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ABSTRACT
Facilitation and competition are recognized as important interactions structuring plant

communities. This dissertation investigates the relationship of Lespedeza cuneata and
Heterotheca subaxillaris in an old field in South Carolina. Heterotheca, an annual plant, is often
found associated with Lespedeza, a perennial, nitrogen-fixing legume. The relationship between
the two species was explored through a pattern analysis and by modeling the dependency of the
positions of Heterotheca on the density of Lespedeza. Results of a Ripley’s K analysis revealed
that the two species were clustered, which suggested a potential positive interaction. Further
modeling indicated that the intensity of Heterotheca was maximized at moderate densities of
Lespedeza. Heights and biomasses of Heterotheca showed a slight yet significant increase as
Lespedeza density increased. Mortality also had a slight increase with increasing Lespedeza
density. It is thought that Lespedeza may affect its environment in terms of local resources.
Soil nutrients, soil moisture, canopy openness, and soil temperature were measured in plots of
varying Lespedeza density. Increasing density of Lespedeza led to decreased canopy openness

and temperatures, and increased levels of NO; and NH,", although results of a net nitrogen



mineralization study found no significant differences between Lespedeza density. High densities
of Lespedeza led to higher soil moisture immediately following rain, but lower temperatures
thereafter; moderate densities led to higher soil moisture at the 20 cm depth.

Germination of Heterotheca seeds was not affected by the presence of Lespedeza soil or
litter. The growth of Heterotheca responded positively to increases in nitrogen, and while
growth was hindered by shade, reproductive output was not negatively affected by shade.

These results suggest that there are complex interactions between Heterotheca and
Lespedeza. At high densities, Lespedeza likely competes with Heterotheca for light resources,
but the benefits of Lespedeza to soil nutrients and moisture at moderate densities may contribute

to the success of Heterotheca.
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CHAPTER 1
INTRODUCTION

Understanding biologica interactionsis amgor focus of ecological research because
both positive and negative interactions can have significant effects on plant and anima
community structure. Studies of negative interactions, or competition, however, have long
dominated the literature (Conndl 1983, Schoener 1987). Theories surrounding the structure and
dynamics of plant communities have focused primarily on negative interactions between plants
(Grime 1979, Tilman 1988). Competition between plants for resources such as space, light and
soil nutrients has been considered the primary driving force of plant community dynamics and
gructure (Tilman 1988).

Although less common in the literature, pogtive interactions, dso known as facilitation,
have been the focus of aresurgence in interest in factors that structure plant communities
(Callaway 1995, Bruno 2000, Cdlaway and Pennings 2000). Facilitation occurs when the
presence of individuas of one species benefits individuas of the same or a different species.
Theideathat early colonizing species change the environment to promote the establishment of
other species was first proposed as a mgor mechanism for succession by Clements (1916).
Later, Connell and Slatyer (1977) proposed facilitation as one of three testable models for
explaining species replacement during succession. Facilitation has been found to be a Sgnificant
factor in both primary (Chapin et a. 1994, Bellingham et d. 2001, Walker et d. 20014) and
secondary succession (Raffagle and Veblen 1998, Rousset and Lepart 1999) where the

environments are stressful with low nutrients, soil moisture, or organic maiter, or with high



herbivory pressure.  Facilitation has not been found, however, to be important to successiona
dynamicsin typica old fields abandoned from agriculture (Keever 1950, Hils and Vankat 1982,
Armesto and Pickett 1986), where soils are well established and nutrients are not low (Chapin et
a. 1994). Hilsand Vankat (1982) dismissed the facilitation modd of successonin old fidds
after finding no declinein perennia biomass after the remova of annuas and biennids. Miller
(1994) found limited facilitation of some old-field species; however, these were due to indirect
effects resulting from competition.

In addition to studies concerning succession, much early work on positive interactions
between plants focused on desert ecosystems. In these habitats, shrubs or trees serve as “nurse
plants’ and promote the establishment and growth of other species by ameliorating microclimatic
and soil nutrient conditions (Shreve 1931, Muller 1953).  Questions addressed why annua herbs
and perennia seedlings were found under the canopy of only certain shrub species. Shreve
(1931) mesasured microclimatic variation both under and away from desert shrubs and
hypothesized that the shade of shrubs offered both protection from physical injury and
amdioration of multiple environmenta factors. Descriptive work by Went (1942) noted that
nutrients might be more important than physical factors because annuas were often associated
with remnants of dead shrubs. Muller (1953) speculated that a build up of organic debris was
responsible for the presence of herbs under shrubs such as Franseria dumosa.

The “nurse plant” phenomenon in deserts has continued to be afocus of study of postive
interactions (Franco and Nobel 1988, 1989, Holzapfd and Mahall 1999, Brittingham and Walker
2000, Tielborger and Kadmon 2000a, Forseth et a. 2001, Tewksbury and Lloyd 2001, Walker et
a. 2001b, Schenk and Mahall 2002, Schenk et . 2003). Salt marsh and coastal dune systems

have dso received much attention (Kelman and Kading 1992, Bertness and Shumway 1993,



Bertness and Hacker 1994, Callaway 1994, Bruno 2000, Callaway and Pennings 2000, Shumway
2000, Franks 2003, Rudgers and Maron 2003). In addition to coastal and desert systems,
facilitation has been observed in awide range of other habitats. These include calcareous
grasdands (Rousset and Lepart 1999), subtropica savannas (Vetaas 1992, Barnes and Archer
1996, Couteron and Kokou 1997, Barnes and Archer 1999), oak woodlands (Calaway and
D'Antonio 1991, Cdlaway et a. 1991, Cdlaway 1992) and high Andean terraces (Nunez et d.
1999).

Facilitation has now found a place dongside competition and is recognized as an
important biological interaction in stressful ecosystems. There is atrend towards recognizing
that both positive and negative interactions are important and often co-occur within the same
community (Franco and Nobel 1988, Bertness and Shumway 1993, Haase et a. 1996, Barnes
and Archer 1999, Cdlaway and Pennings 2000, Franks 2003). Current work focuses on
elucidating the responsible mechanisms, targeted life stages, or intengity of interactions
(Cdlaway 1992, Callaway and Walker 1997, Bruno 2000, Rousset and Lepart 2000, Franks
2003).

Mechaniams of fadilitation among plant individuas occur primarily through habitat
improvement and amelioraion. In many habitats, increased soil nutrients and shade, leading to
decreased solar radiation, lower temperatures and higher soil moisture, are key mechanisms
(Radwanski and Wickens 1967, Franco and Nobel 1989, Valiente-Banuet et d. 1991, Kelman
and Kading 1992, Raffaele and Veblen 1998, Shumway 2000, Tielborger and Kadmon 2000Db,
Lenz and Facdlli 2003). In coastal systems, amelioration of sat or water stress and substrate
dtabilization are important means of facilitation (Bertness and Shumway 1993, Bertness and

Hacker 1994, Bruno 2000). Additionad mechanisms include protection from predation stress



(Vdiente-Banuet and Ezcurra 1991, Rousset and Lepart 1999).  Facilitation is most important in
stressful habitats, and the importance of facilitation is predicted to increase as stressincreases
(Bertness and Hacker 1994, Holmgren et d. 1997, Tewksbury and Lloyd 2001), while the
importance of competition may increase as stressors are limited (Bertness and Shumway 1993).

The dendity or size of the benefactor species may aso impact ether the intensity of
fadilitation or the balance between competition and facilitation (Callaway and Walker 1997,
Tewksbury and LIoyd 2001). In adeglaciated Alaskan habitat with low soil nutrients, Chapin et
a. (1994) found that thickets of alder (Alnus tenuifolia) facilitated establishment of spruce (Picea
glauca) seedlings, while Walker and Chapin (1986) noted that thickets of alder in aless stressful
Alaskan floodplain habitat suppressed establishment of other species, including spruce. Kellman
and Kading (1992) found facilitation of pine seedlingsin sand dune succession only &t or beyond
a“threshold” of oak canopy Sze. Sizeis not dways important, however, as McAulliffe (1984)
found no correlation between the trunk size of alarge cactus, Opuntia fulgida, and the number of
gamdl cacti found under its canopy.

Facilitation can aso occur at different life history stages. Walker and Chapin (1986)
found that athough thickets inhibited seedling establishment, individuas of dder promoted the
growth of established spruce seedlings. Growth but not germination was favored under
conditions of shade for perennid herbs growing under trees or desert shrubs (Shreve 1931).
Lenz and Facdlli (2003) found similar results with an Audtraian shrub that facilitated growth but
not germination or establishment of a perennia succulent. Franco and Nobel (1988) found the
opposite to be true in their sudy of Agave growing under the desert bunchgrass Hilaria rigida;
seedling establishment was facilitated by H. rigida, but competition for light and water reduced

seedling growth. In this case, temperature was the key factor that inhibited seedling



establishment outside of the canopy (Nobel 1984). In salt marshes, the stabilization of the il
by Spartina alterniflora facilitated seedling establishment of two annua cobble beach species,
but adult trangplants of the annuas had high surviva rates regardless of their proximity to S
alterniflora (Bruno 2000). Inacoastd sand dune, the nitrogen fixing shrub Myrica
pennsylvanica was found to facilitate both seedling establishment as well as adult growth of two
perennid species, Solidago sempervirens and Ammophila breviligulata (Shumway 2000).
Rudgers and Maron (2003) dso found facilitation a multiple life history stages of one coagtd
dune shrub, Lupinus arboreus, by another, Baccharis pilularis. In this case B. pilularis benefited
seedling establishment, seedling surviva, and growth of L. arboreus. Rousset and L epart
(2000) found higher seed germination rates, and higher rates of surviva of downy oak, Quercus
humilis, under shrub canopies than in the open grasdand. The shrubs, however, did not facilitate
the growth of adult oaks.

In this dissertation, | explored the association between two plant species, Lespedeza
cuneata, aperennid legume, and Heterotheca subaxillaris, an annud or biannua forb, found
together in old fields of the southeastern USA Coastd Plain. Observations of an old fidld in
Aiken County, South Carolina, suggest that Heter otheca individuds are usudly found in the
presence of Lespedeza. Factors such asahat, dry, climate, coupled with soil low in nutrients,
gpecificaly nitrogen, creste a stressful environment where positive interactions may take place
between the two species. Lespedeza is adominant, nitrogen-fixing, multiple-stemmed plant that
could potentialy ameliorate these harsh conditions and provide loca conditions more favorable
to Heterotheca than occur in areas away from patches of Lespedeza. Alterndivey, Lespedeza
could be astrong competitor of Heterotheca, through utilization of soil and light resources. In

addition, interactions between Heter otheca and Lespedeza may be dependent on the dengty of



Lespedeza. While certain densities of Lespedeza may produce favorable conditions for
Heterotheca, at very high densities the competitive interactions between Lespedeza and
Heterotheca may be more important and serve to exclude rather than facilitate individuals of
Heterotheca. The dominance of positive or negative interactions could also be dependent on the
life cycles of the two species. Lespedeza could serve primarily as a facilitator at one stage of the
Heterotheca life cycle, while competitive interactions might dominate at another life stage. |
hypothesized that Lespedeza is a facilitator of Heterotheca except at high densities where
competition for light and soil resources is the predominant interaction. Although Heterotheca
might also have environmental effects that might influence the distribution and success of
Lespedeza, the primary emphasis for the purpose of this dissertation was on Lespedeza’s status
as a facilitator and competitor because it is an established perennial and nitrogen-fixer.

The first goal of this dissertation was to characterize the spatial pattern of occurrence of
the two species in the old field, through a second-order spatial analysis using Ripley’s K-
Functions (Diggle 1983). The presence of spatial patterns among species of plants has come to
be a key indicator for the detection of biological interactions such as competition and facilitation
(Callaway 1995, Malkinson et al. 2003). Identifying such patterns serves as a useful starting
point for further investigation.

Many studies have analyzed spatial patterns, but fewer have attempted to incorporate
such analysis into models that provide further insight into the nature of the patterns. After
characterizing the pattern between the two species, my second goal was to explore further the
relationship between Heterotheca and Lespedeza density by modelling Heterotheca positions as

a Poisson process whose intensity was a function of a neighborhood density index of Lespedeza.



Thisyielded information on the rdaive likelihood of encountering Heter otheca across a gradient
of Lespedeza dengty.

In order to support the hypothess that facilitation is potentidly occurring, it isimportant
to demongtrate that not only are the two species positively associated, but that the presence of
Lespedeza improves the performance of Heterotheca. It would be possble to imagine a scenario
where the results of a pattern andysis yield aggregation of the two species; but on closer
observation to find that the largest, hardiest individuals are the ones that are the furthest awvay
from the other species or a the lowest densities. In order to address this question, information
onindividua Heterotheca plant Sze, seed set, and mortality was anayzed with respect to the
neighborhood dengty index through alogistic regresson.

Thethird god was to examine how Lespedeza modifies the resources within itsloca
environment. Plots of low, medium and high Lespedeza density were established across the old
fidd. Sail nutrients, light, temperature, and soil moisture were monitored to detect differences
between Lespedeza density classes. A net nitrogen minerdization study was dso performed in
an areawhere Lespedeza was experimentaly planted at various densities.

Finally, greenhouse studies investigated the response of Heterotheca to changesin
environmenta conditions that might be brought about by the presence of Lespedeza. There are
both quantitative and quditative differences between litter taken from under Lespedeza
individuas and litter taken in grassy, open areas. The combination of alower carbon to nitrogen
ratio in Lespedeza litter and greater quantity of Lespedeza litter suggested that there should be a
greater pool of available nitrogen in litter under Lespedeza plants. It is possible that the presence
of thislitter, found around Lespedeza individuds, may facilitate germination of Heter otheca

seeds. Soil or litter has been shown to affect germination in other species (Werner 1975, Monk



and Gabrielson 1985, Fowler 1988, Williams et d. 1990, Smith and Capelle 1992, Moro et dl.
1997). Toinvestigate such effects on the earliest life stage, the first greenhouse study focused on
the germination response of Heter otheca to soil and litter taken either distant from or in close
proximity to Lespedeza in thefidd.

In the second of the two greenhouse experiments, Heter otheca individuas were grown
under shaded and unshaded conditions, and at varying levels of soil nitrogen. If facilitation
occurred during the growth period of Heter otheca through such mechanisms of resource
modification, then one would expect to see aresponse by Heter otheca individuasto varying
levels of these resources. Increasing soil fertilization has been shown typicdly to cause
increases in biomass and changes in resource dlocation (Hunt and Bazzaz 1980, Peace and
Grubb 1982, Wilson and Tilman 1991, Huberty et a. 1998). Shade effects may lead to reduced
growth and/or reproductive output (Peace and Grubb 1982, Griffith 1998, McKennaand Houle
1999), or may promote surviva and growth by tempering a harsh microclimate (Tiedemann and
Klemmedson 1977, RodriguezEcheverria and Perez- Fernandez 2003).

These studies provide a foundation for understanding the complex interactions between
Heterotheca and Lespedeza. By establishing a positive spaia association between individuas
of the two species, demongtrating that Lespedeza can affect multiple environmenta resources,
and showing that Heter otheca responds to such changes, particularly soil nitrogen and shade, |
showed that Lespedeza is both a potentid facilitator and competitor of species such as

Heterotheca.



SITE AND SPECIES DESCRIPTION

The Savannah River Site (SRS) is afederd ingdlation located dong the Savannah River
in South Carolina. Researchers from the University of Georgia began studying ecosystemn
processesin severd fields across this Site shortly after they were abandoned from agriculturein
1951. Thefiddinwhich | am studying Lespedeza and Heter otheca has commonly been referred
to as“fidd 3-412” and is located on the Pleistocene Coastal Terrace of the Upper Coastal Plain,
about a mile from the Savannah River, in Aiken County, South Carolina (Odum 1960). The soil
is Cahaba Loamy- Sand, with an AP horizon composed of roughly 80% sand, 9% silt, and 11%
clay (Odum 1960). Nitrogen levels are known to be extremely low and limiting; Odum (1960)
reported them as below detection level, and later measurements report nitrogen levels averaging
0.02 my*g* (Collins and Pinder 1990).

Lespedeza cuneata (Dumont) G. Don is a nitrogen fixing perennia legume (Hoveland
and Donndly 1985). Native to Asa, L. cuneata wasfirst introduced to the United States in the
late 19 century (Hoveland and Donnelly 1985). It has been used extensively as a forage species
and for erosion control (Hoveland and Donnelly 1985, Cripps and Bates 1993) and now is found
throughout the southeastern states (Wilbur 1963).  Lespedeza species are a o referred to as bush
clover (Blake 1924), and L. cuneatais commonly referred to as Sericea (Hoveland et a. 1990).

Lespedeza cuneata individuas each year produce between 1 and 50 stems from the base
that reach heightsof 1- 1.5 m. Stems emerge in Soring and senesce in the fdl, but previous
season's sems persst as standing dead throughout the following year. Lespedeza cuneata
individuds are long lived and drought tolerant (Hoveland et d. 1990). In field 3-412, clusters of

individuas frequently form patches of various Szes a awide range of densities, from aress



where it is 0 thick that it has excluded most other dominant species, to other areas where it is
Sparse or non-existent.

Lespedeza hasalong higory in fidd 3-412; records of its presence extend back to 1962
(Golley 1965), when it wasfirg collected for studies of biomass. An annua Lespedeza, L.
striata, may have predated L. cuneata in the fidd asit was listed as an old-fidd dominant by
Odum (1960). Both species were dso evident in atwelve-year old field dominated by
broomsedge (Andropogon p.) (Golley and Gentry 1965), with L. striata having dmost twice the
gtanding crop of L. cuneata. Both annuad and perennid species of Lespedeza werefoundin a
nearby one-year fidd, suggesting that they can quickly spread to neighboring areas. Additiona
evidence of the “patchy” and transent nature of L. cuneatais given by Crapo and Coleman
(1972), who report that Lespedeza spp. were quickly moving into some aress of fidd 3-412 by
1970 (19 years after abandonment), but were found at low frequenciesin other areas of thefield.
In some areas, L. cuneata can replace the typica broomsedge community after 8-12 years
(Wiegert and McGinnis 1975).  Since the broomsedge stage occurred 8 years after agricultural
abandonment in field 3-412 (Golley 1965), this may imply that L.cuneata could become the
primary dominant speciesin aress after 16-20 years.

