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ABSTRACT 
 
 
Understanding spatial variation in the structures and dynamics of species’ populations 

has long been a focus in ecology.  Species abundance is a function of both frequency 

(whether the species is present at a site) and density of individuals in populations.  The 

Abundant Center Hypothesis (ACH) predicts that as one moves away from the center of 

a species’ biogeographic range, populations become less frequent, more isolated, and 

less dense within populations.  Isolation is likely to cause reduced genetic variability in 

peripheral populations.  I tested predictions of the ACH in Cirsium canescens (Platte 

thistle), a monocarpic perennial.  Occurrence was measured along eight center-edge 

transects within the species’ distribution.  Two central and two peripheral populations 

along each transect were used to quantify population density.   Tissue samples were 

collected from each population to analyze genetic variability using six simple sequence 

repeat (SSR) loci.  Results indicate that C. canescens populations occur less frequently 

as one moves away from the center of the species range, consistent with the 

ACH.  However, within-population density was unrelated to distance from the 

center.  Results from SSR genotyping show reduced genetic variability at the 

distribution edges.  The decline in genetic diversity with increasing distance from the 

distributional center was stronger toward the western edge of the species’ range, 

related to increased topographic complexity.  This difference in results between portions 

of the periphery illustrates the inadequacy of testing ACH predictions at only a single 

range limit.  Decreases in C. canescens population spatial extent with no decreases in 

within-population density near the range periphery suggest that quality habitat exists in 

the peripheral range, but these patches are rarer near the edge. 
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CHAPTER 1 

INTRODUCTION 
 

 
Quantifying and understanding patterns of spatial variation in the structures, 

dynamics and sizes of populations has long been a focus within ecology (Whittaker 

1956, Hengeveld and Haeck 1982, Sagarin and Gaines 2002).   Brown (1984) 

addressed spatial variation in population structure at a biogeographic scale by 

proposing the ‘Abundant Center Hypothesis’ (ACH) that attempted to explain variation in 

abundance across the species’ geographical distribution in terms of abiotic conditions 

and resource availability. The ACH proposes that a species’ local abundance is highest 

at its range center, declining gradually away from that center.  This gradual decline is 

thought to be due to a gradient of one or two abiotic factors (e.g. temperature, moisture) 

(Brown 1984), with optimal conditions at the range center.  To measure these 

demographic differences, abundance can be quantified both as simple frequency 

(whether the species is present or absent at a site) and density (density of individuals 

within a site) (Brown 1984).  Moving away from the range center, the increasingly 

peripheral populations are expected to become less frequent, more isolated from one 

another, and less dense within populations.  Brown (1984) viewed this hypothesis as a 

general pattern for a variety of species, from intertidal invertebrates to widely-dispersing 

birds and plants. 

The ACH has implications for the population genetics of range-interior vs. range-edge 

populations.  These implications, in turn, may be critical to explaining the causes of 

species range limits, a topic of fundamental significance in biogeography and population 
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ecology.   Specifically, the cline in within-population density implies declining 

census/effective population sizes, and thus a loss of genetic variation through genetic 

drift, in populations near range margins (Kirkpatrick and Barton 1997; Vucetich and 

Waite 2003).  Understanding how demography and genetics vary across a species' 

range could therefore help clarify constraints on adaptive evolution in range edge 

populations.  If populations at species’ range edges are small, isolated, and genetically 

depauperate, then this could create conditions under which genetic variation will be 

limited (Antonovics 1976; Brussard 1984).  Low within-population genetic variation could 

subsequently limit local adaptation in these edge populations (Sagarin and Gaines 

2006; Sexton et al. 2009).  Alternatively, small peripheral populations could be subject 

to extensive gene flow from large central populations that prevents adaptation to 

conditions in the periphery (Holt 1983).  An inability to adapt in peripheral populations 

either as a result of pronounced genetic drift or ‘genetic swamping’ from central 

populations could prevent the expansion of range limits.   

In addition to its implications for explanations of range limits, the ACH provides a 

basis for making predictions concerning spatial variation in the intensity of interactions 

between specialist predators and their prey.  Population structure of specialist predators 

or pathogens can be directly affected by local abundance of prey species (Root 1973).  

If the ACH holds, then range-edge populations that are relatively isolated and small may 

be freed from the impact of these specialist natural enemies.  Alexander et al. (2007) 

examined the impact of three natural enemy species across the distribution of a forest 

sedge, Carex blanda: two fungal pathogens and larvae of a chaclid wasp that adult 

female wasps oviposit into developing C. blanda seeds.  On the western periphery of 



3 
 

the species’ range, where environmental conditions were less favorable, the sedge 

showed no reduction in within-population density but showed the expected reduction in 

specialist predators, which the authors propose is due to limited connectivity among C. 

blanda populations.  

 Identifying general patterns of variation in demographic structure and genetic 

diversity across a species' range has substantial conservation applications.  If 

populations in central parts of a species range are larger and more genetically diverse 

then conserving them may maximize the future evolutionary potential of the species 

(Eckert et al. 2008).  Alternatively, populations along the range edge may harbor unique 

genetic variation due to genetic drift and isolation from central populations (Lesica and 

Allendorf 1995).  Ultimately, conservation efforts that seek to maximize the genetic 

diversity retained in endangered species need to understand which, if either, of these 

predictions hold true (Lammi et al. 1999).  Similar to Alexander et al. (2007), Rand and 

Louda (2006) propose that population isolation at the periphery of a plant species’ range 

free plants from specialist natural enemies and may increase overall fitness.  Such 

range-edge refugia from specialist natural enemies may prove important when or if 

exotic pathogens or predators that attack a species of conservation concern are 

introduced (Rand and Louda 2006).   

Although the ACH has been a widely accepted biogeographic premise, empirical 

evaluations of its demographic and genetic predictions have produced mixed results.  

Some studies have supported the predicted cline in local abundance (Brown 1984; 

Hengeveld and Haeck 1982).  However, others do not (Carter and Prince 1985; 

Blackburn et al. 1999).  Murphy et al. (2006) examined the distributions of 134 tree 
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species in the eastern United States.  Although most species (85%) exhibited an area of 

increased abundance in the range interior and a reduction in density near the edge of 

the species’ distribution, the highest abundance was typically not found in the 

geographic center of the distribution.  Sagarin and Gaines (2002) reviewed results from 

145 studies of biogeographic patterns in species’ abundances and found that only 56 

(39%) supported the ACH.  Sexton et al. (2009) reviewed the extent to which different 

variables influence species range limits.  This review found abiotic environmental 

variables to be stronger predictors for declines in abundance predicted by the ACH than 

biotic factors related to fitness.  Thus abundance is more likely related to distinct habitat 

qualities rather than factors like competition.  In a meta-analysis of studies examining 

the population genetic implications of the ACH Eckert et al. (2008) found that although a 

majority of studies support the prediction of lowered within-population genetic diversity 

towards range edges, the differences were typically small. 

