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ABSTRACT 

 To date, the relatively scarce large-scale phylogeographic studies of eastern North 

American flora have primarily focused on canopy trees with wind-dispersed seeds. Given the 

varied topography of eastern North America, possible locations of Pleistocene refugia, and 

differential rates of post-glacial migration from those refugia, overall phylogeographic patterns 

are less well-studied than other temperate regions around the world and appear to be largely 

species-dependent. It had also been hypothesized that human-mediated dispersal of useful plant 

species may have affected the rate of post-LGM migration and range expansion of some valued 

species during the Holocene epoch. It seems timely to conduct a regional phylogeographic study 

on patterns of genetic diversity of the highly clonal, mammal-dispersed, useful understory tree 

species, Asimina triloba. The goals of this work are to 1) estimates levels and patterns of genetic 

diversity and structure across the species’ range, 2) infer locations of Pleistocene refugia, 3) 

compare patterns of genetic diversity of putative anthropogenic populations with that of wild 

populations, and 4) investigate levels of clonality within populations across the species range. 

For a tree species, genetic diversity and structure among A. triloba populations was moderately 



high, though isolation-by-distance was not significant. The Appalachian Mountains appear to 

have acted as a barrier to dispersal during northward post-glacial migration and range expansion. 

Another east-west genetic discontinuity was detected on either side of the Tombigbee River in 

Alabama. These results are consistent with the inference by ecological niche modeling of two 

principal Pleistocene refugia, separated by peninsular Florida. Most measures indicated that 

genetic diversity was significantly lower in putative anthropogenic populations than wild 

populations, with the exception of heterozygosity, which was higher in anthropogenic 

populations. This work represents the first genetic evidence for human manipulation of a valued 

eastern North American tree species. Clonality was observed to vary greatly across the range, 

with more cloning on the edges of the species range and high heterozygosity of dominant clones. 

Spatial genetic structure within populations appeared to be strongly linked to clonal growth. This 

study represents the first regional phylogeographic study on a mammal-dispersed understory tree 

in eastern North America. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Dispersal and colonization are among the most important processes for the evolutionary 

persistence of species. The importance of dispersal was recognized by Darwin (1859) having 

observed many geographically disjunct species during his travels. These processes can have a 

strong effect on species ranges through time, which shift in response to changing environmental 

conditions. This in turn has cascading effects on patterns of genetic diversity within a species, as 

range shifts are often not uniform due to the spatial heterogeneity of landscapes (Lyford et al. 

2003). As such, patterns of genetic diversity within a species can provide inferences into past 

environmental changes, the effect of landscapes on dispersal and colonization, as well as 

predictions for species persistence in landscapes where they occur. 

 

Studies of phylogeographic patterns following glacial retreat after the Last Glacial 

Maximum (LGM) in eastern North America are scarce, less well defined than in other regions of 

the world, and until recently have been primarily focused on animals (Soltis 2006; Park & 

Donoghue 2019). Phylogeographical structure within species of eastern North America have 

been suggestive of complex patterns operating over various spatial and temporal scales, rather 

than reflective of few geographic barriers (Soltis 2006; Park & Donoghue 2019).  
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The means by which a species disperses its seeds, along with the rate of reproduction, can 

determine the frequency of long-distance dispersal and colonization of new habitats, potentially 

leading to range expansion. This adds to the complexity of plant species responses to climate 

shifts following the LGM. Dispersal typically occurs only during short phases of a plant’s life 

cycle. Plants have evolved numerous mechanisms by which seeds are dispersed. Endozoochory 

is a relatively successful means of long-distance seed dispersal, in which animals ingest seeds 

and later excrete them at potentially long distances from the maternal plant (Jordano et al. 2007). 

Phylogeographic studies in Europe and North America have largely focused on wind-dispersed 

seeds (Cain et al. 1998; Petit et al. 2003; Roberts & Hamann 2015; Park & Donoghue 2019). 

Thus, many inferences regarding rate of post glacial range expansion and resulting 

phylogeography of tree species are biased towards wind-dispersed taxa. These studies on species 

with gravity- or animal-dispersed seeds have found that they migrated exceptionally long 

distances over the last ~20,000 years, a phenomenon termed as “Reid’s paradox” (Bennett 1985; 

Webb 1986; Johnson & Webb 1989; Betancourt et al. 1991; Cain et al. 1998; Clark et al. 1998). 

 

Other life history traits certainly affect the ability of a plant species to persist within 

habitats, disperse to new habitats, and successfully colonize following dispersal. Among these 

are mating system, growth form, ability to asexually propagate, generation time, and rate of 

reproduction. Given the diversity of life history traits among the flora of eastern North America, 

phylogeographic responses to climatic shifts following the LGM are likely varied and highly 

species dependent and likely influenced differentially by an assortment of barriers (Soltis et al. 

2006). 
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Despite the varied responses to climatic shifts and multitude of possible physical barriers 

to dispersal, the effect of eastern North American physiography has produced some recurrent 

phylogeographic patterns across a variety of plant taxa (Soltis et al. 2006). Rivers such as the 

Mississippi, Apalachicola, and Tombigbee along with the Appalachian Mountains appear to have 

served as barriers to dispersal and gene flow in some taxa as ranges expanded northward during 

glacial retreat (Soltis et al. 2006; Miller & Parker 2009). 