Currently, 50 years after abandonment of agriculture, there are ftill areas of fidd 3-412
that have not yet become dominated by woody species. Lespedeza cuneata is dill found asa
dominant speciesin much of the area of thisfield that has retained herbaceous vegetation.  The
annud L. striata species ftill occurs within the fid as wdl, but a a much lower frequency then
L. cuneata. Thisdissertation focuseson L. cuneata, heresfter caled Lespedeza.

Heterotheca subaxillaris (Lam.) Britt. & Rusby, an annud or sometimes biennid

composite species found in fields and roadsides (Radford et d. 1964), was also an early
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colonizer of the old fidlds of the SRS. Heterotheca is one of the largest annuas found in the
field, with heights for the tallest individuas approaching 1.5 meters. Though it can be abiennid,
with over-wintering rosettes, in thisfidd it isamost dways an annud. This plant germinatesin
the early spring and persists as arosette of leaves until the summer when it begins to bolt.
Individuals flower and set seed in October and November. Seeds of Heterotheca are
polymorphic, with both ray and disk seeds. Disk seeds (with a pappus) are wind dispersed and
germinate readily, while ray seeds drop close to the parent and remain dormant until the
following year (Baskin and Baskin 1976). Despite these differences, there are no differencesin
genetic diversity between the two types of seeds (Gibson 2002). Infidd 3-412, Heterotheca is
reported to have established and been considered a dominant speciesin the third year after
abandonment (Odum 1960). Its dominance in the fidld was aso noted after twelve years (Golley
and Gentry 1965). Currently, Heterotheca is not found widdy in fidd 3-412 but it can dominate

in areas where it is found.
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CHAPTER 2
SPATIAL PATTERN ANALYSIS AND MODELLING OF HETEROTHECA SUBAXILLARIS

AND LESPEDEZA CUNEATA IN A SOUTH CAROLINA OLD FIELD

INTRODUCTION

In ecology, spatial pattern analysis typically is used to identify the scale and intensity of
aggregation or regularity within populations or communities. Because competition should lead
to a more uniform or regular spacing among individuals between species, and facilitation should
lead to a clustering or aggregation of individuals, pattern analysis is often used to infer these
potential biotic interactions (Hill 1973, Callaway 1995).

Ripley’s K-functions (Diggle 1983) have been used widely for investigating patterns in
plant ecology since the mid-1980’s (Sterner et al. 1986, Skarpe 1991, Szwagrzyk and Czerwczak
1993, Haase et al. 1996, Scott et al. 1997, Barot et al. 1999, Eccles et al. 1999). The advent of
these methods, coupled with the increasing accessibility and capability of computers, has
allowed a more thorough analysis of spatially explicit data sets. Previous work on pattern
analysis primarily focused on quadrat, transect or nearest neighbor analyses (Hill 1973, Greig-
Smith 1979, Yavitt and Smith 1983, Dale and Maclsaac 1989, Wong et al. 1990, Stohlgren 1993,
Fransen et al. 1998, Liu 2001).

Many recent ecological studies that incorporate K-function analysis do so with forest or
tree species and focus on hypotheses concerning competition (Szwagrzyk 1992, Peterson and

Squires 1995, Martens et al. 1997, Moeur 1997, Batista and Maguire 1998). A few studies

20



employing spatial pattern analysis have examined shrublands or desert plant communities (Haase
et al. 1996, Haase et al. 1997, Eccles et al. 1999, Haase 2001). Although clumped or aggregated
patterns are frequently seen, they are often attributed to either limited seed dispersal or site
heterogeneity (Sterner et al. 1986, Skarpe 1991, Szwagrzyk and Czerwczak 1993, Couteron and
Kokou 1997, Barot et al. 1999). Facilitation is rarely mentioned as a possible hypothesis for
patterns of aggregation (Martens et al. 1997, Eccles et al. 1999, Haase 2001).

Although spatial analyses have been used to identify the presence of patterns and often
infer plant interactions, fewer ecological studies take the next step of modelling the relationships
between species to try to further characterize the patterns found. One exception is a study by
Batista and Maguire (1998), which used neighborhood and individual variables to model tropical
tree ingrowth and mortality as a Poisson process.

The co-occurrence of Heterotheca subaxillaris and Lespedeza cuneata in a South
Carolina old field provided an excellent opportunity to study spatial patterns within the
framework of potential biological interactions. In this old field, the annual (or infrequently
biennial) Heterotheca is usually only found near Lespedeza, a nitrogen-fixing perennial legume,
suggesting a possible positive association between the two. In addition, the patchy dominant
nature of Lespedeza within this field, coupled with its perennial status, make it a potential strong
competitor, especially at high densities.

The goals of this chapter were to characterize the spatial relationship between the two
herbaceous plant species, and to investigate the relationship between Heterotheca and Lespedeza
density. I hypothesized (1) that Heterotheca and Lespedeza were positively spatially associated
and that the degree of this spatial association would increase as Heterotheca matured from

juveniles to adults, indicating facilitation mechanisms likely operating throughout the growing
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season. | aso hypothesized (2) that there was a rel ationship between the densities of
Heterotheca and Lespedeza, and that Heter otheca should be more likely found a moderate rather
than at ether high or low dendties of Lespedeza. In addition, | hypothesized (3) that both the
sze and distance of the Lespedeza individuas within the neighborhood should be important in
determining an index of Lespedeza dengty. The form of thisindex is Smilar to the competitive
indices discussed by Weiner (1982, 1984), which were designed to provide a measure of
crowding of individuas within a neighborhood around afocd individua. The presence of
Lespedeza should dso impact Heter otheca surviva, growth and reproduction.

| hypothesized (4) that there would be a non-random pattern of Heter otheca mortdity.
Surviving adult Heter otheca individuds should be more strongly associated with Lespedeza due
to its facilitative influence than would be expected if mortaity were random. | hypothesized (5)
that Heter otheca biomass, height, and tota seed weight would also be influenced by Lespedeza
dengty. Heterotheca found at the highest Lespedeza densties should have lower biomass and
total seed weight than those found a moderate densities due to competition from the larger
Lespedeza, but plants may be tdler due to stem elongation as aresponse to shading (Ballare
1994). Also, | predicted that Heterotheca found at low to moderate densities of Lespedeza
would show increased biomass, tota seed weight and height due to their association with

Lespedeza.

METHODS
Data Collection
In spring 1999, a 50x20m plot was established in arepresentative area of the old field

containing both species. The plot was gridded at 5m intervals, and al individuas of Heterotheca



and Lespedeza were mapped usng methods of triangulation. Juvenile Heter otheca plants were
mapped (591 individuals) in April of 1999 and their heights were measured. Heights of
surviving mature plants were measured again & the time of seed collection.

During the fal, seeds were harvested on 15 dates, beginning October 15, and continuing
through November 16. Seeds were collected for each flowering plant as they matured.
Heterotheca plants have up to 200 individua flowers, each of which contains upwards of 100
individua seeds, including central disk seeds with a pappus and margina ray seeds without a
pappus. Seeds mature over gpproximately a one-month period. Fower heads were deemed
ready for harvesting when the pappus was fully open and the disk seeds were easily removable.
Within an individud plant, flowers matured &t different times over the course of this month.

This necessitated revigiting individuas on multiple days. Seeds, including the pappus on the
disk seeds, were collected in envelopes and weighed.

The 314 individuas that survived were harvested by pulling the plant out of the ground
and cutting off the root portion at the nexus between stem and root. After drying to constant
weight at 60 C, above ground biomass was measured. Below ground biomass was not measured
due to the difficulty of sufficiently removing the roots from the soil.

Lespedeza plants were mapped in November 1999 and the number of stems, basal
diameter and height of the tallest slem were recorded. The number of mapped Lespedeza
individuals was 1290, and 8578 total tems were counted.

Additional data collected for both Heter otheca and Lespedeza in the same plot in 2001
were used for pattern andysis and regression. At the end of the 2001 growing season,

Heter otheca and Lespedeza individuas were mapped again and Heter otheca plants were

harvested. Above ground biomass was measured asin 1999. Seeds were not collected this year.
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Because mechanisms responsible for patid pattern may operate at different life stages,
examining data sets taken early and late in the growing season can help ducidate timing of
potentia mechanisms.  For both the pattern anays's and the moddlling, two Heterotheca data
sets were compared - one set of positions of juvenile Heter otheca taken in early spring 1999, and
the second et of surviving adult Heter otheca individuastaken in fal of 1999. Those
individuals found in the first but not the second data set were presumed to have died and a data
st of these individuals was used to test the random mortality hypothesis. All data sets were

compared with asingle Lespedeza data set, measured in the fal.

Pattern Andyss

The K function was used to investigate the spatid patterns of Heterotheca and Lespedeza,
asthey occurred in the old-fied sudy area. The function K(t) characterizes the second-order
properties of astrongly stationary, isotropic point process (Diggle 1983). K(t) was defined asthe
expected number of individuas within distancet of each focd individua divided by | , the mean
number of such events (individuals) per unit area.  Because| |A| isthe expected number of
events found in region A, the expected number of pairs of events up to a distancet apart (with the
first event being found in A) isthen | 2|AK(t).

Ripley’s K (t) was used as the edge-corrected estimator of K(t) (Diggle 1983):

IZ(t) =n? |A|é \Nij-llt(uij £1)

it
where |A| isthe area of the study plot, n isthe totd number of eventsin A, u;j isthe distance
between the ith and the jth event, Iy isan indicator function, and wij serves as an edge-correcting
factor by weighting each pair by the proportion of the circumference of acircle of radius uj; from

the ith event that wasin the study plot A (Diggle, 1983). The indicator function, I; will be equa
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to zero unless the condition of uj; <t is satisfied, in which case I; will be equd to one. Thiswill

dlow only those pairs of points within the distance class of t to be included in the caculation of
K (t) .

The L function was used to present the results of the dataandysis:

where K (t) isthe estimate of Ripley’sK function at distance classt. Thisfunction is more

eadly interpreted than the K (t) function because its expected mean vaue at dl distances under

the hypothesis of complete spatia randomness (CSR) is 0, as the expected mean vaue of W
under CSRist, and because it stabilizes the variance.

The K function was used for investigating patterns within asingle species. Whilel
initidly considered the degree of spatid patterning within each species, | was more interested in
the inter-species patterning that may have arisen from potentia interactions between Heter otheca
and Lespedeza. For two species, | defined the Cross K (t) function asthe expected number of
individuals of the target species within distancet of anindividua of the foca species divided by

|, the mean number of such events per unit area.

K@) =n? | ALQ w1, (y; £1)
it

The definitions of the K (t) and Cross K (t) functions are the same except that herei and

| represent separate species. The Cross K (t) function was cdculated twice, once with the first

species designated asthe foca or “i” species, while the second was designated as the target or
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“]” gpecies, and then once with the opposite designations. These separate cal culations were then
averaged to yield an overdl cross K (t) function.

A goodness of fit test was performed on the data set to test for the deviation from CSR.

The Cramer - Von Mises gatistic was defined as follows:.
— .2
CVM = f«/K(t) - «/K(q,t)g ot
where K (t) isthe esimated K function for the data and K(q,t) isthe K function under the null

hypothesis. Since the expected vaue of the K function, assuming CSR, is tp , | substituted this

for K and so the function becomes:
.2
CWM = /K (t) - t«/ﬁ% dt
If the data exhibited characteristics of CSR, this statistic should have been close to O.

The Cross I:(t) function was used to present the data. It issmilar to the L Functionin

that it is atransformation of the Cross K function.

I:(t): fCros;sR(t) _t

The above analysis was performed on the mapped data to determine both intra- and inter-
gpecies patterning. All andyses were done on both the juvenile and adult Heter otheca data sets.
First, | estimated K (t) for Heterotheca, and then | estimated the crossK (t) for both Lespedeza
and Heterotheca. Both anayses were donefor t up to 10m, with atotal of 100 distance classes
(20 cm intervas).

While the positions of the Lespedeza were held constant, 999 sets of Heterotheca

positions were redlized from a Poisson process that exhibited CSR and that had the same origind
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intensity as the mapped data. The 5% confidence bands were estimated from these simulated

data sets. Deviation outside of these bands indicated a significant departure from CSR. A value
of the i(t) or the cross i(t) above the bands indicated a positive spatial association or clustering

of individuals.

The Cramer-Von Mises test statistic (CVM) was calculated for the real data as well as for
the simulated data sets. The resulting CVM statistics for the data and the simulated data sets
were then ranked. A comparison of the rank of the data to that of the simulations would indicate
deviation from the null model. If the CVM statistic calculated for the data fell outside of 95% of
the CVM statistics calculated for the simulated data sets, then the CVM statistic would be
deemed to be significantly different from those of the null model. A p-value was calculated by
dividing the rank of the data’s test statistic by 1000. The data were deemed statistically different
from the null model if their p - value was greater than .05.

In order to test for non-random mortality, confidence bands were created to reflect the
patterns generated by choosing a random subset of juvenile individuals. Individuals of the

juvenile data set were randomly selected without replacement until the number of survivors was

reached. Confidence bands were computed from the i(t) calculated on 1000 of these sets and

compared with the ]:(t) computed from the set of surviving (adult) individuals.

Modelling

The positions of the adult Heterotheca individuals in 1999 and 2001 were modeled as a
Poisson process whose intensity was dependent on the neighborhood density of Lespedeza. For
the Lespedeza density variable, I propose a “Neighborhood Density Index” (NDI). Information

on the number, size (as measured by the number of stems), and distance of Lespedeza individuals
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within a 1-meter radius were incorporated into an index that represents a measure of the intensity
of Lespedeza a any given location. A 1-meter radius was chosen after initid tris using larger
radii yielded poorer fitting modds. Information on each Lespedeza individud within a st
neighborhood was summed together to form an index that increased with increasing dengty of
Lespedeza. The contribution to the NDI for each Lespedeza individua was proportiond to its
sze and inversdly proportiond to itsdistance. That is, aclose, large neighbor would have a
gregter contribution to the NDI than asmall, more distant neighbor.

The generd form of the mode is asfollows:

| (s;0) = eplaX(s)]

where s represents the spatia podition of theindividud Heterotheca plantsinarea A, | (s; g) isa
vector of intengtiesa podtion s given the vector of parameters g, g is avector of parameters-
(9o, q1, O2...) and X(s) isafunction representing the neighborhood density index of Lespedeza.

The NDI isrepresented by X(s). The generd form of the X(s) function is as follows:

a

X(5)-4 2
; ad)?

where N isthe number of Lespedeza individuas within a 1- meter neighborhood of 5. Size
variable z denotes the number of stlems of the jth Lespedeza and d; denotes the distance from the
jth Lespedeza to the 5 Heterotheca individua. The variablesa and g serve astransformation
factors that determine how the Lespedeza size and distance variables contribute to the NDI.
Vduesfora were0, 0.5, and 1; vaues of gwere 0, 0.5, 1 and 2. Thevariablea dictates how

quickly the index increases with each increase in sem number. The g dictates how quickly the

contribution of the neighbor to the NDI diminishes with increasing distance. Thelarger the g,
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the more quickly thisinput drops off. All combinations of (a,g) were used as possible models
(Figure l).

The smplest modd therefore had (a,g) = (0,0) and represented a count of the number of
Lespedeza individua s within the neighborhood. Other potentid models incorporated a measure
of the sze of the Lespedeza individuas within the neighborhood, and/or a factor that discounted
the contributions of far neighbors.

Parameters were estimated for alinear and a quadratic model using common Statistical
methods programmed in Fortran. Letq =b .

Thelineer modd was: | (s;b) =exp[b, + b, * X(s)]

The quadratic mode was. | (s;;b) = e<p[b0 +b, * X(s)+b,* X(si)ZJ
Parameter estimation was accomplished by finding the set of b that maximizesthe

fallowing log likdlihood function:
3 N
L@)=alogl (s;a)- Q! (s;a)ds
i=1

where s, $,...S, were locations of the n Heterotheca individuds and g was the vector of
parameters to be estimated.

An iterdive agorithm including the Newton- Raphson Gradient Vector was used to
estimate the parameters (Thisted 1988). At each iteration, the parameter vector was updated as

follows

Q" =q'-H@")®xg@")
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Figure 1. Combinations of a (0,0.5,1) and g (0,0.5,1,2) yidd the various forms of the
Neighborhood Density Index (NDI) shown above and calculated for each Heterotheca
individud. Z represents number of stems of the j-th Lespedeza, d represents the distance
between the j-th Lespedeza and thefocd Heterotheca. Asa increases, the contribution
of larger semmed individualsto the NDI increases. As ? increases, the contribution of
distant Lespedeza individuals to the NDI decreases.
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wheret istheiteration number, q isthe vector of parameters, H(Q) isthe Hessan matrix, and

0(q) isthe gradient vector. Let the gradient vector be defined as:

Q(Q)——dqd ¢ (q)_|1|( 2 - Q! (s:q)ds
o d _
where I (s;;0)=—1I (s;;0)
do

Thefirg part of the gradient reduces, in matrix notation, to:

S 1(s:q) S U
4189 _es ' 0 Liner Mode

SE u

¢ u

e u

¢ g U
21(59) _8 8 y ey U
a———=%a x) Y QuadraticMode
al(sa) §5 u

€% u

&a [ s

@|:l

The st of locations, s, used in this part of the gradient are based on the locations of

Heterotheca individuasin the study area. The second part of the gradient reduces to:
g (s:9) =T(s)¢ ep[b* X(s)]
whereT(s) =[1 X(s)] for alineer modd and T(s) = [1  X(s) X(s)?] for aquadratic model.
For the second part of the gradient, X(s) is cdculated using 5000 randomly selected locationsin
the Study area.
H(q), the Hessian matrix, is defined as.

5;9) 1(s;9) (s;9)W
I(s;a) 1 (s;a)

HO) = et @ =4 11 - Qi (siads
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which reduces to:

I'(s;a)l (5;9)¢
0= e

Thisis aso known as the Fisher Information Satigtic, which can be estimated by the inverse of
the variance- covariance matrix of X(s) caculated usng the Heter otheca data set. The code for
cdculaing theinverseisfound in Press (1992).

