily due to a strong

gradient in elevation which influenced the seveoityhe fire.
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A third possible explanation is that because trgetagion was sparser in the
woodlands, the rarefaction or sampling effect maykerting a stronger influence in this
habitat. The rarefaction effect is due to the ssagy link between the number of
individuals sampled and the number of species gbdgiPalmer et al. 2008a, McGlinn
and Palmer 2009). The rarefaction effect will éxlee strongest influence on the
probability of observing a particular species aefgrains (e.g., 1 hyuadrats). Even if
species are responding strongly to the environmengbility to detect this will be
inhibited if the density of individuals is relatiydow. If the number of individuals of
each species is recorded in each sample, thexpleetation of species turnover due only
to rarefaction effects can be developed. A simghelomization approach would be to
place all individuals into a pool of potential coists and randomly select the observed
number of individuals without replacement for egciadrat. However, this may not be
an option for may vegetation studies (includingphesent study) because many plants
exhibit clonal growth which makes estimating thentxer of unique individuals (or
genets) logistically unfeasible. An alternativéusion is to sample at multiple grains
such that the ecological pattern may be observpdeaimably different levels of the
rarefaction effect.

Conclusions

The rate of species turnover varies across landscalp species composition is
related to measured environmental variables (#segrassland habitat), then the rate of
change in the environment will be positively coatetl with the rate of species turnover.
Therefore, the texture of the environment can helgxplain variation in the rate of

species turnover across spatial scales in objdgtplaced samples. Future work on
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linking the environment to patterns of turnoverwdaconsider the strengths of the
Euclidean variogram, which is appropriate for nemyuous samples, provides an
intuitive definition of turnover, and is linked emvironmental models of species
composition. The chi-squared variogram may beefulisnetric of turnover as well, but
more work is necessary to understand its propeiiel®cal scales, the rarefaction effect
may decrease the ability to detect environmengglatures and should be considered as a

potential confounding factor in comparative studies
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TABLES
Table 4.1. The results of the RDA and permutatésts on the sum of all canonical
eigenvalues for the two habitat types. The fiostrfaxes of a PCA on the soil cations
from a particular habitat were used as explanatariables in each model respectively.
The permutations were spatially constrained aetsmales: quadrats, sections, and
subtransects (see Methodénralytical method$or details). All tests were conducted
with 999 permutations except for those at the suisect scale in which a complete
permutation test on all 20 possible constraine@mnds of the data was considered. The

Bonferroni corrected alpha value for each habg&.017 (= 0.05/3).

Habitat ~ Total varianceR?,, Reonag F p-values

Quadrat Section Subtransect

Grassland 11.08 0.14 0.12 7.59 0.001 0.001 0.050

Woodland 10.25 0.07 0.05 365 0.794 0.005 0.050

"the smallest possibfevalue is 0.05 (=1/20)
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FIGURES
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Fig. 4.1. Diagram of a transect (A.), a subtran@g, and a section (C.). Each transect
covered a total extent of 1,883 m and was compostsh subtransects which each
covered an extent of 83 m. The gaps in the trassedicate areas that were not
sampled, and the unfilled squares indicate whexevélgetation and the soil environment
was sampled. Each quadrat occupied an area 6f &t above ground biomass was

sampled in the 0.01 ficorner subquadrats.
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Fig. 4.2. Diagram of the random rotation and randefiection permutation scheme. A
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\

single random shift without a reflection (A.) andiagle random shift with a reflection
(B.) applied to the ten subtransects. The Romamenals indicate the orientation of the
transect. Although the position of each subtrana@s shifted, the spatial order of the
samples within each subtransect was as obsertbd gmpirical sample with the

exception of the subtransect that must be returmélte beginning of the series.
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Fig. 4.3. The environmental and community Euclideamnograms for the nine

subtransects in the grassland habitat. The figaresrdered left to right and top to
bottom in increasing rate of environmental distatleeay. The axis on the left applies to
the degree of difference in the selected environatemariables and the axis on the right
applies to the degree of species turnover in spe@amposition. All axes are log10

transformed and the fitted lines are weighted limegression models.
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Fig. 4.5. Relationship between the rates of comiposl| and environmental distance
decay. The solid regression line is for the geass$isubtransects (solid circles), and the
dotted regression line is for the woodland sub&atss(open circles). Thevalues are
based on 999 constrained permutations (see Methaglytical method$or more

details).
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CHAPTER V

THE INFLUENCE OF MANAGEMENT RELATIVE TO INHERENT LAIDSCAPE

HETEROGENEITY ON THE VEGETATION OF A TALLGRASS PRRIE

Abstract.lt is widely recognized that management using piiesd fire and grazing
influences plant species richness and compositionany ecological communities.
However, the contextual relevance of managemaenftes unclear because the majority
of our knowledge is based upon small-scale manipelatudies that are not ideally
suited to quantify the importance of managemeiatixed to inherent landscape
heterogeneity. The purpose of my study was to tifyahe importance of fire and
grazing by bison and/or cattle relative to inhemate and year effects on the vascular
plant community in a tallgrass prairie. | accorspéd this objective with an 11 year
observational study on a preserve where manageseersions are geared towards
increasing community heterogeneity through theiagfpbn of randomized burning and
freely ranging grazers. | used variation partitignand explanatory modeling within
multiple regression and canonical ordination fraroes on species richness and
composition respectively. My results indicated thite effects, due to belowground
differences, explained the majority of variatiorrichness and composition. Year

effects, related to seasonal precipitation, wereerstrongly correlated with variation in
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richness than composition. Management practices vedatively unimportant relative to
inherent site and year drivers with respect to biottmess and management; however,
management effects were significant and interptetamd bison management was
positively correlated with plant richness. The sgth of inherent landscape
heterogeneity on the plant community suggestsfitattuning management is not
critical for maintaining this community as longwsody plant encroachment is kept in
check. Furthermore, our study demonstrates howreasonal studies can be used to

place management effects into a broader ecologmdkxt.

Keywords bison, Flint Hills, grassland, natural varialyiltoncept, Oklahoma,

restoration, vascular plants, and vegetation mango

INTRODUCTION

Natural variability concepts of land managementictvipromote spatial and
temporal variability, are increasingly used in ogation ecology (Palmer et al. 1997).
Underlying these concepts are two premises: 19iisti conditions and processes can
provide guidance for management, and 2) spatiatemgoral variability generated by
disturbance are vital components of nearly all gst@sns (Landres et al. 1999).
Managing for historical conditions is thought tonbét species that have evolved in that
system and to minimize human alterations (Swansah #994). Spatial and temporal
variability in management is thought to maintaialbgical diversity (MacArthur 1965,

Petraitis et al. 1989). Although these concemsyanunded in ecological theory, as
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Palmer et al. (1997) note, the importance of mamgafyr natural variability is rarely
examined experimentally.