 Sagarin and Gaines (2002) and Eckert et al (2008) identified several 

methodological short-comings that were common among empirical tests of the ACH.  

First, among the 145 studies reviewed by Sagarin and Gaines (2002), only two 

surveyed the entire range of the species.  Conclusions regarding biogeographic 

variation in species abundances could be flawed if all parts of the range are not 

considered.  For example, one portion of a species’ distribution (e.g. western half) could 

exhibit a trend of decreasing abundance towards the range edge, whereas the 

unsampled eastern half increases in density from the center to the edge.  The overall 

increase in abundance from east to west could be missed, thereby providing a 

misleading conclusion.  Second, previous evaluations of the ACH have typically 
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compared a group of central populations to a single region of peripheral populations at 

only one point along the range periphery (Sagarin and Gaines 2002; Eckert et al. 2008).  

This pseudo-replication confounds relative range position with other biogeographic 

factors and limits the comparison to a single portion of the range edge.  A recent review 

(Abeli et al. 2014) also cites the lack of support for many of the predicted ACH patterns 

of abundance. 

Although abundance of a species and its genetic diversity are expected to both 

decline from central to peripheral populations, very few studies have simultaneously 

tested these demographic and population genetic predictions (Eckert et al. 2008).  

Collecting datasets both for abundance and genetic variability provides a direct test of 

the ACH and determines how the two factors are related, but also examines the 

prediction that small, isolated populations at the periphery will lead to reduced genetic 

diversity.  For North American taxa, difficulty exists in determining if genetic variability is 

related to range edge and isolation or if it is caused by range expansion of Pleistocene 

postglacial regions (Eckert et al. 2008).  By utilizing multiple range edges and 

quantifying abundance, the two possible explanations for reduced genetic diversity 

could be separated. 

 Although Brown (1984)’s proposed mechanism for decreasing abundance toward 

range edges is logical, as more research has focused on population demographic and 

genetic structure across species’ ranges, factors other than abiotic resource availability 

or conditions have been hypothesized to limit a species’ range and affect abundance 

within that range.    Density-dependent biotic factors, specifically competition for quality 

habitat, increased predation or more effective pathogen transmission, coulddirectly 
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influence the distribution of species (Sexton et al. 2009).  Even if environmental 

conditions favor greater abundance in central populations, intraspecific competition or 

increased herbivory by specialist herbivores could outweigh these benefits.  These 

interactions could limit sizes of central populations more strongly than peripheral 

populations, resulting in evenness of density over the range. Alternately, quality habitat 

could occur in pockets throughout the species biogeographic distribution forming  

species abundance ‘hot spots’.  In most of the species’ range, abundances are low.  

However, in these small ‘hot spots’, density is increased due to more favorable abiotic 

factors.  Species will appear patchy, with most areas lacking the species.  For plants, 

edaphic specialists may follow this distributional pattern.   

 My research, which tests ACH predictions using Cirsium canescens (Platte 

thistle), represents a novel contribution to the understanding of variation in species’ 

demographic and genetic structures across their biogeographic range.  First, I have 

quantified both abundance and genetic diversity along eight large transects bisecting 

the range (N-S, E-W, NW-SE, NE-SW), allowing evaluation of the predictions of the 

ACH at multiple range boundaries.  Second, I have simultaneously collected data on 

demographic and genetic population structure to examine the similarity between these 

patterns .  Third, the species examined has a much larger range than most studied for 

the ACH.  A larger distribution is likely to provide barriers to gene flow that will allow 

more distinct differences than shown in smaller distributions.  Additionally, increased 

range size introduces greater habitat variation than seen in a small distribution. 

In this research, I have tested three hypotheses related to Cirsium canescens 

and the ACH.  First, that frequency (occurrence) of C. canescens will decrease from the 
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center to the periphery of the distributional range.  Secondly, that the density of C. 

canescens individuals within populations will decrease from central populations to 

peripheral populations.  Lastly, that within-population genetic variability will decrease 

from central populations to peripheral populations. 
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CHAPTER 2 
 

METHODS 
 
 

Study species 

 Cirsium canescens (Platte thistle) is a monocarpic perennial in the sunflower 

family (Asteraceae).  The distinct white-yellow capitula bloom in late May to mid-June 

throughout much of its Nebraska distribution (Lamp and McCarty 1981), but may flower 

two to three weeks later in Colorado and Wyoming (Svata Louda pers comm.; online 

from the Rocky Mountain Herbarium, University of Wyoming).   The plant lives as a 

rosette for an average of 3-5 years before producing a reproductive stalk, flowering and 

dying (Lamp and McCarty 1981).  The species is non-clonal and only reproduces by 

seed.  The wind-dispersed seeds mature by late June to early July in Nebraska.  Lamp 

and McCarty (1981) found C. canescens to occur in scattered groups of typically 5-20 

adult plants.  Insect herbivory and water availability are important population-limiting 

factors for C. canescens (Louda and Potvin 1995).  

 Earlier genetic work on C. canescens indicates a recent evolutionary history with 

Cirsium pitcheri (Loveless and Hamrick 1988).  Both species are similar in morphology 

and ecology, growing in sandy, well-drained soil.  They share alleles at several loci, 

although C. canescens exhibits greater genetic variability than its congener (Loveless 

and Hamrick 1988). 

 Cirsium canescens’ distributional and genetic characteristics make it an 

appropriate study species for testing the ACH.  Initially, records obtained from the 

Global Biodiversity Information Facility website indicated that C. canescens had a range 

approximately 1000km wide, extending from south-central Colorado and eastern 
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Wyoming into southern South Dakota and central Nebraska.  The size of this 

distribution is substantial but logistically manageable, allowing analysis of populations at 

multiple locations on the periphery.  The non-clonal life-form of C. canescens facilitates 

identifying genetic individuals.  This is an advantage for collecting population genetic 

data because it precludes sampling multiple ramets of the same genetic individual, 

which would lead to an underestimation of genetic diversity.   