After initid estimation usng the above dgorithm, parameter estimates were further
refined through the use of the Robbins-Monroe dampening dgorithm. The same parameter
estimation program was run, with the following changes. At each successive iteration, an
increasing number of random points equa to 5000(t2°) was chosen to calculate the second part
of the gradient. Once parameters were estimated and refined, tests were done to determine
whether each parameter value was sgnificantly different from O.

A likelihood ratio test was performed to compare the quadratic and linear models within
each dataset. Taking the difference between the linear and quadratic models (of the same NDI
and data set) and multiplying by two yielded the test datistic. Thistest Satistic was chi-square
digtributed with one degree of freedom under the hypothesis of no quadratic effect. Therefore, in
order to be significant at the .05 levd, this value had to be greater than 3.84.

Assessment of modd fit was done through the calculation of a Cramer - Von Mises test

ddtistic, and by comparing the crossL functions calculated for the collected datawith a
confidence interva calculated from smulated deta. Simulated redizations of the fina
parameterized models were generated through rgjection sampling. Data sets were again created
by holding the Lespedeza congtant and generating random points for the Heterotheca data set,

but each random point was accepted into the fina smulated data set with a probability equa to
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the ratio of the calculated A(s, #) to the maximum A. A cross L function was calculated for each
of these 999 simulated data sets. The real data set was compared with the confidence envelope
calculated from the 999 simulated data sets.

The Cramer - Von Mises statistic used as the goodness of fit statistic is as follows:
— 2
CVM = J‘(w/K(t) —JK(@,t)) dt

In this case, no substitution was made for K (8,t) as was for the case where CSR was the null
model. A CVM statistic was obtained for the data sets with K (6,¢) determined by averaging
the K (¢) calculated for all simulations. When the CVM statistic was calculated for each

simulation, the K (@,7) was calculated by averaging the K (¢) over all other simulated data sets.

Again, CVM statistics for the data set and simulations were ranked and the data were deemed to
be statistically different from the modeled data if their p — value was greater than .05.
Frequency and Regression Analysis

The form of the NDI chosen as a result of the modelling was a continuous variable
representing the localized density of Lespedeza for each individual Heterotheca. A comparison
was made between the frequency distribution of Heterotheca across Lespedeza density and the
expected frequency distribution given random placement of Heterotheca. Measures of
Heterotheca growth and seed production were regressed against this NDI. Separate analyses
were performed for both 1999 and 2001. Heterotheca individuals less than one meter from the
edge of the plot were not included in the regression analyses. Biomass values and seed weights
were log transformed in order to stabilize variances and thus reduce heteroskedasticity of the
residuals. Both a linear (NDI) and a quadratic (NDI?) term were used as independent variables.

A logistic regression of mortality was performed on the 1999 data set.
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RESULTS

In 2001, Heter otheca were larger and tdler at the end of the growing season than
individuas from 1999 (p<.001) (Table 1). Lespedeza individuas aso had more stlems and were
on average taler than Lespedeza individuas from 1999 (p <.001). Of these 1159 Lespedeza
individualsin 2001, 943 were mogt likely surviving individuas from 1999, based on ther
mapped positions. The average heights of the two species at the end of the season were Smilar
in each year.

The I:(t) functions for the juvenile and adult Heter otheca data sets for 1999 were plotted
agand lag distance, t (Figure 2). The expectation for L(t) under CSR was 0, therefore deviation
from O indicated deviation from CSR. The 2.5 and 97.5 percentiles from ssimulated CSR data
sets were computed for each lag distance to produce one-at-a-time 95% confidence bands. This
provided ameans for determining whether there was Satisticaly sgnificant deviation from CSR.
Both the juvenile and adult data sets showed a significant departure from CSR as the I:(t)
function lay above the confidence band at dl lag distances. A high degree of spatia dustering
within the Heter otheca population was seen a dl scdes.  The scde of maximum clustering

occurred around 3 meters for the juvenile data set and around 3.5 meters for the adult data set.

The cadculated cross I:(t) functions for the juvenile and adult data sets for 1999 are dso

shown overlain on the confidence bands generated from simulated CSR data sets (Figure 3).
Again, both the juvenile and adult data sets showed significant departure from CSR at dl spatia

scales. A positive spatid correlation between Heter otheca and Lespedeza was seen as the cross

I:(t) for the datalay above the confidence interva at dl lag distances. This association was seen

most strongly at scales between 2 and 4 meters and above 6 meters. For the juvenile

Heterotheca data, there was an initid rise and pesk of the cross I:(t) function around 3 meters, a



Table 1. Size of Heterotheca and Lespedeza plants at the end of the growing season. @) Height,
biomass and seed weight of Heterotheca plantsin 1999 and 2001. b) Number of ssemsand

height of each Lespedeza plant measured in 1999 and 2001.

a
1999 2001
Heterotheca N Mean+ 2 SE. Range N Mean+ 2 SE. Range
. 19 -
Height (cm) 229 63.1+2.90 124 477 80.8+2.8 12- 175
Vegetative
. 0.07 - 0.06 -
Biomass 314 459 + 574 29.0 476 11.89+1.75 169.7
(M)
Biomess 288 053840080  C015- : . .
. 4.27
(@m)
* weight of al seeds per plant
b.
1999 2001
Lespedeza N Mean + 2 SE. Range N Mean+ 2 SE. Range
No. of 1290 6.74+ 0.35 1-77 1159 7.66 £ 0.43 1-111
Semg/plant
I—égg;n 1290 67.4+1.49 6-135 1159 705+ 1.20 5-137

35



Juvenile L(t)

Adult L(t)

0 2 4 6 8 10
L ag Distance (m)

Figure 2. I:(t) function plotted for the () Juvenile and (b) Adult Heterotheca data set

measured in 1999. Dashed red lines represent upper and lower, one-at-a-time 95%
confidence bands generated under the null hypothesis of complete spatia randomness
(CSR).
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Figure 3. Cross I:(t) function plotted for the a) Juvenile and b) Adult data, measured in

1999. Dashed, red lines represent upper and lower, one-at-a-time 95% confidence bands
generated under the null hypothesis of complete spatiad randomness (CSR).
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drop at around 5 meters and then an increase at around 6 meters. In the adult Heterotheca data
set, the function behaved similarly; there was an initial rise as distance increased to around 3
meters, followed by a slight decline and then slight increase after 6 meters. In 2001, the
Heterotheca i(t) function showed strong clustering with a peak at a scale of between 3 and 4
meters (Figure 4). While the overall pattern was similar to that of 1999, the intensity of the
clustering was much less in 2001. The cross i(t) function also showed a significant degree of

clustering between individuals of the two species.

Modelling

Both the juvenile and adult data sets were modeled using the 12 different NDI’s and with
both a linear and quadratic relationship. The linear and quadratic models with the same NDI and
within the same data set were compared using the likelihood ratio test. Here the null hypothesis
that 3, = 0 was tested against 3, #0. The null hypothesis for each pair was rejected, indicating
that the quadratic models performed significantly better than the linear models (p < .001) (Table
2).

The choice of the best NDI in the quadratic model was where the log likelihood was
maximized (Table 3). Rankings indicated that the best model for both the adult and juvenile
Heterotheca data was where (a.,y) = (0.5,0). In this case, the NDI is equal to the sum (for all
Lespedeza individuals within the neighborhood) of the square root of the number of Lespedeza
stems. Plots of the cross i(t) function for the juvenile and quadratic adult forms of this model
indicate where the data deviates from the 95% confidence bands of the simulated data (Figure 5).

The Cramer —Von Mises (CVM) statistic calculated for the juvenile quadratic model where (a.,y)

=(0.5,0), was 29.69 (p =.006), and for the adult quadratic model it was 36.22 (p=.046). Neither
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Figure 4.@ Cross I:(t) function and b) Heterotheca I:(t) function for 2001 data.

Dashed red lines represent upper and lower, one- at-a-time 95% confidence bands
generated under the null hypothesis of complete spatia randomness (CSR).
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Table2. Ratio Likdihood Test for b, juvenile and adult Heterotheca data sets. All values are
ggnificant a the p<.001 levd. Vaues shown are 2 * (Juvenile Log Likelihood — Adult

LogLikelihood) and are c2 distributed with 1 df.

Juvenile Heterotheca Data Set

Disgance (g
0 5 1 2
Sze 0 195.17 | 156.43 91.22 22.74
(@) 5 233.99| 204.14| 131.28 21.66
1 210.60| 190.10| 130.53 31.90

Adult Heterotheca Data Set

Disance (g
0 5 1 2
Sze 0 94.15 79.88 47.43 18.14
(@) 5 139.36| 128.86 72.55 11.57
1 140.82 | 135.89 76.63 13.94
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Table 3. Comparison of Log-likelihood values for linear and quadratic models within the
juvenile and adult Heterotheca data sets. Rankings (within parentheses) were used for model
selection, with lower rankings indicating increasing likelihood.

gzzz;le’ Distance  (y)
0 0.5 1 2
Size 0 -863.16 (3) | -861.08 (2) | -860.80 (1) | -873.03(7)
(o) 0.5 -871.54 (6) | -869.12(5)| -867.89(4)| -877.41(9)
1 -880.77 (11) | -878.23 (10) | -877.22(8) | -886.03 (12)
éilil;’r Distance  (y)
0 0.5 1 2
Size 0 -675.42(4) | -673.26(2)| -671.59(1)| -676.14(5)
(o) 0.5 -680.16 (8) | -677.77(7)| -675.02(3) | -676.27 (6)
1 -684.45 (12) | -682.32 (11) | -680.46 (9) | -680.46 (10)
e, pisanee (9
0 0.5 1 2
Size 0 -765.57 (2) | -782.87(5)| -815.20(9) | -861.65 (10)
(o) 0.5 -754.54 (1) | -767.05(3) | -802.25(7) | -866.58 (11)
1 -775.47 (4) | -783.18(6) | -811.96 (8) | -870.08 (12)
gﬁscli[;atic Distance ()
0 0.5 1 2
Size 0 -628.35(5) | -633.32(6) | -647.88(9) | -667.07 (10)
() 0.5 -610.48 (1) | -613.34(2) | -638.74(7) | -670.48 (11)
1 -614.04 (3) | -614.38 (4) | -642.14(8) | -673.49 (12)
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Figure5. Cross L(t) function plots for a) juvenile and b) adult quadratic moddls of form (a,g) =

(0.5,0). Black lines represent the data, red dotted lines represent the 95% confidence bands for
the smulated data.



was within the 95% range of vaues of the smulaions, which indicated a generd lack of fit of

the data.

Freguency and Regresson Anayss

The relative frequency of Lespedeza density for each adult Heter otheca individud plotted
againg the rdative frequency of Lespedeza densty for randomly distributed pointsin both 1999
and 2001 indicated an overal non-random distribution of Heter otheca individuas with respect to
Lespedeza dendity (Figure 6).  In both years there were fewer Heter otheca individuas found
below an NDI of 10 than would be expected given the random frequency distribution. More
Heter otheca individuas than expected were found between an NDI vaue of 10 and 20.

The frequency didtribution pattern for random points was very smilar between the two
years, whereas the pattern for Heter otheca waslesssmilar. While only avery smdl proportion
of the population was found at an NDI vaue of 0 in 1999, over 20% of the 2001 population was
found at this lowest index level. Similarly, less than 20% of the 1999 Heter otheca population
was found at or below an NDI vaue of 5, but in 2001 this range of Lespedeza density accounted
for around 40% of the population. Heterotheca plantsin 2001 were aso found at the other end
of the dengity range; in 1999 no individuas occurred above an NDI vaue of 40, but in 2001
individuas were found up to an NDI vaue of 60.

Fina height, biomass, and seed weight of Heterotheca individualsin 1999 increased as
the Lespedeza NDI increased (Figure 7). Theinitid heights of Heter otheca individuds,
measured in March, decreased with increasing Lespedeza NDI. Both linear and quadratic
(including an extra NDI? term) regression models were examined. All linear models were

Sgnificant (P< .01), whereas quadratic models proved not to be suitable. Overall, r? values were

43



a 0.35
1999

I Heterotheca
[ Random Points

0.30 A ]

0.25 A1

0.20 A ]

0.15

Relative Frequency

0.10 A

-~ I IH I Men o -

0.00
b 04- 2001

0.3 -

0.2 1

Relative Frequency

0.1

H IH Il o0 Bm mn =

0 10 20 30 40 50

0.0

L espedeza Neighbor hood Density | ndex

Figure 6. Relative frequencies of the Lespedeza dengties for each Heterotheca individud
versus the frequency of Lespedeza dengty for asmilar number of randomly distributed
pointsin &) 1999 and b) 2001. The Lespedeza dendty index is caculated as the square
root of the number of slems summed over dl individuals within a1m radius
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Figure 7. Heterotheca a) Juvenile height, b) Surviving Adult height, ¢) biomass and d) seed
weight as a function of the Lespedeza NDI for 1999 data. Regression lines are shown in red. The
Lespedeza neighborhood density index is calculated for each Heterotheca individual as the
square root of the number of Lespedeza stems summed over all Lespedeza within a 1m radius.
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low. For the height variable, the Lespedeza NDI explained 10.9% of the tota variation for the
juvenile heights, and 7.4 % of the totd variation of the surviving aduts heights. For biomass
(log), it explained 3.6%, and for seed weights, it explained 4.1% of the totd variation. Patterns
for biomass and height of Heterotheca as afunction of the Lespedeza NDI were smilar in 2001
(Figure 8). Here, the Lespedeza NDI explained 5.7% of the totdl variation of height and
explained 5.3% of the tota variation of Heterotheca log biomass.

Confidence bands reflecting the expected pattern resulting from random mortdity were
overlain on the adult Heter otheca data for 1999 (Figure 9). The cross- I:(t) function showed
sgnificantly less clustering than would have been expected given random mortdity. This
difference is most gpparent at scales of less than 3 meters, however, at scales of between
gpproximatdly 2 and 3 metersthere isadight increase in clustering between individuas of the

two species. A logidtic regression of mortdity as afunction of the Lespedeza NDI indicated a

higher probability of mortdity asthe Lespedeza NDI increased (P<.05).

DISCUSSION
The hypothesis (1) that there was a positive spatial association between Heter otheca and
Lespedeza was supported by the pattern analysis. There was asignificant degree of spatia
clustering between the two species. Both the juveniles and the adults of Heter otheca showed

amilar patterns as evidenced by the cross I:(t) plots. The presence of a spatial association

between the two species for the juveniles as wdl asthe adults of Heter otheca suggested that this
pattern of clustering occurred early in the life cycle of Heter otheca.
This clustering between Heter otheca and Lespedeza early in the season suggests that

facilitation mechanisms may operate a an early life dage in Heter otheca, such asthe time of
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Figure 8. Heterotheca a) height and b) biomass as a function of the Lespedeza Neighborhood
density index for 2001 data. Regression lines are shown in red. The Lespedeza neighborhood
density index is calculated for each Heterotheca individual as the square root of the number of

Lespedeza stems summed over all Lespedeza within a 1m radius.
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Figure 9.a) Cross- I:(t) function and b) Heterotheca I:(t) function for surviving

(adult) individualsin 1999. Dashed red lines represent upper and lower, one-at-a-time
95% confidence bands for data smulated under the hypothesis of random mortality.
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seed dispersal, germination, or seedling establishment. The decrease in clustering for the adults
suggests that competitive mechanisms (rather than facilitation) operate during the growing
season. This pattern of clustered young individuals is commonly seen in forest systems and
often attributed to patchy or limited seed dispersal (Sterner et al. 1986, Skarpe 1991).

Few studies have incorporated spatial pattern analysis with a modelling approach. Moeur
(1997) used stochastic, spatially explicit forest models to show a transition in pattern from
clustered seedlings to regularly spaced adults. These patterns were then compared with, and
deemed generally consistent with, the patterns of their field data. Jeltsch et al. (1999) explored
the dynamics of Kalahari trees through stochastic, spatially explicit models in addition to an

examination of field data. For both the simulated data and field data, they compared the
i(t) generated from a K analysis to null models of complete spatial randomness. That is, they

compared results of the modelling to confidence envelopes generated from simulations
displaying random patterns. Similarly, I am interested in how well the patterns generated from

simulated data based on my models capture the pattern of the observed Heterotheca distribution.

I found that most of the quadratic models generated patterns that did capture the true cross l:(t) at

some range of distance scales, but none captured the exact shape of the cross ﬁ(t) .

The hypothesis (2) that there was a moderate density of Lespedeza that maximized the
intensity of Heterotheca was supported by this modelling. The quadratic models performed
significantly better than the linear models in all cases, meaning that the intensity of Heterotheca
did not increase across all densities of Lespedeza. Instead, the function was maximized at a
moderate density of Lespedeza. As the density of Lespedeza increased, the Heterotheca intensity
increased to a maximum point, and above this point, the intensity of Heterotheca decreased with

increasing Lespedeza density. This is consistent with the hypothesis that both facilitative and
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competitive interactions are occurring, with facilitative interactions mostly at moderate densties,
and competitive interactions dominating at the highest densities of Lespedeza.

The NDI was designed to be a better representation of the local Lespedeza environment
that was experienced by each individua Heter otheca than Smple measures of the numbers of
Lespedeza individuds. AsMack and Harper (1977) asserted, sizes and distances of neighbors
are important in considering neighborhood effects on plant growth.  Such indices that reflect the
relative amount or density of neighboring individuas have been used before in moddlling.

Weiner (1984) dso incorporated various combinations of sze and distance of neighboring trees
into an index that was used in growth modds. He found size to be the most important factor in
the index, and distance to be less important. Barot and Gignoux (2003) used alogigtic regresson
to model leaf number increment as a function of severd indices that incorporated height and the
number of leaves of the neighbor. Wagner and Radosevich (1998) devised an index of shrub
competition incorporating optimum and maximum heghts raised to a varying exponentid form.

In each of these studies, determining which form of the index produced the best results yielded
information on what types of factors were ecologically important.