 

The effect of historic human-mediated dispersal has been rarely studied for the flora of 

eastern North America, likely owing to the difficulty of obtaining precise knowledge of 

interactions between Native Americans and the plants they relied on. Historical accounts of plant 

use and dispersal by indigenous peoples often contain observer bias and limited botanical 

knowledge on the part of the observer, making it difficult to document dispersal by 

anthropogenic means during pre-contact eastern North America (MacDougal 2003). Associations 

between useful plant species and pre-contact indigenous settlements have been observed in 

several parts of the New World (Yarnell 1964, 1965; Parker et al. 2010; Larranaga et al. 2017; 

Levis et al. 2017). It appears likely that pre-Columbian civilizations influenced the dispersal of 

some desirable species (White 1906; Yarnell 1964; Brooks & Johannes 1990; Wykoff 1991; 

Asch 1995; Keener & Kuhns 1997; Abrams & Nowacki 2008; Duran et al. 2012), especially 

given the long distances (>1,000 km) over which goods were exchanged as far back as 4,000 

YBP (Sanger et al. 2018). Molecular markers have provided new tools in understanding the 

dispersal of species following the last glacial maximum, and in addition aid in the disentangling 

of human-mediated versus natural dispersal. 
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Several authors have noted the importance of Asimina triloba to pre-Columbian humans 

as both a valued food source and perennial source of textile material and medicine (Peattie 1950; 

Krochmal & Krochmal 1973; Brooks & Johannes 1990; Peterson 1991; Wykoff 1991; Keener & 

Kuhns 1997). Given the probable importance of A. triloba, many of the same authors have 

suggested that pre-Columbian humans were likely responsible for the appearance of A. triloba at 

the northern limits of its current range (White 1906; Brooks & Johannes 1990; Peterson 1991; 

Wykoff 1991; Keener & Kuhns 1997). Murphy (2001), however, counters that idea, contending 

that present-day mammalian dispersers are more than sufficient to account for the spread of A. 

triloba into the northern limits of its range. 

 

Preliminary investigations into the genetic variation of A. triloba have focused on 

cultivars (Pomper et al. 2003; Pomper et al. 2010), yet still found moderate to high levels of 

genetic diversity. This suggests that high levels of diversity should exist in wild populations. As 

a highly clonal tree species, little work has been done on the degree of clonality across the range 

of A. triloba. Pomper et al. (2009) investigated six patches in central Kentucky, finding that half 

of those consisted of a single multiclocus genotype (MLG). Hosaka et al. (2005) conducted a 

three-year observational study on the production of clonal stems of A. triloba in one Maryland 

population and found that root-suckering outpaced stem mortality and may be an important 

means of persistence in habitats. They also found that newly produced clones grow at the same 

rate as established stems. 

 

Asimina triloba possess a number of life history traits that made it a particularly 

interesting candidate for phylogeographic investigation. Fruits appear to have evolved for 
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mammalian dispersal (Willson 1993), although the best co-evolved seed dispersers may have 

become extinct by 12,000 YBP, making the fruits of A. triloba and example of a temperate 

evolutionary anachronism (Janzen & Martin 1982). Within recent times, seeds of A. triloba have 

been observed to have been excreted by raccoons (Procyon lotor) (Yeager & Elder 1945; 

Willson & Schemske 1980; Willson 1993), red fox (Vulpes vulpes), opossums (Didelphis 

virginiana) (Willson 1993), and coyote (Canis latrans) (Cypher & Cypher 1999). Observations 

of A. triloba seeds in the scat of black bear (Ursus americanus) have not been seen, although 

they have been observed to eat the fruit from Virginia and North Carolina (Willson 1993). 

Captive whitetail deer have been observed to consume fruits of A. triloba (Murphy 2001), 

although no record of A. triloba seeds in whitetail deer scat or observations of consumption of 

the fruits in the wild exist. Turkey have been observed to consume the fruits (Murphy 2001) and 

seeds (G. Wyatt pers. obs.). Principal pollinators of A. triloba are weak-flying insects such as 

flies and beetles, and have not been thought to move pollen long distances (Willson & Schemske 

1980; Goodrich et al. 2006; G. Wyatt pers. obs.). 

 

When considering the following regarding A. triloba: 1) the current geographic range, 2) 

the extinction of eastern North American megafauna (hypothesized seed dispersers) 

approximately 12,000 YBP and the current reliance on small to medium-sized mammals as 

primary seed dispersers, and 3) the apparent likely and widely-reported spread of A. triloba 

through anthropogenic means, along with the scarcity of phylogeographical studies on highly 

clonal, animal-dispersed tree species in eastern North America, an investigation into the range-

wide phylogeography, history of anthropogenic dispersal, and clonality of this interesting and 

understudied species appears well-warranted and overdue. 
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The goals of this study of A. triloba were to 1) estimate range-wide patterns of genetic 

diversity and structure as well as infer Pleistocene refugia through ecological niche modeling, 2) 

investigate differences in genetic diversity between populations of putative anthropogenic origin 

(i.e., those occurring on or adjacent to known Native American settlements) and wild 

populations, 3) determine the degree of clonality across the range and the effect of clonality on 

the spatial genetic structure within populations. To address these questions, the nuclear genetic 

diversity of A. triloba was characterized using nine microsatellite markers developed by Lu et al. 

(2011). 
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ABSTRACT 

 

Among the most important ecological processes for the evolutionary persistence of a species are 

dispersal and colonization, which enable the species to undergo range modifications in response to 

changing environmental conditions and to persist over evolutionary time. Understanding historical 

patterns of plant dispersal and range expansion during the warming climate that ensued after the Last 

Glacial Maximum (~20,000 years before present.) provides insight into species’ capacity to modify 

their ranges. Some tree species with apparently limited seed dispersal migrated remarkably long 

distances after the late Pleistocene glacial retreat, a phenomenon known as Reid’s Paradox (Clark 

1998). Large-scale phylogeographic studies of Eastern North American plant taxa and their response 

to post-glacial climate change are relatively scarce. We employed nuclear microsatellite loci to 

explore this phenomenon in a North American tree species. Asimina triloba (L.) Dunal (pawpaw). 