Defining the species distribution 

 Before conducting fieldwork, locality information from C. canescens herbarium 

specimens was obtained.  Online biodiversity databases, including the Southwest 

Environmental Information Network and the Rocky Mountain Herbarium (University of 

Wyoming), supplied most records for defining the species’ distribution.  Robert Kaul, 

curator of the Charles E. Bessey Herbarium at the University of Nebraska, provided 

locality information for specimens collected in Nebraska.  Two herbaria, the Rocky 

Mountain Herbarium and the Colorado State University Herbarium, were visited in order 

to examine C. canescens specimens that were collected in outlying areas of the 

species’ distribution and that I considered possible mis-identifications.  Several of these 

specimens were determined to not be C. canescens and were removed for further 

analysis of the species’ distribution. 

A species distribution model for C. canescens was determined with MAXENT 

(version 3.3; http://www.cs.princeton.edu/~schapire/maxent/; Phillips et al. 2006). 

Herbarium records of known locations were utilized to estimate possible areas of the 

plant’s distribution based on climate, elevation and soil data (data obtained from ArcGIS 

online resources).  The model predicted a distribution from northeast Nebraska into 

http://www.cs.princeton.edu/~schapire/maxent/
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south-central South Dakota and northeastern Wyoming.  The distribution continued 

south through central Wyoming into its western-most points in the intermountain valleys 

of central Colorado, south to the New Mexico border and through the northern half of 

eastern Colorado (Fig. 1).  As the plant grows in well-drained soils, much of this region 

lies in sandy to gravelly soils, including the Sand Hills formation of Nebraska. 

The preliminary niche model from MAXENT suggested the possibility of the 

species occurring in far western regions, including western Montana and central Utah, 

where the species has no records of being present.  Although the climate and soil 

conditions may be conducive to C. canescens, sampling was not conducted in these 

areas. 

Online herbarium records were also used to determine the mean central point for 

the species’ distribution.  In ArcGIS 10.2, the mean geographic center was mapped by 

finding the mean latitude and longitude of all known occurrences using the “Mean 

Center” tool.  This geographic center was located in Kimball County, Nebraska, 

approximately 90km east of Cheyenne, Wyoming (41.32046, -103.91922; Fig. 2).  The 

range edge was estimated using the herbarium records, the MAXENT model, and my 

own observations of the plant after sampling.     

 

Field methods (2013) 

 Frequency 

 To determine frequency of occurrence of the species, sampling was conducted 

along eight radial transects bisecting the species’ range (N, S, E, W, NE, NW, SW, SE) 

that intersect at the geographic center of the species’ distribution (Fig. 2).  These radial 
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transects ranged in length from 230km (SW transect) to 550km (E transect).  Prior to 

fieldwork, sampling points were established at approximately 40km intervals along each 

transect (Fig. 3).  This distance was assumed to be sufficient to consider adjacent 

populations as separate.  At these predetermined intervals, I established a 15km 

transect approximately perpendicular to the radial transect and surveyed at 1km 

intervals to determine if the species was present (Fig. 4).  At these 1km intervals, I 

surveyed from the road for flowering C. canescens and recorded the GPS coordinates 

of each sampling point.  For determining frequency of populations, C. canescens was 

recorded as  “present” for that 40km sampling point along the radial transect if any of 

the 15 intervals on the 15km perpendicular transect had the plant present.  Spatial 

extent of C. canescens populations was quantified as the number of points (maximum 

of 15) at which the plant was present.   At the end of each radial transect, I included one 

sampling point beyond the predicted range edge to increase my opportunity to find truly 

peripheral populations as well as to determine the validity of the MAXENT model.   

If a population was not located at a pre-determined sampling point along a radial 

transect and the soil type at the sampling point was unsuitable for C. canescens, I 

performed a second search for C. canescens.  Initially, soil maps were employed to 

locate the nearest outcrop of sandy/gravel soil; however, in the field, this proved 

inefficient.  Using an atlas, which gave rudimentary topographic information, I increased 

my search area in the vicinity of the sampling point to survey additional areas.  The 

increased search area allowed better location of sites with appropriate soils for C. 

canescens, typically in sandy and hilly areas. 
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Population sampling 

Once C. canescens populations were found along the radial transects, this 

information along with locality data from herbarium collections was used to identify four 

populations along each transect for measurements of within-population plant density.  

Both density and genetic sampling was conducted in the two most central and two most 

peripheral populations along each radial transect.  The inability to locate populations in 

both central and peripheral positions along all radial transects, as well as additional 

sampling outside of the original transects, resulted in certain departures from this 

sampling design.   

Of the eight transects from the central point, six (SE, E, NE, N, NW, W) produced 

the four intended populations.  Along the East transect, two central and two peripheral 

populations were measured, along with two “intermediate” populations.  These two 

additional populations were included to further evaluate patterns of population density, 

specifically examining the hypothesis that they occur along a gradient of reducing size 

when moving away from the geographic center.  Locating central populations of 

sufficient size along the South transect was impossible.  Intensive agriculture had 

eliminated appropriate habitat.  Along this transect, only peripheral populations were 

measured.  The opposite was true for the Southwest transect.  Central populations 

along the southwest transect were easily found.  However, the peripheral populations 

were predicted by the MAXENT model to occur west of the Rocky Mountains, and their 

existence was determined to be unlikely.  Two later sampling trips generated data for 

seven additional populations that did not occur along the transects after Svata Louda 

(University of Nebraska) suggested some important regions of the species distribution 
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that were not covered by the eight transects.  Four populations were measured from the 

southern intermountain valleys of Colorado and one from intermountain valleys in 

northern Colorado, areas that fell outside of the transects but offered unique habitat.  

Two additional populations from the main Sand Hills formation of Nebraska were also 

included, as this area had been under-sampled but contained a great abundance of the 

species. 

For each population, an estimate of within-population plant density was 

determined by counting the number of conspecifics around focal bolting, adult C. 

canescens plants.  As C. canescens is monocarpic, each adult has only one year of 

reproduction and, therefore, density estimates were not inflated by previous years’ 

reproduction of the focal plant.   At each sampling location, I established a 100m 

transect parallel to the road and extended my sampling area 10m perpendicular to the 

road to create a rectangular 0.1 hectare plot.  The bolting adult closest to the beginning 

of the 100m transect constituted my first ‘focal’ individual.  A 5m radius was established 

around the focal plant, and all flowering adults and non-seedling rosettes were counted 

within the radius.  The next focal plant was the closest C. canescens adult around which 

a 5m radius could be established that did not overlap the previous focal plant’s radius.  