One of my gods (3) was to find the NDI with the combination of the Sze and distance
variablesfor Lespedeza that provided the best fitting modd of Heterotheca intensty. For the
quadratic modd s for both the adult and juvenile Heter otheca, the best form of the NDI includes
avdue of 0.5 for the Sze varigble, a ; this suggests that while size isimportant, the contribution
to the overdl dengity index of each Lespedeza individud is not directly proportiond to its
number of stems. Instead, the square root of the number of semsis added to theindex. Inthe

initid analyss, 0 and 1 were chosen as the two powersfor a. If the power of the distance

variable, g, is0, thisleadsto atdly of either the number of individuas within the neighborhood
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(a=0), or the total number of stems within the neighborhood (a=1) (Figure 1). Based on the log-
likelihood values of the models for the juvenile Heterotheca data set where a=0 or 1, the models
that ignore size (a=0) performed better than those that include the number of stems in the NDI
(Table 3). This result suggests that the presence of the Lespedeza individual was more
important to juvenile Heterotheca plants than its size, which was contrary to the original
hypothesis that the size of the Lespedeza individuals would be an important component of the
models. It was reasoned that simply counting the number of individuals would not be adequate,
as there is much variation in the sizes of the individual Lespedeza plants. Certainly an individual
with 10 stems should contribute more to the crowding by Lespedeza than an individual with one
or two stems. However, if o = 1, an individual with 10 stems would have a contribution to the
NDI 10 times that of a single stemmed individual. A third level of o, 0.5 was then added in the
analysis. The NDI still increases as the number of Lespedeza stems increases, but by a factor
equal to the square root of the number of stems. For the quadratic models, o = 0.5 is better than
either oo = 0 or a = 1 for both the juvenile and the adult data set. In this case the contribution to
the NDI is not directly proportional to the number of stems of Lespedeza, instead, the
contribution increases by a factor equal to the square root of the number of Lespedeza stems.
Distance is the second variable component of the NDI. It was expected that the effect of
a Lespedeza individual on the focal Heterotheca individual would diminish as the distance
between the two increased. The contribution to the total NDI of a distant neighbor should
therefore be less than that of a near neighbor. The rate at which this contribution diminishes is
determined by the power to which the distance is raised. Four powers of distance in the
denominator were tried (0, 0.5, 1, 2). With increasing distance, the contribution towards the

index diminishes more rapidly with a higher power (i.e., 2) than with a lower power (i.e., 0.5).
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Raising the distance to a power of 0 negates the effect of distance for each neighbor; close
neighbors have the same contribution to the NDI as distant neighbors of the same size. At the
opposite extreme lies Y = 2; in which case only the closest individuals within the neighborhood
have any significant input to the NDI. It was hypothesized that a moderate power would be best;
this would allow some discounting of the further neighbors while still retaining an influence of
those at moderate distances.

For all quadratic models from the juvenile or adult data set, the poorest fits were found
when y =2 (Table 3). This suggests that more than just the closest neighbors were important.
For the quadratic models, there was a clear order for the set of y variables. As y increased, the
log-likelihoods decreased, and a y of 0 was the best choice at each level of a (Table 3). This
suggests that distance was not important; all individuals within the neighborhood had an equal
impact on the focal Heterotheca regardless of their distance. This may be attributed to the fact
that the neighborhood radius was relatively small, at one meter. At this scale, discounting
further neighbors was not necessary. For larger radii, it is likely that a different form of the NDI
that includes a non-zero power of distance would be needed.

Both the juvenile and adult data sets were modeled in order to determine if there were
any differences occurring between the early stages of Heterotheca growth and the resulting
subset of surviving adults. A common observation is that juvenile plant individuals are
aggregated, while adults tend towards regularity (Prentice and Werger 1985, Sterner et al. 1986,
Skarpe 1991, Barot et al. 1999). For this study, overall the patterns were similar for the adult and
juvenile data sets, with a slight trend towards regularity for the adult data set, suggesting the

presence of competitive interactions during the growing season of Heterotheca.
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By examining how the quadratic models perform at both times, it may be possible to gain
information on whether there is a shift in the optimal Lespedeza density (that density which gives
the maximum Heterotheca intensity). Three outcomes are possible (Figure 10). In the first case,
the juvenile and adult data sets have similar optimal Lespedeza densities (Figure 10a). In this
case, mortality operates independently of Lespedeza density. In the second case (Figure 10b),
there is a shift in the adult response to the right. Surviving adults are more likely to be found at
the higher densities of Lespedeza. This would lend support to the hypothesis that there may be
positive interactions between the two species that lead to increased survival in areas of higher
density of Lespedeza. In the third case (Figure 10c¢), the shift of the adult Heterotheca response
is to the left. This would suggest that competitive interactions over the growing season might
cause increased mortality at the higher densities of Lespedeza. 1t is possible that a density of
Lespedeza that favors the establishment and early growth of Heterotheca may have more of a
competitive effect later in the season. For the best fitting models, where (a.,y) = (0.5,0), there is a
slight shift to the left (Figure 11), suggesting that mortality of adult Heterotheca plants may
increase at higher densities of Lespedeza. This was also corroborated by the logistic regression.

The test of the random mortality hypothesis (4) compared the overall pattern of the
surviving Heterotheca with the expected patterns had mortality been random. At small and large
scales, a less aggregated pattern is seen which suggests that surviving Heterotheca plants are less
closely associated with Lespedeza than expected (Figure 9). This may be the result of
intraspecific competition as Heterotheca individuals are highly aggregated as juveniles, and the
surviving Heterotheca individuals display much less intraspecific clustering than would be
expected if mortality were random. In a descriptive study such as this, it is not possible to

separate the effects of intraspecific and interspecific competition.
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intengty.
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The pattern analysis revealed a positive spatial association between individuals of
Heterotheca and Lespedeza within the study field, and the modelling demonstrated that
Heterotheca plants are more likely to be found at moderate densities of Lespedeza. The pattern
analysis took into account only the positions of individuals of both species, and the modelling
evaluated effects of size and density of Lespedeza on Heterotheca distribution, but neither
approach focused directly on the variation in performance of Heterotheca. By regressing
variables related to Heterotheca performance, additional support for hypotheses of facilitative
and competitive interactions was gained. If both facilitation and competition between
Lespedeza and Heterotheca were occurring within this system, Heterotheca heights and biomass
values should have been maximized at a moderate value of the NDI. At the higher densities,
competition with Lespedeza should have restricted the sizes of Heterotheca individuals and
increased the likelihood of mortality during the growing season; while at low densities, the
absence of Lespedeza might also have limited the overall growth and have had similar effects on
mortality. All measures of Heterotheca performance instead increased over the range of the
Lespedeza NDI (Figures 7 and 8). Successful individuals were found across a wide range of
Lespedeza densities. Heterotheca was less likely to establish at the lowest and highest values of
the Lespedeza NDI as evidenced by the frequency diagrams showing the hypothetical
distribution of the Lespedeza NDI for observed and randomly distributed Heterotheca
individuals (Figure 6). Individuals that do establish at the lower NDI values are less successful
in terms of growth and reproduction than those establishing at the highest values; however, they
have a slightly higher probability of survival than their high-density counterparts.

The high standard errors for the various measures of Heterotheca emphasize the fact that

there is a large amount of variability between individual plants (Table 1). In this field,
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Heterotheca grows to a wide range of sizes, from small individuals bearing few or no flowers
and standing 20 centimeters tall, to much larger, multiple stemmed individuals which stand over
one meter tall. The presence and density of Lespedeza explains only a small percentage of this
variability.

Although the pattern analysis indicated an overall lack of fit of even the best fitting
models to the data, and the regression analysis shows only a small influence of Lespedeza
density, this may not be surprising when the complexity of the natural system is considered.
Many forces are responsible for patterning the two species. Though Lespedeza is a dominant
species in the study field, there are also many grasses and other forbs that potentially compete
with Heterotheca (Keever 1950, Pinder 1975). Other biotic factors that may influence pattern
include herbivory by deer and insects, and seed dispersal. Barot et al. (1999) attribute the
aggregation of juvenile palms to limited seed dispersal. A seed dispersal study indicated no
relationship between Heterotheca seed density and Lespedeza density, however (S.Turner,
unpublished). Abiotic factors that may influence pattern include small-scale differences in soil
nutrients (independent of Lespedeza) or topography, although soil resources were not found to
vary significantly due to the presence of grasses in this field (Collins and Pinder 1990).
Couteron and Kokou (1997) attributed the aggregation found between woody savannah species
to edaphic factors, namely petroferric outcrops that lead to shallow soils in places. Barot et al
(1999) suggested that the association of palm trees with termite mounds is in part due to
increased nutrients. In addition, there may be remnant effects from previous years or land use
history (Stohlgren 1993, Donohue et al. 2000). The pattern from one year to the next may be
partially dependent on previous years’ patterns of vegetation, including that of Heterotheca and

Lespedeza. The wind-dispersed disk seeds of Heterotheca typically germinate the Spring
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following seedset, while the ray seeds of Heferotheca, which drop close to the parent, typically
germinate after spending at least a full growing season in the field (Baskin and Baskin 1976).
The present study finds a non-random pattern of association between Heterotheca and
Lespedeza. Heterotheca is more likely to be found at moderate densities of Lespedeza than at
either low or high Lespedeza densities, and this pattern is established early in the life cycle of
Heterotheca. There is a slight, though significant increase in Heterotheca performance with
increasing density, though patterns of mortality suggest competition between Lespedeza and
Heterotheca. These results suggest that moderate densities of Lespedeza may facilitate the
establishment and growth of Heterotheca, but high densities of Lespedeza may limit the

establishment and increase mortality of Heterotheca.
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CHAPTER 3
LOCAL RESOURCE MODIFICATION IN A SOUTH CAROLINA OLD FIELD IN AREAS

OF VARYING DENSITY OF LESPEDEZA CUNEATA

INTRODUCTION

Studying the relaionships between plants and their environment is alarge focus of plant
ecology. Thetwo areinextricably linked, as plants not only respond to, but aso affect the
conditions of their surroundings. Abiotic factors, such aslight, soil nutrients, and soil moisture
interact to create environmenta conditions that may favor successful establishment or plant
growth. These same factors, however, are largely dependent on the vegetation. Tree and shrub
gpecies can have sgnificant impacts on the soil environment and microdlimate (Zinke 1962,
Radwanski and Wickens 1967, Tiedemann and Klemmedson 1973, Barth and Klemmedson
1978, Vetaas 1992). Tiedemann and Klemmedson (1973) found sgnificant differencesin soil
temperature, moisture and radiation by removing mesquite canopies. Mesguite was dso shown
to influence patterns of soil nitrogen (Barth and Klemmedson 1978).  Soil moigtureisinfluenced
by and can vary depending largely on vegetation type (Wilson and Kleb 1996). Forestation can
dter il fertility (Seastedt and Adams 2001) and ultimately cause changesin soil type (Willis et
a. 1997).

Because of these complex linkages between plants and their environment, most plant —
plant interactions are not direct interactions between individuas but rather are attributable to

resource use or modification, with effects occurring between individuas and their environment.
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Competition, for example, often occurs when individua plants utilize exigting resources in such
away that precludes the use of those resources by other plants (Tilman 1985). Facilitation can
occur when individuas change the environment in such away that alows for increased growth
and performance of other individuds (Calaway 1995) . Habitat andioraion may include
increasing soil nutrients or moisture, or by other microclimatic dterations (Wetzin and
Coughenhour 1990, Callaway 1994, Waker 1994, Pugnaire et a. 1996, Rousset and L epart
2000).

Pants are akey part of the soil nutrient cycle as they serve to capture, retain, utilize and
release nutrients over their life cycle. Nitrogen, in particular, is akey dement essentid for plant
growth. Decompostion of plant litter and roots provides organic nitrogen, which, through
nitrogen minerdization, is converted to inorganic forms (NOs™ and NH,") available for uptake by
vegetation. These effects can be species-specific and are largely dependent on litter quaity and
quantity; litter with alower C:N or lignen:N, for example, can increase decomposition rates
leading to the release of available nitrogen back into the systlem (Mdillo and Aber 1982, Hobbie
1992). Wedin and Tilman (1990) atributed the Sgnificant differencesin tota soil nitrogen and
net nitrogen mineradization between soil associated with perennid grasses to species specific
differencesin litter quaity. Stump and Binkley (1993) dso found a high corrdation between
litter quaity and quantity and nitrogen minerdization in Rocky Mountain foress.  In a semi-
arid grasdand, however, where minerdization is limited more by water availability, Vinton and
Burke (1995) found no significant species- specific differences in nitrogen minerdization.

Severd sudies have investigated variation in soil nitrogen between open or unvegetated
areas and areas with potentidly facilitating individuas. For example, Franco and Nobed’s (1989)

work shows higher levels of soil nitrogen under the canopies of bunchgrass, shrub and tree
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gpecies. Schlesinger et a. (1996) dso found higher soil nitrogen and PO,~ under desert shrubs
than in the open.  Storage of nitrogen in plant tissues which are eventualy recycled aslitter isa
key mechaniam by which desert shrubs play arolein increasing soil fertility (Garcia-Moya and
McKell 1970). Facilitating plants do not dways lead to higher local nutrients, however, as
Vdiente-Banuet et d. (1991) found lower soil nitrogen under the canopies of severa nurse
shrubs.

Increased levels of soil nitrogen have been attributed to the presence of nitrogen-fixing
plants in many ecosystems. Nitrogen-fixing plants, induding many legumes, are particularly
important contributors of soil nitrogen in areas undergoing primary successon (Morris and
Wood 1989, Vitousek and Walker 1989, Bellingham et al. 2001, Walker et d. 2003), and in
forests that have been burned (Hendricks and Boring 1999). In other systems such as grasdands,
nitrogen-fixing plants have aso been shown to increase soil nitrogen (Birch and Dougall 1967,
Robles and Burke 1997, Hooper and Vitousek 1998). Theincreasesin soil fertility arelargdy
attributable to increases in minerdization rates as aresult of nitrogent-rich litter. Birch and
Dougdl (1967) found higher levels of nitrogen minerdization where legumes were present with
grasses than where grasses were grown aone and attribute the higher levels of nitrogen
minerdization to the legumes dhilities to increase the surface organic horizon through litter
inputs. Walker et d. (2003) aso found that litter deposited by nitrogen fixers was criticd to
increasing soil fertility.

When interacting individuds differ in height or canopy sze, the response of temperature
and soil moigture is thought to be at least partidly an indirect effect of increased shading. Both
positive and negative interactions between individuas can result from shading. In some

environments, particularly those that experience water stress, shading can lead to facilitative
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interactions between species as the decreased light can serve to decrease temperatures and
overal evapotranspiration (Bertness and Hacker 1994, Shumway 2000). In other systems,
shading by neighbors reduces plant performance (Forseth et al. 2001) or increases the intendty
of competitive interactions (Weihe and Nedly 1997). With higher canopy cover, soil
temperatures can be lower and soil moisture levelsimmediatdy following arain event can be
higher due to decreases in evapotranspiration.

Lespedeza cuneata, an herbaceous legume found in old fields of the southeastern USA,
may affect itsloca environment in multipleways. 1t typicaly occursin open Stes with grasses
and herbaceous vegetation. Because of its rdative size and dominance, coupled with its status as
anitrogen fixer, this shrubby perennid may both compete with and facilitate other plants by its
modification and utilization of resources. Lespedeza may impact locd soil nutrients, the light
environment, soil moisture, and soil temperature.

This study sought to investigate how Lespedeza affected the availahility of light, soil
nutrients, soil moisture and temperature in an old fidld. | hypothesized that soil nitrogen and
moisture would increase and light and temperature would decrease with increasing density of

Lespedeza.

METHODS
Resource Plots
In spring 2001, 1 n? resource plots were established in five areas of the old fidd where
Lespedeza was apatchy dominant. The variation in Size of Lespedeza plants, combined with
vaiation in dudering of individuds, created a Lespedeza density gradient acrossthe areasin

which it was found. Plotswere of three types - low, medium and high Lespedeza density.
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Because of the large variability in plant sze and number of sems per individud (1 to 42), in this
case “dendty” was defined as the number of Lespedeza stems within a standardized area.
Incorporating the size of the Lespedeza into the measure of density was deemed better than
smply counting the number of individuas. To dleviate effects of background environmenta
variation, care was taken to cluster the plots together in blocks, each with alow, medium and
high-dengity plot separated by only afew meters. Three blocks were established in each of five
areas, yidding atota of 15 blocks (45 plotstotd).

Plotswereinitidly chosen based on avisua perception of Lespedeza densty. Inthefdl
of 2001, the postions of dl Lespedeza individuas were mapped to verify that the plots
represented varying levels of Lespedeza density. Though the actud plots were 1 n?, mapping
was done both within the 1n¥ plot and extended an extra 0.5 m on each side to yield atotal 4 nf?
mapped area. Height of the tallest slem of each Lespedeza individua was measured, aswell as
the number of stlems and basal diameters. Basal diameter was defined as the diameter where the
sems emerge from the soil.

Canopy openness was used as a surrogate variable for light. Measurements were taken at
daybreak using a Li-Cor canopy meter placed above and below the Lespedeza canopy. Light
readings were taken for five positions within each plot over two daysin May 2001.

In July of 2001, soil nutrients (nitrogen and phosphorous) were measured within each
resource plot. Three soil cores were taken within each plot and composited. A 2 molar solution
of KCl was used to extract anions and cations from the soil samples; for each plot, three replicate
samples were andyzed. Samples were stored frozen until processing a the University of Georgia
Ingtitute of Ecology’ s soil testing laboratory, where NH4, NH3 and PO4 were measured using

continuous flow colorimetry.
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Soil moisture was measured using a Dynamax Delta- T soil moisture probe, inserted into
moisture tubes established roughly in the center of each resource plot. Care was taken not to
place the tubestoo close to large individuas of Lespedeza. Soil moisture was measured in the
early morning daily for 27 days starting in June 2001 at four depths: 10, 20, 30 and 40 cm.

Soil temperature was measured in three of the areas using Thermochron ibuttons.
Because the number of ibuttons was limited and the effect of area on temperature was not a focus
of study, al buttons were placed within asingle area a atime. Each button was placed in a
plastic bag and buried to a depth of 10 centimeters. Three buttons were buried in each of the
fifteen resource plotsin the area, for atotal of 45 buttons. Measurements were taken every hour
for thirty days. For each day, a maximum and minimum temperature was calculated from the 24
measurements. The coefficient of variation for each button for each day was calculated by
dividing the stlandard deviation by the average temperature of the 24 temperature readings (Sokal

and Rohlf 1995).

