
ABSTRACT 

CALL, ASHLEY BROOKS. Phylogeography and Species Distribution Modeling of the 

Flowering Dogwood, Cornus florida L. (Cornaceae). (Under the direction of Qiuyun (Jenny) 

Xiang). 

 

Cornus florida L., the North American flowering dogwood tree, is an important 

element of US forest ecology and horticulture.  Natural populations of the species are 

severely threatened by the dogwood anthracnose disease.  Recent surveys indicate a 48 to 98 

percent decrease in natural populations of the species.  To aid conservation management, a 

phylogeographic study of Cornus florida including natural populations from the entire range 

of the species distribution using cpDNA was conducted.  In addition species distribution 

modeling (SDM) was used to further gain a better understanding of where the distributional 

range of our study species, Cornus florida L., occurred in the past and how is it projected to 

be affected by global climate change in the future.   

For the phylogeographic portion of the study, three cpDNA regions ndhF-rpl32, 

rps16 and trnT-trnL were analyzed.  Results indicate that there is relatively low haplotypic 

diversity across the species distribution, but most populations contain two or more 

haplotypes with few fixed for a single haplotype.  Coalescent analysis using GENETREE 

indicated two haplotype lineages diverged about 3.93 mya with one of them widespread and 

the other restricted largely to the western portion of the species’ range. No clear geographic 

structuring of genetic variation that corresponds to ecoregions, North vs. South and diseased 

vs. non-diseased subdivisions was observed from analysis of the cpDNA data, although 

significant population structure was revealed based on AMOVA.  SAMOVA, Spatial 



Analysis of Molecular Variance, revealed progressively decreasing FCT  values with 

increasing number of groups and did not show a clear geographical grouping or any 

subgrouping of the populations. Results from PERMUT similarly did not detect 

phylogeographic signal within the data.  Both GST  and NST  values were moderate (0.301, 

0.247), suggesting some levels of genetic differentiation between populations.  A Mantel test 

similarly indicated weak but significant isolation by distance (R=0.17, p<0.05).  This result 

corroborates with AMOVA results in suggesting that while long distance dispersal (LDD) 

from migratory birds can well explain the wide distribution of haplotypes, it has failed to 

prevent population differentiation in the species as expected. Genetic drift may have been 

strong in the species and explains the population structures observed.  The spatial distribution 

of haplotypes reveals a higher frequency of all haplotypes in the southern portion of the 

species’ distributional range, which suggests that the species might have retreated south 

during the Last Glacial Maximum (LGM).  A GMRF Bayesian Skyride plot indicated a 

reduction in the effective population size around 13000-1600 years before present (YBP), 

followed by subsequent, continuous increase. This timing is correlated closely with the LGM 

period. The data supported the survival of the species in the south during the LGM and a 

northward expansion after LGM while temperatures increased.  

 For the species distribution modeling (SDM) portion of the study consensus forecasts 

of past, current and future climate scenarios were evaluated.  Area under the receiver curve 

(AUC) scores for past, current and future forecasts had excellent predictive ability (0.99).  

Predictions for C. florida during the last glacial maximum (LGM), approximately 21000 

YBP, indicate that its range contracted and the species survived in a southern refugia.  



Predictions for the future, approximately year 2080, indicate that the overall size of the 

species population will remain about the same but the species is suggested to migrate into 

northeastern areas such as Vermont and Maine and farther south into Florida.  This suggests 

that the distribution of C. florida may not be significantly affected by the climate changes in 

the next 70 years. Therefore dogwood anthracnose and other diseases affecting the species 

are most likely the key factor limiting C. florida’s occurrence.   

Conservation efforts for the species should focus on monitoring and maintaining 

natural populations that are highly susceptible to dogwood anthracnose and other fungal 

diseases. Emphasis should also be put on monitoring and maintaining populations that are at 

the edges of the species’ distribution range where vulnerable populations occur.  A strong 

germplasm collection should also be maintained for both horticulture and conservation 

purposes. 
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CHAPTER 1 

Phylogeography of the Flowering Dogwood, Cornus florida L. (Cornaceae) 

 

Abstract 

Cornus florida L., the North American flowering dogwood tree, is an important 

element of US forest ecology and horticulture.  Natural populations of the species are 

severely threatened by the dogwood anthracnose disease.  Recent surveys indicate a 48 to 98 

percent decrease in natural populations of the species.  A phylogeographic study of Cornus 

florida including natural populations representing the geographic distributional range of the 

species using chloroplast DNA sequences was conducted.  Results from the genetic analysis 

of three cpDNA regions ndhF-rpl32, rps16 and trnT-trnL indicate that there is relatively low 

haplotypic diversity across the species distribution, but most populations contain two or more 

haplotypes with few fixed for a single haplotype.  No clear geographic structuring of genetic 

variation that correspond to ecoregions, North vs. South and diseased vs. non-diseased 

subdivisions was observed from analysis of the cpDNA data, although significant population 

structures were found based on AMOVA results.  SAMOVA results revealed progressively 

decreasing FCT  values with increasing number of groups and did not show a clear 

geographical grouping or any subgrouping of the populations. Results from PERMUT 

similarly did not detect phylogeographic signal within the data.  Both GST  and NST  values 

were moderate (0.301, 0.247), suggesting some levels of genetic differentiation between 

populations.  A Mantel test similarly indicated weak but significant isolation by distance 

(R=0.17, p<0.05).  This result corroborates with AMOVA results in suggesting that while 
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long distance dispersal (LDD) from migratory birds can well explain the wide distribution of 

haplotypes, it has failed to prevent population differentiation in the species as expected. 

Genetic drift may have been strong in the species and explains the population structures 

observed.  The spatial distribution of haplotypes reveals a higher frequency of all haplotypes 

in the southern portion of the species’ distributional range, which suggests that the species 

might have retreated south during the Last Glacial Maximum (LGM).  A GMRF Bayesian 

Skyride plot indicated a reduction in the effective population size around 13000-1600 years 

before present (YBP), followed by subsequent, continuous increase. This timing is correlated 

closely with the LGM period. The data supported the survival of the species in the south 

during the LGM and a northward expansion after LGM while temperatures increased.  

Conservation efforts should focus on monitoring and maintaining the southern portion of the 

species range. 

 

Introduction 

 The eastern North American flowering dogwood tree, Cornus florida L., is a 

widespread element of the eastern North American flora, occurring as small trees in the 

deciduous forests.  The species is a popular ornamental plant widely cultivated in North 

America due to the species’ large and showy inflorescences opening in the early spring, 

which present a spectacular view on the landscape.  The species is, however, being 

threatened by several fungal diseases of which dogwood anthracnose is the most severe 

(Hansen, 2006; Redlin, 1991).  Dogwood anthracnose is caused by the fungus Discula 

destructiva which is believed to have been introduced to North America in the mid 1970’s 
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(Hibben and Daughtrey, 1988). This fungal species has since then heavily impacted both 

Cornus florida and its sister taxa Cornus nuttallii, the Pacific dogwood.  The infected plants 

of this species initially develop brown spotting on the leaves and bracts.  Dieback of the 

lower and upper branches later occur in the next stage, and in the final stages of the disease 

large cankers appear on the trunk which eventually kill the plant (Redlin, 1991).  The disease 

is spread by the splashing of rain water and is more severe in areas that are cool and wet.  As 

a result, natural populations of C. florida have experienced a 48 to 98 percent decline within 

the southern Appalachian mountain region according to recent surveys (Sherald et al., 1996; 

Hiers and Evans, 1997; Williams and Moriarity, 1999; McEwan et al., 2000; Rossell et al., 

2001; Jenkins and, White 2002).  It is therefore imperative that the evolutionary conditions of 

C. florida be evaluated in order to properly conserve and restore the natural populations of 

the species.  

One of the main objectives of biodiversity conservation is to curtail the potential loss 

of species.  A strategy for realizing this goal is to maximize phylogenetic and genetic 

diversities with funds available (Hartmann and Steel, 2006).  These diversities are important 

measures of biodiversity.  Information obtained from phylogenetic and genetic diversities 

and their geographic distributions are crucial to the conservation management program for a 

species.   It is clear that maintaining high genetic diversity is vital for the persistence of the 

population and of a species (Hartmann and Steel, 2006).  Therefore, information on genetic 

diversity, population structure, historical population processes and evolutionary divergence 

are essential for creating management programs and curtailing any future loss of genetic 

diversity.  At present C. florida is clearly being threatened by dogwood anthracnose disease 
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and little has been done to assess the potential of the species’ long term survival until 

recently.  In 2010, Hadziabdic et al. used mircosatellite loci to evaluate the genetic diversity 

of natural populations of Cornus florida.  Their study found low population genetic structures 

and suggested that high dispersal rates and large effective population sizes have thus far 

helped to curb the loss of genetic diversity within the species.  However to gain a clearer 

picture of the evolutionary history of the species, both nuclear and cpDNA data are 

necessary.  Data from cpDNA, as opposed to nuclear data, can be of greater use for 

evaluating the historical associations and phylogeography of a species.  This is due to the fact 

that the chloroplast genome does not recombine, is generally maternally inherited in 

angiosperms and has a smaller effective population size which leads to greater effect of 

genetic drift on population differentiation than nuclear DNA (Heins et al., 2005; Wakeley, 

2009; Edwards et al., 2007; Liu and Pearl, 2007; Liu et al., 2008).  Therefore, cpDNA 

analysis provides information of evolutionary history processes tracked by maternal 

inheritance and seed dispersal and provides new information that cannot be obtained from 

analysis of nuclear DNA data alone. This study will focus on gaining insights into the 

phylogeographic history of the species through cpDNA sequencing analysis which may help 

to prioritize areas of high value for conservation.  This study also included a greater number 

of sampled populations than the previous analysis of microsatellite variation (Hadziabdic et 

al., 2010) to provide better coverage of the species range. 

Phylgeographic studies are useful for identifying evolutionary diversity hotspots of a 

species and for uncovering historical processes underlying the evolutionary patterns observed 

(Avise, 2000; Hewitt, 2000).  During the Quanternary repeated episodes of glaciations 
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occurred which had major impacts on the population genetic structure of plant species in 

North America (Comes and Kadereit 1998; Hewitt, 2000).  At its southern-most extent, the 

Laurentide Ice Sheet extended to about 39°N during the Last Glacial Maximum (LGM) 

which occurred roughly between 18,000-21,500 years BP (Delcourt and Delcourt, 1987; 

Ehlers and Gibbard, 2004; Jackson et al., 2000).  According to the leading theory, these 

climatic oscillations lead to the creation of refugia in which species survived during periods 

of colder temperatures (Hewitt 1993, 2000, 2001).  Synthesis of fossil data for eastern North 

America supports this idea suggesting that temperate and boreal taxa persisted in southern 

refugia located in the lower Mississippi valley during the LGM (Davis, 1981; Delcourt and 

Delcourt, 1984).  After climate warming occurred species expanded their range northward 

(Davis 1976, 1981, 1983).  In recent years, many studies have utilized molecular data to 

uncover the phylogeographic patterns of various plant species and the possible refugia in 

which they persisted (Soltis et al., 2006).  Some recurrent patterns for plant species include 

an Atlantic/Gulf Coast discontinuity (Gurgel et al., 2004), an Appalachian Mountain 

discontinuity (Mylecraine et al., 2004), a Mississippi River discontinuity (Al-Rabab’ah and 

Williams, 2002) and northern refugia (Magni et al., 2005; McLachlan et al., 2005).  An 

increasing number of studies suggest that some species may have survived temperature 

cooling in refugia farther north than the leading theory suggests (Soltis et al 2006) and 

perhaps even within their present day range.  For example Magni (2005) suggested that small 

populations of red maple survived close to the Laurentide Ice Sheet in the Appalachain 

mountains or other interior refugia.  In 2010, Wall et al reported range-stasis for 

Pyxidanthera, suggesting that this species did not retreat to southern refugia but most likely 
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persisted within its present day range which consists of two disjunt populations that occur in 

the south (North and South Carolina) and in the north (New Jersey and New York). At the 

present, it is unclear how common northern refugia and the range-stasis process occurred in 

eastern North America during the glaciation periods.  More phylogeographic studies of plants 

from the area will be useful to answer the question.  In the present study, a phylogeographic 

study of Cornus florida from eastern North America was conducted using chloroplast DNA 

data.  This study will not only provide information on genetic and evolutionary diversities of 

the species to aid conservation, but also illuminate the past of the species, permitting the 

identification of refugia if existed.  

The main objectives of the study are to gain insights into the following: 1) the 

chloroplast DNA  variation and its distribution in space for C. florida throughout its  eastern 

North American distribution, 2) if and where any centers of cpDNA  diversity are present and 

whether it is congruent with the microsatellite center of diversity, 3) determine if infected 

populations are genetically distinct from healthy populations, and 4) how the species has 

spread since the last glacial maximum, and if refugia existed.   

 

 

Materials and Methods 

 Sampling and DNA extraction 

The distribution of C. florida ranges from its northern-most occurrence in Maine 

down to Florida and as far west as Oklahoma and Texas.  Plant materials were collected for 

306 individuals from a total of 73 natural populations occurring in the following states of its 
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distribution: AL, AR, CT, FL, GA, IL, IN, KY, LA, MA, MD, MO, MS, NC, NJ, NY, OH, 

OK, PA, SC, TN, TX, VA, and WV (Figure 1.1; Table 1.1).   

Healthy flower buds or young leaves, when flower buds were not available, from 2-7 

individuals from each population were used for DNA extraction.  Use of healthy flower buds 

and young leaves for DNA extraction minimizes contamination of fungal DNA of infected 

trees.  DNA was extracted from fresh or silica-dried samples using the QIAGEN DNeasy 

Plant Mini Kit according to the manufacturer’s instructions.  For each population the health 

condition regarding the disease was recorded.  The condition was classified into two 

categories: disease absent (no symptoms of disease observed) and disease present (symptoms 

were observed) (see Table 1.1). 

PCR Amplification and cpDNA Restriction Site Analysis 

Multiple cpDNA regions were screened and three showed variation among 

populations.  These variable regions include ndhF-rpl32, rps16, and trnQ-rps16.  DNA 

sequences of these regions were obtained from six to fourteen samples, each from a different 

population, representing the geographic variation of the species.  These sequences were then 

used to identify restriction enzymes, using the NEB Cutter from New England BioLabs Inc. 

(http://tools.neb.com/NEBcutter2/index.php), that cut cpDNA haplotypes differently.  These 

enzymes, which included SfcI, SwaI, TaqI, and Tsp45I, were then used to cut PCR 

amplifications of these regions from all samples to determine the haplotype type of each 

plant included in the study.  The cpDNA haplotype for each sample was determined based on 

the combined banding pattern from all three loci.  A haplotype was considered unique if the 

combined banding pattern could be distinguished from all others.  To recover the sequence 

http://tools.neb.com/NEBcutter2/index.php
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differences of haplotypes identified by restriction site analysis a minimum of three 

individuals from different populations displaying each unique banding pattern was 

sequenced.  

Primers used for PCR amplification include those for ndhF-rpl32 from Shaw et al. 

(2007), for rps16 from Oxelman et al. (1997) and for trnQ-rps16 from Shaw et al. (2007) 

(see Table 1.2).  PCR amplification was performed in a 25 μL system containing 15.7 μL of 

ddH2O, 2.0 μL of 2.5mmol/L dNTP, 2.5 μL of 10X Mg2+ free PCR buffer, 3μL of 

25mmol/L MgCl2, 0.6 μL of each primer, 0.1 μL of 5U/L Taq DNA polymerase, and 0.5 μL 

of DNA template with the following cycles: one cycle for 5 min at 94°C for denaturation; 

followed by 35 cycle of 1min denaturation at 94°C, 1min annealing at annealing temperature 

55°C, 2.5 min extension at 72°C; and a final cycle of a 5 min extension at 72°C.  The sample 

was then held at 4°C before removed from the PCR machine.  A negative control was 

included in each set of amplification. PCR amplification for all regions was carried out on a 

BioRad Thermal Cycler.   