This sampling continued until densities of C. canescens plants within 5 m radii of ten 

adults were measured or until I came to the end of the 0.1 hectare plot.  If ten focal 

adults were not found in the first plot, a second plot was established, generally on the 

roadside adjacent to the first plot.  Two 0.1 hectare plots were typically sufficient for 

sampling; however, on a few occasions, more plots were required to measure ten 

bolting adults in a population.  The maximum number of plots required was six. 
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Size measurements for the ten focal plants in each population were also taken.  

Size measurements were considered an index of habitat quality.  Diameter at the root-

shoot junction beneath that attachment point for any basal leaves (root crown diameter) 

was measured with electronic calipers (Guretzky and Louda 1997).  Plant volume was 

also estimated for the same flowering plants.  Plant volume was calculated from three 

measurements: plant height from the ground to the highest flower head and plant 

diameter (distance from the tip of a leaf on one side of the stem to the tip of a leaf on 

the opposite side) along two axes.  Finally, leaf tissue from the ten focal plants was 

collected and preserved in silica gel for genetic analysis.  Other distinct morphological 

characters were noted on the sampled plants, e.g. variations in flower color, coloration 

in the stem, etc. 

A biocontrol weevil, Rhinocyllus conicus, was introduced in the late 1960’s to 

North America from Europe as a control for invasive musk thistle (Carduus nutans), but 

has since been found ovipositing on native Cirsium species (Louda 1998).  As the 

impact of pre-dispersal seed predation by this weevil could be an important factor 

influencing the mean fitness of a C. canescens population (Rand and Louda 2006; 

Rand and Louda 2012), each of the ten focal plants were examined for 

presence/absence of R. conicus eggs to give a proportion of plants infested out of ten.   

Field methods (2014) 

During the summer of 2014, a second season of data collection was conducted 

to fill gaps in the first year’s sampling and to gain insight into the relationship between 

temporal variation in within-population densities and range position.  Specifically, 

sampling during the 2013 season was conducted along the eight radial transects and 
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this sampling design left substantial unsampled areas of the plant’s range that occurred 

between transects.  Therefore, a more geographically representative data set was 

deemed necessary.  Additionally, individual plant sizes were measured at the same time 

across the entire species’ range in 2013.  In the western distribution, where the 

phenology is later, this gave an underestimation of plant sizes and needed to be 

corrected.   

In the 2014 season, frequency measures were again taken across the range of 

C. canescens.  Frequency (measures of presence of the plant at 1km intervals along a 

15km transect) was again determined at locations studied during 2013 as well as new 

portions of the range that had not been previously sampled but where both herbarium 

records and the MAXENT model indicated that the species should be present.  

Frequency measures were standardized to a distance of a minimum of 35km between 

sampling points to be consistent with sampling from the previous season.   

Populations from the 2013 field season were reevaluated for density and plant 

size (height, volume, etc.).  Additionally, five new populations were measured that 

occurred in areas that were unmeasured in the previous year’s sampling. 

In 2014, the extent of R. conicus oviposition on C. canescens plants in sampled 

populations was measured in more detail than in 2013.  In addition to determining the 

proportion of plants per population that exhibited R. conicus ovipositions, I counted the 

number of R. conicus eggs on the terminal flower head on the first lateral branch off of 

the main stem.   I used egg load on the terminal flower head on the first lateral branch 

as an index of R. conicus damage in order to achieve consistency with the method 
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currently being used by Svata Louda in her research of R.conicus use of C. canescens 

(S. Louda pers comm). 

Laboratory methods 

 DNA was extracted from the 420 samples (42 populations X 10 plants per 

population) using the high-throughput method outlined in Beck et al. (2012).  

Appropriate genetic tools are available, in the form of multiple simple sequence repeat 

(SSR) loci that amplify broadly in Cirsium (Jump et al. 2002; Slotta et al. 2005).  From a 

pool of possible loci, six SSR’s originally developed for Cirsium acaule (Jump et al. 

2002) were selected for the microsatellite analysis of allelic variation (Table 1).   The 

selected loci have been utilized in other North American Cirsium species, including C. 

pitcheri (Gauthier et al. 2010, Fant et al. 2013) and C. hillii (Freeland et al. 2010).  

Extracted DNA was reduced to a 1:10 dilution before amplification.  Loci were 

multiplexed, meaning that three loci (Ca01, Ca04, and Ca07 in one mix; Ca05, Ca10, 

and Ca17 in a separate triplex) were simultaneously amplified and genotyped using the 

Qiagen Multiplex PCR Kit. Each reaction contained 2µl of DNA, 0.8µl mix of reverse and 

forward primers, 2.5µl Taq polymerase (QIAGEN Inc., USA), and 2.7µl water, for 8µl 

total.   Parameters for the thermocycler were 94ºC for 5 minutes, 30 cycles of 94ºC for 

30 s, 30 cycles of annealing temperature of 58ºC for 30 s, and 72ºC for 30 s.  

Amplification products were sized at the DNA Sequencing and Genotyping Facility at 

the University of Chicago Comprehensive Cancer Center and alleles were determined 

for all samples with GeneMarker (Soft Genetics, State College, PA).   
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Statistical analyses 

 Demographic analyses 

 Analyses were conducted on data from the first year (2013), on data from the 

second year (2014), and on a combined data set of both years’ data.  For demographic 

variables, when the same population was measured in both years, a mean of the two 

values was used.  Peripheral sample points for frequency and population spatial extent 

were removed from the data set before analysis if the plant was absent from the point 

and the plant was not found at points along the radial transect that were more distant 

from the center.  I used MAXENT to identify new sampling areas for the species outside 

of known locations from herbarium records, but the MAXENT predictions may have 

made overly expansive predictions.    As measures of frequency and population spatial 

extent were used to determine range edge, they were not analyzed with distance to 

edge as a covariate to prevent a self-fulfilling prediction. 

 Statistical analyses were conducted using SAS v. 9.2 (SAS Institute Inc., 

Cary,NC) and R v. 3.0.2 (R Core Team, Vienna, Austria).  To analyze the relationship 

between central-peripheral position within C. canescens range and frequency of 

population occurrence, I used logistic regression.  At each 40km sampling point along 

the eight radial transects, I considered a C. canescens population to be present if the 

species was sited at one or more 1km interval along the 15km perpendicular transect.  