Pawpaw occurs in 26 states extending from the eastern U.S. westward to Nebraska and Texas, and 

spanning a latitudinal gradient from Florida to the Great Lakes region and southern Ontario, well 

north of the southern limit of the Laurentide Ice Sheet. We sampled 62 populations covering an 

east-west distance of 1,635 km and a north-south distance of 1,102 km. DNA was extracted from 

leaf samples and characterized with nine microsatellite loci. Global GST = 0.341 among all 

populations, which was higher than that for most tree species. No biologically significant 

relationship between genetic and geographic distances was observed. The number of alleles per 

population did not decrease significantly with increasing latitude. Private alleles were observed 

in 19 populations. Principal components and STRUCTURE analyses reveal a phylogeographic 

discontinuity of populations east and west of the Appalachian Mountains and Tombigbee River 

(ALA), which may explain the absence of a significant isolation-by-distance.  Ecological niche 

modeling indicated that there were likely two Pleistocene (~22,000 years before present) refugia; 
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one on the Gulf of Mexico and the other on the southeastern Atlantic Coast which is consistent 

with present-day genetic structuring of the A. triloba populations. 

 

INTRODUCTION 

 

Among the most fundamentally important ecological processes for the evolutionary persistence of a 

species are dispersal and colonization. These mechanisms allow the species to undergo range 

modifications in response to continually changing environmental conditions and to persist over 

evolutionary time. During ice ages, less cold-tolerant northern hemisphere species typically retreated 

to southern, lower latitude refugia, and during warming periods following glacial melting there was 

often a leading edge of northward migration of these taxa. Understanding historical patterns of plant 

dispersal and range expansion during the warming climate that ensued after the Last Glacial 

Maximum (LGM) ~20,000 years before present (YBP) allows inference regarding their capacity to 

modify their ranges in response to shifting modern climatic regimes.  Interestingly, some tree species 

with apparently limited seed dispersal abilities migrated remarkable distances after glacial retreat in 

the late Pleistocene, a phenomenon known as ‘Reid’s Paradox’ (Clark et al. 1998; MacDougall 

2003). 

 

To achieve range modifications, most plants rely on their seeds for dispersal and colonization of 

newly available habitats. While cryptic within the span of a human lifetime, plant species are in fact 

undergoing continuous movement and changes in their distributions. It is only through the lens of 

time that natural range shifts of plant species generally become evident. For most of the earth’s 

history, environmental change has been a gradual process allowing incremental shifts in distribution, 

although there is evidence that there have been episodes of extremely rapid change in the past that 
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were not linked to continent-wide extinctions (Hof et al. 2011).  The difference in recent centuries 

and decades is not only that climate change has accelerated but that land-use change, urbanization, 

habitat degradation, and the modification of ecosystems have been rapid. Gradual environmental 

change leads to evolution, but too rapid environmental change can lead to extinction (e.g., the 

asteroid impact that led to mass extinction at the Cretaceous-Paleogene boundary). Understanding 

how species disperse, colonize new habitats, and alter their ranges is essential for predicting their 

response to accelerating global climate change associated with the Anthropocene (Zalasiewicz et al. 

2011). Predictions of future responses to a changing environment are possible based on 

understanding how genetic patterns within and among extant populations have been shaped by 

historical processes. There is a critical need for such insights and predictive power in the face of 

anthropogenic threats to biodiversity that are both direct (e.g., over harvesting) and indirect (e.g., 

landscape disturbance, habitat loss and climate modification). 

 

Understanding historical patterns of plant dispersal and movement during the warming climate that 

ensued after the LGM 33,000 to 26,500 years before present (YBP) and onset of deglaciation 20,000 

to 19,000 YBP (Clark et al. 2009) allows inference regarding the capacity of plants to alter their 

ranges in response to shifting climatic regimes. Some tree species have migrated impressive 

distances after glacial retreat in the late Pleistocene despite apparent limited dispersal ability. 

Examples include species in the genera Quercus, Fagus, and Castanea (Johnson & Webb 1989; 

Clark et al. 1998). This disparity between expected and observed dispersal is also found in some 

herbaceous taxa, e.g., Asarum canadense (Cain et al. 1998). In 1899 Clement Reid was the first of 

many to express perplexity at the surprisingly rapid rate of northward migration from glacial refugia 

by large-seeded trees, such as oaks, into formerly glaciated regions. A diffusion model of migration 

was developed by Skellam (1951) who found that the observed migration rate in oaks greatly 

exceeded that expected. Rates of late Pleistocene range expansion observed in trees, on the order of 
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100-1000 m per year, appeared contrary to their life history traits and expected natural migration rate. 

Fossil pollen sequence data has been used to estimate migration rates and document this phenomenon 

in a variety of tree species (e.g., Clark 1998). Not only are surprising rates of migration often found 

but the rate of reproduction and propagule vagility appear to lack predictive power regarding the 

speed of migration. Various researchers have modelled the dispersal kernel that would fit observed 

rates of range expansion (e.g., Clark 1998; Clark et al. 1998; Phillips et al. 2008; Roques et al. 2010) 

and examined the role that seed mass, temperature and germinability play in migration speed (Graae 

et al. 2009). Some animal vectors have been found to be effective long-distance seed dispersers. For 

example, small mammals and larger carnivorous mammals dispersed Prunus mahaleb seeds 495 m 

and 990 m respectively (Jordano et al. 2007), while blue jays dispersed acorns up to 1.9 km (Darley-

Hill & Johnson 1981). Furthermore, while not often discussed in regard to seed dispersal, Pleistocene 

megafauna that are now extinct or extripated from their former range could have played a significant 

role in dispersing large seeds. Mammoths (Mammuthus columbi), tapirs (Tapirus veroensis), bison 

(Bison bison), horses (Equus sp.), and mastodons (Mamut americanum) were present in Southeastern 

North America, as recently as 12,700 YBP in the case of mastodons (Perrotti 2018). There is also 

evidence that horses and mastodons underwent annual migrations in Southeastern North America 

that spanned distances in excess of 150 km (Hoppe & Koch 2007). Humans may have also 

influenced dispersal rates after the LGM (Bentancourt et al. 1991; MacDougal 2003; Abrams & 

Nowacki 2008). 