Nitrogen Minerdization

One of the resource plot sites was an areathat had been previoudy planted with
Lespedeza. In 1998, 32 2 n¥ plots were established in a powerline right-of-way through the old
fidd. Plotswere arranged in two four by four grids with one meter spacing between plots. All
vegetation was removed with Round Up ™ and replanted with Lespedeza seedlings that hed
been grown in root tubes in a greenhouse for Sx months. Three dengities of Lespedeza (plusa
control with no Lespedeza) were planted in areplicated Latin square design to control for any
natura resource gradients within the fiedld. The dengties were achieved by planting 4 (low), 16

(medium) or 36 (high) individuals within each plot in aregular pattern. Some naturd

76



colonization of Lespedeza occurred in some of the control plots, but densities in these plots were
very low.

A net nitrogen minerdization study was performed in late March and April of 2002.
Three s0il samples were extracted from each of the 32 experimentd plots usng a soil auger in
March. A portion of each soil sample was placed in aZiploc bag, seded, and reburied in the
holes created by the auger. The remaining soil was composited and three samples were extracted
with 2M KCl and analyzed for NH;, NH3 and POy in the manner described previoudy. After an
incubation period of one month, bags Ieft in the field were recovered, soil was composited, and
three samples were taken and analyzed as before. Net nitrification is defined as the differencein
nitrate between the two time periods, while potential net N minerdization is defined as the sum
of nitrate and ammonium at the second date minus the sum of the two at the first date (Satti et al.

2003).

Litter Analyss

Litter was collected in the fall of 2000 undernesth and away from patches of Lespedeza.
The non-Lespedeza litter congsted primarily of litter of grass speciesinduding Andropogon
virginicus, Leptoloma cognatum, and Panicum aciculare. Six samples of each Lespedeza and
non-Lespedeza litter were taken by removing dl loose aboveground dead plant materid within 1
nt quadrats. Litter was collected in bags, weighed, and sent to the University of Georgia Soil,
Pant and Water testing facility in Athens, GA where percent nitrogen and carbon were

measured.
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Daa Andyss

Data were andyzed usng ANOVAs with Lespedeza density trested as a fixed effect and
areatreated as arandom effect. Blocks were nested within area and were also a random effect.

In the cases of soil moisture and temperature, a repeated measures ANOV A was used.

RESULTS
Resource plots

The average number of Lespedeza stems per n¥ in the resource plots increased from low
to high (Figure 1). Each Lespedeza plot dengty type was sgnificantly different from the others
in total number of stems per Nt based on contrasts generated from asimple one-way ANOVA,
treating area and plot dengity type as fixed effects. In addition, the number of stems per
Lespedeza individud, height, and basd diameter increased from low to high-dengty plots
(Fgure 1). All plot types were sgnificantly different from one another for al metrics except
height. Plantsin the low and medium dengty plots types were not significantly different in
average height, yet there were Sgnificant differencesin plant height between the low and high,
and the medium and high dengty plots.

The percent canopy openness was sgnificantly reduced in plots with high density of
Lespedeza (Figure 2). Contrasts between Lespedeza density levels showed significant
differences between each plot type. Nitrate and ammonium increased with increasing Lespedeza
dengty in the resource plots, but phosphate decreased with increasing Lespedeza dengty (Figure
3). Dengty was asgnificant effect for both nutrients.

In the planted experimental plots, patterns were smilar to those of the resource plots,

with agenerd increase of nitrate and ammonium and a decline in phosphate as Lespedeza
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increases (Figure 4). Both ammonium and phosphate were significantly different between low
and high densties a the p < .05 levd, but there were no sgnificant effects of Lespedeza dengty
on nitrate.  There adso were no sgnificant differences between Lespedeza dengties on the net
nitrification or the potentid net N minerdization (Figure 5). There was a generd pattern
increased net nitrification and potential net N minerdization a the high density, but sgnificant
differences were not seen due to the high standard errors.

Percent soil moisture was averaged over dl plots of Smilar density type (Figure 6). Data
shown are for three mgor rainfal events and subsequent days. Based on a repeated measures
ANOVA, there were no sgnificant differences in soil moisture between densties of Lespedeza at
any of the four depths measured. However, it isinteresting to note that there was a pattern of the
high dengty plots having the lowest percentage soil moisture at the lower depths, and the
medium dengity plots having the highest percent soil moisture & the intermediate depth (20 cm).

Soil temperatures decreased Sgnificantly asthe dengity of Lespedeza increased (Figure
7). Inaddition, daily temperature variability was dso afunction of Lespedeza density; and
coefficients of variation decreased as Lespedeza dengty increased. For the maximum dally
temperature, each leve of Lespedeza density was sgnificantly different from the others. For the
daily temperature varigbility, the low-densty Lespedeza plots were sgnificantly different from

both the medium and high dengity plots (Figure 7d).

Litter Analyss
C:N was sgnificantly lower in Lespedeza litter than in non-Lespedeza litter (Figure 8).

Thisis atributable primarily to differencesin percent carbon, which was higher in the non-
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Lespedeza litter, rather than to nitrogen differences. In addition, quantity of litter was

sgnificantly higher for litter taken under Lespedeza plants than in other aress.

DISCUSSION

Thereis ggnificant variation amongs Lespedeza densities for severd of the measured
variables, including soil nutrients, soil temperature, and canopy openness. Plots with high-
densty Lespedeza had higher soil nitrogen, lower soil phosphorous, lower canopy openness,
lower s0il moisture except immediatdy after arainfdl, and lower maximum dally soil
temperatures than plotswith low density of Lespedeza.

| expected to find increasing levels of soil nitrogen with increasing dengity of Lespedeza.
Many studies have demondtrated increases in soil nitrogen under perennid plants (Garcia-Moya
and McKell 1970, Barth and Klemmedson 1978, Vetaas 1992, Vinton and Burke 1995); in
particular, nitrogen fixers can be sgnificant contributors to soil fertility (Birch and Dougdl
1967, Vitousek and Walker 1989, Pugnaire et a. 1996, Rodriguez- Echeverriaand Perez-
Fernandez 2003). Data from the resource plots support this, but only week evidence suggests
higher nitrification and mineraization rates in soils of the highest dengity of planted Lespedeza
plots.

That Lespedeza litter had a nitrogen content (%) amilar to litter taken under perennid
grasses may not be surprising, as Garcia-Moya and McKdl (1970) dso found no variationin

nitrogen content of leguminous litter versus nontleguminous shrub litter. What is more

important isthe C:N ratio, a better measure of litter quality than percent nitrogen (Hobbie 1992).

The lower C:N ratio of Lespedeza litter should lead to increased nitrogen availability dueto
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increased rates of decomposition and minerdization (Méelillo and Aber 1982, Hobbie 1996,
Tateno and Chapin 1997).

The lack of sgnificant differences for the net nitrogen minerdization sudy were
therefore surprising. While measurements of NOs™ and NH,* reved current plant available
nitrogen, net nitrogen minerdization should better reflect overdl soil fertility by indicating the
potentia supply of nitrogen. Birch and Dougdl (1967) found increased minerdization under
legumes even when levels of ammonium and nitrate were not significantly different between
areas with and without legumes. There were significant differencesin NOs” and NH4* across
density typesin the resource plotsin July 2001. However, in the planted Lespedeza plots, only
NH," differed across Lespedeza densitiesin March 2002. Both net nitrification and net
minerdization were higher in the high-density planted plots, but these differences were not
gatigicaly sgnificant & p < .05 due to high variation anong samples.

Leves of phosphate were lower in both the medium and high-dengty Lespedeza resource
plots, aswell asin the high dengity planted plots. Thisresult may be expected, however, as
Hooper and Vitousek (1998) aso found decreasesin levels of phosphorous in soil associated
with nitrogen fixers, and ritrogen fixers are often phosphorous limited (Vitousek and Howarth
1991). A decrease in phosphate with increasing Lespedeza dendty could reflect this limitation.

Pogtive effects of aperennid canopy on soil moisture are more important in periods
following rain, than during dry periods, as shade effects serve to prolong the high moisture
conditions (Shreve 1931). Because of this, | predicted that soil moisture would incresse as
Lespedeza dengity increases. Patterns of moisture over Lespedeza dendty change as the sol
driesout. Immediately after arainfdl, the medium and high density Lespedeza plots at depths of

10-20 cm are the wettest, but high dendity plots severa days later become the driest of the plots.
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Medium dengty plots remain the wettest at these depths. This could indicate that moderate
denstiesof Lespedeza promote increased soil moisture at these depths. At low Lespedeza
dengties, there may be high evapotranspiration due to higher temperatures and lack of ground
cover. At high densties however, the uptake and use of water by Lespedeza may overcome the
advantages of decreased evapotranspiration. The overdl differences in soil moisture between the
wetter and drier periods were most pronounced for depths of 10 - 20 cm, the depths were most
rooting is occurring. At depths of 30 and 40 cm there is less soil moisture variation, particularly
for the low and medium dengty plots. High-densty plots may have lower soil moisture at these
lower depths due to deeper root growth resulting from intraspecific competition.

Inthisold fidd, plots with Lespedeza can have markedly lower soil temperatures during

the growing season. Variation in soil temperature under conditions of sun rather than shade has

been shown for severa ecosystems (Shreve 1931, Parker and Muller 1982, Valiente-Banuet et dl.

1991), and may be important to the success of many plants. In deserts, thisreductionin
temperature by shading may be an important mechanism for facilitation of establishing cacti
which, as CAM plants, do not transpire during the day (Vdiente-Banuet et a. 1991). Nobel
(1984) aso found that high temperatures associated with growing in open areas inhibit cacti
seedling growth and survival. Nitrogen fixation among legumes has been shown to be
temperature dependent, with interspecific differencesin optimal soil temperature for nitrogen
fixation (Power and Zachariassen 1993). Nitrogen minerdization is aso temperature dependent
and maximized at moderate temperatures (Goncalves and Carlyle 1994). Soil temperaturesin
the old field can exceed 40° C (104° F) where thereis no shade provided by Lespedeza. Itis
possible that these higher temperatures could negatively impact minerdization, dthough thiswas

not tested.
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It is clear that there are differences associated with plots of varying Lespedeza dengty.
Attributing these differences directly to the Lespedeza is more difficult. It isnot possbleto
know the full higtory of the natura aress, as plots were chosen for their current densities and
little is known of conditionsin prior years. Because Lespedeza is a perennid, however, it is
likely that the measured dengity does reflect that of the past severd years. For some of the
measured resources or conditions thisis not a concern; the shading seen is obvioudy afunction
of the current Lespedeza. Differencesin the environmental conditions of soil moisture and
temperature, because they are intringcaly related to degree of shading, so can be attributed to
the Lespedeza. Attributing differencesin soil nutrients to differing dengties proves most
difficult because the question remains as to whether or not the variation in locd soil nutrientsis
an effect of the Lespedeza or is a cause of the differencesin Lespedeza dengty. The plotsin the
planted right-of-way provide the best evidence of Lespedeza’srole in the modification of its soil
resources because they were planted a set denstiesin an area origindly without Lespedeza, in a
pattern designed to control for underlying environmental gradients.

This study demondtrates that Lespedeza does have an impact on loca environmenta
conditions and resources. By dtering such conditions, Lespedeza may in turn create conditions
that may impact the establishment and success of other herbaceous species.  Increasing soil
fertility and decreasing soil temperatures during the summer could prove beneficid to
neighboring plantsin the old fidd. The effects of Lespedeza on shading could lead either to
facilitation or competition. While the preemption of solar radiation may result in competition,
some shading may in turn benefit neighboring plants by causing increased soil moisture and

lower temperatures. Whether or not competitive or facilitative effects are dominant islikely due
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to the dengity of Lespedeza; with high-density Lespedeza having competitive effects and

moderate dendity Lespedeza resulting in fadilitation.

REFERENCES

Barth, R. C., and J. O. Klemmedson. 1978. Shrub-induced spatid patterns of dry matter,
nitrogen, and organic carbon. Soil Science Society American Journa 42:804-809.

Bdlingham, P. J, L. R. Wdker, and D. A. Wardle. 2001. Differentid facilitation by a nitrogen
fixing shrub during primary succession influences relative performance of canopy tree
gpecies. Journd of Ecology 89:861-875.

Bertness, M. D., and S. D. Hacker. 1994. Physical stress and positive associations among marsh
plants. American Naturdist 144:363-372.

Birch, H. F., and H. W. Dougal. 1967. Effect of alegume on soil nitrogen minerdisation and
percentage nitrogen in grasses. Plant and Soil 27:292-296.

Cdlawvay, R. M. 1994. Facilitative and interfering effects of Arthrocnemum subterminale on
winter annuas. Ecology 75:681-686.

Cdlaway, R. M. 1995. Poditive interactions among plants. The Botanicd Review 61:306-349.

Forseth, I. N., D. A. Wait, and B. B. Casper. 2001. Shading by shrubs in a desert system reduces
the physiologica and demographic performance of an associated herbaceous perennid.
Journd of Ecology 89:670-680.

Franco, A. C., and P. S. Nobdl. 1989. Effect of nurse plants on the microhabitat and growth of
cacti. Journa of Ecology 77:870-886.

Gadia-Moya, E., and C. M. McKel. 1970. Contribution of shrubsto the nitrogen economy of a

desert-wash plant community. Ecology 51:81-88.

92



Goncaves, J. L. M., and J. C. Carlyle. 1994. Moddlling the influence of moisture and
temperature on net nitrogen minerdization in aforested sandy soil. Soil Biology and
Biochemistry 26:1557-1564.

Hendricks, J. J., and L. R. Boring. 1999. N2-fixation by native herbaceous legumes in burned
pine ecosystems of the southeastern United States. Forest Ecology and Management
113:167-177.

Hobbie, S. E. 1992. Effects of plant species on nutrient cycling. Trendsin Ecology and Evolution
7:336-339.

Hobbie, S. E. 1996. Temperature and plant species control over litter decomposition in Alaskan
tundra. Ecological Monographs 66:503-522.

Hooper, D. U., and P. M. Vitousek. 1998. Effects of Plant composition and diversity on nutrient
cycling. Ecologica Monographs 68:121-149.

Médlillo, J., M., and J. D. Aber. 1982. Nitrogen and lignin control of hardwood leef litter
decompogition dynamics. Ecology 63:621-626.

Morris, W. F., and D. M. Wood. 1989. Therole of lupine in successon on Mount &. Helens:
Fadilitation or inhibition? Ecology 70:697-703.

Nobdl, P. S. 1984. Extreme temperatures and thermal tolerances for seedlings of desert
succulents. Oecologia 62:310-317.

Parker, V. T., and C. H. Muller. 1982. Vegetationa and environmenta changes beneath isolated
live oak trees (Quercus agrifolia) in a Cdiforniaannud grasdand. American Midland
Naturdist 107:69-81.

Power, J. F., and J. A. Zachariassen. 1993. Rdlative nitrogen utilization by legume cover crop

Species a three soil temperatures. Agronomy Journal 85:134-140.

93



Pugnaire, F., P. Haase, J. Puigdefabregas, M. Cueto, C. S.C., and L. D. Incoll. 1996. Facilitation
and succession under the canopy of aleguminous shrub, Retama sphaerocarpa, ina
semi-arid environment in south-east Spain. Oikos 76:455-464.

Radwanski, S. A., and G. E. Wickens. 1967. The ecology of Acacia albida on mantle soilsin
Zdingel, Jebe marra, Sudan. Journa of Applied Ecology 4:569-579.

Robles, M. D., and . C. Burke. 1997. Legume, grass, and conservation reserve program effects
on soil organic matter recovery. Ecological Applications 7:345-357.

Rodriguez-Echeverria, S., and M. A. Perez-Fernandez. 2003. Sail fertility and herb facilitation
mediated by Retama sphaerocarpa. Journa of Vegetation Science 14:807-814.

Rousset, O., and J. Lepart. 2000. Positive and negetive interactions at different life stages of a
colonizing species (Quercus humilis). Journad of Ecology 88:401-412.

Satti, P., M. J. Mazzarino, M. Gobbi, F. Funes, L. Rosdli, and H. Fernandez. 2003. Soil N
dynamicsin relation to lesf litter quality and soil fertility in north-western Patagonian
forests. Journa of Ecology 91:173-181.

Schlesinger, W. H., J. A. Raikes, A. E. Hartley, and A. F. Cross. 1996. On the spatia pattern of
soil nutrientsin desert ecosystems. Ecology 77:364-374.

Seagtedt, T. R., and G. A. Adams. 2001. Effects of mobile tree idands on apine tundra soils.
Ecology 82:8-17.

Shreve, F. 1931. Physical conditionsin sun and shade. Ecology 12:96-104.

Shumway, S. W. 2000. Facilitative effects of a sand dune shrub on species growing benesth the
shrub canopy. Oecologia 124:138-148.

Soka, R. R., and F. J. Rohlf. 1995. Biometry. W.H. Freeman, New Y ork.

94



Stump, L. M., and D. Binkley. 1993. Relationships between litter quality and nitrogen
availability in Rocky Mountain forests. Canadian Journd of Botany 23:492-502.

Tateno, M., and F. S. 1. 1. 1. Chapin. 1997. The logic of carbon and nitrogen interactionsin
terredtrial ecosystems. The American Naturdist 149:723-744.

Tiedemann, A. R., and J. O. Klemmedson. 1973. Effect of mesquite on physical and chemica
properties of the soil. Journd of Range Management 26:27-29.

Tilman, D. 1985. The resource ratio hypothes's of successon. American Naturalist 125:827-852.

Vdiente-Banuet, A., A. Bolongaro-Crevenna, O. Briones, E. Ezcurra, M. Rosas, H. Nunez, G.
Barnard, and E. Vazquez. 1991. Spatia relationships between cacti and nurse shrubsin a
semi-arid environment in central Mexico. Journd of Vegetation Science 2:15-20.

Vetaas, O. R. 1992. Micro-ste effects of trees and shrubsin dry savannas. Journd of Vegetation
Science 3:337-344.

Vinton, M. A., and . C. Burke. 1995. Interactions between individua plant species and soil
nutrient status in shortgrass steppe. Ecology 76:1116-1133.

Vitousek, P., and L. R. Walker. 1989. Biologicd invason by Myrica faya in Hawaii: plant
demography, nitrogen fixation, and ecosystem effects. Ecologica Monographs 59:247-
265.