The application of natural variability conceptsetevant to the conservation and
restoration of the North American tallgrass prago@system. In this ecosystem, fire and
grazing were important components of the pre-Colamblorth America disturbance
regime (Anderson 1990) and still are today (Daubend968, Abrams et al. 1986,
Collins 1992). Although historically the region svgrazed by bisorBps bisori.) and
was burned in a variety of seasons, presently méitie remaining tallgrass prairie
ecosystem is managed for cattle with annual sgrurgs (Fuhlendorf and Engle 2001).
The purpose of annual spring burning is to maximgieéds of palatable C4-grasses
(Towne and Owensby 1984). Howe (1994) also ndtatirhany restoration efforts on
prairie remnants promote production of C4-grass#s spring season burning and a lack
of grazing. These management practices may beattto the ecosystem'’s biodiversity
by only benefiting one competitively superior pkmbctional group and by
homogenizing an entire region’s disturbance redidmve 1994, Fuhlendorf and Engle
2001, Nekola and White 2002).

In an effort to restore natural variability to grag systems, Fuhlendorf and Engle
(2001, 2004) suggested the interaction betweeraficegrazing could be used in a more
variable manner in space and time to createifting mosaian contrast to the traditional
homogenous application of these management tddisy argued that a mosaic of
burned and unburned patches more closely approggtiaé historical variability that
would have existed on the landscape and will resuitgher biodiversity than traditional

homogenous management practices (annual springiglrnThis hypothesis is guiding
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the management of the Tallgrass Prairie Preser@®Pl), one of the largest tallgrass
prairie preserves (Hamilton 1996, 2007).

The scale of the TGPP (15,700 ha) coupled witrsgaially and temporally
varying application of fire provides both importagportunities and challenges for
experimentally evaluating aspects of the naturahbdity hypothesis. One of the
opportunities that the TGPP offers is a chanceto/mut an observational study that
investigates the relative importance of managenmeatallgrass prairie ecosystem that is
presumably in somewhat of a more pre-Columbiantiad) state given its intact native
vegetation, the presence of free ranging bisontlaadariable burning regime. This
opportunity is valuable because the majority of knowledge on tallgrass prairie
ecology either originates from relatively smalllscaxperiments (e.g., Hulbert 1988) or
from strictly controlled watershed treatments (ekgnza prairie LTER studies).
Controlled studies are extremely valuable in elatmd) ecological mechanisms that
underlie a system, but they are less useful inignog the ability to examine multiple
driving factors of community change within a broadeological context. This can be
better achieved by an observational study if prigpsgsigned (Hobbs et al. 2007, Weiher
2007) Examining more than two or three treatmanhteveral levels requires more
replication than is typically feasible in long-teeuological research, however, the effect
of several factors can be statistically separateahiobservational study with relatively
few replicates.

The purpose of this study was to investigate thi&atran in plant species richness
and composition in space and time at the TGPPt@gdantify the relative importance

of management, which included prescribed burnirdggrazing by bison and/or cattle.
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My goal was not to directly test whether or noti@hle management regimes are
effective tools for meeting conservation targets,lather to examine the relative
influence that management has on the plant comswhien management is guided by
the natural variability hypothesis. Differenceeda management within sites are likely
to be strongly confounded by year-to-year variatioolimate (Anderson 1982, Gibson
and Hulbert 1987, Adler and Levine 2007) and betwstes by variation in soil
(Critchley et al. 2002) and topography (Abrams Hidbert 1987, Briggs and Knapp
1995). However, confounding differences betwetsssand years can be statistically
controlled for, and the independent and sharedtsfigf temporal variation in
management relative to site and year effects castsmated simultaneously.

Using a mixture of explanatory modeling and ordoratechniques, | addressed
three related questions. Is there directional ghan species richness and species
composition through time? What are the most ingydrénvironmental variables for
explaining plant richness and composition? |If aitel year effects are controlled for,
does temporal variation in management significaciyelate with richness or

composition and, if so, in what way?

METHODS
Study Site
The TGPP is a 15,700 ha nature preserve locategbpt36.73° and 36.90° N
latitude, and 96.32° and 96.49° W longitude, ing@s@ounty, Oklahoma and owned by
The Nature Conservancy (TNC). Over the courséefltl year study period (1998-

2008), total annual rainfall varied from 490 to 026m. The preserve is situated at the
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southern extent of the Flint Hills region. Thewalon of the preserve ranges from 253
to 366 m, and the underlying bedrock of the reggsocharacterized by soils deriving from
Permian sediment (Oviatt 1998). Due to long-terasien, the surface layers of soil are
thin and young; limestone and sandstone are frelyuexposed at the surface,
sometimes within close proximity of each other.c&ese of this rockiness the Flint Hills
region, including the Tallgrass Prairie Presenas, femained unplowed and has been
instead utilized primarily as rangeland for cattirior to the acquisition of the preserve
by TNC in 1989, the majority of the site was marthafyg cow-calf and yearling cattle
production with a 4- to 5-year rotation of presedtburning and aerial application of
broadleaf herbicides (1950-1989) (Hamilton 2007).

Approximately 90 % of the TGPP consists of grasidanThe majority of the
grasslands are composed of tallgrass prairie haldtaminated byAndropogon gerardiji
Sorghastrum nutanSporobolus composityBanicum virgatumandSchizachyrium
scoparium Shortgrass prairie habitat occurs to a lessnéxn more xeric sites and is
dominated byBoutelouaspp. Despite the application of herbicide earhahe 20th
century, the flora of the preserve appears relgtivéact with a total of 763 species of
vascular plants (to date) of which 12.1% are ex@aimer 2007).

Management

The management at the TGPP was variable in spacgnaa. In 1993, 300 bison
were introduced year-round onto a 1,960 ha poudfdhe preserve (Hamilton 1996,
2007). As the bison herd increased in size, tha allotted to the herd was increased
eight times to an area of 8,517 ha by 2007 (Fiy. %% of preserve area). Initial bison

stocking rates were increased in 1999 to 2.1 arimilmonths ha (see Hamilton 2007
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for additional details). Within the bison unit,iswals were allowed to range freely and
their movement was not obstructed by internal fend&atersheds within the bison unit
were considered randomly for burning only if thegtrthe minimum fuel criteria of 900
kg ha' of fine fuels. Within a given year, the seasobuain of the bison unit was split as
follows: 40 % dormant spring (March - April), 20 I%Ge growing season (August -
September), and 40 % dormant winter (October - Déeg). The remainder of the
preserve was seasonally grazed by cattle and tipmarned more frequently in the
dormant spring season, but some of the cattle pestuere utilized for smaller scale
(2,350 ha) patch-burn experiments in which only-tinel of a given management unit
was burned annually (Hamilton 2007). Stocking witime cattle pastures included both
intensive-early stocking and season-long stockiigch contrasted with the year-round
stocking in the bison unit.
Data collection