 

MATERIAL AND METHODS 

 

Study Species  

Asimina is one of two temperate genera of the large (~128 genera and 2,300 species [Kral 1997]), 

and otherwise tropical custard apple family (Annonaceae) in the basal order Magnoliales (Huang et 
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al. 2000). Some species of Asimina are valued for their edible fruit, pharmaceuticals, pesticides, and 

fiber (Peattie 1950; Mabberley 1978; Ratanyake et al. 1992; McLaughlin & Hui 1993). In the 

southeastern U.S. there are eight native species of Asimina, most of which are narrowly distributed 

across Florida and southern Georgia. A notable exception is A. triloba, which occurs in 26 eastern 

U.S. states extending west beyond the Mississippi River to Nebraska, Kansas, and Texas and 

spanning a latitudinal range from Florida to the Great Lakes region and southern Ontario (Weakley 

2012). This range extends well north of the southern limits of the Laurentide Ice Sheet ~20,000 YBP, 

whose uneven southern margin extended as far south as approximately 39° latitude (Dyke & Prest 

1987).  

Asimina triloba is an understory tree that spreads clonally via root suckers (Keener & Kuhns 1997) 

and tends to grow at lower elevations (< 350 m; Freeman & Hulbert 1985) in rich, moist soils next to 

streams (Murphy 2001). It is less frequently found growing in upland terrain (Keener & Kuhns 

1997). Flowers emit a yeasty odor (Wyatt pers. obs.) and are pollinated by weak-flying beetles and 

flies (Muscidae and Sacrophagidae) (Kral 1997; Willson & Schemske 1980; Goodrich et al. 2006) 

which carry pollen only short distances. It is thought to be a strongly self-incompatible species 

(Pomper et al. 2010; unpublished data, G. Wyatt). Asimina triloba has the largest (5-16 cm long, 3-

7 cm wide) edible fruits (berries) of any native North American tree. Fruits have a flavor that has 

been described as a cross between banana, mango and pineapple. The desirability of these fruits has 

fueled interest in cultivar development for the horticultural trade, but a major drawback for its 

commercial value is the fact that the fruits do not store or transport well (Murphy 2001). Seeds are 

typically dispersed by raccoons, coyotes, and foxes (Yeager & Elder 1945; Willson 1993; Cypher & 

Cypher 1999; obs pers, G. Wyatt). 

 

 



20 

 

Sampling 

Leaf samples were collected from a mean of 29.6 individuals (range = 10 to 62) from each of 62 

populations of A. triloba (Table 2.1; Figure 2.1) located throughout its range in the U.S. The mean 

pairwise geographic distance separating populations is 660.3 km (range = 0.31 to 1834.9 km). 

Sampled populations were typically in closed-canopy oak-hickory or alluvial forest along creeks or 

rivers. Leaves were collected from stems separated by ≥10 m to try to avoid sampling multiple 

ramets belonging to the same genet. The size of the sampling area was dependent on stem-density 

and varied considerably among populations. Where possible, young leaves with little herbivore 

damage were collected from mature, flower-bearing stems (≥3 m in height) and snap-frozen in liquid 

nitrogen for transport to the University of Georgia for analysis. 

 

Microsatellite Genotyping 

Frozen leaf tissue (~ 0.05 g) was pulverized and genomic DNA was extracted using a modified 

CTAB protocol (Doyle & Doyle 1983). DNA quality and quantity were evaluated using an ND-1000 

Nanodrop spectrophotometer. Nine nuclear microsatellite loci were amplified with markers 

developed by Lu et al. (2011; Table 2.2). A 3-primer PCR protocol was used whereby a CAG-tag 

sequence (Hauswaldt and Glenn 2003) was added to the 5’ end of one primer and a third 

fluorescently labeled (FAM, HEX, or NED) primer identical to the CAG-tag was included. PCR 

amplification was carried out in 12.5 µL reaction volumes containing 3.25 µL molecular grade 

ddH2O, 2.5 µL 5X One Taq standard reaction buffer (New England Biolabs, Ipswich, MA), 0.35 

µL 25 mM MgCl solution (Sigma-Aldrich), 1.25 µL 10X (1 mg/mL) bovine serum albumin 

(Thermo-Fisher), 1 µL 2.5 mM dNTP mix (New England Biolabs, Ipswich, MA), 1 µL primer mix 

(0.5 µM CAG-tagged primer and 5 µM unlabeled primer), 0.45 µL 10 µM universal fluorescently 
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labaled CAG primer, 0.2 µL One Taq Hot Start DNA polymerase (New England Biolabs, Ipswich, 

MA), and 2.5 µL of diluted template DNA (20 ng/µL).  

 

Genetic Analyses  

A test for null alleles was performed in Genepop version 4.2 using Brookfield’s method 

(Raymond & Roussett 1995; Brookfield 1996). Because A. triloba is a clonal species it was 

necessary to check for the presence of duplicate MLGs within populations, assess whether these 

represented clones or resulted from chance alone, and if clones remove the duplicate MLGs from 

subsequent genetic analyses. The likelihood that identical MLGs represent ramets of the same 

genet (i.e., clones) and are not the result of chance, can be ascertained based on the number of 

loci, allele frequencies, and the number of sampled stems in that population. The multilocus 

probability of identity (PIm) was calculated as PIm = Πs (PIs), where 

��� =  � ��	 + � �(2���)�
����

 

 

and xi and xj are the frequencies of the ith and jth allele at a locus, respectively. The probability 

of identity (PI) was adjusted for sample size (N) by PI = 1 – [ (1 – PIm) N]. Duplicate genotypes 

within populations that represented clones were removed such that only one individual per MLG 

was included in subsequent analyses. 