For the logistic regression, population occurrence at the 40km sampling point (yes/no) 

was the dependent variable and distance to the range center was the independent 

variable.   
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Analysis of covariance (ANCOVA) was used to analyze the relationship between 

central-peripheral range position and population spatial extent.  The number of points 

out of 15 at which C. canescens occurred along the perpendicular transect at each 

sampling location was the dependent variable for analysis.  In this and subsequent 

ANCOVAs, distance to either range center or range edge was the covariate. For each 

population, "distance to nearest range edge" was calculated as the linear distance 

between that population and the nearest range edge.  As the eight radial transects 

produced uneven numbers of sample points, populations were grouped in “sectors” 

based on nearby transects for analysis of populations measures (Fig. 5).  In this and 

subsequent ANCOVAs sector was the categorical, independent variable and it was 

treated as a fixed effect.  ANCOVA was also used to evaluate effects of distance from 

range center or range edge and sector upon mean density of C. canescens individuals 

within each population (based on number of plants within a 5 m radius of each focal 

plant), mean size measures (root crown diameter, height, and volume), and number of 

plants exhibiting ovipositon of  R. conicus eggs.  As plant density may be important for 

determining the amount of R. conicus ovipositons plants suffer, number of plants 

attacked per population was analyzed as a function of population spatial extent and 

within-population density. 

Topography varied dramatically from the eastern portions of C. canescens’ range 

on the Great Plains to the western portion of the species range in the Rocky Mountains.  

Analyses were therefore also conducted in which populations were classified as “east” 

vs. “west” rather than by sector.  ANCOVA was used with sector as an independent 
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variable and either distance to range center or distance to nearest range edge as the 

covariate.   

 An ANCOVA was also conducted to examine the relationship between range 

position and between-year variation in within-population density.  The magnitude of 

between-year variation in within-population density was quantified as the coefficient of 

variation. 

For all ANCOVAs, homoscedasticity was tested with Levene’s test and normality 

was evaluated with quantile - quantile plots.  When ANCOVA assumptions were not met 

by the raw data, a transformation (natural log or square root) was performed on the 

data. 

Genetic analyses 

 GenAlEx (Peakall and Smouse 2006, 2012) was used to determine measures of 

genetic diversity, expected heterozygosity (HE) and allelic richness (A), within all 42 

populations for the alleles determined.  The relationships between measures of within-

population genetic diversity and the distance to either mean range center or nearest 

range edge were assessed with ANCOVA, with sector as the categorical, independent 

variable.  As with the demographic data, separate analyses of the relationship between 

range position and measures of genetic diversity were performed for the eastern and 

western portions of the range.  The relationship between both genetic variables and 

population elevation was also assessed with elevation as the covariate. 
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CHAPTER 3 
 

RESULTS 
 
 
Frequency 

Presence of C. canescens was negatively related to distance from the 

geographic center in 2013 (z = -3.726, p < 0.001).  Sampling in 2014 included an 

increased portion of C. canescens’ range and found a weaker, negative association (z = 

-1.903, p = 0.057). A dataset that included both 2013 and 2014 data produced the 

expected decline in occurrence of C. canescens populations with increasing distance 

from the geographic center (z = -3.916, p < 0.001).   

Population spatial extent 

Population spatial extent (the number of 1km sampling points along 15km 

transects where C. canescens occurred) decreased as distance from the geographic 

center increased (Fig. 6 and 7) in both 2013 (F1,57 = 17.79, p < 0.001, Fig. 8) and for a 

combined dataset for both years (F1,159  = 16.04, p < 0.001, Fig. 9).  However, the 2014 

data alone did not show this association (F1,90  = 1.73, p = 0.192).  In 2014, C. 

canescens population spatial extent was greater in the West and Northeast sectors of 

C. canescens’ distribution than the East and Southeast sectors (Fig. 10). 

Within-population density 

Within-population density of C. canescens individuals in 2013 was not associated 

with distance from center (F1,26 = 0.06, p = 0.804) nor distance from edge (F1,26 = 0.24, p 

= 0.629).  Population 33 (Lake County, Colorado) was considered a possible outlier due 

to its unusually high density.  Therefore, the analysis was also conducted with 

population 33 excluded.  Neither distance from center (F1,25 = 0.49, p = 0.489) nor 



21 
 

distance from nearest edge (F1,25 = 0.2, p = 0.656) were significantly related to within-

population density when Population 33 was excluded.   For the 25 populations sampled 

in 2014, distance from center (F1,22 = 0.01, p = 0.922) and distance from edge (F1,21 = 

0.07, p = 0.792) were not significantly associated with density.   

Populations that were re-sampled in 2014 had a mean value for within-population 

density determined for the two years.  These mean values were combined with data 

from populations that had only one year of sampling for an additional analysis of density 

using the most comprehensive density estimate (one or two years) for each population.  

With all populations, distance from center (F1,32 = 0.16, p = 0.692) and distance from 

edge (F1,32 = 0.37, p = 0.547) were not associated with within-population density.  

Similarly, with the very dense Population 33 excluded from the analysis, both distance 

from center (F1,32 = 0.5, p = 0.821) and distance from nearest edge (F1,32 = 0.52, p = 

0.478) still had no significant relationship with mean within-population density.  When 

the relationship between within-population density and distance from center was 

analyzed separately for populations located either east or west of the geographic center 

no significant values were found and the patterns between the two distributions were 

similar (Table 2) for the combined data set of two years. 

Nineteen populations that were originally measured in 2013 were re-sampled in 

2014 and, therefore, allowed quantification of the amount of year-to-year variation in 

within-population density.  There was no significant relationship between distance from 

center (F1,11 = 0.0, p = 0.999) nor for distance from nearest range edge (F1,11 = 0.01, p = 

0.938) and the coefficient of variation for within-population density. 

 



22 
 

Plant size 

Only 2014 data were used in analyses of plant size.  Height of C. canescens 

adults was not related to distance from center (F1,22 = 0.02, p = 0.881) nor to distance 

from the nearest edge (F1,21 = 0.41, p = 0.527).  In the western portion of the species’ 

distribution, there was an increase in mean plant height with an increase in distance 

from edge (F1,9 = 6.71, p = 0.029; Fig. 11). 

Mean volume of adult focal plants was not significantly associated with distance 

from center (F1,22 = 2.0, p = 0.171) nor with distance from edge (F1,21 = 2.86, p = 0.106). 

However, like height, in the western distribution, mean volume increased with distance 

from nearest edge (F1,9 = 5.55, p = 0.043; Fig. 12).  Root crown diameter was not found 

to be significantly related to range position (center: F1,22 = 1.22, p = 0.281; edge: F1,21 = 

0.87, p = 0.360). 