Because of the temporally variable and spatiallyregated nature of the
management, | opted to annually re-sample a semdiera, spatially stratified set of
twenty square 100 fiplots located at the intersections of the 1-km Ugiidl (Fig. 5.1.).
The only criteria that | imposed on the selectibmg plots were that they had not
standing water, and less than 20 % cover of wodaytp or exposed rock. A semi-
unbiased spatial stratification of samples is @aidampling method for ensuring that
samples are representative of the broader variatigrassland communities across the
preserve (Palmer 1995). | opted to annually resamy sites to observe the vegetation
at a given site in multiple management states,(etg year post burn, bison vs. cattle

grazed), and to provide information on inherentryteayear variation. | resampled my
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plots every June from 1998 to 2008 and recordeg@éheent cover of all vascular plant
species at the 100°rscale.

Each year | combined four 15 cm soil cores collgetieeach corner of the quadrat
and sent these to Brookside Labs (New Knoxvillelopto be analyzed for soil cations,
pH, and other variables. | recorded topographia da slope and aspect in the field.
Climatic variation was quantified with total monghgrecipitation data that was
downloaded from the Oklahoma Mesonet Foraker 38eB41° N, -96.428° W,
elevation: 330 m; Fig. 5.1), which is located oe finieserve (McPherson et al. 2007). |
calculated total precipitation for three arbitradlefined season variables (four months
each): June through September (summer), OctobmrghrJanuary (winter), and
February through May (spring).

| derived management variables, including yeatsisdn grazing, years since last
burn, and number of burns in the past five yeaosnfa GIS database that | developed
based on TNC'’s recorded burn and grazing histbrgcognize that the number of burns
in the past five years is negatively correlatechwitars since last burn (see Appendix D)
and reflects somewhat of an arbitrary cutoff pgiive years), but | chose to include this
variable in my models despite these shortcomingause | wished to quantify the short
term burn history of a site. If a site is burnestjuently, then years since burn does not
convey any information on the history of the siégy@nd the last burn. | chose not to
include season of burn as an explanatory variagdause 83% (67 out of 80) of the

prescribed fire events recorded on my study sttek place during the dormant season.
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The management variables were dynamic in time cifpaly, the fire return
interval was not fixed in any of the managementawe sampled; additionally, seven of
our samples changed from cattle to bison managedtbg course of the study.

| grouped species into five functional groups tiaithe ecological interpretation
of patterns of species richness and compositionhgerved. The functional groups were
forbs, legumes, C3 grasses, C4 grasses, and shrubs.

Data analysis

My goal when modeling richness and species conpasias to develop
explanatory models and not predictive modsésisuMac Nally (2000). Therefore, | was
primarily concerned with comparing the explanatstrgngth of variables that were
chosera priori rather than developing a single most accurateoessarily most
parsimonious model. | coded site and years as duvamniables to quantify site and year
effects relative to management variables. | themfiopmed a post-hoc examination of the
specific environmental variables (describedata collectior) that we believed may
explain the site and year effects.

Given the observational nature of this study, mainyy environmental variables
(e.q., soil cations, total spring rain) were stigrapllinear and likely act as proxy
variables. Therefore, to increase the clarity gfresults, | only examined a small
number of environmental variables. | selectedigaias the soil variable to examine
because previous published analyses that use@p®di my dataset indicated that this
variable was strongly correlated with richness aciegd as a proxy limestone (rather than
sandstone derived soils) (Palmer et al. 2003, Bvdk304). Aspect was converted to an

index of northness [northness = cos(aspect)] (Reld&86). | did not consider a

108



corresponding index of eastness as exploratorytsasdicated it was unimportant (not
shown). We examined seasonal totals of rainfalibee exploratory analyses indicated
it greatly out performed total rainfall (not shown)

| used ordinary least squares (OLS) and generalesesd squares (GLS) to dissect
relationships between species richness and myusérplanatory variables. GLS
models were considered because they allow us twpocate correlational models for the
residuals of the model. When examining specifigl@&xatory models, | compared 10
isotropic correlational models (5 one parameter@aheo parameter) for the residuals of
each explanatory model (see Appendix E for desonpif models). The model with the
lowest AIC value was then chosen to estimate effieets and carry out conditiorfad
tests for each explanatory variable of intereta rhodel with one less parameter had an
AIC within 3 of the minimum, then visual examinatiof model fit was used to judge
which was more the more appropriate model. The @b8els were fit with a restricted
maximum likelihood algorithm, which is the prefaetnmethod for generating unbiased
estimates of variance in models that have a relgtiarge number of parameters (Diggle
et al. 1994). The R packagbneversion 3.1-90 was used to carry out all GLS model
fitting and diagnostics (Pinheiro et al. 2008).

| used variation partitioning (or commonality arsb) to estimate the unique and
shared fractions of explained variation in threstdes (or classes of variables), sites,
years, and management, on richness (Legendre ayehtlee 1998, Peres-Neto et al.
2006). Sites and years were coded as dummy vesiaold the management factor was
composed of the three management variables dedatim/e. The independent

component of variation attributable to managembaoukl be interpreted as variation
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within-sites which was independent of specific geand was associated with temporal
changes in the management variables that occumerdioe study period. For example,
over the course of the study, seven of the sitaagéd from cattle grazed to bison
grazed. Therefore, variation in these sites bedackafter the change in grazer that was
independent of specific year effects was attribtivedifferences between bison and
cattle. In contrast, if a site remained in theohisr cattle unit for the duration of the
study then the grazer variable would attribute xyglaned variance to temporal changes
at that particular site.

| carried out partitioning with OLS as well as Wi#LS multiple regression. For

each fraction of the OLS analysis, | report both ¢befficient of determination and its

adjustment for number of variableB? and RZ, respectively. For the GLS fractions |

calculated a generalized formulation of the coédfit of determinationRZ, ., that is

appropriate for GLS models (Nagelkerke 1991). tRervariation partitioning the
correlation structure of all models was assumdaktéirst-order autoregressive so that
comparisons between fractions could be more eeaxdédypreted.