 

Genetic diversity statistics were estimated using GenAlEx version 6.51b2 (Peakall & Smouse 

2006; Peakall & Smouse 2012). Measures of genetic diversity were percent polymorphic loci 

(P), total number of alleles per population (AT), effective number of alleles (AE), private alleles 
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(PA; i.e., alleles found in a single population), rare alleles (ARARE; alleles ≤ 0.1 frequency in a 

population), observed heterozygosity (HO), expected heterozygosity (HE), and inbreeding 

coefficient (FIS). Population values were estimated and averaged across all populations while 

species level values were calculated by pooling data from all populations.  

 

Observed heterozygosity (HO) and Hardy-Weinberg expected heterozygosity (HE) were 

compared for each locus in each population, using Wright’s inbreeding coefficient (FIS; Wright 

1922, 1951) and deviations from Hardy-Weinberg expectations were tested for significance 

using χ2 (Li & Horvitz 1953). The Bonferroni correction for multiple comparisons was applied 

using FSTAT (Goudet 1995). 

 

Genetic Structure Analyses 

A Bayesian clustering approach (STRUCTURE version 2.3.4; Pritchard et al., 2000) was used to 

estimate levels of genetic admixture among populations and the number of genetically distinct 

clusters (K).  Ten independent simulations at each K-value from 1 to 20 were run, using a burn-in 

of 500,000 repetitions and a run length of 1,000,000 Markov chain Monte Carlo (MCMC) 

iterations. The admixture model was chosen to infer alpha (α). A model based on correlated 

allele frequencies with no a priori assumptions regarding sampling locations was selected. The 

Evanno et al. (2005) method was used to determine the optimal ∆K using Structure Harvester 

(Earl and vonHoldt 2012). A principal components analysis (PCA) of genotypes was used to 

check the validity of these findings through the R package “gstudio” (R Core Team 2013; Dyer 

2016). Genetic structure among populations was estimated using Nei’s (1973) GST in GenAlEx 

version 6.51b2 (Peakall & Smouse 2006; Peakall & Smouse 2012). GST was calculated for all 
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possible pairs of populations, among populations within the two genetic clusters identified in 

STRUCTURE, and globally (i.e., among all 62 populations). 

 

Geographic Patterns 

Various population-level statistics (MLG, AT, AE, HO, and HE) were linearly regressed against 

both latitude and longitude, and tested for significance, to determine if there was a north-south or 

east-west patterning of genetic diversity. Multiple regression analyses involving latitude and 

longitude were performed in order to determine the relative contribution of each to population-

level statistics that appeared to be significant. 

 

Isolation-by-Distance 

Four estimates of isolation-by-distance (IBD; Wright 1943) were performed using regression: i) 

(GST / 1 - GST) and log geographic distance (Rousset 1997), ii) a Mantel (1967) test, iii) GST and 

geographic distance, and iv) conditional genetic distance with geographic distance (Dyer et al. 

2010), which takes into account the total genetic covariance among all populations. Each test 

was evaluated for significance. Additional tests for IBD were performed within the genetic 

clusters identified by the STRUCTURE analysis. 

 

Ecological Niche Modelling 

The realized present-day niche of A. triloba was modeled using maximum entropy in Maxent 

3.4.0 (Phillips et al. 2006; Phillips & Dudík 2008). Location data for all 62 populations in 

addition to 20 populations not included in this study were used to compile the presence-only data 

required by Maxent. These data were supplemented with GPS coordinates from 18 post-1992 
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herbarium specimens housed in seven herbaria: DEK, ILLS, IND, KSP, MO,TROY, and USF. 

Although there were 100 presence records widely distributed across species range of A. triloba, 

because Maxent can only use one occurrence record per grid cell (~1 km2) of climatic layers in 

BIOCLIM, the number of usable records was reduced to 96.  

 

Nineteen climate variables at 30 arc second resolution were obtained from WorldClim (Fick & 

Hijmans 2017) and elevation data was accessed from the USGS (Archuleta et al. 2017). Twelve 

climate variables were highly correlated (Pearson correlation coefficient > |0.7|) with the seven 

most explanatory variables and were therefore excluded from further analyses. Thus, with 

elevation data, eight variables were used for model construction (Table 2.3). Twenty-five percent 

of the location data were reserved for training. We used a convergence threshold of 10-5 and  

a maximum of 500 iterations. A regularization parameter of 3.0 was selected as it produced the 

model with the best AICc score. Ten replicates were performed for each model and averaged. 

 

To construct models for inference of optimal A. triloba habitat historically, the present-day 

model was projected onto rasters of six bioclimatic variables representing the Last Glacial 

Maximum (LGM; ~ 22,000 YBP) and the Mid Holocene (~6,000 YBP) as inferred by the 

Community Climate System Model (CCSM4; Gent et al. 2011), the Model for Interdisciplinary 

Research on Climate (MIROC-ESM; Watanabe et al. 2011), and the Max Planck Institute for 

Meteorology Earth Systems Model (MPI-ESM; Giorgetta et al. 2013). All but one (BIO02) of 

the bioclimatic variables used for the present-day projection were used for modelling of 

historical habitat. BIO02 was omitted in accordance with Varela et al. (2015), due to strongly 

divergent predictions between models for this variable. To reduce variability among the three 
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models, the inferred probability of suitable habitat at was averaged across the three models 

(CCSM4, MIROC-ESM, MPI-ESM) for the Holocene and LGM (Varela et al. 2015). Predicted 

habitat suitability for 2070 was also modelled using the same climactic variables as well as the 

Representative Concentration Pathway 4.5 (RCP; Vuuren et al. 2011). The RCP trajectory was 

selected because it is intermediate between extremes of predicted greenhouse gas concentration. 