Restriction enzymes used for cpDNA restriction site analysis included SfcI, SwaI, 

TaqI, and Tsp45I.  Restriction digests were carried out in 16 μL system containing 10 μL 

PCR product, 2 μL NEB buffer, 1 μL BSA, 0.3 µl of each enzyme and 2.7 μL of ddH2O.  All 

PCR products and restriction digests were electrophoresed on 1% agarose gels and stained 

with Ethidium Bromide.  Results were digitally photographed using a BioRad UV 

transilluminator and imaging system.  For sequencing, PCR amplified products were purified 

using an enzymatic clean-up method by adding: 0.02 µL Exonuclease I (Amersham, 

Arlington Heights, Illinois), 0.2 µL shrimp alkaline phosphatase (Amersham), 0.25µL 
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Buffer, and 2µL ddH2O added to 25 µL of PCR product before sequencing.  The mixture was 

incubated first for 15 min at 37°C to degrade primers and dNTPs, and then for 15 min at 

80°C to denature the enzymes. Sequencing samples were prepared using cycle sequencing 

using the Big Dye 3.1 kit (Applied Biosystems, USA) with slight modification as described 

in Fan and Xiang (2001). Products of sequencing reactions were run on an ABI 3730 DNA 

sequencer (Applied Biosystems, USA) at North Carolina State University or the Duke DNA 

Sequencing Facility.  

Data Analysis 

All resulting sequences were edited using CodonCode Aligner 

(http://www.codoncode.com/) and aligned using MUSCLE (Edgar, 2004).  The resulting 

alignment was then manually edited by eye in SE-Al (http://tree.bio.ed.ac.uk/software/seal/ 

if) if needed.  The aligned sequences were utilized for genetic diversity analysis, genealogy 

reconstruction and phylogeographic analysis.  Chloroplast DNA haplotypes determined 

based on the combined banding pattern from all three loci were confirmed/compared with 

aligned sequences.  A data matrix for use in all analyses described below was constructed 

using replicate sequences based on restriction site identified haplotypes.  

A haplotype network was constructed using TCS 1.21 (Clement et al., 2000), that 

implemented a statistical parsimony method.  Insertions and deletions were considered as a 

fifth state.  Genetic relationships of all samples were estimated utilizing the neighbor-joining 

(NJ) algorithm implemented in PAUP* (version 4.04b10; Swofford, 2003).  Support for the 

tree was estimated using bootstrap analysis with 10,000 replicates (Felsenstein, 1985).  A 

maximum likelihood genealogy of cpDNA haplotypes and time to the most recent common 

http://www.codoncode.com/
http://tree.bio.ed.ac.uk/software/seal/
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ancestor (TMRCA) of all haplotypes were estimated in GENETREE (version 9.0; Griffiths 

and Tavaré 1994) using cpDNA polymorphic data.  The cpDNA haplotype sequences were 

analyzed using the program ARLEQUIN ver 3.5.1.2 (Excoffier et al., 2005) to determine the 

following: number of haplotypes, haplotype diversity (H; Nei, 1987) and nucleotide diversity 

(π; Tajima, 1983; Nei, 1987) for each population and for the following data partitions: a) 

unpartitioned data, treating all samples as single metapopulation, b) Northern and Southern 

distributions (an arbitrary line was drawn along the northern border of North Carolina and 

Tennessee to separate the north from the south), c) dividing the samples into three eco-

regions (Hot Continental, Hot Continental Regime Mountains, and Subtropical) 

(http://www.epa.gov/wed/pages/ecoregions.htm) and d) diseased and non-diseased 

populations (Nei, 1987; Tajima, 1983).  Three tiered analyses of molecular variance 

(AMOVA) were also performed in ARLEQUIN using data partitions defined above.  Four 

separate tests of neutrality were also performed using DnaSP 5.1 (Librado and Rozas, 2009): 

Tajima’s D (Tajima, 1989), Fu and Li’s D* and F* (Fu and Li, 1993) and Fu’s F (Fu, 1997).   

To examine phylogeographic structuring of the samples, the program SAMOVA 1.0 

(spatial analysis of molecular variance; Dupanloup et al., 2002) was used.  SAMOVA uses a 

simulated annealing procedure to partition populations into a user-defined number of groups 

(K) in which FCT  (the proportion of total genetic variance due to differences between groups 

of populations) is maximized among groups.  The analyses used 100 simulated annealing 

processes for each value of K from K = 2 to K= 5.  In addition, PERMUT 1.0 (Pons and 

Petit, 1996) was used to test for phylogeographic signal within the data (if NST  > GST).  GST  

and NST  are both population differentiation estimates, but GST is based solely on haplotype 

http://www.stats.ox.ac.uk/~griff/software.html
http://www.epa.gov/wed/pages/ecoregions.htm
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frequencies and NST  takes genetic divergence between haplotypes into account.  To 

determine if there is evidence of isolation by distance, a mantel test was performed using data 

from pairwise geographical distances and a pairwise population FST  values calculated in 

ARLEQUIN ver 3.5.1.2 (Excoffier et al., 2005). 

To gain insight into the demographic history of the species a GMRF Bayesian 

Skyride plot (Minin et al., 2008) of changes in effective population size (Ne) through time 

based on cpDNA sequence data was estimated using BEAST 1.6.1 (Drummond & Rambaut, 

2007).  The analysis was run for 20 million generations sampling every 1000 generations and 

discarding the first 2 million as burn in.  A General Time Reversible (GTR) nucleotide 

substitution model was selected for the analysis with empirical base frequencies, a strict 

molecular clock and an UPGMA generated starting tree.  Outputs were visualized in 

TRACER 1.5 (Drummond and Rambaut, 2009).  The x-axis (subs per site) was converted to 

years using the previously published mutation rate of 1,52 x 10-9 subs per site yr-1 as 

described by Yamane et al (2006) for non-coding cpDNA regions.  All effective sample size 

values (ESS) were greater than 200 to ensure sufficient sampling level. 

 

Results 

cpDNA Variation and Haplotype Identification 

 Restriction site analysis of the three cpDNA loci, ndhF-prl32, rps16 and trnQ-rps16, 

identified 4 unique haplotypes (Table 1.3).  A haplotype was considered unique if the 

combined restriction site banding pattern could be distinguished from all others.  DNA 

sequencing of multiple samples from each restriction site haplotype resulted in a total of 50 
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sequences, each from a different plant.  The 50 sequences contained 2504 base pairs of which 

ten nucleotide sites were variable among the samples (Table 1.4).  One of the variable sites 

recovered was outside the restriction enzyme cutting regions and not previously identified in 

the initial screening.  Thus the sequence data confirmed the haplotypes identified by the 

restriction site analysis and identified one additional haplotype annotated as H5 (Table 1.5).   

Haplotype Network, Geneaology and Distribution 

The haplotype network constructed from the five haplotypes recovered by DNA 

sequencing using the program TCS 1.21 (Figure 1.2) showed that H4 was the internal 

haplotype.  H1, H2 and H5 differ from H4 by only one variable site while H3 differs by 7 

variable sites, indicating two evolutionary lineages, one represented by H3 and the other 

represented by the other four haplotypes   

The maximum likelihood tree of haplotypes reconstructed by GENETREE similarly 

showed the existence of these two distinct lineages (Figure 1.3).  The two lineages were 

estimated to have diverged from each other about 3.70 million years ago (TMRCA).  The 

larger lineage had a more recent diversification at approximately 1.65 million years ago, 

resulting in four new lineages represented by haplotypes 1, 2, 4 and 5.  The small lineage, 

represented by H3, is a common ancestor of the four lineages described above.  The 

neighbor-joining tree (NJ) similarly revealed these two chloroplast lineages (data not shown).  

Among the haplotypes, H1 was the most frequent accounting for 50.0% of the 306 plants 

sampled (Figure 1.4).  H4 was the second most frequent haplotype accounting for 24.5% of 

the samples.   H2 and H3 were the third and fourth most frequent haplotypes with H2 

accounting for 16.1% of the samples, H3 for 9.4% and H5 for only 1%. 
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 All haplotypes were observed in each of the population partitions used for 

identification of geographic structure (i.e., Northern vs. Southern, three eco-regions, and 

diseased vs. non-diseased) (Figure1.5).  Haplotype frequencies for populations in each data 

partition followed the same trend observed for the species including all populations sampled 

(described above):  H1 was the most frequent, H4 the second most frequent, H2 the third, H3 

the fourth, and H5 is rare. The only exception was the subtropical eco-region.  Here the most 

common haplotype observed was H4.  This haplotype was identified as the internal haplotype 

by TCS.    

Haplotype Diversity and Hierarchical Partitioning of Variation 

 The overall haplotypic diversity for the species’ entire distributional range was 

0.4682.  For the Northern and Southern partitions, the haplotypic diversity was 0.4271 and 

0.5003 respectively.  The eco-regions’ (Hot Continental, Hot Continental Mountain Regime 

and Subtropical) haplotypic diversity was 0.4536, 0.5667 and 0.4393 respectively.  For the 

diseased and non-disease partitions the genetic diversity was 0.5410 and 0.4525.  Within 

each partition the mean haplotypic diversities were not significantly different. 

AMOVA results based on the entire species distribution indicated that 39.30% of the 

variation was from among populations (P<0.0000) and 60.70% was from within populations 

(Table 1.6).  With the data partitioned into Northern and Southern distributions AMOVA 

results indicated that 4.82% (P=0.0174) of the variation was from among groups, 35.96% 

was from among populations within groups (P=0.0000) and 59.22% was from within 

populations (P<0.0000) (Table 1.7).  AMOVA results with the data partitioned according to 

eco-regions indicated that 4.29% (P=0.0237) of the variation is from among groups, 35.95% 
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(P<0.0000) was from among populations within groups and 59.76% was from within 

populations (P=0.0000) (Table 1.8).  AMOVA results for data partitioned into diseased and 

non-diseased populations indicated a non-significant result (P=0.903) that -2.38% of the 

variation was from among groups and significant results (P=0.000) that 40.72% of the 

variation was from among populations within groups and 61.66% was from within 

populations (Table 1.9).  In addition, all four neutrality test parameters were non-significant 

(Tajima’s D= 0.946; Fu and Li’s D* = 1.103, and F* = 1.258). 

Geographic structure 

SAMOVA results revealed progressively decreasing FCT  values with increasing 

number of groups and did not show a clear geographical grouping of the populations (Table 

1.10).   K=2 displayed the greatest FCT  value (FCT=0.780) and contained two groups.  One 

group contained populations FL1 and MO3, while the other group contained the remaining 

populations.  Populations FL1 and MO3 are both fixed for a single haplotype, H3.  For K=3, 

population FL1 was grouped by itself, LA1, MO1 and MO3 make up group two, and group 

three contains the remaining populations.  Here all populations for groups one and two are 

either fixed for H3 or contain H3.  Results from K=3, 4, and 5 follow the same trend. Results 

for the Mantel test performed to test isolation by distance produced weak but significant 

results (R=0.17, p<0.05) (Figure 1.8).  Calculations of NST  and GST  by the program 

PERMUT indicate that the NST  value (0.247) was not greater than the GST  value (0.301). 
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Population Dynamics 

 Fluctuations in effective population size inferred by the GMRF Bayesian Skyride plot 

are shown in Figure 1.9.  Effective population size for C. florida seemed to be declining 

slightly until about 13,000-16,000 years ago when it began to rapidly expand.   

 

Discussion 

Phylogeographic Structure, Haplotypic Diversity and Refugia Identification 

 Cornus florida is distributed throughout eastern North America from Maine south to 

Florida and as far west as Oklahoma and Texas.  Despite its large range, no clear geographic 

structuring of genetic variation that corresponds to ecoregions, North vs. South and diseased 

vs. non-diseased subdivisions was observed from analysis of cpDNA data, although 

significant population structures were found based on AMOVA results (~40%; Table 1.6  to 

1.9).  A lack of clear geographic structure was revealed by the SAMOVA analysis which 

uses a simulated annealing procedure to partition populations into a user-defined number of 

groups (K) in which FCT  (the proportion of total genetic variance due to differences between 

groups of populations) is maximized among groups (Table 1.10).  The highest FST  value 

(0.78) obtained corresponded to two groups.  One group contained populations FL1 and 

MO3, while the other group contained the remaining populations.  Populations FL1 and MO3 

are the only populations that are fixed for the most diverged haplotype, H3.  SAMOVA 

separates these populations from the others creating the two groups.  However, these two 

populations are on opposite sides of the species distribution thus displaying an unclear 

geographic structure of genetic variation (Figure 1.6). 
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 A lack of clear geographic structure is also supported by the results from PERMUT, 

showing the GST  value (0.301) to be greater than the NST  value (0.247) indicating no 

phylogeographic signal within the data.  Both GST  and NST  values calculated for the species 

were moderetly  low (0.301, 0.247), which typically suggests lower levels of genetic 

differentiation between populations and moderate to higher levels of gene flow within the 

species.  However, results from GENEREE indicate that haplotypes within populations 

descended from a recent common ancestor and thus recent shared ancestery among 

haplotypes can also well explain the relatively low levels of genetic differentiation among 

populations.   

Results from all AMOVA analyses similarly indicated that most of the genetic 

variation was due to within population diversity, but still significant amount (~40%) was due 

to among population diversity (Tables 1.6 to 1.9).  The data indicated significant population 

structures exist in the species which may be the result of a combination of local adaptation, 

genetic drift, and inflation of inter-population differences due to small sampling within 

populations.  A test of isolation by distance showed a weak but significant correlation 

between geographic distance and genetic differentiation (R=0.17, p<0.05).  This result 

corroborates with AMOVA results in suggesting that genetic drift has most likely contributed  

to the observed genetic differentiation between populations.   These results are in contrast to 

the analyses of microsatellite data that found no population structures. The discrepancy may 

be explained by the following:  1) seed dispersal of the species is somewhat limited by 

geographic distance while pollen dispersal is not; 2) stronger effect of genetic drift due to 
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smaller effective populations as a consequence of uniparental inheritance of cpDNA and 

small sampling of populations.  

Typically, high levels of long distance gene flow via seeds are expected for the 

species whose fresh fruits are dispersed by migratory birds.  Approximately 50 species of 

migratory birds and several small mammals are known to feed on the red drupes produced by 

this species in the fall (Rossell et al., 2001; Holzmueller et al., 2006).  Seeds can be deposited 

long distances away from the parent tree by being carried in the stomach of a bird.  The 

relatively lower gene flow by seeds detected in this study than expected may be due to that 

small mammals may be as significant a consumer of the dogwood fruits as the birds.  Other 

studies have suggested that below-average GST  values (0.24 for Crataegus monogyna Jacq., 

0.29 for Prunus avium L., 0.31 for Rubus sp., 0.32 for Prunus spinosa L., 0.33 for Sorbus 

torminalis L., 0.57 for Hedera sp., 0.60 for Ilex aquifolium, Petit et al., 2003) are indicative 

of species whose main dissemination mechanism is animal ingestion, while species that rely 

on gravity as dispersal mechanisms typically display high GST  values (0.84 for Quercus sp. 

Section Robur L., Petit et al., 2003).   The Gst value for C. florida falls in the below-average 

range. 

 Long distance seed dispersal by migratory birds seems to have failed to prevent 

population differentiation within C. florida, although it can well explain the wide distribution 

of haplotypes found in the study (Figure 1.6).  Other studies have also shown that plant 

species with high dispersal ability, such as those disseminated by animals, often display a 

similar level of genetic variation in the northern and southern populations (Hampe et al., 

2003, Petit et al., 2003).  In C. florida, we similarly did not find significant geographic 
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structure between the northern and southern groups when drawing a line arbitrarily along the 

northern border of North Carolina and Tennessee, in addition to finding no significant 

statistical difference between haplotypic diversities of the northern and southern 

distributions.  The spatial distributions of haplotypes and their frequencies are consistent with 

that expected from a northward migration pattern of the species after the glaciation (see 

discussion below).   