In all analyses | treated species richness as tincomis variable with normally
distributed error. | recognized that in some miodetontexts it is more appropriate to
consider richness as a Poisson distributed var{@aady 1997, Palmer and Hussain
1997). However, because the normal distributiavigles a good approximation of a
Poisson random variable when the mean is largerdparoximately 20; | feel that my
usage of normal errors (instead of Poisson) igfigdtgiven that richness was never
below 48 in my samples. | also recognize that sautkors consider richness to only be

one facet of grassland biodiversity and that ottinersity indices can yield more insight
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into the ecology of the system (Wilsey et al. 200balcraft et al. 2009). However, in
this study richness was so strongly correlated alitbf the indices examined in Wilsey
et al. (2005) that additional analyses on variausrdity indices would have yielded little
additional insight (see Appendix F).

| used both indirect and direct gradient analysesxamine species composition.
Prior to all ordinations, | square-root transfornadicspecies cover data to decrease the
influence of the most abundant species on the sisalgnd | down-weighted rare species.
Detrended Correspondence Analysis (DCA; Hill andi€dal980) was used to visually
inspect directional change in the plant compositioough time and to estimate the
amount of variation composition displayed acrobg@othetical environmental gradient.
Non-metric multidimensional scaling (NMS), anotiratirect ordination technique, was
used to confirm the general conclusions of the DCA.

For the analysis of species composition | alsaedwut variation partitioning but
with partial canonical correspondence analysis (@C@orcard et al. 1992, @kland
1999). The factors used in the variation partitignwere as defined above for richness. |

calculated Peres-Neto et al.’s (2006) formulatibthe adjusted fraction of variation
explained in CCA using a permutation approal@ﬁbgadj). To my knowledge,

correlational models for the residuals have nonlibeoretically developed within the
direct ordination context and therefore these nutiweere not applied in my analysis of
species composition. However, when testing theomapce of dependent variables that
accounted for the within-site variability in spec@mposition, | conducted a toroidal
shift Monte Carlo test (Legendre 1993, ter Braatk milauer 2002b). This method of

permutation maintains the observed order of thepgeswithin a site while nullifying the
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temporal relationship of samples between siteseMWthe constraining variable was site
specific, | carried out permutations that randostiyffled samples only within their year
of occurrence which agrees with my assumption afiapindependence between sites
but not years. All randomization tests were coneldigvith 999 iterations to determine
significance of all canonical axes for all part@CA analyses under the reduced model
(Legendre and Legendre 1998, p308). As in theyaisabn richness, | constructed
models to examine the importance of specific extlany variables with estimates of
variation explained and conditionaltests. | performed multivariate analyses with
CANOCO version 4.5 (ter Braak and Smilauer 2002a)the R packageeganversion

1.15-1 (Oksanen et al. 2008, R Development CorenT2208).

RESULTS
Variance in species richness
The average species richness over the 11 year stasly6.24 (£ 0.86). The
between-year variance € 9.13) in richness was approximately equal tadkigveen-site
variance ¢ = 8.93). There were not strong directional charnigdotal richness (not
shown) or in the five functional groups througheiffrig. 5.2). Forbs were more species-

rich than all other functional groups. Variaticarfitioning of the unbiased OLS estimate

of variance explainedR,; Table 5.1), indicated that between-site differeramsunted
for the majority of variability in richnessﬂfdj = 038followed by year-to-year

differences R, = 013 However, after the within-site temporal autaetation was

considered (using a first-order auto-regressiva}ethe strength of site identity relative

to year identity was diminished quite a bit accogdio Nagelkerke’s (1991) generalized
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definition of the coefficient of determination. hoth OLS and GLS based variation
partitioning, the management class of variablesaai®d for a much smaller percentage
of explained variance in richness (2-4 %), but stihtributed a significant amount of
explained variation as judged by conditional (tfheF-tests at an alpha level of 0.05
(Table 5.2). The shared component of variatiomwbeth management and site was larger
than the influence of management alone, but theesaas not true when comparing year
and management after correcting for temporal autelaion in which case the shared
component was effectively zero.

The most important variable for site-to-site diffieces was log Ca, which was
negatively correlated with richness (standardizseffecient, p = -0.28) (Table 5.2).
Topography did not seem to have a strong influ@mcechness as neither slope nor
northness explained much variation in richness.

Temporal variation in richness within the sites w#sgbutable to both climate
and management variables. The most important sabsanfall variable was summer
rain, which was negatively correlated with richn@ss -0.19); winter rain and spring
rain appeared equally important and both were pe$itassociated with richnesg €
0.15 and 0.14, respectively). The single most ingm management variable was years
of bison, which was positively associated with nebs § = 0.43). Both years since burn
and number of burns in the past five years weratiagy associated with richness but
neither variable was found to explain significantipre variation in richness than due to

chance.
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Variance in species composition

The DCA scatterplot indicated that change in sgecgmposition through time
was not directional (Fig. 5.3). Furthermore, si®ained relatively separate from one
another in ordination space, which indicates tlaaiation in species composition was
greater between sites than within sites. Therensasa strong difference in sample
scores between sites that were bison- versus-gattied along the first or second DCA
axes. Furthermore, when samples switched frorfedatbison, their trajectory through
time did not change substantially. The resultsiefNMDS (not shown) corroborated
these qualitative results.

Variation partitioning based upon CCA indicated: thite effects explained the
majority of the variation in species compositidkﬁgAadj =0. 6, #ig. 5.4). Year and
management effects on species composition werégitdglafter adjustment, but both
were still found to be significant in randomizati@sts at the 0.05 level (Table 5.3).
There was a large shared site and managemenbﬁe(&iCAadj = 008) of explained
variation. The pCCAs that considered site speeifjglanatory variables after factoring
out year and management effects indicated thaCbwas the most important site
specific variable Ri;n,q = 007 Table 5.3).

Although management explained only a very smalpprtion of the variation in
species composition, | feel that for applied pugsois is still worth examining the
management effects on particular species using@paplot (Fig. 5.5). The pCCA
biplot displays only the 90 most abundant spe@aébdugh all 307 species were included

in the analysis) with respect to the three managénagiables after factoring out year

and site effects as dummy variables. It appearaidatbth C3 and C4 grasses (open and
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filled black circles on biplot respectively) appeaito decrease in cover with increased
years of bison grazing.espedeza cuneafaericea lespedeza), an invasive species, was
positively correlated with years of bison grazirdowever, this species is a target for
herbicide application by the TNC so care must kertan interpretation of this result.
Annual and ruderal species, suctCimmaesyce nutarigye bane)Plantago virginica
(Virginia plantain),Ambrosia artemisiifolia(annual ragweed), afchdropogon

virginicus (broomsedge bluestem), all were positively assediatith the number of

burns in the past five years.

DiscussioN

The purpose of my study was to examine the infleerf@ variable management
regime on plant richness and composition relativeite-to-site and year-to-year
variability. My results suggest that the grasstaafithe TGPP are not undergoing strong
directional changes in richness or compositionughotime (i.e. they do not appear to be
on a clear trajectory). Rather, samples appeanaiotain their differences over time and
respond somewhat idiosyncratically to managemdatif This is not to say that
management effects on richness and compositiopardient of site and year effects
were irrelevant and uniterpretable, but simply thatmanagement effects were relatively
unimportant relative to inherent sources of langdsdaeterogeneity.