Vitousek, P. M., and R. W. Howarth. 1991. Nitrogen limitation on land and in the seac How can
it occur? Biogeochemistry 13:87-115.

Waker, L. R. 1994. Effects of fern thickets on woodland development on landdidesin Puerto

Rico. Journd of Vegetation Science 5:525-532.

95



Wadker, L. R., B. D. Clarkson, W. B. Slvester, and B. R. Clarkson. 2003. Colonization dynamics
and facilitative impacts of a nitrogen-fixing shrub in primary succession. Journd of
Vegetation Science 14:277-290.

Wedin, D. A., and D. Tilman. 1990. Species effects on nitrogen cycling: atest with perennid
grasses. Oecologia 84:433-441.

Weihe, P. E., and R. K. Nedly. 1997. The effects of shading on competition between purple
loosestrife and broad-leaved caitail. Aquetic Botany 59:127-138.

Widtzin, J. F., and M. B. Coughenhour. 1990. Savanna tree influence on understorey vegetation
and soil nutrients in northwestern Kenya. Journa of Vegetation Science 1:325-332.

Willis, K. J., M. Braun, P. Sumegi, and A. Toth. 1997. Does soil change cause vegetation change
or vice versa? A tempord perspective from Hungary. Ecology 78:740-750.

Wilson, S. D., and H. R. Kleb. 1996. The influence of prairie and forest vegetation on soil
moisture and available nitrogen. American Midland Naturdist 136:222-231.

Zinke, P. J. 1962. The pattern of influence of individua forest trees on soil properties. Ecology

43:130-133.

96



CHAPTER 4
RESPONSE OF HETEROTHECA SUBAXILLARISTO POTENTIAL ENVIRONMENTAL

MODIFICATION BY LESPEDEZA CUNEATA

INTRODUCTION

Facilitation has recently been recognized as an important interaction in plant
communities, particularly in environments where the presence of individuals can andliorate
harsh or limiting conditions (Bertness and Callaway 1994, Callaway 1995) . Current theory
suggests that both positive and negetive plant — plant interactions may occur ether
samultaneoudy, or a different life sages (Callaway and Waker 1997, Rudgers and Maron
2003). Resources often mediate these plant-plant interactions. Negative interactions, or
competition, may occur when plants preempt nutrient or other resource usage by other
individuas (Tilman 1988). Facilitation, on the other hand, can occur when individuas of one
gpecies modify their environment in such away that favors the growth and reproduction of
individuds of another or the same species.  In systems where facilitation has been shown to be
important, the effects of plants on both nitrogen and shade are important facilitative mechanisms
(Tiedemann and Klemmedson 1977, Vitousek and Walker 1989, Vdiente-Banuet and Ezcurra
1991, Rodriguez- Echeverria and Perez-Fernandez 2003).

Vaiation in soil nitrogen may have impacts on plant growth, biomass partitioning and
reproductive dlocation (Lambers et a. 1981, Whigham 1984, Boot et a. 1992, Clabby and
Osborne 1997, Puri and Swamy 2001), with increased levels of nitrogen typicdly leading to an

increase in plant biomass, a grester alocation to shoots than to roots, and an increase in seed
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production. The most notable effect of shading is to decrease solar radiation. Decreased solar
radiation istypicaly associated with decreases in growth responses by plants, athough responses
to shading vary depending on plant species and shade tolerance (Dale and Causton 1992, Bloor
and Grubb 2003). For shade tolerant species, growth and reproduction can be increased by
moderate shading (Packham and Willis 1977, Pitelka et a. 1980, Packham and Willis 1982).
Shading can dso indirectly impact plant success by dtering soil temperatures and soil moisture.
This may have more influence on plants grown under harsh conditions. In addition, light and
nitrogen are dso known to interact, with increasing nitrogen alowing for greater photosynthetic
cgpatiilities (Peace and Grubb 1982, De Pinheiro Henriques and Marcelis 2000).

The god of this chapter was to investigate the response of Heter otheca subaxillaris
((Lam.) Britt. & Rusby) to conditions that may result from growing in proximity to Lespedeza
cuneata ((Dumont) G. Don). A spatia pattern andysis showed interspecific clustering between
Lespedeza and Heterotheca in an old fidld on the Savannah River Site (SRS), located in Aiken
County, South Carolina (chapter 1), and L espedeza was shown to modify its local environment
by decreasing light and increasing soil nitrogen (chapter 2). Demongtrating a response by
Heter otheca to these conditions may provide supporting evidence of possible mechanisms of
interaction between Heter otheca and Lespedeza. In addition, litter taken from benegth
Lespedeza differs both quditatively and quantitatively from litter taken in grassy arees digant
from Lespedeza. The combination of alower C:N and greater quantity of Lespedeza litter
suggests that there should be a greater pool of available nitrogen in litter under Lespedeza plants.
It is possible that the presence of this litter may affect germination and seedling establishment of

Heter otheca seedsin the proximity of Lespedeza plants.
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Two greenhouse experiments were designed to test the effects of an environment
characterized by the presence of Lespedeza on the germination, growth and reproduction of
Heterotheca. This study sought to provide additiond information on life Sagesin which
potentid interactions may be taking place. The first greenhouse experiment focused on the
germination response of Heterotheca to soil and litter found benegth Lespedeza. Doesthe
presence of Lespedeza affect the early stages of Heterotheca germination and seedling
establishment, or do interactions between these species primarily occur later in the Heter otheca
life cycle? | hypothesized that percent germination would be higher under conditions of
Lespedeza litter and soil than under conditions of grassy litter and non-Lespedeza soil.

The second greenhouse experiment focused on the effects of nitrogen and shading on the
growth of Heterotheca. If Lespedeza modifies these resources, does Heter otheca then respond
by increases or reductions in growth and flowering? | hypothesized that individuas grown
under condiitions of increasing nitrogen would have increases in shoot and root weights and an
increased number of flowers. Shade effects would decrease the growth and reproductive output
of Heterotheca; but overdl, the positive effects of nutrient additions would be grester than the

negative effects of shading.

METHODS

Germination Study

Soil and litter were collected in an old fidd (field 3-412) on the SRSin the spring of
1999, both directly under Lespedeza plants and in areas without Lespedeza. Soil was sieved to
remove roots and other debris. Seeds of Heterotheca were collected from thisfied in thefal of

1998 and stored outsde in a Rubbermaid tub. Ten blocks of four treatments were established in
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greenhouseflats Lespedeza soil plus Lespedeza litter, Lespedeza soil plus nontLespedeza litter,
non-Lespedeza soil plus Lespedeza litter, and non-Lespedeza soil plus non-Lespedeza litter. Soil
to a constant depth of 3 cm was put into each 25 cm by 50 cm flat. One hundred Heter otheca
disk seeds were placed on top of the soil ina 10 by 10 grid. Approximately 2 cm of litter was
placed on top. Disk seeds were used, as ray seeds require an after-ripening period to bresk
dormancy (Baskin and Baskin 1976). Hats were gently watered with alight spray every other
day. Germination was checked daily for ten weeks. The germination study was trested as a

fixed effects, 2 by 2 factoria experiment with two levels of both soil and litter type.

Shade/N Experiment

Soil for use in this greenhouse experiment was collected in the spring of 2001 from an
area of fidd 3-412 where Lespedeza was not present. 1n addition, there was no visible evidence
of Lespedeza from the previous year inthisarea. Soil was dried and Sfted ina5 mm Seveto
remove roots and other matter. Heter otheca seeds were collected from field 3-412 in the fall of
2000 and stored outside over winter. The greenhouse experiment began in March 2001.  Seeds
were germinated in flats and 225 seedlings were transferred to root tubes in July, when seedlings
were approximately 6-8 cmtdl. Five soil nitrogen trestments were randomly assigned to blocks
of fiveroot tubes. Nitrogen amendments were made by adding Nitroform ™ to soil prior to
trangplants. Nitroform ™ isacommercidly available dow release nitrogen fertilizer, which
provides 38% nitrogen by weight, in the form of urea.  For each root tube, soil was mixed with
Nitroform™ to produce one of the following concentrations of nitrogen: +0 (control), +25, +50,

+100, and +200 ppm.
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The shade treatment was not imposed at the beginning of the experiment. During the
time that Heter otheca isin the seedling stage, the new shoots of Lespedeza are just emerging and
provide little shade. By mid-summer, Lespedeza can sgnificantly reduce canopy openness
(Chapter 2) and shade adjacent plants.

In duly, the Heter otheca plants were transplanted from root tubes into two-gallon pots.
Nitroform™ was again mixed with 7kg of field 3-412 soil per pot to yield the correct soil
nitrogen amendment. From the surviving seedlings, 180 plants were randomly selected for
trangplant. Plants were randomly assigned to one of two shade treatments (no shade or shade)
and randomly assigned a position in one of two greenhouse rooms. This resulted in 18 replicates
of 2 shade trestments and 5 nitrogen addition trestments.

Four shade houses, constructed of PV C pipe and 60% shade cloth, were placed on two
diagondly opposite tables arranged to minimize cross shading in each greenhouse room. Shade
houses were 1.5 m tall and were not covered on the top. Unshaded plants were placed on open
tablesin the same rooms. Care was made to position the groups of potsin such away that the
shede treatments had little effect on the non-shade treatments. Pants were well watered
from the bottom of the pots throughout the experiment. Periodic measurements of plant height
were taken, and plants were harvested after flowering and seed production, in November and
December. Harvest times were staggered, as there was variability between plantsin the time of
bolting and flowering. During harvesting, heights were measured, and the number of flowering
stems and flowering heads were counted. Fowering heads were removed, and above and below
ground plant portions were separated. Stems were cut off at the soil surface and bagged, and the
roots were separated from the soil through washing and bagged separately. Roots and shoots

were dried and then weighed separately.
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A fixed effects, factorid ANOVA was run on the data treating N concentration and shade
astwo factorswith 5 and 2 levels, respectively. Shade and N concentrations were both treated as
fixed effects. There were no significant interactions between the two factors for any of the
measures, therefore, they were treated separately throughout the results. Also, there were no
effects of location of plants in terms of their placement in ether greenhouse room or ether sde
of the room.

RESULTS

Germination Study

There was no sgnificant effect of litter type on the germination of Heterotheca seeds
(Figure 1). Therewasasmadl effect of soil type on germination, though it was not sgnificant a
the p <.05 levels. The average germingtion in the Lespedeza soil was 50.55 % + 7.33, while
seeds in the non Lespedeza soil had an average germination of 42.7 % + 7.48. The p-vaue for

the difference between these two means was .158.

Shade/N Experiment

Shoot weights were affected by both N concentration and shade trestments, while root
weights were affected only by shade treatment (Figure 2). Shoot weightsincreased asN
increased, and both shoot and root weights were lower in the shade treetment. All pairwise
comparisons between concentration levels for shoot weight were highly sgnificant (p<.001)
except for the comparison of 25 and 50 ppm. (Table1) There wasadight increase in root
weight for the 25 and 50 ppm treatments; both of these trestments were significantly higher than

the control treatment.
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Table 1. Contrasts between treatment levels for shoot and root weight, root:shoot, height,

number of flowering heads and number of flowering staks. Significance indicates

differences between individud trestments as indicated. n.s. indicates where two

trestments were not Satigticaly different.

Shoot _ # of_ # of_
Contrast Wi, Root Wit. RS Height Howering Howering
Stalks Heads
Concér\itration Pr>F
Ovs. 25 <.0001 0.0399 n.s. n.s. 0. 0152 0. 0400
Ovs. 50 <.0001 0.0103 0.0095 n.s. 0. 0004 0.0124
Ovs. 100 <.0001 n.s. <.0001 n.s. <.0001 <.0001
Ovs. 200 <.0001 n.s. <.0001 0.0269 <.0001 <.0001
25vs. 50 n.s. n.s. n.s. n.s. n.s. n.s.
25vs. 100 <.0001 ns. 0.0010 ns. 0.0043 0.0327
25vs. 200 <.0001 n.s. <.0001 n.s. 0.0047 0.0302
50vs. 100 <.0001 n.s. 0.0088 n.s. n.s. n.s.
50 vs. 200 <.0001 n.s. 0.0003 n.s. n.s. n.s.
100 vs. 200 0.0136 n.s. n.s. n.s. n.s. n.s.
%‘ﬁgf;‘g <0001 <0001 <0001  0.0487 ns. ns.
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The root to shoot ratio was significantly affected by both nitrogen amendment and shade
trestment (Figure 3). Theroot to shoot ratio decreases with increasing concentration of N and
with added shade, indicating arelatively greater dlocation to shoots as N increases and under
shade. Height was sgnificantly affected by shade trestment but not by N amendment (Figure 3).
The only two N treatments to produce significantly different heights were the control and +200
ppm treatment (Table 1).

The number of flowering stalks and heads significantly increased as aresult of N addition
and was not affected by shade treatment (Figure 4). Within the N treatment, the effect was seen
at small concentrations of N and there were no further differences as concentration increased

above 50 ppm (Table 1).

DISCUSSION

Soil and litter beneeth shrubs are often enriched in nitrogen (Tiedemann and
Klemmedson 1973, Barth and Klemmedson 1978), and data in Chapter 2 suggest that Lespedeza
soil and litter may be higher in nitrogen than soil and litter dsewhereinthefidd. However,
there was no effect of either Lespedeza litter or soil quality on seed germination of Heterotheca,
and thus no evidence of potentid facilitation at that stage of the Heterotheca lifecyde. Itis
important to note, however, that while Lespedeza soil and litter did not enhance Heterotheca
germination, it aso did not inhibit germination. Many studies have shown that the presence of
litter can inhibit seed germination (Werner 1975, Fowler 1988, Williams et d. 1990, Smith and
Capelle 1992). In particular, the litter of pine and oak was found to significantly inhibit
Heter otheca germination in the same field where this study was conducted (Monk and

Gabrielson 1985). A dmilar sudy aso found a dight yet non-Sgnificant negetive effect of litter
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of anitrogen fixing legume, Retama sphaerocarpa, on the germination rate of Barley seeds
(Moro et d. 1997).

Plants often respond to changes in resources through differential biomass dlocation.
With decreasing nutrient availability, plants generally alocate more resourcesto rootsin order to
increase nutrient capture, and with increasing shade dress, plants typically dlocate more
resources to aboveground, photosynthesizing tissue (Gulmon and Chu 1981, Ingestad and
McDonad 1989, Aerts et d. 1992, McConnaughay and Coleman 1999). This should lead to
increases in root/shoot ratios with increasing shade, and decreases in root/shoot ratios with
increasing nutrients. Severa studies have demonstrated decreases in root/shoot ratios under
nutrient enrichment or fertilization for awide variety of plants. Hunt and Bazzaz (1980) found
greater dlocation to roots of unfertilized ragweed as opposed to fertilized ragweed.
McConnaughay and Coleman (1999) examined changes in root/shoot ratios for three old-fidd
gpecies across a nutrient and light gradient. Two of the three speciesin this study showed
sgnificant decreases in root/shoot ratios across the nutrient gradient, and increases in root/shoot
ratios across the light gradient. Grester root allocation was also seen in Heter otheca rosettes
grown under nitrate limited conditions (Mihdiak and Lincoln 1985). In this study, the root/shoot
ratio of mature flowering individuas behaved predictably in terms of the response to light and
nutrients, however, the decreasing root/shoot ratio is attributable to an effect on aboveground
dlocation, and not on root weight. Increasing nitrogen led to increases in shoot weights across
al levels of added nitrogen, but only the control treetment had a lower root weight. At thetime
of harvesting, pots did not appear to be root bound; nevertheless, roots were gtill limited to the

physical space in the pots and it may not be surprising to see agreater effect on shoots rather
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than roots. While nitrogen concentrations in the field were lower than treatment additions,
sgnificant differences were seen even at the lowest levels of nitrogen addition.

Reproductive increases as aresult of increases in light avallability or nutrients have been
documented frequently (Pitelka et a. 1980, Whigham 1984, McKenna and Houle 1999).
Increasing N increased the number of flowering stalks and heads of Heter otheca as predicted,
but there were no significant increases above the + 50 ppm treatment. This indicates a moderate
increase in reproductive adlotment a the lower levels of nitrogen enrichment, but an upper
threshold beyond which increasing nitrogen did not have further effects on flowering heads or
stalks.

The imposition of a shade trestment produced effects on Heter otheca biomass and height,
but not on the reproductive measures. There was adight, though statigticaly insgnificant,
increase in flowering heads per plant under the shade trestment. Height increased significantly,
suggesting that Heter otheca does respond to reduced light by increasing stem length. In this
case, while biomass was significantly reduced by shade, there was no effect on the plant in terms
of reproductive output. Thismay suggest thet partia light limitation of Heter otheca may not be
sgnificantly detrimentd to its overdl fitness.

Many studies have shown interactive effects of light and nitrogen and thet differencesin
plant yields due to increasing nutrients are most pronounced or only seen under conditions of
high light (Montoya et d. 1961, Murray and Nichols 1966, De Pinheiro Henriques and Marcelis
2000). Wainhouse et d. (1998) found that root/shoot ratios of young Stka spruce varied less
between low and high nitrogen under conditions of low light than under high light. Roots of
Agropyron desertorum, a perennia grass, responded to nitrogen enriched patches by increasing

relative growth rates only under conditions of full light; roots grown under shade conditions did
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not respond (Bilbrough and Caldwell 1995). Peace and Grubb (1982), however, did find a
growth response of a shade tolerant annud, Impatiens parviflora, to increasesin nutrients a high
levels of shade. Neverthdess, there was an interaction between light and nutrients, as together
they produced a greater effect on growth than either done (Peace and Grubb 1982). These
findings would suggest thet the Heter otheca individuas grown under shade conditions might not
have the same response to increases in nitrogen as plants under full light conditions. In this

study, however, there were no interactive effects of shade and nitrogen addition for any of the
measures. Individuds under full light were larger than their unshaded counterparts a each leve

of added nitrogen.