Genetic variability 

  Overall, all six microsatellite loci were found to be polymorphic within my 

sample set (Table 4).  Within-population expected heterozygosity decreased with 

increased distance from center (F1,32 = 5.69, p = 0.023, Fig. 13) and increased with 

distance from nearest edge (F1,32 = 8.3, p = 0.007, Fig. 14).  Within-population allelic 

richness, however, showed no association with center (F1,32 = 1.34, p = 0.255) nor 

nearest edge (F1,32 = 3.31, p = 0.078, Fig. 15), although distance from nearest edge 

seemed to be producing a trend.  Sector was found to be a significant predictor for 

allelic richness (F1,32 = 6.8, p < 0.001; Fig. 16), with the East and Northeast significantly 

higher than the Southwest. 
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Measures of within-population genetic variability showed a different trend 

between eastern and western distributions (Table 3).  Western populations displayed a 

decrease in both measures of within-population variability in peripheral populations as 

compared to central populations.  No significant relationship between range position 

and genetic diversity occurred in eastern populations. 

Elevation across C. canescens’ range increased from east to west (Fig. 17).  

Populations were analyzed with elevation, a surrogate for topographic complexity, as 

the explanatory variable. Both expected heterozygosity (F1,32 = 17.91, p < 0.001; Fig. 

18) and allelic richness (F1,32 = 35.95, p < 0.001; Fig. 19) decreased with increased 

elevation.  Neither measure of genetic variability was found to be associated with 

population spatial extent (HE: F1,31 = 1.76, p = 0.194; A: F1,32 = 0.53, p = 0.474). 

Use by Rhinocyllus conicus 

For the 2013 data, distance from center (F1,26 = 1.37, p = 0.252), distance from 

nearest edge (F1,26 = 1.82, p = 0.189), and population spatial extent (F1,26 = 1.76, p = 

0.196) had no association with the mean number of plants per population that 

experienced R. conicus oviposition.  An analysis of R. conicus infection with mean 

within-population density as a predictor did show a marginally significant positive 

relationship (F1,26 = 3.77, p = 0.064; Fig. 20).  

In 2014, distance from center (F1,22 = 2.11, p = 0.1601), distance from edge (F1,21 

= 1.58, p = 0.223), and within-population density (F1,22 = 0.45, p = 0.5079) were not 

associated with number of infected plants.  However, the number of infected plants per 

population did increase with increased population spatial extent (F1,22 = 6.76, p = 0.016; 

Fig. 21). 
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The number of plants with R. conicus oviposition increased with distance from 

center for the combined dataset (F1,33 = 4.27, p = 0.047; Fig. 22).  Distance from edge 

(F1,33 = 1.21, p = 0.279), within-population density (F1,32 = 1.11, p = 0.2998), and 

population spatial extent (F1,32 = 1.96, p = 0.171) were not significantly related to the 

number of plants with R. conicus ovipositions in populations.  

Measurements of number of ovipositions on the terminal flower head on the first 

lateral branch of C. canescens plants taken in 2014 produced similar results to the 

number of infected plants per population in that year.  Distance from center (F1,22 = 0.85, 

p = 0.368), distance from edge (F1,21 = 1.61, p = 0.218), and within-population density 

(F1,22 = 0.08, p = 0.774) were not associated with number of ovipositions.  The number 

of ovipositions did decrease with decreased population spatial extent (F1,22 = 4.8, p = 

0.039; Fig. 23). 
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CHAPTER 4 
 

DISCUSSION 
 

 
Implications of the Abundant Center Hypothesis 
 
 In general, patterns of C. canescens population frequency, spatial extent, and 

genetic variability were found to be consistent with the predictions of the ACH.  A 

measure of within-population density, however, was not found to be correlated with 

distance from the geographic center, nor from the nearest range edge.  Population 

spatial extent, although decreasing away from the central point, actually peaked in a 

region outside of the geographic center.  Dixon et al. (2013) found a similar pattern in 

Leavenworthia stylosa (Brassicaceae), a plant with a small distribution in the Central 

Basin of Tennessee.  Within-population density actually increased with distance from 

the range center, but populations became more isolated near the range edge and the 

areas of highest abundance surrounded the central point rather than being found at the 

center.  A measure of allelic diversity also declined in populations towards the range 

periphery. In one of the limited number of studies examining plant species’ demographic 

structure at multiple range edges, Samis and Eckert (2007) investigated the range of 

two plant species, Camissonia cheiranthifolia and Abronia umbellata, located along the 

Pacific coast of North America.  They found no significant reduction in any aspect of 

abundance that they measured, including population isolation and within-population 

density, for either species as a function of distance from range center.  However, they 

did note that environmental factors in the northern and southern distributions were 

different and caused varying latitudinal patterns in abundance.  My results add to this 

growing list of studies that show that, while some aspects of abundance follow 
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predictions of the ACH, the hypothesis underestimates the complexity of biogeographic 

variation in a species’ abundance and genetic variability, while overstating the 

ubiquitous nature of a center to edge gradient. 

  When measuring the distribution of C. canescens, populations were grouped 

into six sectors for analysis based on location and environmental context.  Six sectors 

were identified when analyzing the data.  Populations in two of these sectors (Northeast 

and West) were found to exhibit significantly higher spatial extent values than two 

others (East and Southeast).  These two sectors are located in the main Sand Hills 

formation of Nebraska (Northeast) and the open plains near Cheyenne and Laramie, 

Wyoming (West).  These areas also contain less row-crop agriculture and land is 

predominantly used for grazing, which may provide greater habitat availability.  This 

result suggests a bimodal peak in abundance for the species, rather than a unimodal 

peak near the geographic center.  Both the Nebraska Sand Hills and southeast 

Wyoming correspond to a distance of approximately 200km from the geographic center, 

the distance at which the highest values of population spatial extent were observed (Fig. 

8 and 9).  However, abundance of C. canescens near its range center may be 

depressed by habitat loss associated with row-crop agriculture. This region of low 

population spatial extent seem to provide good environmental conditions for the plant, 

with well-drained, sandy substrates and herbarium records indicate the presence of the 

plant in these areas. 

    Over time, populations near the range edge may be expected to demonstrate a 

greater fluctuation in within-population density, as the populations are likely in fringe 

environmental conditions (Holt et al. 2005).  Populations along the periphery could be 
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demographic sinks, with immigration from more central populations required to maintain 

population size.  Measures of within-population density from two years did not indicate a 

significant relationship between the magnitude of year-to-year variation in density and 

the population’s location, but this short timeframe is likely insufficient for determining 

this relationship.  Interestingly, six populations measured in 2013 were not present 

when examined in 2014.  Although five of these six populations were within 100km of 

the estimated range edge, several other populations within 100km of the range edge 

were present in both years. 