Role and drivers of site-to-site variation

The bulk of the variation in richness and compositivas due to differences

between sites, which | believe primarily refleceddwground differences between my

samples. | found that calcium explained the pradant amount of site-to-site
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variability in both richness and composition (Tabl2). | interpret calcium’s importance
to be due to its role as a proxy variable for matiher soil properties which are generally
indicative of limestone derived soils (Palmer e2803, Brokaw 2004). Using the same
20 sites analyzed in this study (only for the y2@02), Brokaw (2004) found that out of a
set of 12 different soil nutrients and total carlieat the two most important variables for
explaining plant composition (using pCCA) were tat@bon and residual phosphorus.
These variables were strongly positively correlatéth the majority of soil nutrients and
calcium and interpreted as a general indicatoinoé$tone parent materials. These
findings suggest that the important role that caitplayed in my study does not
necessary contradict the body of work that sugghatsbelow ground nutrients are the
predominant drivers (not cations) of plant richnaésd composition in tallgrass prairie
ecosystems (Turner et al. 1997, Burke et al. 1B88r et al. 2003, 2004).

Why was the relationship between calcium and risemegative? The positive
relationship between calcium and soil nutrientat(8rokaw [2004] found in my
samples) suggests one possible explanation. |lhgi in calcium are the productive,
nutrient rich sites, then plant species at thees snay experience stronger competitive
exclusion and therefore have lower richness (GA®i&3, Tilman 1982). Partel's (2002)
species pool hypothesis offers an alternative thgxis for the negative correlation
between richness and calcium (Palmer et al. 200B% species pool hypothesis
postulates that negative correlations between estiand pH (or calcium given their
tight correlation) will occur in regions in whiclahitats high in pH were evolutionarily

scarce. Palmer et al. (2003) found that the data the Tallgrass Prairie Preserve
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(including this study’s sites as well as many adhappeared to support Partel’s
hypothesis in the grasslands but not in the woatilan
Role and drivers of year-to-year variation

Year-to-year variation was a better explanatoryalde of richness than
composition. This indicates that changes in yeayetar composition were primarily
idiosyncratic. Relative to site and managemernbfacthe year factor explained almost
equal amounts of variation in richness as siteceff€21% compared to 25%) with 9
fewer parameters. With respect to species compnsitear effects were more
comparable with the small influence of managemieoth(were < 1%).

Climatic variability is the most obvious driver pdar-to-year variation (that is
independent of management effects). In the taiypaairie plant community water is
typically viewed as an important limiting resoureed it is generally positively
associated with richness in grasslands (Cornwell@mbb 2003, Adler and Levine
2007, Wilson 2007). In my study, richness was ey correlated with the winter and
spring seasonal precipitation variables, but nggbticorrelated with the summer
precipitation variable. Although all the seasonalales explained a significant amount
of variance in richness, it appeared that the inddpnt negative effect of the summer
variable was largest with respect to richness @ &lt). Following Adler and Levine
(2007), increased precipitation may act on richresctly by making the environment
more benign and thus allowing more species to sbexiowever, if this was generally
true, then it is difficult to explain the stronggative correlation observed for summer
rainfall. An alternative season specific hypotkébat may explain the negative

relationship with summer rainfall is that increagedcipitation in the summer previous
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to sampling yields higher aboveground cover of @&&ges. High yields of aboveground
biomass could act to both inhibit germination ohaals and biennials later at the
beginning of the next growing season as well aseage asymmetric light competition
due to increased litter (Grace 2001). The positfleence of spring and winter rains
may also be explained by the critical role thatfial plays in stimulating germination in
the annuals and biennials during the dormant seasiorthis sense precipitation is
viewed as a non-resource variable that indireatiyences richness by increasing
aboveground primary productivity the summer priosampling and by influencing
germination of species rich plant groups.
Independent management effects

Despite the occurrence of 80 recorded fire everrtssa my twenty sites and the
usage of different grazers, my results indicated thanagement effects were relatively
minor in comparison to inherent site and year loggeneity. This result is in conflict
with the dominant paradigm of tallgrass prairielegg, which asserts that management
tools such as fire and grazing are the dominaredsiof diversity and composition in the
plant community (Collins 1987, Gibson and Hulb&81, Anderson 1990). Although
the importance of site and year effects is not\ehmsight in this system, they are rarely
observed to dominate the influence of managemestrsagly. There are several
reasons that likely led to this result. My samesger a larger spatial extent than the
majority of other tallgrass prairie studies, gitba large size of the TGPP. Additionally,
due to the observational nature of my study, Irditcompare my samples to control
sites that received no burning and/or grazingoailgih some of my sites went as long as

10 years without fire. And lastly, by utilizingsiand year dummy variables, | provided
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a conservative (but | believe more honest) estirafitee independent influence of
management.

Although management explained little variation @feryears of bison grazing
had a strong positive relationship with richnesab& 5.2). This suggests that “bison
management” is having a positive influence on redmat the TGPP. | stress bison
managementather than the influence of bison directly beeadifferent burning regimes
are used for these two species: the average fuenranterval was generally longer and
the season of burn was more variable in the bistis when compared with the cattle
units (Hamilton 2007). Also the bison units werazgd year round, while the cattle
units were only seasonally grazed. Therefore, fairty confident bison management is
having a positive effect on richness, but | am Esdident that this is due actually to the
presence of bison in comparison to cattle.

One explanation for the positive correlation betwgears of bison and richness
may be related to the dietary differences betwedthecand bison. Bison are thought to
selectively forage on graminoids rather than fgib<ontrast to cattle which behave
more as generalists) (Coppedge et al. 1998b, Katph 1999). This dietary behavior
may release forbs from competitive exclusion dugaéodominant C4 grasses. Years of
bison grazing was negatively correlated with theec@f the majority of C3 and C4
species (Fig. 5.5). The increase in richness agdedse in graminoid cover in the bison
managed sites lend modest support to the hypottiegibison may increase richness of
tallgrass prairie by decreasing the cover of grammrelative to sites that were grazed

seasonally by cattle.
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Towne et al. (2005) undertook a more controlledrapagh to investigating the
effects of bison and cattle grazing on plant ridsn@nd composition at the Konza
tallgrass prairie over a 10 year period in annuallgned pastures. They also found that
overall the differences between bison and cattleskght but that bison grazed patches
had a higher cover of some forb species and gdoredspecies at a more rapid rate
through time. They concluded the differential @sges of vegetation to bison or cattle
grazing may be predominately due to differencas@amagement of these grazers rather
than inherent differences in their biology. A damieffect may be taking place at my
study site as well.