The leading theory suggests that during the glaciation periods, plant species were 

driven south and survived in refugia, and during interglacial times species expanded 

northward after temperatures warmed (Hewitt 1993, 2000, 2001; Davis 1976, 1981, 1983).  

This process typically leaves a signature of greater intraspecific genetic diversity in refugia 

areas than in the northern areas of its recolonization due to multiple founder effects (i.e., only 

a portion of the genetic pools in the refugia migrated north) (Hewitt 1996, 2000).  However, 

this pattern may not be apparent for plant species that have high dispersal ability such as C. 

florida. As discussed above, these species show high levels of gene flow, low genetic 

differentiation among populations, and genetic diversity levels that are comparable between 

the northern and southern ranges of their distribution (Hampe et al., 2003, Petit et al.,).   This 

prediction is observed in C. florida, a species with high dispersal ability by animals in which 

the spatial distribution of haplotypes supports northward movement in C. florida (see below), 

while genetic diversity levels are not significantly different between the north and south 

regions.  

Occurrence of multiple closely related haplotypes within a population often indicates 

the presence of a genetic hotspot or possible refugia (Hampe et al., 2003).  In our study, 
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GENETREE results showed that H1, H2, H4 and H5 makeup a lineage that diversified 

recently (1.65 million years ago) and shares a common  ancestor with the lineage that 

contains only H3.  This temporal diversification of haplotypes 1, 2, 4, and 5 in the early 

Pleistocene corroborates with the global climatic cooling period. ). Most of the populations 

sampled contain a mixture of two or more haplotypes, although some were fixed for a 

particular haplotype for the number of individuals sampled.  The majority (63%) of mixed 

populations contain the closely related haplotypes 1, 2 and 4.  Haplotype 4 is widely 

distributed in the central and southern portions of the species’ range, H1 appears to be more 

common in the central and north while H2 is more restricted to the central and south.  

Haplotype 3 is mainly restricted to the south and west (Figure 1.6). Overall, there is a greater 

occurrence of all haplotypes in the south lending to a possible “center of genetic diversity”. 

This pattern of haplotype distribution supports the idea of Cornus florida receding to the 

south during the last glacial maximum and subsequently expanding northward rapidly after 

the ice sheet retreated. This hypothesis can be tested using additional sequence data from the 

nuclear genome.  Analyses of microsatellite data similarly supported that genetic diversity 

and gene flow were high in C. florida, as expected for an old age species with high dispersal 

mechanism for seeds (Hadziabdic et al., 2010). 

The GMRF Bayesian Skyride plot also supports a rapid northward expansion of the 

species after the LGM.  The plot shows that the effective population size of the species 

remained relatively constant, decreasing slightly, overtime until about 13,000 Ka when the 

population experienced rapid growth.  Taken together the skyride plot, similar levels of 

genetic variation for northern and southern distributions and high dispersal mechanism 
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suggests that C. florida most likely did not experience a large population reduction during the 

LGM, but did exhibit a rapid range expansion to northern areas once temperatures warmed 

and the ice retreated.  The data suggests that C. florida most likely receded to a southern 

refugia during the LGM but still maintained a large effective population size.   

Diversity of Diseased and Non-Diseased Populations 

Dogwood anthracnose has heavily impacted natural populations of Cornus florida 

causing high levels of die off in some areas.  In this study, we tested whether populations in 

which the disease was present were genetically differentiated from those absent of disease.  

Out of the 73 populations sampled only 13 displayed symptoms of dogwood anthracnose 

(Table 1.1).  AMOVA results indicate that 61.66% of the genetic variation was from within 

populations, 40.72% from among population and that -2.38% was due to between group 

variation suggesting that there is no discernable difference between diseased and non-

diseased populations (Table 1.9).  Hadziabdic et al (2010) used microsatellites to evaluate the 

level of genetic diversity in areas affected and unaffected by dogwood anthracnose and found 

similar results.  In this paper levels of genetic diversity were found to be as higher or higher 

in areas that experienced die off as compared to areas without die off.  They suggested that 

“high dispersal rates and large effective population sizes have so far prevented rapid loss of 

genetic diversity. The effects of anthracnose on demography and community structure are 

likely to be far more consequential than short term genetic effects (Hadziabdic et al., 2010).” 

Therefore more research is needed to address what the long term effects of this disease will 

have on the genetic diversity of the species in addition to other population dynamics.  The 
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use of more variable markers from genomic genotyping will be helpful for better 

understanding of the genetic basis of the disease.   

Conservation Implications 

  Phylogeographic data such as information on genetic diversity, population structure, 

historical population processes and evolutionary divergence provide essential information 

that help to create conservation management programs and thus help to curtail any future loss 

of species. For C. florida conservation efforts should focus on monitoring and maintaining 

areas of high priority such as centers of genetic diversity.  Based on cpDNA haplotypic data 

the southern portion of its distribution is suggested to be a “center of genetic diversity” or 

genetic hotspot.  This southern portion of the species distribution includes states such as 

Texas, Louisiana, Alabama and Florida, and is characterized as having high levels of all 

haplotypes.  Populations which contain or are fixed for H3 should also be conserved.  These 

populations contain an older and more rare evolutionary lineage of Cornus florida that 

diverged from the lineage containing haplotypes 1, 2 and 4 around 4 million years ago.  

Conserving these populations is very important to conserving the overall genetic diversity of 

the species. 

 

Conclusions 

Phylogeographic evidence based on cpDNA for Cornus florida gives no clear 

geographic structure of genetic diversity within the species distributional rangealthough 

significant population structures were found.  Long distance dispersal from migratory birds 

seems to have failed to prevent population differentiation, but can well explain the wide 
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distribution of haplotypes found for the species.  Taken together, the spatial distribution of 

haplotypes and a GMRF Bayesian Skyride Plot suggest the species retreated south during the 

LGM and subsequently expanded northward after the ice sheet retreated and temperatures 

warmed.  Overall, our cpDNA data agree with the microsatellite data from Hadziabdic et al 

(2010) that gene flow is high for the species and a majority of the genetic variation occurs 

within populations. However, our cpDNA data revealed two distinct chloroplast lineages and 

greater population genetic structures that were not found by the microsatellite study.  

Conservation efforts should focus on monitoring and maintaining the southern portion of the 

species range and populations that contain haplotype 3. 
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Table 1.1.  Population code, latitude and longitude, number of individuals sampled (N), 
haplotypes, percentage of population displaying each haplotype and two diversity indices.  H 

is a measure of cpDNA haplotype diversity and π is a measure of nucleotide diversity.  
Standard errors are in parentheses. 

Population Latitude Longitude N Haplotypes % of Population H (SE)                 Π (SE) 

        
AL1 34.7049 -85.555733 4 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

AL2 33.86745 -86.269583 4 H1,H2,H3 50,25,25 0.8333 (0.2224) 0.0020 (0.0015) 

AL3 33.185367 -87.321983 5 H1,H2,H4 20,60,20 0.7000 (0.2184) 0.0004 (0.0004) 

AL4 33.436683 -88.201617 3 H1,H4 33,67 0.6667 (0.3143) 0.0003 (0.0003) 

AL5 30.689516 -88.1718 5 H1,H4 80,20 0.4000 (0.2373) 0.0002 (0.0002) 

AR1 36.0685 -94.1744 7 H1,H2,H4 43,14,43 0.7143 (0.1267) 0.0004 (0.0003) 

AR2 34.8439 -91.4389 3 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

CT1 41.5577 -72.8367 4 H1,H3 75,25 0.5000 (0.2652) 0.0017 (0.0013) 

FL1 30.668467 -86.81835 4 H3 100 0.0000 (0.0000) 0.0000 (0.0000) 

FL2 30.741816 -86.272833 5 H4 100 0.0000 (0.0000) 0.0000 (0.0000) 

FL3 30.7533 -85.317633 5 H1,H2 60,40 0.6000 (0.1753) 0.0005 (0.0005) 

GA1 30.73655 -84.10605 5 H1,H2,H4 20,60,20 0.7000 (0.2184) 0.0004 (0.0004) 

GA2 31.743133 -83.656667 5 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

GA3* 32.858816 -83.752517 5 H1,H4 80,20 0.4000 (0.2373) 0.0002 (0.0002) 

GA6 34.869567 -83.518083 5 H1,H2,H3 20,60,20 0.7000 (0.2184) 0.0017 (0.0012) 

IL1 37.4517 -89.2681 3 H1,H3 67,33 0.6667 (0.3143) 0.0023 (0.0019) 

IL2 37.7272 -89.2167 2 H1,H4 50,50 1.0000 (0.5000) 0.0004 (0.0006) 

IL3 37.8135 -88.4381 5 H1,H2 80,20 0.4000 (0.2373) 0.0003 (0.0003) 

IN1 38.0413 -87.2747 5 H1,H4 80,20 0.4000 (0.2373) 0.0002 (0.0002) 

IN2 38.1666 -86.9904 5 H1,H4 60,40 0.6000 (0.1753) 0.0003 (0.0003) 

IN3 38.3914 -86.9311 2 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

IN4 38.3305 -86.6539 3 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

IN5 38.337 -86.21997 2 H1,H3 50,50 1.0000 (0.5000) 0.0003 (0.0004) 

KY1* 36.652533 -84.1841 5 H1,H2,H4 60,20,20 0.7000 (0.2184) 0.0004 (0.0004) 

KY2 36.995 -86.445861 6 H1,H4 83,17 0.3330 (0.2152) 0.0001 (0.0002) 

LA1* 30.789167 -89.839017 6 H2,H3 17,83 0.3330 (0.2152) 0.0011 (0.0008) 

MA1 43.0843 -72.0328 2 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

MD1 38.215 -75.4461 3 H1,H4 33,67 0.6667 (0.3143) 0.0003 (0.0004) 

MD2 38.1236 -75.4257 4 H1,H4 75,25 0.5000 (0.2652 0.0002 (0.0003) 

MI1 42.7325 -84.555 5 H1,H2 40,60 0.6000 (0.1753) 0.0005 (0.0005) 

MO1 37.231 -90.5554 4 H3,H4 75,25 0.5000 (0.2652) 0.0014 (0.0011) 

MO2 37.7808 -90.4217 3 H1,H4 33,67 0.6667 (0.3143) 0.0003 (0.0004) 

MO3 37.3853 -89.7176 3 H3 100 0.0000 (0.0000) 0.0000 (0.0000) 

MS1 33.488216 -88.90785 4 H2 100 0.0000 (0.0000) 0.0000 (0.0000) 

MS2 33.371216 -89.1397 3 H2,H4 33,67 0.6667 (0.3143) 0.0003 (0.0003) 

MS3 33.475683 -89.687233 5 H1,H2,H3,H4 20,20,20,40 0.9000 (0.1610) 0.0016 (0.0011) 

MS4 32.300783 -90.8015 2 H2,H3 50,50 1.0000 (0.5000) 0.0033 (0.0035) 

MS5* 31.99165 -90.356533 5 H2,H3 80,20 0.4000 (0.2373) 0.0013 (0.0010) 

MS6 30.786183 -89.5013 5 H1,H3,H4 60,20,20 0.7000 (0.2184) 0.0015 (0.0011) 
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Table 1.1 Continued 

NC1* 35.702467 -83.04125 6 H1,H2,H4 50,33,17 0.7333 (0.1552) 0.0005 (0.0004) 

NC2 35.425216 -82.631083 5 H1,H2,H4 40,20,40 0.8000 (0.1640) 0.0004 (0.0004) 

NC3 35.002633 -84.083733 5 H1,H4 60,40 0.6000 (0.1753) 0.0003 (0.0003) 

NJ1 40.0908 -74.8238 6 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

NY1 42.8181 -78.6933 5 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

NY2 42.835 -73.4851 3 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

OH1 39.22395 -84.826117 7 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

OH2 39.055583 -84.10535 4 H1,H2 75,25 0.5000 (0.2652) 0.0004 (0.0004) 

OH3* 39.048733 -83.230433 4 H1,H4 50,50 0.6667 (0.2041) 0.0003 (0.0003) 

OH4 39.35825 -81.98335 5 H1,H2,H4 60,20,20 0.7000 (0.2184) 0.0004 (0.0004) 

OK1 34.7382 -96.6559 5 H2,H4 20,80 0.4000 (0.2373) 0.0002 (0.0002) 

PA1 40.559722 -76.364722 4 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

PA2 40.544167 -76.326111 3 H1,H4 67,33 0.6667 (0.3143) 0.0003 (0.0004) 

SC1 35.165583 -82.132833 3 H2 100 0.0000 (0.0000) 0.0000 (0.0000) 

SC2* 34.601383 -82.653633 5 H2,H4 60,40 0.6000 (0.1753) 0.0002 (0.0003) 

SC3* 34.681667 -83.145167 3 H1,H2 67,33 0.6667 (0.3143) 0.0006 (0.0006) 

TN1 35.004667 -85.308283 5 H1,H4 20,80 0.4000 (0.2373) 0.0002 (0.0002) 

TN2 36.010733 -87.37925 3 H1,H3,H4 33,33,33 1.0000 (0.2722) 0.0023 (0.0019) 

TN3 36.014567 -85.1332 5 H1,H4 67,33 0.6000 (0.1753) 0.0003 (0.0003) 

TN4 35.881467 -84.810217 4 H1,H2 75,25 0.5000 (0.2652) 0.0004 (0.0004) 

TN10* 35.792833 -85.637317 5 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

TN20* 36.57225 -82.38835 5 H1,H4 60,40 0.6000 (0.1753) 0.0003 (0.0003) 

TN30 35.62645 -88.94285 3 H1,H4 67,33 0.6667 (0.3143) 0.0003 (0.0004) 

TN41 35.944116 -83.202433 3 H1,H2,H4 33,33,33 1.0000 (0.2722) 0.0006 (0.0006) 

TX1 31.8101 -95.1943 3 H4 100 0.0000 (0.0000) 0.0000 (0.0000) 

TX2 31.1584 -94.3738 4 H3,H4 50,50 0.6667 (0.2041) 0.0019 (0.0014) 

TX3 31.5845 -94.7634 2 H4 100 0.0000 (0.0000) 0.0000 (0.0000) 

TX4 31.9042 -94.6798 3 H3,H4 33,67 0.6667 (0.3143) 0.0019 (0.0016) 

TX5 31.7621 -95.6307 5 H1,H2,H3,H4 20,40,20,20 0.9000 (0.1610) 0.0017 (0.0012) 

VA1* 36.883861 -81.528 6 H1,H4 67,33 0.5333 (0.1721) 0.0002 (0.0003) 

VA2 37.565556 -79.653611 3 H2,H4 33,67 0.6667 (0.3143) 0.0003 (0.0003) 

WV1 38.251767 -81.427017 4 H1 100 0.0000 (0.0000) 0.0000 (0.0000) 

WV2* 38.1525 -81.12715 3 H1,H4 33,67 0.6667 (0.3143) 0.0003 (0.0004) 

WV3* 37.49175 -81.102033 6 H1,H2,H4 50,17,33 0.7333 (0.1552) 0.0004 (0.0004) 

Overall   306   0.4682 0.0005 

Northern      0.4271  0.0004 

Southern      0.5003  0.0007 

Hot Cont.      0.4536  0.0004 

Hot Cont. 
Mount. 