Recent reviews of the ACH have emphasized the lack of studies that examine 

patterns in abundance and genetic diversity at multiple edges of a species distribution 

(Eckert et al. 2008; Abeli et al. 2014).  Studies that find a decline in abundance or 

genetic diversity at the only range edge studied do not represent rigorous tests of the 

ACH as different patterns may occur at other range edges.  By examining a broad 

portion of C. canescens’ range, I was able to demonstrate differing patterns in separate 

portions of the species distribution.  Specifically, comparison of response variables from 

the eastern distribution and the western distribution were found to be significant in only 

one distribution, although significant values were found for the entire dataset  Although 

expected heterozygosity decreased in peripheral regions when considering all 

populations, this measure was found to decrease only in the western range, and this 

strong negative relationship obscured the non-significant relationship between expected 

heterozygosity and range position found in the eastern distribution.   

Elevation was found to be strongly correlated with within-population genetic 

variability.  Across the distribution of C. canescens, elevation increases from the 
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northeastern edge to the southwestern edge.  Elevation can be viewed as a surrogate 

for regional topographic complexity, which could potentially be a significant factor in 

limiting gene flow into and out of a population.  The populations with the lowest values 

for both expected heterozygosity and allelic richness were located at higher elevations.  

Mountains act as physical barriers to separate these high elevation populations from the 

each other and from the remaining portion of the species’ distribution.  The lower 

elevation regions in the east have less substantial barriers to gene flow and the 

populations analyzed had greater values for genetic variability.   

Having a dataset that includes both measures of abundance and within-

population genetic variability allows comparisons between these two metrics.  Although 

the Sand Hills region of Nebraska and the southeastern portion of Wyoming have 

similar values for population spatial extent, genetic variability is reduced in the Wyoming 

region.  In the Sand Hills, higher within-population genetic diversity may indicate a lack 

of barriers to dispersal, allowing for greater gene flow.  In southeastern Wyoming, the 

areas of high population spatial extent are separated by the Laramie and the Medicine 

Bow Mountains.  Even with the region having large populations, the increased 

topographic complexity seems to lead to a decrease in gene flow. 

Decreased frequency and population spatial extent away from the geographic 

center, but not for measures of within-population density, suggests patches of high 

quality habitat exist, but are less common near the periphery.  Jump and Woodward 

(2003) found that habitat occupied by two European Cirsium species (C. acaule and C. 

heterophyllum) at their periphery is not distinctly different from environmental conditions 

near the center, but that the edge is more likely to limited in the amount of “normal” 
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habitat.  This could also help explain the reduction in within-population genetic variability 

towards C. canescens’ western range edge.  High quality patches exist, but are 

isolated, causing a reduction in connectivity between populations and thus a reduction 

in genetic variability for these populations.  However, even though the populations are 

more isolated, these areas of suitable environmental conditions could support denser 

populations.  This is further supported by the Lake County, Colorado, population.  

Located near the western range limit, this population has a relatively low genetic 

variability (HE = 0.618, A = 5.0) but was found to have the highest within-population 

density of any population. 

At some point near a species’ range edge, habitat quality is expected to become 

completely unsuitable for a species.  As suitable patches decrease, populations become 

increasingly isolated.  In C. canescens, the decrease in population spatial extent 

suggests that suitable habitat patches become less common in peripheral areas.  

However, the specific limiting factor may be more difficult to ascertain and appears to 

vary between different portions of the distribution.  In the eastern portion, the species 

occurs in sandy patches.  As an edaphic species that requires a well-drained soil, the 

decreasing number and connectivity of these patches in eastern Nebraska seem to limit 

the species from spreading further but provides a mosaic of possible habitat.  In the 

west, the Continental Divide seems to form the boundary for the species.  Connectivity 

is decreased between populations by more eastern mountains, reflected by a decrease 

in genetic variability in these populations. 

Cirsium canescens has a relatively large distribution, occurring in a variety of 

ecosystems.  Most previous studies of the ACH that have quantified demographic 
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and/or genetic structure at multiple ranges edges have used species with exceptionally 

small ranges or those with highly linear ranges, such as along coastlines.  By selecting 

a species with a large geographic range and measuring variables over a substantial 

portion of this range, patterns emerged related to elevation and different portions of the 

range.  By comparison, L. stylosa (Dixon et al. 2013) occurs in only a few counties.  A 

species with such a limited distribution is expected to be more habitat-specialized and 

changes in abundance could be more directly related to sharp differences in abiotic 

conditions.  Gene flow between populations would also be expected to be less hindered 

due to the small spatial scale, as populations co-occur closely together.  Having a 

greater understanding of patterns in variation in abundance and population genetic 

structure in species with varying spatial distributions will provide insight into the 

generality of hypotheses such as the ACH. 

Patterns in Rhinocyllus conicus use of Cirsium canescens 

Attack by the introduced biocontrol weevil, R. conicus, has been shown to limit 

population growth rates of native thistles, including C. canescens, in Nebraska Sand 

Hills sites (Rand and Louda 2006; Rand and Louda 2012).  Havens et al. (2012) found a 

similar weevil, Larinus planus, on Cirsium pitcheri, a federally-protected species, and 

concerns have been voiced regarding the potential for R. conicus on this thistle as well.  

By identifying the biogeographic patterns in R. conicus attack, better plans for 

conservation can be developed to protect these native species. 

Rhinocyllus conicus oviposition patterns were not consistent across years.  

Within each of the three datasets (2013, 2014, and combined 2013/2014), different 

variables were found to significantly affect indices of R. conicus attack, including within-
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population density (2013), population spatial extent (2014), and the population’s 

distance from the geographic center (combined dataset from 2013 and 2014).  These 

variables were significantly, positively related to either the number of plants affected by 

R. conicus per population or the mean number of R. conicus ovipositions per plant per 

population.  This seems to suggest that a density-dependent relationship may be 

causing the increase.  Rand and Louda (2006) observed a similar pattern, with 

increased R. conicus densities within more continuous populations of C. canescens and 

a decrease in disjunct patches.  This result supports the hypothesis from Alexander et 

al. (2007), that more isolated populations along the periphery of a species’ distribution 

may serve as refugia from insect attacks.   

Conclusions 

 Much of the emphasis of this research lies in not only testing the assumptions of 

the ACH, but addressing issues that limited the conclusions of previous studies.  