Years since last burn was most strongly correlatigdl changes in species
composition (Fig. 5.5), but the other two managetanables explained comparable
amounts of variation (Table 5.3). Other studiegehaoted the strong positive
relationship between cover of legumes and C4 gsasgh frequency of dormant season
burning (Hulbert 1988, Towne and Knapp 1996, Copgpest al. 1998a, Peterson et al.
2007), although 84% of the burns in my samples wedwuring the dormant season,
there was not a clear relationship between firgemcy and either of these functional
groups (Fig. 5.5). | found anecdotal evidence thderal species were positively
associated with the number of burns in the pastyears (Fig. 5.5), which is to be
expected given that these samples were likely ve hggher grazing pressure due to their
more nutritious regrowth (Coppedge and Shaw 19@Blgadorf and Engle 2001).

Management implications
Our results suggest that management decisionsatee significant changes in

plant species richness and composition; howeverexiact details of the management
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plan for tallgrass prairie plant communities mayob&ess importance given the large
sources of inherent landscape heterogeneity wedrke This may be welcome news
for land managers because it suggests that irsthgtass prairie plant communities may
be relatively insensitive to the exact managemesggription, as long as some
combination of fire and grazing is present on #relkcape. Although our study did not
examine long-term unburned and/or ungrazed stteswiorth noting that tallgrass prairie
landscapes managed in this way are likely to egpeg increased woody encroachment
(e.g., Briggs et al. 2002).

At our study site, TNC is utilizing a variable ajgltion of prescribed fire to meet
several conservation goals. One goal is to mar@aincrease the biological diversity of
the plant community (Hamilton 2007). The non-diil@tal changes in species
composition and relatively weak increase in riclsnesbserved over the 11-year period
suggest that the management decisions are at théeast not detrimental to the plant
community. TNC is also attempting to manage fddie habitat and diversity.
Structural heterogeneity in the vegetation, atteduo the variable application of fire,
resulted in the development of suitable habitagfernder breadth of grassland bird
species at the TGPP (Fuhlendorf et al. 2006, Cappetlal. 2008). These results in
conjunction with our findings suggest that the nggament decisions at the preserve
contribute to important conservation goals, evehefr effects on plant richness and
composition are slight.

The importance of observational studies
Even without control treatments, observational istsidan provide vital

information about the ecology of a system (Undemivebal. 2000, Legg and Nagy 2006,
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MacNeil 2008). To examine long-term trends at noylg site, it was more appropriate
to conduct an observational study (rather than mipo#ative one) given my interest in
the role of inherent heterogeneity as well as ¢nepiorally dynamic nature of the
management at the preserve. My study demonstraiebng-term plots may be a
potentially valuable source of information despitiack of clearly defined treatments, if
they are placed objectively (Palmer 1993). Thisasto say that experimental studies
are not necessary for uncovering driving mechanismisrather that it is often valuable
to complement them with observational studies shahthe context of their results can
be better interpreted.
Conclusions

Management effects on plant richness and composi&re relatively minor
relative to inherent variation between sites aratye Management effects on species
composition were nevertheless significant and pretable, and | detected a significant
positive correlation between bison management éartt gchness. Given the overriding
influence of inherent landscape heterogeneity erptant community, the exact details
of a management plan that incorporates the varegiyéication of fire and grazing may

not be of critical importance to maintaining tadlgs prairie plant communities.
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TABLES

Table 5.1. Variation partitioning of richness in® components for site, year, and
management (abbreviated as manage) variables. tiNgitthe factors: site, year, and
management consist gfexplanatory variables. The site and year factenewoded as

dummy variables (sedethodsfor explanation). The partitioning was conducieth

respect to the unadjusted and adjusted OLS caaifigiof determinationR® and
Rjdj respectively) as well as coefficients of determorafor GLS models incorporating a

single autoregressive terniy, .).

OLS GLS (AR1)

Factors ¢) Cofactors R? R Rs
site (19) year + management 0.48 0.48 0.27
year (10) site + management 0.13 0.13 0.18
management (3) site + year 0.04 0.04 0.02
site + year management 0.01 -0.02 0.25
site + management year 0.05 0.05 0.04
year + management site 0.08 0.07 <0.01
site + year + managememA -0.01 -0.02 <0.01

Total (32) 0.77 0.74 0.77

133



Table 5.2. The conditional explanatory power ofcHjievariables on species richness.

The variables site, year, and management are asedeh Table 5.1. The model used to

account for within site temporal autocorrelatiorihie residuals is displayed with the

estimated range and nugget (seetiddsfor details on the selection of the correlation

model). Cells marked as-" indicate that their values are identical to celtove. The

standardized regression coefficiefif s also given to indicate the strength and dioect

of the response of richness as well as an estiofiatariation explained and the results of

conditionalF-tests (approximate tests).

Temporal
Explanatory . Autocorrelation 2 .
Variables Covariables Model B R;s F-ratio p-value
(range, nugget)
Factors(q)
. Gaussian
site (19) year + management (3.92, 0.55) NA 0.25 5.80 <0.001
year (10) site + management -- NA 0.21 12.87 <0.001
management (3) site + year -- NA 0.01 4.07 0.008
Site Specific Variables
slope + northness + year +  Exponential )
log Ca management (10.91, 0.32) 0.28 0.05 6.51 0.012
slope log Cat+ northness + year + - 0.10 <0.01 071  0.400
management
northness log Ca + slope + year + - 024 001 371 0.056
management
Year Specific Variables
summer rain winter rain + spring rain + site + Exponerltlal 019 003 2665 <0001
management (0.85)
winter rain summer rain + spring rain + site - 0.15 0.02 15.47 <0.001
+ management
spring rain summer rain + winter rain + site - 0.14 0.01 11.43 0.001
+ management
Management Variables
. years since burn + # of burns in  Gaussian
years of bison 5 years + site + year (3.92, 0.55) 0.43 0.01 7.61 0.006
years since burn years of bison * #ofburnsin 5 -- -0.11 <0.01 3.52 0.062
years + site + year
# of burns in 5 years of bison + years since _ 011 <0.01 134 0249

years burn + site + year

*a one parameter model (i.e., the nugget was as$tonge zero)
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Table 5.3. The results of Monte Carlo randomizatasts using the results of pPCCA
under the reduced model. Each randomization tastownducted with 999 iterations.
The variables site, year, and management are aeedeh Table 5.1. Cells marked as “

" indicate that their values are identical to cal®ve.