While seed germination was not sgnificantly affected by the presence of Lespedeza soll
or litter, mature Heter otheca plants were affected by changes in both soil nitrogen and shade.
Increasing nitrogen increased growth and reproductive output; even low additions of nitrogen led
to larger individuals with grester numbers of flowers. The addition of partial shade reduced
plant biomass but did not affect flower production. In alow nutrient old field where these two
species co-occur, Lespedeza provides both increased shade and the potential for increased soil
nutrients, which could influence both facilitative and competitive interactions with Heter otheca.
These results suggest that Heterotheca may be facilitated by Lespedeza if it causesincreasesin
s0il nitrogen. Competition with Lespedeza may lead to decreasesin overdl Heterotheca growth,

but shading may not reduce fitness.
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CHAPTERS

CONCLUSIONS

Evidence from this dissertation supported the hypothesis that Lespedeza cuneata acts as
both a facilitator for, and a competitor with, Heter otheca subaxillaris within this old fied.
Traditiondly, competitive interactions have been well studied and are often assumed to be the
maor interactions structuring plant communities (Tilman 1987). Less attention has been given
to facilitation, although interest over the last decade has demonstrated the importance of
facilitation in many systems, particularly those where plants experience harsh conditions.
Fadilitating individuds are typicdly perennia, established plants such as shrubs and trees that
can modify their local environment in such away asto amdiorate stressful conditions. The
positive effect of plants on neighbors has been attributed to such mechanisms as increasing
nutrient availability (Tielborger and Kadmon 2000), and amelioration of water and temperature
gress through shading (Shumway 2000, Forseth et a. 2001, Maestre et d. 2001). This
dissertation focused on a perennid nitrogen-fixing legume in anutrient poor old fidd, where
there are conditions of stressthat create opportunities for moderation by a perennid plant suchas
Lespedeza. Thisold field has extremely low nitrogen levels (Chapter 2) and during the years of
sudy, adrought led to severe rainfal shortages (Kiuchi 2002). The presence of Heterotheca,
found typicaly in the vidinity of Lespedeza within this old field, suggested evidence of possible
fadlitation.

There was a Significant degree of clustering between the two species at dl spatia scaes,

and Heter otheca was more likely to be found a moderate dendties of Lespedeza than at either
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high or low densities (Chapter 1). These patterns were evident at early stages and persisted
through the lifespan of Heterotheca, dthough surviving individuas were less likely to be
clustered with Lespedeza than predicted by random mortality. These results suggested that
Lespedeza might facilitate the establishment of Heterotheca, but that patterns of mortality may
have been influenced by competitive interactions.

Methods of spatia pattern analys's, such asthat of Ripley’sK, used here, are useful in
categorizing the nature of spatia patterns seen amongdt individuas.  The presence of a spatia
pattern has been used to infer the presence of competitive or facilitative interactions (Fowler
1986, Kenkel 1988, Dayong 1990, Martens et al. 1997); however, it isimpossible to discern
gpecific interactions from the presence of a pattern.

| would argue that the biologicd inferences that can be made from pattern analysis done
are limited for two reasons. Firgt, there may be dternative explanations for the patterns seen.
Individuals may be clustered smply because of shared resource requirements, underlying
environmenta heterogeneity, or seed dispersal (Couteron and Kokou 1997, Barot et a. 1999).
In this study, the old field was chosen for its apparent uniformity with respect to topography and
vegetation, but there gill may be amdl-scade variation in relief and soil quality. Seed dispersd in
this case may not be responsible for the patterning as | found no relationship between
Heterotheca seed density and Lespedeza dendity (data not presented).

Second, pattern andysis only consders the positions of the individuas and does not take
into condderation the variation in success of the individuas. Information on the Sze or
reproductive output of individuals may revea more about the types of interactions taking place.
If competition were the predominant interaction between the two species, one would expect to

see larger and more successful individuals at the lower ends of the density spectrum. As
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Lespedeza density increases, measures of Heterotheca success should decrease. If facilitation
were the predominant interaction, one would predict increasesin the measures of Heterotheca
success as Lespedeza dendity increases. | found fewer Heter otheca individuds, with lower
biomass and seed weight, at lower Lespedeza dengties than a moderate or higher densities
(Chapter 1). This supported the hypothesis of facilitative interactions. The probability of
mortaity increased with increasing Lespedeza density; however, which supported the hypothesis
of increasing importance of competitive interactions at higher densities.  These results supported
the hypothesis that both facilitative and competitive interactions co-occurred between
Heterotheca and Lespedeza a my sudy Ste.

The results of the pattern analysis suggested that the spatial patterning between the two
species primarily occurred early in the life cycle of Heterotheca. However, comparing heights of
Heter otheca taken early in the season to adult Heter otheca heights suggested that mechanisms
respongble for this positive association may have occurred during the growing season as well as
at the beginning. There was no correlation between early heights and Lespedeza dendity, but
find heightswere dightly positively corrdated with Lespedeza dengty.  This however, may
have been an artifact of competitive interactions. At higher densities, taler, well-established
Heter otheca had a higher probability of survivd.

One potentid explanation for the poditive spatial association seen between Heter otheca
and Lespedeza isthat individuas of Lespedeza helped to create loca environmenta conditions
that favored the establishment and growth of Heterotheca. | found evidence that Lespedeza
sgnificantly atered itslocd resources. For some of the resources tested such aslight and
temperature, the connection to Lespedeza was apparent (Chapter 2). Lespedeza caused

decreasing canopy openness leading to shadier conditions at increasing dendty. Higher soil
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temperatures were found at the lowest levels of Lespedeza. Soil nutrient studies aso suggested
higher levels of nitrate and ammonium, and lower levels of phosphorous, at higher Lespedeza
densties. High dendties of Lespedeza led to lower soil moisture except for severa days
fallowing aranfdl event, when soil moisture was higher than in plots with low densties of
Lespedeza. During adrought, when there are fewer rainfal events, this may lead to an increase
in the competitive effect of Lespedeza on Heterotheca.

The combination of a positive growth response by Heter otheca to increasesin ol
nitrogen and the lack of a Sgnificant negative effect of moderate amounts of shading supports
the contention that facilitation of Heter otheca through resource modification by Lespedeza is
possible (Chapter 3). Increasing the levels of nitrogen in the soil around Heter otheca had a
positive effect on the growth and reproduction of Heterotheca. Increasing shade did negatively
affect overal biomass of the individuas, but did not affect the overal reproductive output.

This study takes our understanding of the dynamics of Lespedeza and Heter otheca one

step further and demonstrates that not only do Heter otheca individuas occur more often at

moderate dengties of Lespedeza, but that successful individuals are found across the range of the

Lespedeza Neighborhood Density Index (NDI). Evidence suggests that an increasing NDI favors

larger and tadler Heter otheca individuas with a greater tota seed weight, but at the sametime
decreased the probability of Heterotheca survivd.

At higher dengities of Lespedeza, competitive forces may have dominated over
fecilitative interactions that operated at the moderate dengties. At the highest densitiesthere
were fewer Heter otheca individua s than expected, and those that were at higher densities had a

higher probability of mortality. However, those individuals that did survive were likely to be
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more successful, achieving slightly greater height and weight than their counterparts at lower
densities.

While many studies document plant spatial patterns, few take the next step of
incorporating a modelling approach to further investigate the relationships between plant species.
This study used a pattern analysis to first document the presence of a positive spatial association
between two species, and then explored the occurrence of one species as a function of a
neighborhood density measure of the other. This approach, coupled with an investigation of a
plant’s effect on multiple environmental resources and the subsequent consequences for a species
with which it interacts, will help further ecological understanding of the dynamic and complex

relationships between facilitative and competitive interactions among plants.
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O000000000000

FORTRAN PROGRAMS

PATTERN ANALYSI S PROGRAM

Programto cal cul ate khat and | hat function for the juvenile data
Qutput files are: origlc.out and origlhs. out

This programwi || read data fromthe baseget and nei ghbor data
files. The nunber, x, and y for each observation will be read into
2 separate (n x 2) arrays.

nl ¢ = nunber of Lespedeza
nhs = nunber of Heterotheca
I xy =1500 x 2 array of Lespedeza data (x, Yy)

Hxy =700 x 2 array of Heterotheca data (x, Yy)
Khat = nunt x 2 array containing the distance class and
correspondi ng khat val ues
Initialization of variables
inmplicit real *8(a-h, o0-2)
Real *8 | es(10000, 5), hxy(10000,2),rl1(100,2), rl2(100,2)
real *8 rl 3(100, 2), rhs(10000, 2),rl 4(100, 2)
a 50d0
b 20d0
area = a*b
t num=100
t ot mr10
nlc 0
nhs 0
ris 0do
rishs = 0dO
pi = 4*atan(1.0d0)
i num=1
itotsim= 1000
rl ambdahs = 574/ (a*b)

Declare files to open

open (unit =1, file = "lesfin.txt")

Open (unit 2, file "hsdat.txt")

open (unit 3, file "origlc2.out")

open (unit = 54, file = "origlhs2.out")

open (unit=55, file = "origlc2.out")
Read fromfiles into array

Read in Lespedeza data

Do 100 i = 1,2000
read (1, 10,end=110) les(nlc+1,1),les(nlc+l,2),les(nlc+l, 3),
+ les(nlc+l,4), les(nlc+l,5)
if (les(nlc+l,1).ge.0d0.and. | es(nlc+1, 2).ge. 0d0. and.
+ les(nlc+l,1).le.a.and.les(nlc+l,2).le.b) then
nl c=1+nlc
endi f

100 Cont i nue
110 Cont i nue

Read in Heterotheca data
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Do 200 i = 1,700
read (2,20,end=210), hxy(nhs+1,1), hxy(nhs+1, 2)
i f (hxy(nhs+1,1).ge. 0d0. and. hxy(nhs+1, 2). ge. 0d0) then

nhs=nhs+1
endi f
200 Cont i nue
210 Conti nue
10 Format (f8.2,4x,f8.2,4x,f8.2,4x,18.2,4x,18.2,4x,)
20 Format (f5.2,5x%,f6.2)
C Call Khat subroutine to calculate the Khat val ues -
C first is the baseget species, next is the nei ghbor species
C al so pass nunmber of each species
C Karray is returned
C Perform Rkhat cross calculations for two species
Call rkhatsub(les, hxy, nlc,nhs,a,b,tnumtotm rl1)
Call rkhatsub(hxy, les, nhs,nlc,a,b,tnumtotm rl2)
C Perform HS-HS khat cal cul ati ons
Cal | rkhatsub(hxy, hxy, nhs,nhs,a,b,tnumtotm rl3)
Call rkhatsub( les, les, nlc,nlc,a,b,tnumtotm rl4)
C Avg CrossK's and wite to files
Do 300 k = 1, tnum
rlavg = (rl1(k,2) + rl2(k,2))/2
rils =rls + (rlavg)**2
rishs = rlshs + (rl3(k,2))**2
rislc =rlslc + (rl4(k,2))**2
wite (3,301) inum rl1(k,1), rlavg, rls
write (54,401) inum rl3(k,1), rl13(k,2), rlshs
write (55,401) inum rl4(k,1), rl4(k,2), rlslc
300 Conti nue
301 Format (i 4, 2x, f10.5, 2x, f15.8, 2x, f15.8)
401 Format (i4, 2x,f10.5, 2x, f15.8, 2x, f15.8)
C Simulate HS and cal c. khat fxns
Do 500 isim= 2, itotsim
rls = 0dO
C Choose Random HS poi nts
u = ran2(i seed)
ux = -log(u)/ (rlanbdahs*b)
rhs(1,1) = ux
rhs(1,2) = (ran2(iseed))*b
inhs =1
400 u = ran2(i seed)
v = ran2(i seed)
ux = rhs(inhs,1) - log(u)/(rlanbdahs*hb)
uy = b*v
If (ux.le.a) then
i nhs = inhs+1
rhs(inhs,1) = ux
rhs(inhs,2) = uy
Go to 400
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endi f

C Perform Rkhat cross calculations for two species

Cal
Cal

rkhatsub(les, rhs, nlc,inhs,a,b,tnumtotm rl1)
rkhat sub(rhs, les, nhs,nlc,a,b,tnumtotm rl2)

C Perform HS-HS khat cal cul ati ons

Cal

rkhat sub(rhs, rhs, inhs,inhs,a,b,tnumtotm rl3)

C Avg CrossK's and wite to files

600
500

Do 600 k = 1, tnum

rlavg = (rl1(k,2) +rl2(k,2))/2

rls =rls + (rlavg)**2

rlshs = rlshs + (rl13(k,2))**2

wite (3,301) isim rl1(k,1), rlavg, rls

write (54,401) isim rl3(k,1), rl13(k,2), rlshs

Cont i nue
Cont i nue

end
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OO0

C

C

100
110

200
210

MODELLI NG PROGRAM #1

Initial

Programto estimte betas for
Initialization of variables

i mplici

Real *8 | es(2000, 5),
Real *8 beta(3),
Real *8 rx(3),
32664

4*at an( 1. dO)

i seed =
pi =
a
b
area =
nlc

nhs

ns =

50d0
20d0
a*b

0
0
5000

t

real *8(a-h, 0-2)

91(3),
ssi(3,3),

itotsim= 2000

rm one =

beta(1)
bet a(2)
bet a( 3)
irns =

5000

0. 0dO

0. 0dO
0. 0dO
0. 0dO

Declare files to open

open
open
open
open

(unit
(unit
(unit
(unit

Read fromfil

Do 100 i =

read (1,10, end=110)

"l esfi
"hsdat

file=
file=
file=

1
2,
3,
52,

es into array
Read in Lespedeza data

1

, 2000

l es(nl c+1, 4),

hxy (60000, 2),

92(3),
ssigrad(3)

Estimati on of paraneters

i ntensity nodel

grad(3)

n.txt")
Stxt™)

"nmB82par 1. out™)
file = "var32parl.out")

hx( 60000, 3),

— Quadratic nodel

ss(3,3)

les(nlc+1,1),les(nlc+l,2),les(nlc+l, 3),
l es(nl c+1, 5)

if (les(nlc+l,1).ge.0d0. and. | es(nlc+1, 2).ge. 0d0. and.
+ les(nlc+l,1).le.a.and.les(nlc+l,2).le.b) nlc=1+nlc

Conti nue
Conti nue

Read i n Heterotheca data

Do 200 i =

read (2,20, end=210),

1

, 700

hxy(nhs+1, 1),

hxy(nhs+1, 2)

i f (hxy(nhs+1,1).ge. 0d0. and. hxy(nhs+1, 2). ge. 0d0) then

cal

rm one =

nhs=nhs+1
endi f
Cont i nue
Cont i nue

| anbda( hxy(nhs+1, 1), hxy(nhs+1, 2),nlc, | es,

hx(nhs+1, 1), hx(nhs+1, 2), hx(nhs+1, 3))

+ bet a(3) *hx(nhs+1, 3)))

rm one+l og(exp(beta(1l)*hx(nhs+1, 1) +bet a(2) *hx(nhs+1, 2)
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10 Format (f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,)

20 Format (f5.2,5x%,f6.2)

C Initialize or reset g matri x val ues
do 300 i =1,3
gl(i) = 0dO

do 400 j= 1, nhs
gl(i) = g1(i)+hx(j,i)
400 Cont i nue
300 Cont i nue

C Cal cul ate (hx"hx)"-1
do 600 i=1,3
do 700 j=1,3

ss(i,j) = 0.0d0

do 750 k=1, nhs

ss(i,j) = ss(i,j)+hx(k,i)*hx(k,j)
750 Cont i nue
700 Cont i nue

600 Conti nue

call inverse(ss,ssi, 3,3)

write(52, 520) ssi(1,1), ssi(2,2), ssi(3,3)

520 Format (f 20. 15, 2x, f20.15, 2x, f20.15)

C Iterate procedure of estination
do 800 inum= 1,itotsim

rm hood = 0
rmdtwo = O
do 1000 i = 1,3

g2(i) = 0.0d0
1000 Cont i nue

do 9000 i = 1,irns
r XX ran2(i seed)*a
rxy ran2(i seed)*b

call lanmbda(rxx,rxy,nlc,les,rx(1),rx(2),rx(3))

C Calculate 2nd part of gradient
do 40 j=1,3
t enp=0. 0dO
do 30 k=1,3
tenp = tenmp+beta(k)*rx(k)
30 Cont i nue
92(j) = 92(j) +rx(j)*exp(tenp)

rmtwo = rmd two+exp(tenp)

40 Cont i nue

9000 Conti nue
do 1300 ig = 1,3
g2(ig) = (area)*g2(ig)/irns
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grad(ig) = gl(ig) - g2(igQ)
1300 Cont i nue

C Calcul ate new paranmeters by adding ssgrad to the previous beta
estimte

do 1400 i = 1,3
ssigrad(i) = 0dO
do 1500 j = 1,3

ssigrad(i) = ssigrad(i)+ssi(i,j)*grad(j)
1500 Conti nue

Beta(i) = beta(i)+ ssigrad(i)/50
1400 Conti nue

rmtwo = (area)*rm two/irns
rm hood = rm one-rm two

write(3,301) inumbeta(l), beta(2), beta(3),rmn hood
301 For mat (i 5, 3x, f13. 10, 3x, f 13. 10, 3x, f 13. 10, 2x, f15. 5)

800 Conti nue
end
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OO0

C

MODELLI NG PROGRAM #2

Robbi ns Monroe Danpeni ng of Paraneters

Programto fine tune estimation of betas for

Initialization of variables

inmplicit

real *8(a-h, 0-2)

Real *8 | es(2000, 5), hxy(60000, 2),
Real *8 beta(3), gl1(3), 92(3), grad(3)
Real *8 rx(3),
32664

pi = 4*atan(1.dO0)

i seed =

50d0
20d0

a
b

area = a*b

nlc 0
nhs 0
ns = 500
itotsim
beta(1)
bet a(2)
bet a( 3)
rm one =

0

2000
-.50918d0
0. 000655d0
-0.0000001832d0

0.

0do0

ssi (3,3), ssigrad(3)

Declare files to open

open (unit
open (unit
open (unit

Read fromfil

Do 100

read (1,10, end=110)

e
e

1, file= "lesfin.txt")
2, file= "hsdat.txt")
3, file= "r3parl.out")

es into array
Read in Lespedeza data

1, 2000

les(nlc+1,4), les(nlc+l,5)
if (les(nlc+1,1).ge.0d0.and.|es(nlc+l, 2).ge. 0d0. and.