Multiple portions of the range periphery, including distinctly different habitats, were 

examined.  The dataset also combined analyses of multiple measures for abundance 

(frequency, population spatial extent, and within-population density) with those of within-

population genetic diversity in order to gain insight on how these metrics were related.  

Measures of abundance and genetic variability were quantified with values for distance 

rather than solely relying on arbitrary determinations of “center” vs. “edge” to address 

patterns. 

Frequency, population spatial extent, and genetic variability appear to meet 

expectations of the ACH.  However, these patterns do not appear to respond simply to 

spatial position, but instead are likely related to differences in topography and other 
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ecological factors.  By taking measures from the central region of the distribution along 

with multiple areas of the periphery, a difference in patterns were found, particularly 

between populations in the eastern and western ranges.  Different patterns for 

abundance and genetic variability were found and garnered support for the hypothesis 

that isolation near range edges could be an important driver in reducing genetic 

variability.  Taken together, these data suggest that the ACH is an oversimplification of 

the patterns by which species are distributed. 
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Table 1.  Data for six loci developed for Cirsium acaule from Jump et al. 2002. Results 
for C. acaule were based on twenty five individuals. 

 
 
Locus Repeat in cloned 

allele 
Allele size range 

(bp) 
No. alleles 

Caca01 (CA)10 233-239 4 
Caca04 (CA)12 103-122 3 
Caca05 (CA)12 164-166 2 
Caca07 (GT)9(GA)11 148-160 5 
Caca10 (TTC)8-(TC)20 196 4 
Caca17 (CT)12(GT)9 328-332 2 
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Table 2.  ANCOVA outcomes for the relationships between within-population density 
and range position in eastern and western halves of C. canescens’ distribution for the 

combined 2013 and 2014 dataset. 
 
 
 Eastern Distribution 

F1,15                           p  

Western Distribution 

F1,17                                p  
Distance from center 0.05  0.8284 0.1 0.7529 

Distance from nearest 

edge 

1.02 0.3288 0.93 0.3477 
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Table 3.  ANCOVA outcomes for the relationships between measures of genetic 
diversity and range position based on whether the population occurs in the eastern or 

western half of C. canescens distribution.  Asterisk (*) indicates outcomes that are 
statistically significant at α = 0.05. 

 
 

 Eastern Distribution 

F1,14      p  

Western Distribution 

F1,18      p  
Distance from center  

    Expected 
heterozygosity  

0.07  0.7936  5.39 0.0321* 

    Allelic richness  1.02 0.3288 7.75 0.0122* 

Distance from edge  

    Expected 
heterozygosity  

0.34 0.5695 2.94 0.1036 

    Allelic richness  0.02 0.8896 3.31 0.0784 
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Table 4.  The range of allele size in number of base pairs and the number of different 
alleles for each locus as determined from the 44 populations of C. canescens. 

 
 
Locus Repeat in cloned 

allele 
Allele size range 

(bp) 
No. alleles 

Caca01 (CA)10 221 - 244 16 
Caca04 (CA)12 84 - 111 18 
Caca05 (CA)12 130 - 171 20 
Caca07 (GT)9(GA)11 132 - 176 18 
Caca10 (TTC)8-(TC)20 147 - 207 35 
Caca17 (CT)12(GT)9 297 - 344 38 
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Figure 1.  MAXENT species distribution model for C. canescens, indicating likelihood of 
occurrence from low (dark green) to high (red). 
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Figure 2.  The mean geographic center of C. canescens distribution occurs in Kimball 

County, Nebraska.  Transects for sampling in 2013 extend from this central point to the 
edge of the species’ range in eight directions. 

 



44 
 

 
 
 

Figure 3.  An example of the sampling along the radial transects.  The southeastern 
(SE) transect extends from the geographic central point to the edge of the species’ 

range.  Predetermined points at 40km intervals were determined for frequency 
sampling. 
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Figure 4. An example of the sampling strategy for C. canescens frequency of 
occurrence at each of the transect points.  At the 40km points along the radial transect, 

occurrence was recorded at 1km intervals for presence (yellow) or absence (black). 
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Figure 5.  Location of the 44 populations within the five sectors. 
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Figure 6.  Location of occurrence points from sampling in 2013 located at 40km 
intervals along the radial transects. 
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Figure 7.  Location of occurrence points from sampling in 2014 including areas outside 
of the original transects. 
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Figure 8.  Population spatial extent (number of points where C. canescens was 
observed out of 15) as a function of distance from range center along the eight radial 

transects for 2013. 
 



50 
 

 
 
 

Figure 9.  Population spatial extent as a function of distance from range center for a 
combined dataset of both years of measurement. 
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Figure 10.  Comparison of mean population spatial extent for the six sectors of Cirsium 
canescens range in 2014. 
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Figure 11.  Mean height of focal plants per population in 2014 as a function of distance 
from nearest edge in the western distribution. 
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Figure 12.  Mean volume of focal plants per population in 2014 as a function of distance 
from nearest edge in the western distribution. 
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Figure 13.  Expected heterozygosity for the 42 populations as a function of distance 
from geographic center.  Larger values for expected heterozygosity indicate more 

genetically diverse populations. 
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Figure 14.  Expected heterozygosity per population as a function of distance from 
nearest range edge. 
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Figure 15.  Allelic richness as a function of distance from nearest edge.  Allelic richness 
gives a mean value for the number of alleles for the six loci per population. 
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Figure 16.  Comparison of allelic richness between the five sectors of C. canescens’ 
distribution in which the populations were grouped. 
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Figure 17.  Elevation of each population as a function of each population’s longitude, to 
demonstrate the increase in elevation from the east to the western range edge. 
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Figure 18.  Elevation at each population and its association with expected 
heterozygosity.  Elevation is utilized to represent a change in topographic complexity, 

with increased elevation assumed to indicate an increased complexity. 
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Figure 19.  Allelic richness as a function of elevation. 
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Figure 20.  For 2013, the number of plants with R. conicus oviposition per population as 
a function of within-population density. 
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Figure 21.  Population spatial extent (number of points out of 15 at which the plant 
occurred) and its relationship to number of oviposited plants in 2014. 
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Figure 22.  The number of oviposited plants per population as a function of distance 
from center for the combined 2013 and 2014 dataset. 
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Figure 23.  For 2014, the mean number of ovipositions on the terminal flower head on 
the first lateral branch of C. canescens plants per population as a function of population 

spatial extent. 
 
 
 
 

 