Factors(q)

site (19) year + management random shuffle 0.50 0.48.471 0.001

year (10) site + management toroidal shift 0.04 40.02.248 0.001

management (3) site + year random shuffle 0.01 %0.02.145 0.001
- - toroidal shift - - - 0.001

Site Specific Variables

slope + northness + year +

log Ca random shuffle 0.13 0.12 19.735 0.001
management

slope log Cat+ northness + year + random shuffle 0.03 0.03 8.152 0.001
management

northness log Ca + slope + year + random shuffle 0.02 0.01 5.219 0.001
management

Management Variables

years since burn + # of
years of bison burns in 5 years + site + random shuffe  <0.01 <0.01 2.314 0.001
year

-- -- toroidal shift -- -- -- 0.001

years of bison + # of burns
in 5 years + site + year

-- -- toroidal shift -- -- -- 0.001

years since burn random shuffle  <0.01 <0.01 2.102 0.001

# of burns in 5 years of bison + years
years since burn + site + year

-- -- toroidal shift -- -- -- 0.021

random shuffle <0.01 <o0.01 1.616 0.001

* random shuffle permutations were constrained taioadthin a year, toroidal shifts
were constrained within a given a site and presktive temporal order of samples (see
Methodsfor more explanation)
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FIGURES

The Nature Conservancy’s
Tallgrass Prairie Preserve, Osage Co., OK, USA

o ©

Bison Unit

Mesonet tower T—L
" (@]

/\ Transition

Q Cattle

0 S 10 15 km

Preserve Area 15,700 ha
Bison Unit Areax 8,500 ha (54%)

Fig. 5.1. A map of the Tallgrass Prairie Preserke shaded area denotes the bison unit
which increased in area during the duration ofstiuely. The Mesonet tower where the
climate data was recorded is marked on the maystes &). The twenty quadrats
sampled each year of this study are displayed @midp. The sites that were bison at the
beginning of the study (1998) are displayed willedi triangles &), those that

transitioned during the study from cattle to bisoa denoted by unfilled triangles)(

and the other cattle grazed samples are denotadflied circles ¢). *Area of bison

unit is as of May 1, 2008.
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Fig. 5.2. The average species richness of fivetional groups: forbs (that are not
legumes), legumes, C3 graminoids (grasses, seaiggsushes), C4 graminoids, and
shrubs (woody plants) over the course of the stuide error bars display + 1 standard

error.
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Fig. 5.3. DCA scatterplot displaying the 20 sitesn 1998 to 2008. The eigenvalues
were 0.152 and 0.108 for the first and second resigectively. The time series is
indicated by a line segment (—) with joints at egehr, a dark black line joins years in
which the plot experienced bison grazing and a neydemarcates years in which the
plot experienced cattle grazing. The 1998 samgiesndicated by circles] and the

2008 samples are indicated by squargs (
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Fig. 5.4. A Venn diagram displaying th&¢, (R..q) Of each fraction resulting from
the variation partitioning of species compositi@mng pCCA. The three factors (classes
of explanatory variables) were sites, years, andagement. Note thak3,,q in this

context should not be interpreted as fraction gli@red variance but rather fraction of

explained inertia. For the shared fractions | aefyort the unbiase®’.,.q values.
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black arrows. Only the 90 most abundant speci¢isenB07 total are displayed for
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letters of the species (see Appendix G). The symbeach species depends on which

functional type it belongs to (see legend).
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APPENDIX A

DERIVATION OF Zg AND Wg

Proof

From Eg. 3 in the main text the expected numbeapeties is equal to:

S
E[S(AT[RpP)] =S, - > (- p ) ) (A1)

i=1
The Arrhenius definition of is the slope of the SAR in log-log space; therefooan
definez: for the sampling model as the partial derivatif’éhe natural logarithm (In) of
the expected richness as a function of the Ined.alFor notational simplicity | will

define this as:

oInS;
Z- = A.2
£ 0InA (A-2)

Because Eq. A.1 is given with respect to area adhfarea) and defined f& and not

In(S) | must use the chain rule to see that Eq. A.2 tisadly:

A O A 0
-2 ;\E S . ;\E (A3)
SP _ z (1_ pi )A[1+R(T—l)]

Ze

And using the rules of differentiation for exporiahfunctions and the chain rule once

more | find that:

S e RT3 [0 p) T G- p) (A%

Combining this equation with Eq. A.3 | can see thatequation fozg is:
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AL R D73 [ p) R ina - p)]
z. = = (A.5)

S
_ (1 _ pi ) Al1+R(T-1)]
52

A similar process can be used to fing

w = nS T 05 _ . T 05 (A.6)
oinT S, oA S-3 o pyrrrn T

i=1

And using the rules of differentiation for exporiahfunctions and the chain rule | find

that:

0 & CR(T—

% AR [0 p) T ing )] (a7
aT =)

Combining this equation with Eq. A.6 | can see thatequation fowg is:

~TARY [ p) TN )]
W = = (A.8)

S
SP _ (1_ pi ) A[1+R(T-1)]
2
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APPENDIX B
DERIVATION OF Ug — THE PARTIAL DERIVATIVE OF Zg AND Wg WITH RESPECT TO THE

NATURAL LOGARITHM OF TIME AND AREA RESPECTIVELY.

Proof

In appendix A, | derived Eq. A.8 which stated that:

w_am&_I@&:fJAigm_grmmD%a_“ﬂ

© olnT s S, _SZP (A p)ARTD)
i=1

(B.1)

From this equation | will calculate the partialvaf with respect to IA. The formulation

of this partial | will refer to asg:

O’InS, _ ow _ ,ow

- _ oW _ (B.2)
oINAIINT aInA " oA

Before solving for this it is helpful to break Hg,.1 into three separate functions and

derive the partial derivative with respect&dor each function:

fg

W =4 where (B.3)

f = -TAR, (B.4)
_of_

f="l=-TR, (B.5)

9= [ p) T Vin@- p)], (8.6)
._ 09 _ B & [ A VAILR(T-1)] B 2]

g=— =[+RT 1)]§ @-p) (In@-p)y), (B.7)
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S
h — Sp _z (1_ pl)A[1+R(T—2I.)] ’ and
i=1

h'=2_2 =1+ R(T —1)]ZP [a- )"  In@- p))].

After applying the quotient and product rules to B@ | find that:

owe _(f'g+g'f)h—h(fg)

0A h?

Finally, ug is calculated by substituting Eq. B.10 into ER:B.

A{(f'gwl'f)h—h'(fg)}

h2

Uz =

(B.8)

(B.9)

(B.10)

(B.11)

Unfortunately when equations B.4-B.9 are substitutéo Eq. B.11, the resulting

formula does not readily simplify, and therefore fimal solution is too large to show

here in its entirety. By Clairaut's theorem | knthat Eqg. B.11 will also result from

taking the partial ofz with respect to IfT.

oW _ 0z __o'Ins
oA T  oInTolnA

u-=A
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APPENDIX C
GRAPHICS DISPLAYING THE PREDICTIONS OF THE SAMPLIN®ODEL FOR FIVE RELATIVE
ABUNDANCE DISTRIBUTIONS(RADS) WITH DIFFERENT LEVELS OF EVENNESS AND FIVE

VALUES OF THE REPLACEMENT RATHR).