+ les(nlc+l,1).le.a.and.les(nlc+l,2).le.b) nlc=1+nlc

100 Conti nu

110 Conti nu

Read in Heterotheca data

Do 200

1,700

read (2,20,end=210), hxy(nhs+1, 1),
i f (hxy(nhs+1, 1).ge. 0d0. and. hxy(nhs+1, 2). ge. 0d0) then

cal

hx( 60000, 3),

hxy(nhs+1, 2)

| ambda( hxy(nhs+1, 1), hxy(nhs+1, 2),nlc, | es,

hx(nhs+1, 1), hx(nhs+1, 2), hx(nhs+1, 3))

i ntensity nodel

ss(3,3)

les(nlc+1,1),les(nlc+l,2),les(nlc+l, 3),

rm one=rm one+l og(exp(beta(l)*hx(nhs+1, 1) +bet a(2)*hx(nhs+1, 2)
+bet a( 3) *hx(nhs+1, 3)))
nhs=nhs+1

endi f

200 Conti nu
210 Conti nu

10
20

e
e

Format (f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,)
Format (f5.2,5x%,f6.2)

Initialize

or

reset

g matrix val ues
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do 300 i =1,3
gl(i) = 0do
do 400 j= 1, nhs
gl(i) = g1(i)+hx(j,i)
400 Cont i nue
300 Cont i nue

C Cal cul ate (hx'hx)~-1
do 600 i=1,3
do 700 j=1,3

ss(i,j) = 0.0d0O

do 750 k=1, nhs

ss(i,j) = ss(i,j)+hx(k,i)*hx(k,j)
750 Cont i nue
700 Cont i nue
600 Cont i nue

call inverse(ss,ssi, 3,3)

C Iterate procedure of estimation
do 800 inum= 1,itotsim

rm hood
rmtwo = O

0

t=(i num **(.25)
irns=int(ns*t)

do 1000 i = 1,3
g2(i) = 0.0d0
1000 Cont i nue

do 9000 i = 1,irns
r XX ran2(i seed)*a
rxy ran2(i seed)*b
call lanbda(rxx,rxy,nlc,les, rx(1),rx(2),rx(3))

C Calculate 2nd part of gradient
do 40 j=1,3
t enp=0. 0dO
do 30 k=1,3
temp = tenp+beta(k)*rx(k)
30 Conti nue

rmtwo = rml twotexp(tenp)

92(j) = 92(j) +rx(j)*exp(tenp)
40 Cont i nue

9000 Conti nue
do 1300 ig = 1,3
g2(ig) = (area)*g2(ig)/irns

grad(ig) = gl(ig) - g2(ig)
1300 Cont i nue
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C Calculate new paraneters by adding ssgrad to the previous beta

estimte
do 1400 i = 1,3
ssigrad(i) = 0dO
do 1500 j = 1,3
ssigrad(i) = ssigrad(i)+ssi(i,j)*grad(j)

1500

1400

301

800

Conti nue
Beta(i) = beta(i)+ ssigrad(i)/(inumt9)
Cont i nue

rmtwo = (area)*rm two/irns
rm hood = rm one-rml two

write(3,301) inum beta(l), beta(2), beta(3),

rm hood

Format (i 5, 2x, f18.14, 2x, f18.14,2x,f18.14,2x,f12.3)

Cont i nue
end
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O0000

(@)

C

C

C

10
11

10

26
25

MODELLI NG PROGRAM #3
Model Si nmul ati ons

Programto sinul ate Heterotheca positions using rejection
sanpling and given the fitted nodel. WIIl also

cal cul ate the cross

Initialization of var

hat s

i abl es

implicit real *8(a-h, 0-2)

real *8 rhs(10000,5), |es(10000,5), rl1(100,2), rl2(100,2)
real *8 rl 3(100,2), rk1(100,2), rk2(100,2), rk3(100,2)

i seed = 32664

pi = 4*atan(1.dO)

a = 50d0

b = 20d0

area = a*b

nflc =0

nhs = 0

betal = -.51d0

beta2 = .000665d0

beta3 = -.0000001862d0

t num=100

t ot m=10

nunsi MF1000

rls = 0dO

rl shs = 0dO

rmaxl am =1. 087357

Declare files to open
open (unit 1, file= "lesfin.txt")

open (unit

Read fromfiles into a
Read in Lespedeza da
Do 100 i = 1,2000

read (1,10, end=11

+ I es(nlc+

rray
ta

0) les(nlc+l,1),les(nlc+l,2),les(nlc+l, 3),

1,4),

2, file= "rs321.out")

l es(nl c+1, 5)

if (les(nlc+l,1).ge.0d0. and. | es(nlc+1, 2).ge. 0d0. and.
+ les(nlc+l,1).le.a.and.les(nlc+l,2).le.b) nlc=1+nlc

0 Conti nue
0 Cont i nue

Format (f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,f8.2,4x,)

Do 200 isim= 1, nu
Sanple for simulated HS
do 250 rhsi = 1,

do 260 rhsk = 1,
rhs(rhsi, rhsk)

0 Cont i nue
0 Cont i nue
do 270 rli = 1,10
do 280 rlk = 1,2
ri1(rli,rlk)

nsi m

10000
2
= 0dO

0

= 0dO
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280
270

30

Per f or m Rkhat

Avg CrossK's and wite to files

300
200

201
301

ri2(rli,rlk) = 0dO
ri3(rli,rlk) = 0dO
rki(rli,rlk) = 0dO
rk2(rli,rlk) = 0dO
rk3(rli,rlk) = 0dO
Cont i nue
Cont i nue
rls = 0dO
rlshs = 0dO
ux=0d0
nhs = 0

Cal
Cal

= (ran2(iseed))*b

if (ux.le.a) then

call | anmbda(ux, uy,

nlc, les, sml,

ux - log(ran2(iseed))/(rmaxl anthb)

sn2, snB)

rlam = exp(sml*bet al+snm2*bet a2+snB* bet a3)

rpi = rlam rmaxl am
u = ran2(i seed)

if (u.le.rpi) then
nhs = nhs + 1

rhs(nhs, 1) = ux
rhs(nhs, 2) = uy
endi f
goto 30

endi f

rkhat sub(l es, rhs,
rkhat sub(rhs, Iles,

Do 300 k = 1, tnum
rlavg = (rl1(k,2) +rl2(k,2))/2
rls =rls + (rlavg)**2

rkavg = (rkl(k, 2)+rk2(k,2))/2
ri1(k, 1), rlavg, rkavg,

write (2,201) isim

Cont i nue
Cont i nue

Format (i 4, 2x,
Format (i4, 2x,

end

cross cal cul ations for

nl c, nhs,a, b, tnumtotm
nhs,nlc,a, b, tnumtotm

f10.5, 2x, f12.8, 2x,
f10.5, 2x, f12.8, 2x,

two species

f12.8, 2x,
f12.8)

ri1, rkil)
ri2, rk2)

rls

f 10. 5)
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MODELLI NG PROGRAM #4
Cal cul ati on of CVM statistics
Programto calculate CVMs from data and fitted nodel simulations
Initialization of variables
implicit real *8(a-h, 0-2)
Real *8 rkhat (100, 1000), rkbar (100, 1000), rktenp, rkbartenp
real *8 cvn(1000), rkdiff
pi = 4*atan(1.0d0)
C Declare files to open
open (unit 1, file = "origlc2.out")
Open (unit 2, file = "rs321. out")
open (unit = 10, file = "cvnB21l.out")
open (unit=11,file= "cvnd321. out™)

O00O0

C Read fromdata K into array
Do 50 i = 1,100
do 60 j = 1,1000

rkhat(i,j) = 0.0dO
rkbar(i,j) = 0.0dO
cvn(i) = 0.0dO
60 Conti nue
50 Cont i nue
Do 100 i = 1,100
read (1,10) nsim dist, rl, rls
rktenmp = ((rl +dist)**2)*pi
rkhat(i,1) = rktenp
100 Conti nue
10 Format (i4, 2x, f10.5, 2x, f12.8, 2x, f12.8, 2x, f10.5)
20 Format (i 4, 2x,f10.5, 2x, f 15. 8)
C Read in data K from nodel s
Do 200 i=2,1000
Do 300 j =1, 100
Read (2,10) nsim dist, rl, rktemp2, rls
rktemp = ((rl+dist)**2)*p
rkhat(j,i) = rktenp

300 Cont i nue
200 Cont i nue
Do 400 i = 1,1000
Cvmenp = 0.0dO
Do 500 j = 1,100

rKbartenp = 0.0dO
Do 600 k = 1,1000
If (k.ne.i) then
rKbartenp = rKbartenp + rkhat(j, k)
Endi f
600 Conti nue
rkbar(j,i) = rkbartenp/999d0
rkdi ff=(sqgrt(rkhat(j,i))-sqrt(rkbar(j,i)))**2

wite (11, 111) i,j,rkdiff
cvnmtenp = cvntenp+rkdiff
500 Conti nue

cvm(i) = cvntenp/.1d0
Wite (10,30) i, cvm(i)
400 Conti nue

111 Format (i 4, 2x, i 4, 2x, f15. 5)

30 For mat (i 4, 2x, f 15. 5)
End
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/* SAS Programto cal cul ate 95% Conf.Bands for Lhat and CVNMs*/
options |s=75 ps=54;

/* Crossk */
%racro crossk (fin, fout);
/* Read in first isimwhich is the data */
data origcl;
infile "origlc2. out';
input isimdist | rls;
If isim= 1;
/* Read in all others (sinulations) and sort by distance*/
data cross;
infile &in
input isimdist | rk rls;
If isim> 1;
proc sort;
by dist;
/* For the simulations, determne 2.5% and 97.5% val ues for each of
the 100 di stance cl asses */
data cross2
set cross;
drop isim

proc univariate data=cross2 noprint;
var |;
by dist;
out put out = crossq pctlpre=cross pctlpts = 2.5, 97.5;
/* Conbine data set with 2.5% and 97. % val ues and print out*/

data two;
merge crossq origcl
by dist;
file & out |inesize=80;
put dist ','" cross2 5 "',' cross97.5"','l;

%rend crossk;
run;

%racro cvm(fin,fout);
/* Read in all sinmulations and sort by di stance*/

data cvm
infile &fin;
i nput simdist cvm
if sim>1;
proc sort;
by dist sim
/* For the simulations, determ ne 2.5% and 97.5% val ues for each of
the 100 di stance cl asses */
proc univariate data=cvm noprint;
var cvm
by dist;
out put out =cvnmg pctl pre=cvm pctl pts=2.5,97.5;

/* Read in first isimwhich is the data */
data cvndat a
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infile & in;
i nput simdist cvm
if sinmel;

/* Conbine data set with 2.5% and 97. % val ues and print out*/
data cvn?;
merge cvndata cvnqy;
by dist;
file & out |inesize=80;
put dist ' ' cvn2_ 5" ' cvmB7_5"' ' cvm

%rend cvm
/* List of input and output files here */
%rossk('rs3l.out','rs3lav.out');

%cvm(' cvnd31. out', ' cvnmBlav. out');

runj;
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O000000000000

40
30

42
32

o000

50
15

FORTRAN SUBROUTI NES AND FUNCTI ONS

SUBROUTI NE RKHATSUB( base, bor, i nbase, i nnei ghbor, a, b, t num

+ totmrl, rkhat)

This subroutine will calculate and return Khat and Lhat for

each di stance cl ass

area = total area, a = width (x), b = height (y)

u = di stance between baseget plant and nei ghbor

dv = distance from baseget plant to Vertical Axis

dh = distance from baseget plant to Horizontal axis

I = nunber of individuals at distance t

it = distance class value, tnum = nunber of distance cl asses,
totm = furthest distance (m

i nbase =# obs for base array, inneighbor = # obs in neighbor array

K = array of rkhat val ues
Base = input array of base species data;
bor = input array of neighbor species data

implicit real *8(a-h, 0-2)

real *8 rkhat (100, 2), base(10000,5), bor (10000, 5)
real *8 rl (100, 2)

area = a* b

Pi = 4*atan(1.d0)

Do 30 i = 1,tnum
Do 40 j =1,2
rkhat(i,j) = 0dO
Cont i nue
Cont i nue

Do 32 k = 1, t num
Do 42 1| =1,2
ri(i,j) = 0dO
Conti nue
Conti nue

Cal cul ate the value for the distance class given the tota

di stance out and the nunber of classes wanted; assign this
di stance class to the t-th row, first colum in the k array,
reset or initialize the variable ktenp

Do 50 it = 1,tnum
tdist =(totmtnum*it
rkhat (it,1) = tdist
ri(it,1) = tdist
Conti nue
Format (f5.2, 2x, f3.1)

Loop for the nunber of base individuals.

Do 300 i = 1,inbase
For the base plant, calculate the distance to the nearest
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o000

500
400
300

600

vertical and horizontal axes

dm nl( base(i,2), (b - base(i,?2)))

d
d dm nl( base(i,l), (a - base(i,1)))

vV =
h =
Loop for the nunber of neighbor plants

do 400 j =1,innei ghbor
Cal cul ate the distance between the base and jth nei ghbor

u=sqrt (((bor(j,1)-base(i,1))**2)+((bor(j,2)-base(i,?2))**2))

Make sure u doesn't equal O - if it does, assign a very
smal | number

If (u.lt.0.001d0) u = 0.001dO

Cal cul ate w one of two ways dependi ng on whether the circle
with center on the base individual and radius u
(di st baseget - neighbor) overlaps the edge

If (u**2 .le. (dv**2 + dh**2)) then
w=1-(1/ (pi))*(dacos(m n(dv, u)/u)+dacos(mn n(dh, u)/u))
El se
w=0. 75d0- (1. d0/ (2. dO*pi ) ) *(dacos(dh/ u) +dacos(dv/ u))

Endi f
If (weq.0) wite(*,*) w
Loop for the nunber of distance classes.
Add this wto the current sumif u < distance class
DO 500 it =1, tnum
If (u.le.rkhat(it,1)) then
rkhat (it,2) = rkhat(it,2) +(1/w
Endi f
Cont i nue
Conti nue
Conti nue

Calculate final K hat for all distance class and assign it to
the array
Do 600 i =1, tnum
rkhat (i, 2) = rkhat(i,2) * areal (inbase*inneighbor)
ri(i,1) = rkhat(i,1)
ri(i,2) = sqgrt(rkhat(i,2)/pi) - rkhat(i,1)
Cont i nue
Ret ur n
end
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SUBRQOUTI NE | anbda(px, py, nlc, les,snl, sn2, snB)
inmplicit real *8(a-h, 0-2)
Real *8 | es(2000, 5)

smi=1

snm2=0

snB=0

Do 100 j = 1,nlc

distsij=sqrt((les(j,1)-px)**2+(les(j,2)-py)**2)

IF (distsij.le.0.001d0) distsij = .001dO

IF (distsij.le.2.0d0 .and. distsij.ge.(les(j,4)/200)) then
sml=1
sm2=snm2+(1 es(j,3)/(distsij**2))

endi f

100 Conti nue
sn8 = snR**2
return
end
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I nverse Subroutines
from (Press et al., 1992)

200

100

300

200

100

500

400

700

600

SUBROUTI NE i nverse(a,y, np,n)
inplicit real *8(a-h, o0-2)

di mensi on a(np, np), y(np,np),

do 100 i = 1,n
do 200 j=1,n
y(i,j) =0
conti nue
y(i,i) =1
Conti nue

Cal |l ludcnp(a, n,np,indx, d)

Do 300 j=1,n

i ndx(2)

call lubksb(a, n,np,indx,y(1,j))

Cont i nue
Ret urn
End

subroutine |udcnp(a, n, np, i ndx, d)

implicit real *8(a-h, 0-2)

paraneter (nmax=100, tiny=1. 0e-20)
Di nensi on a(np, np), indx(n), vv(nmex)

d=1

do 100 i=1,n
aamax=0. 0d0
do 200 j=1,n

if (abs(a(i,j)).gt.aamx) aamax=abs(a(i,j))

Conti nue

i f (aamax.eq.0d0) pause 'Singular matrix'

vv(i) = 1.0d0/aamax
Conti nue
Do 300 j=1,n
Do 400 i=1,j-1
summra(i,j)
Do 500 k=1,i-1

sum = suma(i, k)*a(k,j)

Conti nue
a(i,j)=sum
Conti nue
aamax=0
Do 600 i=j,n
sumra(i,j)
Do 700 k=1,j-1
sumrsum-a(i, k) *a(k, j)
Cont i nue
a(i,j) = sum
dunmevv (i) *abs(sum
if (dum ge.aanmax) then
i max=i
aamax=dum
endi f
Cont i nue
If (j.ne.imax) then
do 800 k=1,n
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800

900

300

200

100

400

300

dumea(i max, k)
a(i max, k) =a(j, k)
a(j, k) = dum
Cont i nue
d=-d
vv(imax) = vv(j)
endi f
i ndx(j) =i max
if(a(j,j).eq.0d0) a(j,j) = tiny
if (j.ne.n) then
dun¥l. 0dO/ a(j,j)
do 900 i=j+1,n
a(i,j)=a(i,j)*dum
Cont i nue
endi f
Conti nue

return
end

SUBROUTI NE LUBKSB( a, n, np, i ndx, b)
implicit real *8(a-h, 0-2)
Di mensi on a(np, np), indx(n), b(n)
ii=0
do 100 i=1,n
[l =i ndx(i)
sunmeb(11)
b(l11)=b(i)
if (ii.ne.0) then
do 200 j=ii,i-1
sumrsuma(i,j)*b(j)
conti nue
else if (sumne.0) then
ii=i
endi f
b(i)=sum
Conti nue
do 300 i=n,1,-1
suneb(i)
do 400 j=i+1,n
sumrsuma(i,j)*b(j)
Conti nue
b(i)=suma(i,i)
Conti nue
Ret urn
End
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Cross L(t) Function plots for juvenile linear models
Black lines represent the data, red lines represent the 95%

one-at-a-time confidence bands.
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Cross L(t) Function plots for adult linear models

Black lines represent the data, red lines represent the 95%
one-at-a-time confidence bands.
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Cross L(t) Function plots for juvenile quadratic models

Black lines represent the data, red lines represent the 95%
one-at-a-time confidence bands.
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Cross L(t) Function plots for adult quadratic models

Black lines represent the data, red lines represent the 95%
one-at-a-time confidence bands.
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