     0.5667  0.0004 

Subtropical      0.4393  0.0007 

Disease      0.5410 0.0004 

No Disease      0.4525  0.0005 

*Indicates populations with disease present. 
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Table 1.2.  Primer information for three cpDNA regions used to analyze 306 Cornus florida 
samples collected from 73 populations representing the species distributional range. 

cpDNA 

Region 

Primer 

Name 

Primer Sequence 

(5’-3’) 

Approx. 

amplified 

length (bp) 

trnQ-rps16 trnQ GCG TGG CCA AGY GGT AAG GC 1453 

 rps16x1 GTT GCT TTY TAC CAC ATC GTT T  

ndhF-rpl32 ndhF GAA AGG TAT KAT CCA YGM ATA TT 855 

 rpl32 CCA ATA TCC CTT YYT TTY CCA A  

rps16 rpsF GTG GTA GAA AGC AAC GTG CGA CTT 773 

 rpsR2 TCG GGA TCG AAC ATC AAT TGC AAC  
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Table 1.3.  Four haplotypes identified from restriction site analysis.  1 indicates a cut and 0 
indicates that no cut was made by the respective restriction enzymes. 

cpDNA region ndhF-rpl32 rpsF-rps2R trnQ-rps16 

 

Enzyme TaqI Tsp45I SwaI AcuI 

Haplotype     

H1 1 0 1 0 

H2 0 1 1 0 

H3 1 1 0 1 

H4 1 1 1 0 
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Table 1.4.  cpDNA haplotypes of Cornus florida identified by restriction data.  Portions of 
identical sequences among haplotypes were omitted. 

   ndhF-rpl32   rpsF-rps2R trnQ-rps16 

 

Position 369 370 372 373 374 418 594 1244 2353 

Consensus G A C T C T C A A 

Haplotype          

H1 G A C T C C C A A 

H2 G A C T C T C A A 

H3 A G - - A T C T G 

H4 G A C T C T T A A 
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Table 1.5.  Sequence differences of five Cornus florida cpDNA haplotypes identified by 
sequence data.  Portions of identical sequences among haplotypes were omitted. 

   ndhF-rpl32    rpsF-rps2R trnQ-rps16 

 

Position 369 370 372 373 374 418 467 594 1243 2351 

Consensus G A C T C T G C A A 

Haplotype           

H1 G A C T C C G C A A 

H2 G A C T C T G T A A 

H3 A G - - A T G C T G 

H4 G A C T C T G C A A 

H5 G A C T C T A C A A 
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Table 1.6.  Results of Analysis of molecular variance (AMOVA) for Cornus florida using 
cpDNA sequence data unpartitioned treating all samples as a single metapopulation. 

Source of 

variation 

d.f. Sum of 

squares 

Variance 

components 

Percentage of 

variation 

p-value 

 

 

 

Among 

populations 

 
72 

 
161.101 

 
0.39019 

 
39.30 

 

<0.00001 

 

Within 

populations 

 

233 

 

140.405 

 

0.60260 

 

60.70 

 

 

Total 

 

305 

 

301.415 

 

0.99279 
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Table 1.7.  Results of analysis of molecular variance (AMOVA) for Cornus florida cpDNA 
sequence data partitioned into Northern and Southern distributions. 

 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

Source of 

Variation 

 

d.f. Sum of 

Squares 

Variance 

Components 

Percentage 

of Variation 

p-value 

 

Among 

groups 

 

 
1 

 
9.582 

 
0.04906 

 
4.82 

 

 0.01743 

Among 

populations 

within 

groups 

 

 
70 

 
151.429 

 
0.36590 

 
35.96 

 

<0.00001 

Within 

populations 

 

233 140.405 0.60260 59.22 <0.00001 

 

Total 

 

305 

 

301.415 

 

1.01756 
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Table 1.8.  Results of analyses of molecular variance (AMOVA) for Cornus florida using 
cpDNA sequence data partitioned by eco-regions (Hot Continental, Hot Continental 

Mountain and Subtropical). 

 
 
 

 
 

 

 

 

 

 

 

 

 

Source of 

Variation 

 

d.f. Sum of 

Squares 

Variance 

Components 

Percentage 

of Variation 

p-value 

 

Among 

groups 

 

 

2 

 

12.919 

 

0.04326 

 

4.29 

 

0.02368 

Among 

populations 

within 

groups 

 

 
70 

 
148.091 

 
0.36248 

 
35.95 

 

<0.00001 

Within 

populations 

 

233 140.405 0.60260 59.76 <0.00001 

 

Total 

 

305 

 

301.415 

 

1.00834 
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Table 1. 9.  Results of analyses of molecular variance (AMOVA) for Cornus florida using 
cpDNA sequence data partitioned by diseased and non-diseased populations. 

 

 

 

 

 

 

 

 

 

 

 

 

Source of 

Variation 

 

d.f. Sum of 

Squares 

Variance 

Components 

Percentage 

of Variation 

p-value 

 

Among 

groups 

 

 
1 

 
0.229 

 
-0.02324 

 
-2.38 

 
 0.90317 

Among 

populations 

within 

groups 

 

 
71 

 
160.781 

 
0.39799 

 
40.72 

 
<0.00001 

Within 

populations 

 

233 140.405 0.60260 61.66 <0.00001 

 

Total 

 
305 

 
301.415 

 
0.97735 
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Table 1.10.  Fixation indices (FCT) of Cornus florida population groupings obtained with a 
spatial analysis of molecular variance (SAMOVA) as a function of the user-defined number 

k of groups of populations. 
 

K FCT Grouping 

2 0.780 [FL1, MO3][REST] 

3 0.775 [FL1][LA1, MO1, MO3] [REST] 

4 0.771 [FL1][LA1][MO1, MO3][REST] 

5 0.758 [SC1][IN5][LA1][MO1, MO3][REST] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

39 
 

  

Figure 1.1.  Sampled natural populations of Cornus florida representing the species’ entire 

distributional range. 
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Figure 1.2.  Haplotype network for the five haplotypes recovered by DNA sequencing.  
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Figure 1.3.  Maximum likelihood tree of restriction site analysis haplotypes.  Scale in 

millions of years.  Time to most recent common ancestor (TMRCA) calculated to be 3.70 

million years ago. 
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Figure 1.4.  The percentage of samples from all 306 samples collected that exhibit one of the 
four restriction site analysis identified haplotypes, H1-H4. 
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Figure 1.5.  The frequency of each haplotype, H1-H4, within the populations of: a) the entire 
distribution b) the Northern and Southern distributions and c) the three eco-regions (Hot 

Continental, Hot Continental Mountain, and Subtropical). 
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Figure 1.6.  Population distribution and haplotype percentages per population.  The size of 

each population is correlated with the number of samples that were collected for that 

population. 
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Figure 1.7.  Map displaying the eco-regions and populations within each region used for 

AMOVA, analysis of molecular variance. 
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Figure 1.8. Isolation by distance estimated using cpDNA across the entire species range was 

weak but significant (R=0.17, P=0.003). 
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Distance (Km), 
1264, -0.5 