All models were evaluated by the area under the ROC curve (AUC), with scores of ≥0.7 

indicating a robust model (Fielding & Bell 1997). 

 

RESULTS 

Genetic Diversity 

Frequencies of null alleles were found to be non-significant for all loci and all populations (p = 

0.05). The mean probability of identity (PI) of all sampled populations was 1.1 x 10-3 (range = 

6.0 x   10-9 to 3.5 x 10-2) (Table 2.4). In other words, for the average population there was only 

approximately one individual in one thousand that shared an identical MLG to another individual 

in that population due to chance rather than by descent. This result strongly suggests that 

duplicate MLGs within populations represent ramets of clonal individuals and as such were 

removed from further analyses. After duplicate genotypes were removed, the mean number of 

MLGs per population was 9.5 (range = 1 – 30), with only one population (LL3) having no 

duplicate MLGs.  

 

The mean number of alleles per locus is 17.2 (range = 2 [Pp-G4] – 44 [Pp-B103]) (Table 2.2). 

Negative FIS values were found in 32 populations, and the overall mean FIS was -0.153 (range = -

1.00 to 0.316) (Table 2.2) which indicates excess heterozygosity. The number of MLGs within 
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populations and FIS values are significantly correlated (r = 0.68; p = 2.1 x 10-7; Figure 2.2), 

suggesting that populations that are highly clonal (i.e., low number of MLGs) tend to have higher 

heterozygosity values than less clonal populations. 

 

The mean number of alleles per population was 32.5 (range = 10 [MAN] to 69 [BCL]). The 

mean effective number of alleles was 2.6 (range = 0.8 [MS2] to 4.1 [LEE]). A total of 28 private 

alleles were detected in 20 populations, with each containing one to four (CKW) unique alleles. 

The mean observed heterozygosity was 0.530 (range = 0.111 [MS2] to 0.778 [SAN]), while the 

mean expected heterozygosity was 0.496 (range = 0.056 [MS2] to 0.703 [LEE]).  

 

Genetic Structure 

Simulations from STRUCTURE yielded an optimal K = 2, with mean Ln P(D) ranging from 

−54197.6 to −38049.0. The Q-matrix of the simulation with the highest estimated Ln P(D) for K 

= 2 was converted into pie frequency charts for each population (Table 2.5; Figure 2.3). The two 

genetic clusters identified fell primarily on either side of the Appalachian Mountains. There is 

also an east-west phylogeographic discontinuity along the Tombigbee drainage in Alabama 

(Figure 2.3). A number of populations had assignments to the cluster located on the opposite side 

of the Appalachians as its neighboring populations. Examples of this are populations CAG 

(Texas), PIA (Illinois), KNX, PER, and SHO (Tennessee), GCR, CKW, and CCC (Kentucky), 

LOC (Maryland), and SUS (Pennsylvania). The two clusters identified were consistent with a 

principal components analysis of genotypes (Figure 2.4). Though there was a high degree of 

overlap of genotypes in PCA-space, there appeared to be distinct clustering of eastern and 

western genotypes.  
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Genetic structure (GST) among all 62 populations was 0.341. Mean pairwise GST = 0.243, ranging 

from 0.032 (CAD and HAM) to 0.665 (LOC and MAN). The mean pairwise GST for each 

population with the remaining 61 populations ranged from 0.147 (WSL) to 0.422 (MAN). Global 

GST for the eastern and western cluster was 0.332 and 0.333. Mean pairwise GST values within 

the eastern cluster and western clusters identified by STRUCTURE were 0.226 and 0.216 

respectively; both less than the overall mean pairwise GST of 0.243. The mean pairwise GST value 

between populations in the eastern and western clusters was higher at 0.251. 

 

Geographic Patterns 

Most measures of genetic diversity were not significantly correlated with latitude: number of 

MLGs per population (r = -0.13, p = 0.31), AT (p = 0.46), AE (p = 0.24), and HO (p = 0.24).  

However, two measures were nearly significant; both the percent of polymorphic loci (r = 0.24; 

p = 0.056) and expected heterozygosity (Figure 2.5; r = 0.23, p = 0.068) decreased with 

increasing latitude. A multiple regression model of expected heterozygosity as a function of 

latitude and longitude revealed that 94 % of the variance in the model was explained by latitude. 

In the case of percent of polymorphic loci (P %), a multiple regression model with latitude and 

longitude revealed that latitude explained 88 % of the variance in P % and longitude explained 

11 %. 

 

Although private alleles occurred throughout the range of A. triloba, the majority (79 %) were 

found in 68% of the study populations at latitudes less than 38° N, and the number of rare alleles 

(ARARE) per population decreased significantly with increasing latitude (Figure 2.6, p = 0.03). 
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Low frequency alleles (i.e., found in <10 % of populations) were more prevalent in mid- and 

lower-latitude populations and showed a significant decrease with increasing latitude (p = 0.02).  

Some populations located near or within inferred Pleistocene refugial areas for A. triloba (e.g., 

SAN, CFR, and NAG) had HO values (0.778, 0.689, and 0.667; Table 2.6) that exceeded 

expected heterozygosity values as well as the mean HO (0.530) and HE (0.496).  Populations with 

the highest number of MLGs, AR, AT, AE, PA and ARARE were typically centered around 35° N, 

rather than at lower latitudes nearer to likely refugial habitats. 

 

Regarding the levels of genetic diversity in the eastern and western clusters identified by 

STRUCTURE, all diversity statistics except HO indicated that eastern populations generally had 

greater genetic variation than western populations (Table 2.6), although the differences were not 

significant. 