All of these figures were created with model partargeequal to those in the main text.
Both area and time were varied from 1 to 16384urgsssive doublings of scale and the
size of the species pod@d) was 800. Figures C2 through C4 were generattddthe aid

of the R package dichromat v1.2-2 (Lumley 2008).
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Fig. C1. The log probability rank diagrams for all nine of the @ifént relative
abundance distributions (RADS): even, three lograbromeven, geometric, broken stick,
Zipf, and Zipf-Mandelbrot. Note that the RADs tlaaé bold in the figure legend are the
five RADs which were chosen to represent the dityeod possible species-time-area
relationships in the manuscript. Also note thatgeometric RAD is linear in semi-log
space over its entire range and is not shown ienitisety. The least common species in

the geometric RAD had a lggprobability of -37.56.
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Fig. C2. The species-area relationship (SAR) fee fialues oR (columns) and the five

RADs (rows). The color of the curves indicate tim@poral scale of the SAR (see

legend): brown indicatéE was small and blue indicat&ésas large. The dashed grey

line indicated the log of the size of the species pos#,
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Fig. C3. The species-time relationship (STR) feefvalues oR (columns) and the five
RADs (rows). The color of the curves indicate spatial scale of the STR (see legend):
brown indicate\ was small and blue indicatésvas large. The dashed grey vertical

line indicated the log of the size of the species pos§#,
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Fig. C4. The distribution of time-by-area interactiug) as a function of log richness
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by holding area constant and varying time. Theeena visible curves wheR=0
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species pools.
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APPENDIX D

THE DISTRIBUTION AND COLLINEARITY OF EACH THE MANAGBMENT VARIABLES.
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Fig. D1. The diagonal of the matrix displays a frency histogram for each discrete
management variable. The magnitude and direcfidimeocorrelation of two variables is
indicated by the cells in the upper triangle. Tdwer triangle indicates the scatterplot of
the two variables. A lowess smoothing function wpplied to the scatterplots to aid

visual interpretation.
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APPENDIXE
ISOTROPIC VARIOGRAM MODELS FOR WITHIN SITE TEMPORARUTOCORRELATION OF THE

RESIDUALS OF THEGLS MODELS OF SPECIES RICHNESS

For each GLS model the single and double paranfmtaulations of five different

models were compared using AIC which penalizestferadditional parameter.

Table E1. The single parameter formulation of fa@ropic variogram models. This

table is recreated from Table 2 in Pinherio e(2008).

Model name Single parameter formulation
Exponential r(s, p) =1—expEs/ p)

Gaussian 7(s,p)=1- exd— (s/ p)2_|

Linear y(s,p)=1-@A-s/ p)l(s< p)

Rational quadratic y(s.p) = (s p)? 1L+ (s/ p)?|

Spherical y(s.p) =1-1-15(s/ p) + 05(s/ p)°]l (s< p)

In the table abovesis the distance between two observations (in mg casnber of
years) ang is the range of the model or the distance at wbirdervations are no longer
correlated. The two parameter version of each hatebe formulated simply by the
addition of a third parameter, the nuggej:(

Co t (1_ CO)]/(S,p), S> O!

S,C., =
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APPENDIX F

THE RELATIONSHIP BETWEEN RICHNESS AND SEVERAL OTHERIVERSITY INDICES

EXAMINED IN WILSEY ET AL. (2005).
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Berg Dom

0.010
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Fig. F1. The relationship between richness antl darsity indice. The linear

correlation coefficients are indicated in the uppngular matrix. A lowess smoothing

function was applied to the scatterplots to aidiaisnterpretation.
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APPENDIX G

LEGEND OF SPECIES NAMES AND FUNCTIONAL GROUPS FORGED.5.

Table G1. The abbreviation and functional groupefach species displayed in Fig. 5.5 —
the pCCA biplot of management effects. Nomenctafallows the PLANTS database

(USDA NRCS 2008)

Abbreviated name  Binomial Functional Group
ambrarte Ambrosia artemisiifolia Forb
amphdrac Amphiachyris dracunculoides Forb
arteludo Artemisia ludoviciana Forb

callalca Callirhoe alcaeoides Forb
chamnuta Chamaesyce nutans Forb
cirsalti Cirsium altissimum Forb
conycana Conyza canadensis Forb
crotmona Croton monanthogynus Forb
cuscpent Cuscuta pentagona Forb
gaurunko Gaura sp. Forb
geracaro Geranium carolinianum Forb
lepivirg Lepidium virginicum Forb
oxalviol Oxalis violacea Forb
planvirg Plantago virginica Forb
raticolu Ratibida columnifera Forb
rudbhirt Rudbeckia hirta Forb
salvazur Salvia azurea var. grandiflora Forb
sisycamp Sisyrinchium campestre Forb
solacaro Solanum carolinense Forb
solicana Solidago canadensis Forb
symperic Symphyotrichum ericoides Forb
vernarka Vernonia arkansana Forb
amorcane Amorpha canescens Legume
baptbrac Baptisia bracteata Legume
chamfasc Chamaecrista fasciculata Legume
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dalecand
desmsess
kummstip
kummstri
lespcune
lespvirg
medilupu
melioffi
mimonutt
bromarve
carebush
carefest
caregrav
caremicr
cypeechi
cypelupu
dichacum
elymvirg
hordpusi
juncinte
spheobtu
andrgera
andrvirg
bothlagu
boutcurt
digicogn
eragspec
paniance
panivirg
schiscop
sporcomp
tridflav
rubuostr

symporbi

Dalea candida
Desmodium sessilifolium
Kummerowia stipulacea
Kummerowia striata
Lespedeza cuneata
Lespedeza virginica
Medicago lupulina
Melilotus officinalis
Mimosa nuttallii

Bromus arvensis

Carex bushii

Carex festucacea

Carex gravida

Carex microdonta
Cyperus echinatus
Cyperus lupulinus
Dichanthelium acuminatum
Elymus virginicus
Hordeum pusillum
Juncus interior
Sphenopholis obtusata
Andropogon gerardii
Andropogon virginicus
Bothriochloa laguroides ssp. torreyana
Bouteloua curtipendula
Digitaria cognata
Eragrostis spectabilis
Panicum anceps
Panicum virgatum
Schizachyrium scoparium
Sporobolus compositus
Tridens flavus

Rubus ostryifolius

Symphoricarpos orbiculatus

Legume
Legume
Legume
Legume
Legume
Legume
Legume
Legume
Legume
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C3 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
C4 grass
Shrub

Shrub
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