Distance (Km), 
1081.3, 0.0824 

Distance (Km), 
522.8, -0.5 

Distance (Km), 66.2, 
0.7949 

Distance (Km), 138, 
-0.1599 

Distance (Km), 
257.8, 0.1461 

Distance (Km), 535, 
-0.125 

Distance (Km), 
416.7, -0.1798 

Distance (Km), 
1330.7, 0.6341 

Distance (Km), 
710.9, 0.7083 

Distance (Km), 
766.9, -0.3333 

Distance (Km), 
791.5, 0.0407 

Distance (Km), 
1315.9, -0.2 

Distance (Km), 
527.2, 0.3291 

Distance (Km), 
317.8, -0.2992 

Distance (Km), 
296.3, -0.08 Distance (Km), 

400.9, -0.1798 

Distance (Km), 
412.5, -0.0196 

Distance (Km), 
679.2, 0 

Distance (Km), 
648.7, -0.2 

Distance (Km), 
720.2, -0.1118 

Distance (Km), 
899.1, 0 

Distance (Km), 825, 
-0.5 

Distance (Km), 
816.6, 0.0597 

Distance (Km), 
1827.1, 0.0015 

Distance (Km), 
181.6, 0.75 

Distance (Km), 
388.6, 0.4531 

Distance (Km), 
482.5, -0.25 

Distance (Km), 
758.2, 0.1091 

Distance (Km), 
821.2, -0.1538 

Distance (Km), 
863.5, -0.1364 

Distance (Km), 
868.5, -0.1321 

Distance (Km), 
758.5, -0.0937 

Distance (Km), 
159.5, 0.759 

Distance (Km), 
1430.7, 0.1517 

Distance (Km), 
1376.6, 0.3103 

Distance (Km), 
814.6, 0.1517 

Distance (Km), 
318.8, 0.8742 

Distance (Km), 
341.3, 0.1228 

Distance (Km), 
253.2, 0.4 

Distance (Km), 
733.3, 0.0617 

Distance (Km), 
612.9, -0.1364 

Distance (Km), 
1587, 0 

Distance (Km), 
996.5, 0.0728 Distance (Km), 

1033, -0.0526 

Distance (Km), 
911.5, 0.6 

Distance (Km), 
1529.2, -0.2992 

Distance (Km), 675, 
0.6429 

Distance (Km), 
549.1, 0.4118 

Distance (Km), 
596.5, 0.1805 

Distance (Km), 
656.1, -0.1364 
Distance (Km), 
656.7, -0.1443 

Distance (Km), 
678.6, 0.6809 

Distance (Km), 
634.7, 0.6226 

Distance (Km), 
718.6, 0.1532 

Distance (Km), 
1094.1, 0.5594 

Distance (Km), 
1050.6, 0.1517 

Distance (Km), 
282.7, 0.2317 

Distance (Km), 
908.8, 0.9254 

Distance (Km), 
1011.5, -0.0815 

Distance (Km), 
1081.7, 0.3347 

Distance (Km), 
974.4, 0.0864 

Distance (Km), 
545.4, -0.4131 

Distance (Km), 
678.1, 0.0597 

Distance (Km), 
711.7, 0.131 

Distance (Km), 
477.8, 0.3843 

Distance (Km), 
698.1, 0.125 

Distance (Km), 
2043.9, 0.131 

Distance (Km), 
1671.6, -0.0297 

Distance (Km), 
347.7, 0.6862 

Distance (Km), 
423.3, 0.9164 

Distance (Km), 
548.6, 0.0325 

Distance (Km), 
521.1, 0.4371 

Distance (Km), 
729.7, 0.0045 

Distance (Km), 
1042.6, -0.2004 

Distance (Km), 
1747.8, 0.37 Distance (Km), 

1922.7, 0.2317 

Distance (Km), 
946.8, -0.0747 Distance (Km), 

1132.1, -0.157 

Distance (Km), 
1628.7, 0.2911 

Distance (Km), 
1091.3, 0.5435 

Distance (Km), 
1010.3, -0.1667 

Distance (Km), 
768.7, 0.3347 

Distance (Km), 
1056.5, -0.1178 

Distance (Km), 
470.5, -0.1667 

Distance (Km), 
986.3, -0.2183 

Distance (Km), 
546.3, 0.4194 

Distance (Km), 
465.4, 0.2334 

Distance (Km), 
1133.5, -0.0484 

Distance (Km), 
1153.8, 0.2911 

Distance (Km), 
1173.9, -0.1743 

Distance (Km), 
633.9, 1 

Distance (Km), 
730.4, 0.1176 Distance (Km), 

800.2, 0 

Distance (Km), 
723.3, 0.1926 

Distance (Km), 
425.7, 0.25 

Distance (Km), 
542.6, -0.1321 

Distance (Km), 
576.7, 0 

Distance (Km), 
377.4, 0.25 

Distance (Km), 
509.1, -0.1538 

Distance (Km), 
1905.1, 0 Distance (Km), 

1472.6, -0.0909 

Distance (Km), 
277.1, 0.6732 

Distance (Km), 
322.1, 1 

Distance (Km), 
267.1, 0.75 

Distance (Km), 
288.8, 0.4146 

Distance (Km), 
485.9, -0.0782 

Distance (Km), 
802.4, 0.25 

Distance (Km), 
1575.1, 0 

Distance (Km), 
1785.5, 0 Distance (Km), 802, 

-0.0909 

Distance (Km), 
976.8, 0.0323 

Distance (Km), 
1467.9, 0 

Distance (Km), 
847.1, 1 

Distance (Km), 
756.8, 0 

Distance (Km), 
536.6, 0 

Distance (Km), 
838.9, 0.1176 Distance (Km), 

239.3, 0 

Distance (Km), 
756.3, 0.134 

Distance (Km), 493, 
0.4085 Distance (Km), 

444.3, 0.3 

Distance (Km), 921, 
0.04 

Distance (Km), 
970.1, 0 

Distance (Km), 
972.9, 0.1429 

Distance (Km), 
1699.3, 0.2638 

Distance (Km), 
1569.3, 0.204 

Distance (Km), 
1365, 0.0015 

Distance (Km), 
1479.1, -0.3878 

Distance (Km), 
1292.1, -0.004 

Distance (Km), 
1249.9, -0.0014 Distance (Km), 

1194.3, -0.0909 

Distance (Km), 
1119.4, -0.0063 

Distance (Km), 
1938.4, 0.4221 

Distance (Km), 
439.6, -0.0667 

Distance (Km), 
974.1, 0.1367 

Distance (Km), 
1559.5, -0.0667 

Distance (Km), 
1673.4, 0.4286 

Distance (Km), 
1731.9, -0.1488 

Distance (Km), 
1882.6, 0.1066 

Distance (Km), 
1098.8, 0.064 Distance (Km), 

1220.9, -0.0014 

Distance (Km), 
501.9, 0.0625 

Distance (Km), 
1047.4, 0.1515 

Distance (Km), 
924.1, -0.037 

Distance (Km), 
2207.9, 0.2368 

Distance (Km), 
313.5, -0.1429 

Distance (Km), 
1154.8, 0.3037 

Distance (Km), 
1308, 0.1349 

Distance (Km), 
1401.1, -0.3204 

Distance (Km), 
1229.7, -0.0014 
Distance (Km), 

1213.7, -0.0526 

Distance (Km), 
2259.6, 0.1111 
Distance (Km), 

2240.9, -0.0435 Distance (Km), 
2296.5, -0.1129 

Distance (Km), 
733.5, 0.1111 

Distance (Km), 
802.5, -0.0667 

Distance (Km), 52.6, 
1 Distance (Km), 

259.1, 0.9271 

Distance (Km), 
378.8, 0.9708 

Distance (Km), 787, 
0.5789 

Distance (Km), 
820.7, 0.9431 

Distance (Km), 
858.7, 0.955 

Distance (Km), 
854.3, 1 Distance (Km), 

708.6, 0.9271 

Distance (Km), 
289.1, -0.0811 

Distance (Km), 
1333.4, 0.9635 
Distance (Km), 
1356.3, 0.9148 

Distance (Km), 
857.1, 0.9635 

Distance (Km), 
370.6, 1 

Distance (Km), 
413.4, 0.6657 

Distance (Km), 
367.3, 0.7203 

Distance (Km), 
660.7, 0.9106 

Distance (Km), 
545.5, 0.955 

Distance (Km), 
1529.2, 1 

Distance (Km), 
968.7, 1 

Distance (Km), 
988.1, 0.9556 

Distance (Km), 
1024.9, 0.9683 

Distance (Km), 
1448.8, 0.9651 

Distance (Km), 
585.7, 0.955 

Distance (Km), 
502.4, 0.9683 

Distance (Km), 597, 
0.5493 

Distance (Km), 
615.4, 0.955 

Distance (Km), 
609.7, 0.9375 

Distance (Km), 806, 
1 

Distance (Km), 
762.8, 1 

Distance (Km), 
846.4, 0.6587 

Distance (Km), 
1010.8, 0.9635 

Distance (Km), 
981.6, 0.9635 

Distance (Km), 91.6, 
0.4 

Distance (Km), 
272.5, 1 

Distance (Km), 
526.4, 0.1364 

Distance (Km), 
810.3, 0.4737 

Distance (Km), 
827.5, 0.75 

Distance (Km), 
843.9, 1 

Distance (Km), 
821.7, 0.4737 

Distance (Km), 
694.3, 0.781 

Distance (Km), 
1861.6, 1 

Distance (Km), 
1290.5, 0.7059 

Distance (Km), 
821.5, 0.7059 

Distance (Km), 
803.1, 1 

Distance (Km), 
397.8, 0.1892 

Distance (Km), 
462.4, 0.4737 

Distance (Km), 
308.2, 0.15 

Distance (Km), 
621.1, 0.1667 

Distance (Km), 
1466, 1 

Distance (Km), 
1757.6, 1 

Distance (Km), 
945.1, 0.5522 

Distance (Km), 
1034.4, 0.375 

Distance (Km), 
1409.6, 1 

Distance (Km), 
625.3, 1 

Distance (Km), 
526.9, 0.4958 

Distance (Km), 
564.8, 1 

Distance (Km), 741, 
0.5 

Distance (Km), 
597.6, 0.6341 

Distance (Km), 
645.1, 0.2857 

Distance (Km), 
773.8, 0.3939 
Distance (Km), 
808.2, 0.1892 

Distance (Km), 
810.9, 0.5683 

Distance (Km), 
944.9, 1 

Distance (Km), 
888.5, 0.2606 

Distance (Km), 
192.4, 0.25 

Distance (Km), 
487.8, -0.0081 

Distance (Km), 
835.4, -0.2554 

Distance (Km), 
838.2, 0.0476 Distance (Km), 
851.1, -0.0169 

Distance (Km), 
853.8, 0.2857 

Distance (Km), 701, 
0.1032 Distance (Km), 

1804.8, -0.0169 
Distance (Km), 

1224.1, -0.0227 

Distance (Km), 
866.6, 0.6447 

Distance (Km), 841, 
0.9013 

Distance (Km), 
463.3, 0.0824 

Distance (Km), 
547.4, 0.3235 

Distance (Km), 
399.7, -0.0088 Distance (Km), 

576.6, -0.1458 

Distance (Km), 
1405.7, 0.2941 

Distance (Km), 
1703.5, 0.1176 

Distance (Km), 
929.9, -0.2264 

Distance (Km), 
1004, -0.1957 

Distance (Km), 
1355.9, 0.1946 

Distance (Km), 
573.8, 0.3878 

Distance (Km), 
482.2, -0.3505 

Distance (Km), 
561.6, 0.25 

Distance (Km), 
701.5, -0.0227 Distance (Km), 

639.5, -0.1183 Distance (Km), 
610.2, -0.2462 

Distance (Km), 
864.9, 0.3828 
Distance (Km), 898, 

0.2214 
Distance (Km), 
765.9, 0.0147 

Distance (Km), 
906.2, 0.1946 

Distance (Km), 
843.8, -0.139 

Distance (Km), 
238.8, 0.4531 

Distance (Km), 
884.4, 0.2235 

Distance (Km), 
862.2, 0.2742 

Distance (Km), 
889.1, 0.3103 

Distance (Km), 
866.6, 0.5522 

Distance (Km), 
657.8, 0.1071 

Distance (Km), 
547.9, 0.7109 

Distance (Km), 
1144.2, 0.1367 

Distance (Km), 
1334.2, -0.1957 

Distance (Km), 
973.9, 0.1367 

Distance (Km), 
546.1, 0.1111 Distance (Km), 

607.5, -0.0088 
Distance (Km), 
609.6, -0.0294 

Distance (Km), 
560.9, -0.0345 

Distance (Km), 
474.3, 0.3103 

Distance (Km), 
1424.6, 0.6429 

Distance (Km), 
946.3, 0.6996 

Distance (Km), 
928.6, 0.2308 

Distance (Km), 
1253.7, 0.0789 

Distance (Km), 
1296.2, 0.2771 

Distance (Km), 
450.6, -0.1765 

Distance (Km), 
487.8, 0.2391 Distance (Km), 

661.1, 0.1709 

Distance (Km), 
595.5, 0.3103 Distance (Km), 

576.7, 0.1667 

Distance (Km), 
1059.7, 0.25 Distance (Km), 

1017.6, 0.1304 
Distance (Km), 

1100.5, -0.0714 Distance (Km), 
862.5, -0.165 

Distance (Km), 
868.4, 0.1367 Distance (Km), 

124.3, 0 

Distance (Km), 
815.3, 0.1892 

Distance (Km), 
773.2, 0 

Distance (Km), 
796.1, 0.25 

Distance (Km), 
768.5, 0 

Distance (Km), 
547.5, 0.1667 

Distance (Km), 
598.4, 0.7913 

Distance (Km), 
1032.8, 0.6341 Distance (Km), 

1223.8, 0.5 

Distance (Km), 
911.1, 0.6341 

Distance (Km), 
528.5, 1 

Distance (Km), 
596.5, 0.25 

Distance (Km), 
633.1, 0.5 

Distance (Km), 
443.4, 0.2807 

Distance (Km), 364, 
0.25 

Distance (Km), 
1304.5, 0 

Distance (Km), 
838.4, 0 

Distance (Km), 
813.7, 0.3939 

Distance (Km), 
1252.3, 0.8333 

Distance (Km), 
1178, 0.1892 

Distance (Km), 
330.7, 0.8125 

Distance (Km), 
393.4, 0.75 

Distance (Km), 586, 
0.2962 

Distance (Km), 
494.6, 0.25 

Distance (Km), 
472.7, 0.0625 

Distance (Km), 
1089.7, 1 

Distance (Km), 
1050.4, 1 

Distance (Km), 
1131.1, 0.2692 

Distance (Km), 
743.2, 0.8256 
Distance (Km), 
748.4, 0.6341 

Distance (Km), 
224.3, 0.2164 

Distance (Km), 695, 
-0.215 

Distance (Km), 
658.2, -0.25 

Distance (Km), 
661.8, -0.2903 

Distance (Km), 
733.3, 0.3782 

Distance (Km), 
520.1, -0.2199 Distance (Km), 

1528.9, -0.2903 

Distance (Km), 
955.8, -0.281 

Distance (Km), 
786.4, 0.7079 

Distance (Km), 
739.2, 0.966 

Distance (Km), 
505.1, 0.5594 

Distance (Km), 
663.2, 0.5062 

Distance (Km), 590, 
-0.0326 

Distance (Km), 
303.2, 0.0789 

Distance (Km), 
1131.6, 0.04 

Distance (Km), 
1426.7, -0.1321 

Distance (Km), 
689.5, -0.1443 

Distance (Km), 
739.9, -0.0937 

Distance (Km), 
1078.9, -0.0526 

Distance (Km), 
296.8, 0.8547 

Distance (Km), 
210.6, -0.0934 

Distance (Km), 
369.4, 0 Distance (Km), 431, 

-0.1364 
Distance (Km), 
569.9, -0.2992 

Distance (Km), 
346.9, -0.0159 

Distance (Km), 
1019.1, 0.4587 Distance (Km), 

1031, 0.3384 

Distance (Km), 
490.8, -0.1707 

Distance (Km), 
634.8, -0.0526 

Distance (Km), 
568.6, -0.0144 Distance (Km), 

549.2, -0.1425 

Distance (Km), 
480.5, 0.2164 Distance (Km), 476, 

0.0663 
Distance (Km), 
601.8, -0.1328 

Distance (Km), 
353.9, 0.2712 

Distance (Km), 
1346.1, 0.0663 

Distance (Km), 
807.9, 0.1453 

Distance (Km), 
685.3, 0.3154 

Distance (Km), 
623.5, 0.624 

Distance (Km), 
544.6, -0.1425 Distance (Km), 

733.2, -0.2554 

Distance (Km), 
720.6, -0.0588 

Distance (Km), 
100.6, 0 

Distance (Km), 
960.6, 0.3649 

Distance (Km), 
1238.3, 0.1926 Distance (Km), 

468.7, 0.0441 

Distance (Km), 
517.5, 0.0476 

Distance (Km), 
891.1, 0.2671 

Distance (Km), 129, 
-0.0837 

Distance (Km), 38.3, 
-0.0818 

Distance (Km), 219, 
0.3214 

Distance (Km), 
214.7, 0.1406 Distance (Km), 

503.8, 0.0427 Distance (Km), 
123.2, -0.0424 

Distance (Km), 
1093.5, 0.0214 
Distance (Km), 

1087.5, -0.1606 

Distance (Km), 
286.3, 0.1992 

Distance (Km), 
419.2, 0.2671 

Distance (Km), 
363.2, 0.0649 

Distance (Km), 
187.1, 0.0867 

Distance (Km), 
230.1, 0.0847 Distance (Km), 285, 

0 

Distance (Km), 
459.7, 0.0652 

Distance (Km), 
749.2, 0.2848 

Distance (Km), 
1217.6, -0.0385 

Distance (Km), 
710.7, 0.1683 

Distance (Km), 108, 
-0.0385 

Distance (Km), 
441.5, 0.4286 

Distance (Km), 
443.1, -0.2124 

Distance (Km), 
614.7, 0.0407 

Distance (Km), 
588.4, 0.125 

Distance (Km), 
538.6, 0.0847 

Distance (Km), 
1076.8, 0.1892 

Distance (Km), 
434.3, 0.3 

Distance (Km), 
555.8, 0.0256 

Distance (Km), 
728.9, 0.2597 

Distance (Km), 
1168.8, -0.08 

Distance (Km), 
673.5, 0.315 Distance (Km), 

446.7, 0.1805 

Distance (Km), 
231.3, -0.4545 

Distance (Km), 
400.2, 0.0847 Distance (Km), 

433.2, 0.018 

Distance (Km), 
828.8, 0.1111 
Distance (Km), 
823.7, -0.0787 Distance (Km), 
859.4, -0.1767 