 

Significant isolation-by-distance was identified in the regression of GST and geographic distance 

(r = -0.006; p = 3.4 x 10-13) as well as the regression of conditional genetic distance against 

geographic distance (r = 0.0001; p = 5.7 x 10-4). Given the small r-values for these two tests, the 

relationship is not likely to be biologically meaningful. The regression of GST / (1 - GST) and log 

geographic distance, and the Mantel test were both non-significant, with p = 0.4 and 0.19 

respectively. Interestingly, all four analyses revealed significant isolation-by-distance among 

populations in the eastern cluster (i.e., populations with >50 % posterior probability assignment 

to cluster 1; Table 2.6) (r > 0.2, p < 0.01). Within the western cluster, while the analyses 

indicated a trend towards isolation-by-distance, the regressions were not significant (p > 0.1). 
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Ecological Niche Modelling 

The AUC scores for all models (LGM, Holocene, and present-day) were high (≥ 0.859). The 

most influential bioclimatic variables were minimum temperature of coldest month (BIO06) and 

elevation, contributing 54 % and 21 % to the model respectively. The realized present-day niche 

model for A. triloba (Figure 2.7) closely matches the species range presented by Little (1977), as 

well as the range of sampled populations (Figure 2.1). A largely contiguous area from New 

Jersey to Northern Arkansas was shown to have high habitat suitability, along with areas in the 

Southeast and Mid-Atlantic with a maximum probability of occurrence (PrO) of 0.999982. Grid 

cells containing high habitat suitability (> 0.75) occupied a total area of approximately 645,726 

km2. 

 

The Pleistocene projection (Figure 2.8) indicates a narrow southerly band of suitable habitat, 

likely reflective of the cooler, drier conditions at that time, and consistent with species range 

shifts reported by Davis et al. (1980). There was 86 % less highly suitable habitat (PrO > 0.75) 

relative to the present-day model. The optimal habitat was in coastal areas along the Gulf of 

Mexico (maximum PrO = 1.0; area of high suitability = ~ 34,900 km2) and Atlantic (maximum 

PrO = 1.0; area of high suitability = ~ 55,075 km2). A significant portion of optimal habitat (and 

likely refugia) occurred in areas that are currently below sea level (Figure 2.8). Additional in-

land sites may have also served as refugia during retreat and advance of the Laurentide Ice Sheet 

prior to the Last Glacial Maximum. Most notably, an area of inferred suitable habitat existed 

between the two modeled coastal refugia, in present-day Southwest Georgia (maximum PrO = 

0.919; area of high suitability = ~1,700 km2). Upon glacial retreat and a shift towards more 
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favorable climatic conditions, during northward range expansion of A. triloba there was likely 

some admixture of Gulf and Atlantic refugial lineages in this area of Southwest Georgia.  

 

In stark contrast to the LGM projection, the niche projection on climatic layers for the Mid-

Holocene (Figure 2.9) shows suitable habitat across a range very similar to that of the present-

day model (maximum PrO = 0.99974), although areas above 40° N latitude had significantly 

lower suitability (mean PrO = 0.099) than the present-day model (mean PrO = 0.110) (p < 0.01). 

The Mid-Holocene niche projection overall showed 14 % less highly suitable habitat (i.e., PrO > 

0.75) compared to the present-day model. 

 

The projected suitable A. triloba habitat in the year 2070 under the RCP 4.5 model suggests an 

overall range expansion and a northeastward shift (Figure 2.10). Areas of high habitat suitability 

(PrO > 0.75) north of 40 ° N latitude increased 412 %, from 65,025 km2 to 332,900 km2. 

Furthermore regions currently occupied by A. triloba are projected to remain suitable, with 

several northern areas enlarging and increasing in suitability, particularly Western Michigan, 

New York State, and Southern Ontario. Far northern areas formerly inhospitable to A. triloba, 

such as the mouth of the St. Lawrence River, are predicted to become suitable for A. triloba by 

2070 (Figure 2.10).  

 

DISCUSSION 

Genetic Diversity 

At the species level, both percent polymorphic loci (P % = 100) and expected heterozygosity (HE 

= 0.765) indicate that Asimina triloba possesses high genetic diversity, even when considering 
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that its life history traits are associated with high genetic variation (i.e., a wide-spread 

distribution, outcrossing, long-lived perennial with gravity-dispersed or animal dispersed seeds 

[Hamrick & Godt 1996]). Mean population levels of expected and observed heterozygosity were 

also higher-than-expected (mean HE = 0.496 and mean HO = 0.530; Table 2.6). This 

phenomenon has been observed in many long-lived woody species (Frascaria et al. 1993; Huang 

& Layne 1998) as well as clonal species (Birky 1996; Pappert et al. 2000; Balloux et al. 2003; 

Brzyski & Culley 2011) and may arise through a number of processes: selection favoring 

strongly heterozygous individuals (overdominance), large reproductive population size, or 

disassortative mating between individuals with different alleles (Stoeckel et al. 2006). While no 

single explanation may be ruled-out, a progeny array of 197 seeds from a single population 

(BTH) had a nearly identical HO and FIS value as that of 21 adult individuals. In the same 

population, individuals smaller than 4 cm dbh also had nearly identical HO and FIS values as 

compared to adults (unpublished data, G. Wyatt). Individuals in populations with many MLGs 

tended to be less heterozygous than individuals in populations characterized by fewer MLGs 

(Figure 2.2), which may indicate spatial dominance of highly heterozygous clones in populations 

with few MLGs or bi-parental inbreeding in populations with many MLGs. Populations with 

many MLGs tended to have positive FIS values. 