Distance (Km), 
847.8, 0.1 Distance (Km), 

718.7, -0.0385 
Distance (Km), 
105.1, -0.2426 

Distance (Km), 
146.7, -0.5044 

Distance (Km), 
202.7, 0.25 

Distance (Km), 398, 
-0.4286 

Distance (Km), 
798.1, 0.6451 

Distance (Km), 
1140.2, -0.6154 

Distance (Km), 
638.3, -0.032 

Distance (Km), 
174.3, -0.6154 

Distance (Km), 
482.5, 0.8222 

Distance (Km), 
494.8, -0.2769 

Distance (Km), 670, 
0.0688 

Distance (Km), 
534.4, -0.3043 

Distance (Km), 
499.3, -0.5044 

Distance (Km), 
994.2, 0.4737 

Distance (Km), 
350.9, 0.5882 

Distance (Km), 
473.4, -0.6 

Distance (Km), 
811.8, 0.172 

Distance (Km), 
1086.2, -0.6154 

Distance (Km), 
629.6, 0.3536 

Distance (Km), 
418.9, -0.215 

Distance (Km), 
220.4, -0.2651 

Distance (Km), 354, 
-0.5044 

Distance (Km), 
386.6, -0.3333 

Distance (Km), 
908.3, 0.25 

Distance (Km), 
901.8, 0 

Distance (Km), 
939.7, -0.2291 

Distance (Km), 
773.2, 0.0455 

Distance (Km), 
641.1, -0.6154 

Distance (Km), 28.5, 
-0.1538 Distance (Km), 63.1, 
-0.2903 

Distance (Km), 174, 
0.3285 

Distance (Km), 138, 
-0.1202 

Distance (Km), 
1401.7, -0.2903 

Distance (Km), 
1031.5, -0.1929 

Distance (Km), 
302.6, 0.681 

Distance (Km), 
226.9, 0.9339 

Distance (Km), 
545.7, 0.3765 

Distance (Km), 
714.1, 0.4309 

Distance (Km), 
831.9, -0.0294 

Distance (Km), 
504.6, -0.0227 

Distance (Km), 
1097.8, 0.04 

Distance (Km), 
1280.9, -0.1321 Distance (Km), 

297.6, -0.281 

Distance (Km), 482, 
-0.1842 

Distance (Km), 
978.9, -0.0526 

Distance (Km), 
557.8, 0.6809 

Distance (Km), 
524.2, -0.2992 

Distance (Km), 
288.6, 0 Distance (Km), 

461.5, -0.0937 Distance (Km), 309, 
-0.2349 

Distance (Km), 
429.7, -0.1473 

Distance (Km), 
1003.6, 0.4331 Distance (Km), 959, 

0.3013 

Distance (Km), 
523.2, -0.1046 

Distance (Km), 
511.2, -0.0526 

Distance (Km), 
545.7, -0.0859 

Distance (Km), 34.6, 
-0.2903 

Distance (Km), 
201.2, 0.3782 

Distance (Km), 
139.4, -0.2199 Distance (Km), 

1373.2, -0.2903 

Distance (Km), 
1005.6, -0.281 

Distance (Km), 
330.4, 0.7079 

Distance (Km), 
254.9, 0.966 

Distance (Km), 
567.1, 0.5594 

Distance (Km), 
738.2, 0.5062 

Distance (Km), 852, 
-0.0326 

Distance (Km), 
492.4, 0.0789 

Distance (Km), 
1070.1, 0.04 

Distance (Km), 
1252.4, -0.1321 

Distance (Km), 
269.3, -0.1443 

Distance (Km), 454, 
-0.0937 

Distance (Km), 
950.8, -0.0526 

Distance (Km), 
545.3, 0.8547 

Distance (Km), 
516.8, -0.0934 

Distance (Km), 
289.3, 0 Distance (Km), 

443.1, -0.1364 
Distance (Km), 
333.8, -0.2992 

Distance (Km), 
416.5, -0.0159 

Distance (Km), 
1030.7, 0.4587 Distance (Km), 

986.7, 0.3384 

Distance (Km), 
502.3, -0.1707 

Distance (Km), 
485.5, -0.0526 

Distance (Km), 
522.3, -0.0144 

Distance (Km), 62.3, 
0.1176 

Distance (Km), 
309.8, -0.1765 

Distance (Km), 
892.5, 0.7382 

Distance (Km), 
1004.3, -0.1798 

Distance (Km), 
522.7, 0.1964 

Distance (Km), 
312.9, -0.1798 

Distance (Km), 
573.3, 0.7891 

Distance (Km), 
599.7, 0.0278 

Distance (Km), 
776.1, 0.3214 

Distance (Km), 
456.1, -0.0507 
Distance (Km), 

454.1, -0.25 

Distance (Km), 
850.4, 0.25 

Distance (Km), 
204.3, 0.3312 

Distance (Km), 
328.7, -0.2644 

Distance (Km), 
958.1, 0.375 

Distance (Km), 
940.6, -0.3505 

Distance (Km), 
568.7, 0.5 

Distance (Km), 
402.9, 0.1071 

Distance (Km), 267, 
0.1096 

Distance (Km), 
307.1, -0.25 

Distance (Km), 
335.2, -0.1297 

Distance (Km), 
1048.2, 0.3878 Distance (Km), 
1039.3, 0.2857 

Distance (Km), 
1080.7, 0.0678 

Distance (Km), 
644.3, 0.3291 

Distance (Km), 
506.7, -0.1798 

Distance (Km), 37.9, 
0 Distance (Km), 

286.7, -0.1111 

Distance (Km), 894, 
0.6985 

Distance (Km), 
980.4, 0.3684 Distance (Km), 

520.6, 0.2857 

Distance (Km), 
335.5, 0.3684 

Distance (Km), 
575.2, 1 

Distance (Km), 
604.4, -0.0169 

Distance (Km), 
780.5, 0.2857 

Distance (Km), 
433.4, 0.0467 
Distance (Km), 
435.1, -0.0169 

Distance (Km), 
835.6, 0 

Distance (Km), 
186.8, 0 

Distance (Km), 
307.2, 0.1111 

Distance (Km), 
978.1, 0.7436 

Distance (Km), 
919.8, -0.2 

Distance (Km), 
547.3, 0.7129 Distance (Km), 

388.3, 0.6226 

Distance (Km), 
265.2, -0.0787 

Distance (Km), 
289.2, -0.0169 

Distance (Km), 
316.4, -0.2632 

Distance (Km), 
1062, 1 

Distance (Km), 
1052.1, 1 

Distance (Km), 
1095, 0.0052 

Distance (Km), 
619.5, 0.6757 

Distance (Km), 
482.4, 0.3684 Distance (Km), 

271.1, 0.25 

Distance (Km), 151, 
-0.1538 

Distance (Km), 
1304.9, 0 Distance (Km), 

937.4, -0.0909 

Distance (Km), 
400.3, 0.6732 

Distance (Km), 
324.7, 1 

Distance (Km), 
611.4, 0.75 

Distance (Km), 
789.2, 0.4146 

Distance (Km), 
891.4, -0.0782 

Distance (Km), 
453.5, 0.25 

Distance (Km), 
1000.2, 0 

Distance (Km), 
1184.4, 0 Distance (Km), 200, 

-0.0909 

Distance (Km), 
384.2, 0.0323 

Distance (Km), 881, 
0 

Distance (Km), 
505.3, 1 

Distance (Km), 
489.2, 0 

Distance (Km), 
286.8, 0 

Distance (Km), 
390.5, 0.1176 Distance (Km), 389, 

0 

Distance (Km), 
376.6, 0.134 

Distance (Km), 
1091.2, 0.4085 Distance (Km), 
1049.6, 0.3 

Distance (Km), 
443.7, 0.04 

Distance (Km), 
417.7, 0 

Distance (Km), 
458.4, 0.1429 

Distance (Km), 
258.4, 0.4511 

Distance (Km), 
1568.5, 0 

Distance (Km), 
1204.6, 0.2796 

Distance (Km), 
130.4, -0.2926 

Distance (Km), 58.3, 
0.25 

Distance (Km), 
484.1, 0.2075 

Distance (Km), 
620.3, -0.7778 

Distance (Km), 772, 
-0.2529 

Distance (Km), 
640.1, 0.2857 

Distance (Km), 
1271.3, 0.5385 

Distance (Km), 
1447.4, 0.25 

Distance (Km), 
469.1, 0.2348 

Distance (Km), 
654.6, 0.2857 

Distance (Km), 
1151, 0.3846 

Distance (Km), 
693.1, 0.4146 

Distance (Km), 640, 
0.1028 

Distance (Km), 384, 
0.4737 Distance (Km), 
618.1, 0.3316 

Distance (Km), 235, 
0.134 

Distance (Km), 
570.2, 0.2035 

Distance (Km), 870, 
-0.4915 

Distance (Km), 
816.9, -0.5146 

Distance (Km), 
686.3, 0.4 

Distance (Km), 
684.3, 0.3846 
Distance (Km), 
714.9, 0.3372 

Distance (Km), 841, 
0.7166 

Distance (Km), 
790.9, -0.165 

Distance (Km), 
676.6, -0.0185 Distance (Km), 

566.2, -0.165 

Distance (Km), 
555.6, 0.604 

Distance (Km), 
612.6, -0.0088 

Distance (Km), 
767.7, 0.2164 

Distance (Km), 147, 
-0.1869 

Distance (Km), 
183.7, -0.1765 

Distance (Km), 
828.9, 0.1667 

Distance (Km), 
291.9, 0.2473 

Distance (Km), 280, 
-0.2 

Distance (Km), 
1145.3, 0.2391 

Distance (Km), 
807.9, -0.2766 

Distance (Km), 
266.7, 0.3103 

Distance (Km), 
209.5, 0.0789 

Distance (Km), 
295.5, 0.0884 

Distance (Km), 
110.9, -0.1765 Distance (Km), 102, 

-0.25 

Distance (Km), 
1145.5, 0.25 Distance (Km), 

1124.2, 0.1304 Distance (Km), 
1183.6, 0 

Distance (Km), 
414.3, 0.1367 

Distance (Km), 
316.9, -0.165 

Distance (Km), 
763.4, 0.7805 

Distance (Km), 
978.9, 0.25 

Distance (Km), 
658.5, 0.3667 Distance (Km), 

362.3, 0.25 

Distance (Km), 449, 
0.888 

Distance (Km), 
488.9, 0.1807 

Distance (Km), 661, 
0.4509 

Distance (Km), 
336.2, 0.12 

Distance (Km), 
306.3, -0.0671 

Distance (Km), 
923.7, -0.0345 

Distance (Km), 286, 
0.0278 

Distance (Km), 
362.8, 0.033 

Distance (Km), 
953.2, 0.6479 

Distance (Km), 
961.3, -0.2273 

Distance (Km), 
432.6, 0.6826 

Distance (Km), 
242.7, 0.4796 

Distance (Km), 
137.2, 0.25 

Distance (Km), 
158.2, -0.0671 
Distance (Km), 190, 

-0.098 

Distance (Km), 
987.4, 0.7273 

Distance (Km), 
971.7, 0.6842 

Distance (Km), 
1023.3, 0.2098 

Distance (Km), 604, 
0.6197 

Distance (Km), 
485.4, 0.25 

Distance (Km), 
2088.3, 0.6985 

Distance (Km), 
1555, 0.732 

Distance (Km), 
725.8, -0.2235 

Distance (Km), 
740.1, -0.1538 

Distance (Km), 
301.3, 0.6757 

Distance (Km), 
196.9, -0.0909 

Distance (Km), 33.2, 
0.4694 

Distance (Km), 
850.1, 0.708 

Distance (Km), 
1709.4, 0.8095 Distance (Km), 

1976.7, 0.7397 
Distance (Km), 
1063, 0.7103 

Distance (Km), 
1196.1, 0.7166 

Distance (Km), 
1632.9, 0.7688 

Distance (Km), 
871.5, 0.7273 

Distance (Km), 765, 
0.6757 

Distance (Km), 
685.6, 0.7913 

Distance (Km), 
947.1, 0.7382 

Distance (Km), 
549.7, 0.6966 

Distance (Km), 
846.5, 0.6898 

Distance (Km), 
435.2, 0.0267 

Distance (Km), 
477.6, 0.2302 

Distance (Km), 
1028, 0.76 

Distance (Km), 
1136.3, 0.7688 

Distance (Km), 
1100.6, 0.7277 

Distance (Km), 
614.3, -0.2632 

Distance (Km), 
1698.7, 0.601 

Distance (Km), 
1625.4, 1 

Distance (Km), 
1837.9, 0.6757 

Distance (Km), 
2033.1, 0.2 

Distance (Km), 
2061.2, -0.2319 

Distance (Km), 
1246.5, 0.1304 Distance (Km), 

405.7, 0 
Distance (Km), 

121.4, 0 

Distance (Km), 
1105.5, -0.2632 

Distance (Km), 
928.5, -0.1111 

Distance (Km), 
455.6, 0 

Distance (Km), 
1236.7, 1 

Distance (Km), 
1338.4, -0.2 

Distance (Km), 
1418.9, 0 

Distance (Km), 
1141.4, -0.0169 

Distance (Km), 
1672.5, -0.2 

Distance (Km), 
1242, -0.0182 

Distance (Km), 
2372.1, 0.2911 
Distance (Km), 
2341.6, 0.134 

Distance (Km), 
1061.7, -0.0909 

Distance (Km), 
956.8, 0 

Distance (Km), 
987.8, 0.0233 

Distance (Km), 
925.4, 0.0824 

Distance (Km), 
1313.9, -0.5 

Distance (Km), 
1319.8, 0.7949 

Distance (Km), 
1384.8, -0.1599 

Distance (Km), 
1518.7, 0.1461 

Distance (Km), 
729.3, -0.125 

Distance (Km), 
847.7, -0.1798 

Distance (Km), 
587.3, 0.6341 

Distance (Km), 
825.1, 0.7083 

Distance (Km), 
686.5, -0.3333 

Distance (Km), 
1932, 0.0407 

Distance (Km), 
278.3, -0.2 

Distance (Km), 
757.2, 0.3291 

Distance (Km), 
948.6, -0.2992 

Distance (Km), 
1086.3, -0.08 Distance (Km), 

893.2, -0.1798 

Distance (Km), 
870.1, -0.0196 

Distance (Km), 
1929, 0 

Distance (Km), 
1904.3, -0.2 

Distance (Km), 
1968.2, -0.1118 

Distance (Km), 
376.7, 0 

Distance (Km), 
499.2, -0.5 

Distance (Km), 
916.8, 0.2373 

Distance (Km), 
1309.1, 0.0145 

Distance (Km), 
1318.3, 0.8571 

Distance (Km), 
1383.1, 0.0468 

Distance (Km), 
1517.7, 0.3336 

Distance (Km), 728, 
-0.0147 

Distance (Km), 
846.7, -0.2264 

Distance (Km), 
577.9, 0.0625 

Distance (Km), 
819.1, 0.1515 

Distance (Km), 
680.6, -0.1667 

Distance (Km), 
1928.3, 0.5317 

Distance (Km), 
269.1, -0.3878 

Distance (Km), 
757.4, 0.5886 

Distance (Km), 
947.1, 0.3142 

Distance (Km), 
1083.2, 0.0903 

Distance (Km), 
890.7, -0.2264 

Distance (Km), 
867.8, -0.2 

Distance (Km), 
1927, 0.6129 Distance (Km), 

1902.5, 0.5294 

Distance (Km), 
1966.1, 0.0794 

Distance (Km), 
373.6, 0.4729 

Distance (Km), 
494.5, 0.0145 

Distance (Km), 
796.8, 0.6447 

Distance (Km), 739, 
0.9013 

Distance (Km), 
1115, -0.0423 

Distance (Km), 
1283.2, 0.2857 

Distance (Km), 
1398.7, 0.0873 Distance (Km), 

828.5, -0.0577 

Distance (Km), 
862.4, 0.5385 
Distance (Km), 
902.8, 0.3878 

Distance (Km), 
410.2, -0.0052 
Distance (Km), 
432.2, -0.0185 

Distance (Km), 
721.8, 0.4521 

Distance (Km), 
865.6, 0.1176 

Distance (Km), 
902.3, -0.1798 

Distance (Km), 
776.6, 0.5 

Distance (Km), 
709.1, 0.1964 

Distance (Km), 
877.6, 0.1343 

Distance (Km), 
762.9, -0.1277 

Distance (Km), 
1552.7, 0.3828 

Distance (Km), 
1498, 0.2214 

Distance (Km), 
699.7, 0.2517 

Distance (Km), 
563.6, 0.4521 

Distance (Km), 
651.8, 0.0047 Distance (Km), 76.1, 

-0.0909 

Distance (Km), 
447.6, 0.5866 

Distance (Km), 
548.6, -0.2926 

Distance (Km), 723, 
0.3309 

Distance (Km), 
736.4, 0.6393 

Distance (Km), 
1400.4, 0.7804 Distance (Km), 

1577.6, 0.6732 
Distance (Km), 

599.1, 0.64 

Distance (Km), 
784.4, 0.6514 

Distance (Km), 
1281, 0.72 

Distance (Km), 
788.3, 0.6732 Distance (Km), 

723.3, 0.5858 

Distance (Km), 
467.2, 0.7541 Distance (Km), 

729.3, 0.6781 Distance (Km), 
227.6, 0.6094 

Distance (Km), 
671.4, 0.6111 

Distance (Km), 
761.1, -0.1667 

Distance (Km), 
702.3, 0.0145 

Distance (Km), 
801.7, 0.7105 

Distance (Km), 
809.7, 0.72 

Distance (Km), 
835.5, 0.6683 

Distance (Km), 496, 
0.7949 

Distance (Km), 
482.6, -0.1599 

Distance (Km), 
643.1, 0.1461 

Distance (Km), 
696.3, -0.125 

Distance (Km), 
645.6, -0.1798 

Distance (Km), 
1139.2, 0.6341 

Distance (Km), 
512.2, 0.7083 

Distance (Km), 
641.4, -0.3333 

Distance (Km), 
653.2, 0.0407 

Distance (Km), 
1252, -0.2 

Distance (Km), 781, 
0.3291 

Distance (Km), 
551.3, -0.2992 

Distance (Km), 
333.5, -0.08 Distance (Km), 

508.2, -0.1798 

Distance (Km), 
541.1, -0.0196 

Distance (Km), 
793.9, 0 

Distance (Km), 
794.9, -0.2 

Distance (Km), 
820.8, -0.1118 

Distance (Km), 
947.5, 0 

Distance (Km), 
814.9, -0.5 

Distance (Km), 
439.1, 1 

Distance (Km), 
434.1, 0.6203 

Distance (Km), 602, 
0.6809 

Distance (Km), 
624.4, 0.8984 

Distance (Km), 
570.5, 0.9477 

Distance (Km), 
1113.1, 1 

Distance (Km), 
472.9, 1 
Distance (Km), 
595.5, 0.9469 

Distance (Km), 
689.4, 0.9631 

Distance (Km), 
1208.5, 0.9565 

Distance (Km), 
706.4, 0.9477 

Distance (Km), 
475.4, 0.9631 

Distance (Km), 
257.4, 0.4667 

Distance (Km), 
434.8, 0.9477 
Distance (Km), 
467.7, 0.9255 

Distance (Km), 
796.9, 1 

Distance (Km), 
793.4, 1 

Distance (Km), 
826.7, 0.6125 

Distance (Km), 
887.9, 0.9545 

Distance (Km), 759, 
0.9545 

Distance (Km), 25.1, 
0.5789 

Distance (Km), 
220.5, 0.3846 

Distance (Km), 
305.7, 0.3824 

Distance (Km), 614, 
0.5402 

Distance (Km), 
1450.9, 1 

Distance (Km), 
1697.9, 1 

Distance (Km), 
753.9, 0.6667 

Distance (Km), 
899.8, 0.604 

Distance (Km), 
1361.1, 1 

Distance (Km), 649, 
0 

Distance (Km), 
546.9, 0.5789 

Distance (Km), 
394.3, 1 

Distance (Km), 
685.5, 0.7891 

Distance (Km), 237, 
0.8367 

Distance (Km), 589, 
0.5333 

Distance (Km), 
575.3, 0.4815 Distance (Km), 
567.6, 0.3978 

Distance (Km), 
769.5, 0.8049 

Distance (Km), 
856.5, 1 

Distance (Km), 
835.2, 0.5852 

Distance (Km), 
195.6, 0.134 Distance (Km), 

289.5, 0.0339 Distance (Km), 
638.8, -0.0714 

Distance (Km), 
1475.9, 0.8481 Distance (Km), 

1722.6, 0.75 

Distance (Km), 
776.6, 0.2676 Distance (Km), 

923.8, 0.1367 

Distance (Km), 
1386, 0.7949 

Distance (Km), 
673.5, 0.5 

Distance (Km), 
571.1, 0.1 

Distance (Km), 419, 
0.8256 

Distance (Km), 
710.5, 0.3291 

Distance (Km), 
250.4, 0.3333 

Distance (Km), 614, 
-0.0265 

Distance (Km), 
550.3, 0.2397 

Distance (Km), 
543.4, 0 

Distance (Km), 
794.6, 0.4194 

Distance (Km), 
881.3, 0.7949 

Distance (Km), 
860.2, 0.069 

Distance (Km), 
176.6, -0.0897 

Distance (Km), 
656.2, -0.0095 

Distance (Km), 
542.3, 0.0278 

Distance (Km), 
1411.3, 0.25 

Distance (Km), 
772.8, 0.3312 

Distance (Km), 
847.5, -0.0526 

Distance (Km), 
656.2, -0.0417 

Distance (Km), 
1420.4, -0.0656 

Distance (Km), 
659.8, 0.0278 Distance (Km), 

436.5, -0.0417 

Distance (Km), 
351.8, -0.2871 

Distance (Km), 
502.3, 0.0278 
Distance (Km), 
519.8, 0.0102 Distance (Km), 
547.8, -0.1321 

Distance (Km), 
520.2, -0.2903 

Distance (Km), 
588.2, -0.2333 

Distance (Km), 
1014.7, -0.1599 

Distance (Km), 
929.4, -0.1599 

Distance (Km), 53.6, 
-0.215 

Distance (Km), 
808.5, 0.3577 

Distance (Km), 
690.5, 0.4397 

Distance (Km), 
1578.7, 0.604 

Distance (Km), 
939.4, 0.6973 

Distance (Km), 
1014.7, 0.3443 

Distance (Km), 
606.4, 0.3782 Distance (Km), 

1583.3, 0.2696 

Distance (Km), 
797.6, 0.3316 

Distance (Km), 
590.3, 0.4161 

Distance (Km), 
519.1, -0.4867 

Distance (Km), 
664.9, 0.4397 Distance (Km), 
680.3, 0.3282 Distance (Km), 

417.4, 0.25 

Distance (Km), 
382.1, 0 

Distance (Km), 459, 
-0.2554 

Distance (Km), 
1171.6, 0.134 

Distance (Km), 
1092, 0.2075 Distance (Km), 

157.2, 0.0934 

Distance (Km), 
809.4, 0.1532 

Distance (Km), 
1657.9, 0.5385 

Distance (Km), 
1910.3, 0.3878 

Distance (Km), 
967.3, 0.2201 

Distance (Km), 
1114.1, 0.2164 

Distance (Km), 
1571.7, 0.4521 

Distance (Km), 
838.8, -0.1321 

Distance (Km), 
733.3, 0.09 

Distance (Km), 
606.9, 0.5 

Distance (Km), 
891.2, 0.3214 Distance (Km), 

422.7, 0.2381 Distance (Km), 
792.6, 0.117 

Distance (Km), 
391.8, 0.0964 
Distance (Km), 
407.6, -0.0632 

Distance (Km), 
974.7, 0.3791 

Distance (Km), 
1068.1, 0.4521 

Distance (Km), 
1042.9, 0.2287 

Distance (Km), 
821.2, -0.0377 

Distance (Km), 
1680.8, 0.0973 

Distance (Km), 
1950, -0.0782 

Distance (Km), 
1042.4, -0.0765 

Distance (Km), 
1172.6, -0.0577 

Distance (Km), 
1605.6, 0.0015 

Distance (Km), 
841.7, 0.3136 

Distance (Km), 
735.3, -0.1374 

Distance (Km), 
662.7, 0.0556 Distance (Km), 

919.8, -0.0638 Distance (Km), 
539.7, -0.1798 

Distance (Km), 
819.2, -0.0878 

Distance (Km), 
466.7, 0.0254 
Distance (Km), 
507.1, -0.1627 

Distance (Km), 
1000.2, -0.0266 

Distance (Km), 
1110.5, 0.0015 
Distance (Km), 

1073.3, -0.0275 
Distance (Km), 
122.1, -0.0507 

Distance (Km), 
873.4, 0.2807 

Distance (Km), 
422.4, 0.3533 

Distance (Km), 
373.4, -0.1018 

Distance (Km), 
1239.9, 0.1292 

Distance (Km), 
796.6, -0.125 

Distance (Km), 
127.6, 0.1489 Distance (Km), 

219.7, 0.0617 

Distance (Km), 
392.7, 0.125 

Distance (Km), 
192.3, -0.0507 Distance (Km), 161, 

-0.1685 

Distance (Km), 
1202.5, 0.1639 Distance (Km), 

1176.3, 0.0467 Distance (Km), 
1242.3, -0.0223 

Distance (Km), 
366.7, 0 Distance (Km), 

321.1, -0.125 

Distance (Km), 
139.4, -0.1111 

Distance (Km), 
887.2, 0.375 

Distance (Km), 
464.6, 0.4531 

Distance (Km), 
406.9, -0.2 

Distance (Km), 
1276.5, 0.0278 

Distance (Km), 793, 
-0.165 

Distance (Km), 92.1, 
0.1667 

Distance (Km), 
247.3, -0.0937 

Distance (Km), 
433.4, 0.0652 

Distance (Km), 
235.4, -0.1111 

Distance (Km), 
203.2, -0.1111 

Distance (Km), 
1229, 0.0323 Distance (Km), 

1201.5, -0.1111 

Distance (Km), 
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Figure 1.9. GMRF Bayesian Skyride plot based on chloroplast DNA (cpDNA) sequence 

data.  Confidence intervals are shown as shaded areas above and below. The x-axis is shown 
in two scales: substitutions per site and calendar time in thousands of years before present 
(ka). A mutation rate of 1.52 x 10-9 substitutions per site yr-1 was used to convert 

substitutions per site to years (Yamane et al 2006). 
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CHAPTER 2 

 

Climatic Impacts on the Past, Present and Future distributions of the Flowering Dogwood, 
 Cornus florida L. (Cornaceae)  

 

 

Abstract 

 Species distribution models (SDMs) serve as a useful tool for many areas of 

biological research.  One area for which SDMs have been greatly utilized is for predicting the 

impacts climate change has on species.  Forecasting is when current climatic conditions and 

species occurrence data are used to construct species distribution models, which are then 

projected onto estimates of future climate data.  Hindcasting follows the same basic 

principles of forecasting but instead of projecting onto future climate estimates, the SDMs 

are projected onto the estimates of past climate scenarios.  Here we used both forecasting and 

hindcasting to gain a better understanding of where the range of Cornus florida L. occurred 

in the past and how it could be effected by climate change in the future. We modeled the 

current distribution of the species with (ALGORITHMS) and projected the models to Last 

Glacial Maximum (LGM, 21 ky BP) and to the year 2080, using climate estimates from 

several Global Circulation Models (GCM). The models demonstrated excellent performance 

as indicated by the area under the receiver operating characteristic curve (AUC) scores 

(~0.99).  Predictions for C. florida for LGM indicate that the range of the species contracted 

and the species survived in a southern refugium.  Predictions for year 2080 indicate that the 

overall size of the species range will remain about the same, but the species could expand 

into northeastern areas, such as Vermont and Maine, and farther south into Florida.  This 
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suggests that the distribution of C. florida will only be somewhat affected by the climate 

changes in the next 70 years.  Conservation should focus on monitoring and maintaining 

natural populations that are highly susceptible to dogwood anthracnose and other fungal 

diseases. A comprehensive germplasm collection should be maintained for both horticulture 

and conservation purposes.  

 

Introduction 

 Species distribution models (SDMs) serve as a useful tool for many areas of 

biological research. Over the past twenty years the use of SDMs has gained in popularity due 

to the increase of publically available environmental data and species occurrence data, the 

power of geographic information systems (GIS)  and the introduction of a number of novel 

statistical methods (Guisan and Zimmermann, 2000; Guisan and Thuiller, 2005).   

Applications of SDMs vary widely from studies on population dynamics and species 

migration to regional biodiversity assessments and wildlife management back to 

phylogeography, conservation biology and climate change research (Elith et al., 2006; Elith 

and Leathwick, 2008; Rodriquez et al., 2007; Thuiller, 2007).  Species distribution models 

are empirical models that relate environmental predictor variables with geospatially 

referenced occurrence data for study species in order to ‘predict’ the species’ distributional 

range (Guisan and Thuiller 2005).   

One application that has received much attention, and has been a main driver in many 

recent methodological improvements, is the use of SDMs to predict the impacts of climate 

change on species’ distributions.  Known as forecasting, this is when current climatic 
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conditions and species occurrence data are used to construct species distribution models 

which are then projected onto estimates of future climate data.   Estimating the impacts of 

climate change on a species’ distribution can be a very useful tool for conservation planning 

and biodiversity management by decreasing risk and increasing cost effectiveness (Araújo et 

al., 2004; Marini et al., 2010).   In addition, hindcasting follows the same basic principles of 

forecasting but instead calibrated SDMs are projected on to the estimates of past climate 

scenarios.  The use of hindcasting has been beneficial for such scientific fields as 

paleobiology, biogeography and especially phylogeography (Svenning et al., 2011).  Since 

detailed paleoecological records are often unavailable for most species, SDMs are 

increasingly being used to infer past distributional patterns, possible refugia and migration 

routes (Pearman et al., 2008; Svenning et al., 2011).  In this study, SDMs and both 

hindcasting and forecasting are used to gain a better understanding of historical changes for 

the distributional range of our study species, Cornus florida L.,  in the past (during the last 

glacial maximum, LGM) and how it is projected to be effected by global climate change in 

the future (for approximately the year 2080).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

 Cornus florida, the eastern North American flowering dogwood tree, is an important 

element of US forest ecology and horticulture.  The species is a small understory tree that 

occurs in deciduous forests and in the spring displays large showy inflorescences that present 

a spectacular view upon the landscape.  However, natural populations of the species are 

severely threatened by the dogwood anthracnose disease.  Since introduced into the North 

American in the 1970’s, the fungus Discula destructiva has heavily impacted C. florida and 

the Pacific dogwood, Cornus nuttallii.  The infected plants of this species initially develop 
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brown spotting on the leaves and bracts.  Dieback of the lower and upper branches later 

occur in the next stage, and in the final stages of the disease large cankers appear on the trunk 

and eventually kill the plant (Redlin, 1991).  The disease is spread by the splashing of rain 

water and is more severe in areas that are cool and wet.  Recent surveys of the species 

indicate a 48 to 98 percent decrease in natural populations (Sherald et al., 1996; Rossell et al., 

2001).  To aid in conservation and management of this species, SDMs will be used to gain a 

better understanding of how C. florida reacted to climate change in the past (LGM) and how 

it is predicted to react to climate change in the future.   In this study we: (1) create SDMs for 

C. florida using an ensemble of SDMs,  (2) project the SDMs onto past climate data to 

identify possible refugia during the LGM,  (3) project the SDMs onto future climate data to 

evaluate effects of climate change on the potential distribution of the species and (4) propose 

possibilities for conservation of the species.   

 

Materials and Methods 

Study area and species records 

 The distribution of Cornus florida ranges from its northern-most occurrence in Maine 

southwards to Florida and as far west as Oklahoma and Texas.  As such, the study area for 

this investigation lies within -106.6458° to -67.0208°W and 49.3541° to 24.9791°N totaling 

243,287 grid cells at a resolution of 2.5 arc minutes.  Within this area a total of 1578 

occurrence data points covering the entire species range were compiled from two sources.  

Sources included data from previously collected C. florida populations (Call et al., 



 

52 
 

unpublished) and from the Global Biodiversity Information Facility database 

(http://www.gbif.org; accessed August 2011).   

Climate data and bioclimatic variables 

 A set of nine bioclimatic variables were used in this study for current, past and future 

climate scenarios.  These variables included mean diurnal range (mean of monthly (max 

temp - min temp)) (BIO2), max temperature of warmest month (BIO5), max temperature of 

coldest month (BIO6), mean temperature of wettest quarter (BIO8), mean temperature of 

driest quarter (BIO9), annual precipitation (BIO12), precipitation of driest month (BIO14), 

precipitation seasonality (BIO15), and precipitation of warmest quarter (BIO18) were 

obtained from the WorldClim database (http://worldclim.org, Hijmans et al., 2005) at a 

spatial resolution of 2.5 arc minutes.   

Current climate conditions for the Worldclim data set are interpolated values of 

average monthly climate data gathered from weather stations worldwide and represent the 

time period of 1950-2000 (Hijmans et al., 2005).  From these monthly data 19 bioclimatic 

variables were derived which are considered to be more biologically meaningful than the 

average monthly data and therefore are often used in SDM’s.  To reduce multico llinearity 

between predictor variables, which may hamper the transferability of SDMs through spaces 

and time, pair-wise Pearson correlation coefficients were computed for all 19 bioclimatic 

variables at each species record (Heikkinen et al., 2006).  The nine variables chosen for the 

study had Pearson correlation coefficients of r2 < 0.75. 

For past climate projections two general circulation model (GCM) outputs for the 

LGM were used.  These included the Community Climate System Model (CCSM) and the 

http://www.gbif.org/
http://worldclim.org/
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Model for Interdisciplinary Research on Climate (MIROC, version 3.2).  These data are 

downscaled layers generated from the Paleoclimate Modelling Intercomparison Project Phase 

II (PMIP2; http://pmip2.lsce.ipsl.fr/; Braconnot et al.,2007).   Downscaling used the 

projected change in a given weather variable (i.e. minimum temperature in June) which was 

computed as the difference between the output of a given general climate model and 

WorldClim current climate.  These changes were then interpolated to a grid with a high 

resolution (http://www.worldclimorg/downscaling).  

 For future climate projections data for approximately the year 2080 were obtained 

from the WorldClim database for two Global Circular Models (GCM’s) from the 3rd IPCC 

Assessment Report: (i) CCCMA (Flato et al., 2000) and (ii) HADCM3 (Gordon et al., 2000; 

Pope et al., 2000).  For each GCM two different IPCC (2001) Special Report Emissions 

Scenarios (SRES) were investigated: (i) A2a and (ii) B2a.  The A2a emission scenario 

reflects unrestricted increase of CO2 emission due to a highly heterogeneous future world 

with regionally oriented economies in which a high population growth rate accompanied with 

increased energy use, land use changes and slow technological improvements is assumed.  

The B2a emission scenario reflects a more moderate increase of CO2 that also assumes 

regionally oriented economies but with a general trend towards environmental protection and 

social equity.  The B2a scenario takes into account a lower population growth rate, more 

diverse technological innovations and slower land use changes (Hijmans et al., 2005; IPCC 

2007).  The year 2080 was chosen for evaluation in order to gain insights into the species 

future distribution as far ahead into the future as possible. 

  

http://pmip2.lsce.ipsl.fr/
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Species distribution models 

Species distribution models for C. florida were computed using nine different 

algorithms according to the BIOMOD package in R (Thuiller et al., 2009; R Development 

Core team 2010).  The algorithms included: artificial neural networks (ANN), classification 

tree analysis (CTA), functional discriminant analysis (FDA), generalized additive models 

(GAM), generalized boosting models (GBM), generalized linear models (GLM), multiple 

adaptive regression splines (MARS), random forest (RF) and surface range envelope (SRE).  

The general settings for each algorithm were as follows: GLM, polynomial terms by stepwise 

ranked Akaike Information Criterion (Akaike 1973); GBM, a fivefold cross-validation 

approach and 2000 trees; GAM, a spline function with a degree of smoothing of 3; CTA, and 

ANN, a 50 fold cross-validation.   

The predictive performance of each of the nine models was internally tested in 

BIOMOD by randomly splitting the species occurrence data into a training set (70%) and a 

testing set (30%; Araújo et al., 2005).  Model predictive performance was also evaluated by 

the use of three different indices including area under the curve (AUC, Hanley and McNeil 

1982) from a receiver operating characteristic analysis (ROC, Fielding and Bell, 1997), 

Cohen’s Kappa (Kappa, Monserud and Leemans 1992) and the true skill statistic (TSS, 

Allouche et al., 2006).  In addition, the sensitivity and specificity of each model was 

calculated from the confusion matrix, which allows for visualization of the performance for 

an algorithm.  AUC scores range from 0.5 to 1, values of 0.5 indicate a performance no better 

than random, whereas 1.0 reflects perfect prediction accuracy (Fielding and Bell, 1997).  

AUC values over 0.75 indicate good modeling performance (Swets 1988).  Similar to AUC, 
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Kappa values of 1 indicate excellent agreement, and values of zero indicate very poor 

performance.  TSS values of 0.2-0.5 are considered poor, values of 0.6-0.8 are considered 

useful and values larger than 0.8 are considered good to excellent (Allouche et al., 2006). 

 For species distribution models it is preferable to have both presence and absence 

data (Araújo and New, 2007).  However since absence data was not available for C. florida, 

pseudo-absences were used for this study.  Pseudo-absences are absence data points which 

represent points where the environmental conditions would cause an absence but are not 

verified by actual absence data.  The use of pseudo-absences can improve the predictive 

performance of distribution models and is a sound alternative to real absence data (Stockwell 

and Peterson, 2002; Elith et al, 2006; Le Maitre et al., 2008; Barbet-Massin et al., 2009).  For 

this study 3000 pseudo-absences were estimated with the Surface Range Envelop (SRE) 

model internally within BIOMOD (Figure 2.1).  The SRE model is a niche based model that 

does not require species absence data input.  Use of this method has been shown to produce 

more accurate results when running models (Le Maitre et al., 2008; Barbet-Massin et al., 

2009).   

 Recent studies have shown that different models can vary considerably in their 

predictions, even while using the same environmental and occurrence data (Pearson et al., 

2006).  In order to overcome this limitation, an ensemble-forecasting approach was used to 

reach a consensus scenario for each of the past, present and future projections.  This 

approach, also known as ensemble forecasting, has been shown to significantly improve the 

predictive accuracy of SDM’s (Araújo and New, 2007).  The relative importance of the 

weights for the final consensus models were calculated by a ‘proportional’ weighting factor. 
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To reduce uncertainties in past projections the two GCM’s (CCSM and MIROC) were 

averaged and for the future projections the results of the two GCMs to yield one single output 

for each emission scenario (A2a and B2a respectively) and applied a threshold that 

maximizes the percentages of absence and presence that are correctly predicted to get binary 

presence-absence maps (Thuiller 2003). 

Species range change was also estimated in R.  This function estimates the proportion 

and relative number of pixels or in this case habitat lost, gained or remained the same for the 

time slice considered.  Finally, we calculated the importance of each variable of species 

current distribution. The measure of relative importance of each variable was internally 

calculated by BIOMOD. 

 

Results 

Model performance 

  Overall, the predictive performance of the nine algorithms was good to excellent 

(Table 2.1).  According to AUC values all nine models fell into the excellent agreement 

range.   For the Kappa statistic all models fell within the good to excellent range, except for 

SRE whose value of 0.657 for the evaluation data indicates that its predictive ability is still 

useful.  Results for the TSS statistic follow that of Kappa.  When comparing the results from 

all three indices the random forest (RF) algorithm shows to be the best with GAM , GBM  

and GLM showing high performance across the board.  The variables that were considered to 

be important most frequently were max temperature of coldest month (BIO6), precipitation 
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of driest month (BIO14), precipitation seasonality (BIO15) and precipitation of warmest 

quarter (BIO18) (Table 2.2).   

Consensus projections 

 AUC scores for all consensus projections (past, current and future) were very high 

(~0.99) indicating excellent predictive ability.  The consensus projection for the current 

climate scenario, the two past GCMs (CCSM and MIROC) and the two averaged future 

climate (A2a and B2a) are shown in Figure 2.3 and Figure 2.4 respectively.  The current 

distributional prediction strongly represents the species’ present day distribution (Figure 2.2).  

Cornus florida is widely distributed across the eastern United States and the current 

predictions accurately describe its north/south and western boundaries.   

 The paleodistributional predictions for the LGM for both Pleistocene climate models 

(CCSM and MIROC) (Figure 2.3) reflect a reduced southern distribution for this species 

during the time period.  The CCSM climate model predicts a greatly reduced range outlining 

the Gulf Coast, across the top of present day Florida and then up the Atlantic coastline.  The 

MIROC climate model also shows a restricted range along the Gulf and Atlantic coastlines 

but unlike the CCSM climate model C. florida’s predicted range extends further inland into 

the present day southern states of TX, LA, MI, AL, GA, SC and NC.   

 The predicted future distributions for C. florida under both the A2a and B2a 

greenhouse emission scenarios for 2080 are shown in Figure 2.4.  Overall projections show a 

minimal loss of the western portion of the species’ distributional range and a small shift to 

the north and southeast.  According to the A2a emission scenario 19.69% of climatically 

suitable space will be lost from the species current range, 9.75% of climatically suitable 
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space will be gained and the overall species range is estimated to contract by a minimal 

9.95% (Table 2.3).  According to the B2a emission scenario 8.79% of suitable space will be 

lost, 10.47% of suitable space will be gained and the overall species will expand by a 

nominal 1.68%.  Losses of area with suitable climate appear to be from the western edges of 

the distribution such as from Texas, Illinois and Missouri.  Gains appear to be in the 

northwest in states such as Vermont, New Hampshire and Maine and also in southern 

Florida. 

 

Discussion 

Methodological evaluation 

    The conclusions for this study drawn from SDM results rely heavily upon the 

accuracy of the methodology implemented.  Species distribution models are valued for their 

usefulness in a variety of biological fields, but despite their usefulness one must be aware of 

their limitations.  At present, a variety of methods have been developed to estimate species 

distributions making it difficult for a “novice” to choose an appropriate method (Thuiller et 

al., 2009).  Recent studies have shown that while using the same environmental and spatial 

input different methodologies can vary considerably in their predictions (Pearson et al., 2006)  

the use of an ensemble of models can overcome this limitation (Araújo and New, 2007).   

Ensemble forecasting is a process in which species distributions can be simulated 

across a range of conditions and parameters and then analyzed by consensus or bounding box 

techniques in order to uncover a more accurate prediction than arbitrarily choosing just one 

modeling outcome (Araújo and New, 2007).  In my study, I used ensemble forecasting to 
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produce a consensus prediction based on the nine algorithm results that were weighted by 

their predictive performance on test data measured in terms of AUC scores.  Consensus AUC 

scores for all ensemble forecasts were very high (AUC=0.99) indicating excellent predictive 

ability for all time periods considered. By reducing uncertainty through the use of ensemble 

forecasting the results likely represent the impacts of climate change on this species better 

than the results of any singular algorithm.   

Another limitation of species distribution models is that most models require both 

presence and absence data.  However, for most species only presence data is available.  To 

overcome this limitation the use of “pseudo-absences” is proposed (Araújo and New, 2007).  

Pseudo-absences are virtual absences created by selecting points in the distribution that do 

not already mark a presence and that in which the environmental data suggests where an 

absence is likely to be (Araújo and New, 2007).  Other steps taken to reduce uncertainty 

included: combining multiple generalized circulation models (GCMs) for past and future 

climates, combining sources of presence data (GBIF and previous collected data) and by 

selecting environmental predictors that were not highly correlated (r2<0.75). 

Predicted distributions and conservation suggestions 

 The two past climate models,CCSM and MIROC, both suggest that C. florida’s 

distributional range during the LGM was reduced in size and restricted to the south eastern 

portion of its current distribution.  This result corroborates with phylogeographical cpDNA 

data which suggests that during the LGM the species most likely retreated to a single 

southern refugia and then expanded northward after temperatures warmed (Call et al., 

unpublished).  The leading theory in phylogeography suggests that during the glaciation 
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periods, plant species were driven south and survived in refugia, and during interglacial times 

species expanded northward after temperatures warmed (Hewitt 1993, 2000, 2001; Davis 

1976, 1981, 1983).  This process of range contraction followed by expansion typically leaves 

a signature of greater intraspecific genetic diversity in refugia l areas than in the northern 

areas of its recolonization due to multiple founder effects (i.e., only a portion of the genetic 

pools in the refugia migrated north; Hewitt 1996, 2000).  CpDNA data for C. florida 

displayed higher haplotype diversity within the southern extent of its range lending to the 

idea that the south is a possible genetic hotspot and glacial refugium for the species (Call et 

al., unpublished).  Therefore, based on the narrower distribution shown with SDMs and the 

pattern of genetic diversity displayed by cpDNA data, the species likely survived LGM in the 

south and subsequently expanded northward after the ice retreated.   

Loss of the species in an area of high genetic variation can have many negative 

impacts for natural populations and for horticultural as well.  Cornus florida is an important 

element in both forest ecology and horticulture and is being heavily impacted by dogwood 

anthracnose.  Therefore it is important to maintain the genetic diversity located within 

genetic hotspots such as past refugia.  One strategy is to maintain a strong germplasm 

collection to maximize the genetic diversity within these areas.  Maintaining a 

comprehensive germplasm collection can benefit conservation by preserving the genetic 

variation of the species in case the species becomes greatly endangered or goes extinct in the 

wild.  Horticulture can also greatly benefit by conserving the genetic diversity in order to 

create new cultivars.  For C. florida, a few anthracnose resistant cultivars already exist but 

there is always potential for resistance to be overcome as pathogens evolve.  So far 
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germplasm stores for this species are minimal.  For instance, a search of the USDA’s 

National Plant Germplasm system (GRIN database; (http://www.ars-grin.gov/npgs/) for 

Cornus florida returns only 24 available accessions.   

Overall, it was predicted the change in species range size to decrease by just 9.95% 

according to the A2a emission scenario and to increase by a nominal 1.68% according to the 

B2a emission scenario by the year 2080.  Cornus florida could experience a minimal loss of 

area with suitable climate (19.69% and 8.80% for A2a and B2a emissions scenarios 

respectively) as well as a minimal gain of suitable climate space (9.75% and 10.47% for A2a 

and B2b emission scenarios respectively) (Table 2.4).  Areas predicted to experience loss in 

suitable climate space include the western edge of the species’ range in states such as Texas, 

Illinois and Missouri.  Areas predicted to gain in suitable climate space include the northern 

portion of its range including states such as New York, Vermont, New Hampshire and 

Maine.  Expansion of the species range is also predicted to occur into southern parts of 

Florida as well.   

Currently, Cornus florida is listed as endangered in Maine, exploitably vulnerable in 

New York and threatened in Vermont.  Based on future SDM results these states will become 

highly suitable for this species, even more suitable than they are at present.  If it is assumed 

that the species is without dispersal limits, then all of the predicted range for the future 

becomes its new distribution (Thomas et al 2004).  Based on phylgeographical evidence C. 

florida has high dispersal ability, so the predicted range is a good estimation of its future 

distribution.   

http://www.ars-grin.gov/npgs/
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Special attention should be made to monitor and conserve these northern areas due to 

their diminishing local populations of the species within these states.  Preserving local 

populations of a species on the edge of its range may preserve genetic attributes which are 

unique to these populations, thus helping to maintain the overall genetic diversity of a region 

or ecosystem (Hampe and Petit, 2005). These populations are likely to be genetically 

different from those in the center of the species' range (Hunter, 1993).  They are also most 

likely to be important populations for dispersing the species northward as these areas become 

increasingly suitable in the future.   

Conservation efforts should also focus on areas that are predicted to become 

unsuitable in the future (Hampe and Petit, 2005).  These areas include states such as Illinois 

and Missouri which are located on the northwestern border of the species’ distributional 

range.  Monitoring and maintaining these populations are important since species are slow to 

evolve new adaptations and the impacts of climate change will proceed faster than the speed 

of species evolution.  Therefore the risk of further range reduction for the species is even 

greater further in the future. 

 

Conclusion 

 Climate change impacts the distributions of species.  For C. florida SDMs predict that 

climate change during the LGM impacted the species by causing it to migrate south to 

survive in refugial areas.  Future climate change for the species is predicted to be less severe 

in terms of range contraction but suggests that the species to migrate to more suitable areas in 

the future.  Since global climate change is not predicted to have drastic negative effects on C. 
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florida, conservation efforts should remain focused on monitoring and minimizing the effects 

of Dogwood anthracnose for natural populations throughout its entire species range.   
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Table 2.1.  Calibration, evaluation, sensitivity and specificity scores for three indices (AUC, 
Kappa and TSS) for 2 psuedo-absence (PA) runs.   

    
AUC 

   

PA1 PA2 

Algorithm Calibration Evaluation Sensitivity Specificity Calibration Evaluation Sensitivity Specificity 

ANN 0.996 0.994 97.845 97.833 0.998 0.999 99.556 99.567 

CTA 0.991 0.996 98.986 98.967 0.988 0.996 99.113 99.2 

GAM 1 1 99.176 99.167 0.999 1 99.24 99.233 

GBM 0.999 1 99.24 99.233 0.999 1 99.24 99.233 

GLM 0.999 0.999 99.366 99.367 0.998 0.999 99.303 99.3 

MARS 0.999 0.999 98.669 98.667 0.997 0.999 98.606 98.6 

FDA 0.997 0.996 98.542 98.567 0.998 0.997 99.176 99.2 

RF 1 1 100 100 1 1 100 100 

SRE NA NA NA NA NA NA NA NA 

    
Kappa 

   

  
PA1 

  
PA2 

Algorithm Calibration Evaluation Sensitivity Specificity Calibration Evaluation Sensitivity Specificity 

ANN 0.968 0.961 96.895 98.967 0.989 0.992 99.493 99.7 

CTA 0.969 0.983 98.923 99.367 0.974 0.983 99.43 99.133 

GAM 0.984 0.987 99.176 99.567 0.984 0.989 99.176 99.667 

GBM 0.979 0.984 99.113 99.367 0.982 0.986 98.86 99.667 

GLM 0.987 0.988 99.05 99.7 0.985 0.989 99.303 99.6 

MARS 0.971 0.973 98.67 98.8 0.967 0.975 98.226 99.2 

FDA 0.98 0.973 97.845 99.267 0.981 0.984 99.113 99.333 

RF 0.995 1 100 100 0.993 1 100 100 

SRE 0.652 0.657 59.379 100 0.632 0.656 59.379 99.967 

    TSS    

  
PA1 

  
PA2 

Algorithm Calibration Evaluation Sensitivity Specificity Calibration Evaluation Sensitivity Specificity 

ANN 0.969 0.959 96.895 98.967 0.989 0.992 99.493 99.7 

CTA 0.97 0.983 98.923 99.367 0.972 0.986 99.43 99.133 

GAM 0.985 0.987 99.176 99.567 0.985 0.988 99.176 99.667 

GBM 0.98 0.986 99.556 99 0.982 0.986 99.24 99.367 

GLM 0.986 0.987 99.05 99.7 0.985 0.989 99.303 99.6 

MARS 0.97 0.975 98.67 98.8 0.967 0.974 98.226 99.2 

FDA 0.982 0.971 98.163 98.967 0.981 0.984 99.113 99.333 

RF 0.994 1 100 100 0.993 1 100 100 

SRE 0.588 0.594 59.38 100 0.568 0.593 59.379 99.967 
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Table 2.2. Variation in variable importance among modeling techniques.  High values reflect 
a high importance.  Bioclimatic variables include: mean diurnal range (mean of monthly 

(max temp - min temp)) (BIO2), max temperature of warmest month (BIO5), max 
temperature of coldest month (BIO6), mean temperature of wettest quarter (BIO8), mean 

temperature of driest quarter (BIO9), annual precipitation (BIO12), precipitation of driest 
month (BIO14), precipitation seasonality (BIO15), and precipitation of warmest quarter 
(BIO18).   

 ANN CTA GAM GBM GLM MARS FDA RF SRE 

BIO2 0.009 0.006 0.006 0.000 0.017 0.000 0.000 0.002 0.031 

BIO5 0.050 0.020 0.017 0.003 0.030 0.012 0.035 0.015 0.018 

BIO6 0.330 0.267 0.261 0.194 0.503 0.269 0.587 0.089 0.001 

BIO8 0.029 0.007 0.008 0.000 0.051 0.000 0.010 0.004 0.035 

BIO9 0.185 0.000 0.006 0.000 0.086 0.022 0.053 0.010 0.088 

BIO12 0.090 0.049 0.054 0.022 0.092 0.000 0.000 0.037 0.071 

BIO14 0.087 0.299 0.000 0.120 0.309 0.066 0.000 0.165 0.051 

BIO15 0.818 0.422 0.839 0.080 0.472 0.413 0.731 0.138 0.056 

BIO18 0.352 0.030 0.165 0.010 0.165 0.158 0.031 0.006 0.028 
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Table 2.3.  Predicted range changes for C. florida under future climate change scenarios A2a 
and B2a.  Predicted gains and losses are expressed in terms of 2.5 arc minute grid cells.   

Scenario A2a B2a 

Loss 27435 12249 

Stable Absence 90402 89398 

Stable Presence 111872 127058 

Gain 13579 14583 

Percent Loss 19.69 8.80 

Percent Gain 9.75 10.47 

Species Range Change -9.95 +1.68 

Current Range Size 139307 139307 

Future  Range Size No Dispersal 111872 127058 

Future Range Size with Dispersal 125451 141641 
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Figure 2.1.  Map of input presence and pseudo absence data.  Red dots indicate presence data 

combined from GBIF and own collection data points.  Grey dots indicate 3000 pseudo 
absence points used to run the models in Biomod. 
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Figure 2.2. Comparison between A) actual current distribution and B) current distribution 
predicted with Biomod for the study species Cornus florida. 
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Figure 2.3.  Past Predictions for Cornus florida.  A) Current;; B) CCSM; C) MIROC. 
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Figure 2.4.  Current and Future Predictions for Cornus florida.  A) Current; B) A2a; C) B2a. 
 

 

 

 

 

 

 

 

 

 

 

 