 

Genetic Structure 

The results from the STRUCTURE v 2.3.4 analysis (Figure 2.3) along with a principal 

components analysis of genotypes appear to corroborate a general genetic distinction between A. 

triloba populations west of the Appalachian Mountains and Tombigbee drainage (hereafter 

referred to as “western”) and east of those geographic features (hereafter referred to as 
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“eastern”). The populations (e.g., CAD, LOC, NAG, PIA, and SUS) that stand in exception to 

this rule may reflect more recent establishment, which has not allowed time for admixture of 

surrounding populations to occur. All of these populations are on the periphery of the range of A. 

triloba (Figure 2.1). As with the populations MAN and LOC, the watershed assignment could 

explain some of the imperfect delimitation observed between eastern and western clusters. 

Further investigation would be necessary to determine if and to what degree they are indeed 

genetically distinct from nearest neighboring populations. 

 

The global GST of 0.341 suggests moderate population differentiation in comparison with other 

tree species. This pattern typically results from low levels of gene flow among populations 

resulting from several non-mutually exclusive processes: 1) limited or short-distance pollen 

movement between populations, 2) a history of relatively small populations both in the 

Pleistocene refugia and in modern populations, 3) a history of founder effects and low 

interpopulation gene flow, and 4) competition between clones after populations have been 

established by relatively few MLGs. Given the weak-flying fly and beetle pollinators of A. 

triloba (Willson & Schemske 1980), pollen is presumably rarely moving long distances between 

populations. 

 

The eastern and western clusters identified by STRUCTURE analysis had within pairwise GST 

values less than 0.243, which would be expected for genetically differentiated clusters and 

appears to agree with both the STRUCTURE and principal components analyses. Similarly, the 

mean pairwise GST values among the identified clusters was greater than 0.243, as expected. 
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Geographic Patterns 

There are several explanations for the lack of significant or weak overall isolation-by-distance. It 

may be difficult to detect isolation-by-distance among populations 1) over a large geographic 

area, 2) with large mean pairwise Euclidean distances (in the case of this study, 690.13 km), and 

3) showing moderate levels of differentiation, especially when gene flow is likely occurring on a 

much finer scale and is likely discontinuous across landscapes. Historical vicariance, long-

distance seed dispersal, or some combination of these two factors may explain the lack of 

isolation-by-distance. It is perhaps worth noting that the highest observed pairwise GST (0.665) 

occurred between populations LOC and MAN (Figure 2.1) though they are only separated by 

114 km. This confounding result can be explained by the abutment of the North Branch of the 

Potomac River watershed, containing population LOC, to a low-elevation section of the Eastern 

continental divide (elev. > 1,000 m). Population MAN is located in the Chesapeake watershed, 

much farther from the Eastern Continental Divide. STRUCTURE analysis also indicates that 

population LOC belongs to the western cluster of populations (Figure 2.3), which may also be 

explained by the proximity of the North Branch of the Potomac River to the Eastern Continental 

Divide. Considerable population differentiation owing to watershed assignment among 

geographically proximate populations of Veratrum woodii was observed by Zomlefer et al. 

(2018).  

 

It is possible that the presence of strong isolation-by-distance in the inferred eastern cluster may 

have resulted from dispersal out of a single, mostly contiguous refugium along the Atlantic Coast 

(Figure 2.8). The absence of significant isolation-by-distance in the inferred western cluster is 

perplexing, though may have resulted from admixture between non-contiguous refugia along the 
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Gulf Coast during northward migration following glacial retreat, as seen in Petit et al. (2003) for 

several European trees and shrubs. 

 

Greater genetic diversity, as measured by P %, was observed in populations at lower latitudes, 

which would be expected to result from a northward range expansion during glacial retreat 

(Hewitt 2000), especially in a species with large fruits, low fruit-set (Wyatt and Trapnell Chapter 

3 in prep), and apparent limited seed dispersal. Similarly, the significant decrease in the number 

of rare alleles (frequency < 0.1) with increasing latitude (Figure 2.6, p = 0.03) is consistent with 

past northward range expansion characterized by successive founder events (Hewitt 1999; 

Hewitt 2000). Wyatt & Trapnell (in prep) showed that many measures of clonality (size, 

richness, diversity, evenness) are related to latitude, and that sampled populations of A. triloba 

tend to become more clonal with increasing latitude (i.e., larger, less diverse, less even). This 

may be reflective of local adaptation to harsher climates and less suitable habitat at the extreme 

edges of the species range. 

 

The hypothesis that population genetic parameters AT and AE would show an inverse correlation 

with latitude was not supported, and appears to be contradictory to a number of studies in which 

find lower levels of genetic diversity in the northern part of species ranges after having expanded 

from glacial refugia (Hewitt 1996, Soltis et al. 1997, Conroy & Cook 2000). Our data regarding 

levels of genetic diversity in Pleistocene refugial areas are concordant with that of Petit et al. 

(2003), who found a pattern of higher genetic diversity in populations of 22 European tree 

species located at intermediate latitudes rather than in Pleistocene refugial areas. A similar 

pattern was reported by Duran et al. (2012): the highest genetic diversity of Pinus edulis 
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occurred at latitudes above southern Pleistocene refugia. In our study, areas with populations 

showing weak assignment to one particular cluster (Figure 2.3) were found primarily in Eastern 

Tennessee, Kentucky, and West Virginia. These areas, characterized by the Ridge-and-Valley 

physiography, would presumably present less of a topographic barrier to dispersal than the Blue 

Ridge Mountains to the Southeast, and may have allowed admixture between populations 

originating from separate refugia as A. triloba expanded northward. The higher genetic diversity 

at the intermediate latitudes of the range could have resulted from admixture between the two 

inferred refugia, as was hypothesized to explain higher genetic diversity of Pinus edulis in areas 

north of southern refugia (Duran et al. 2012) or in the European beech (Comps et al. 2001). 

Additionally, this pattern of higher diversity at intermediate latitudes make sense when 

considering that many of the inferred refugial areas for A. triloba during the Pleistocene are 

currently under sea-level. The lower genetic diversity observed in populations located near likely 

Pleistocene refugial areas may be a result of reduced gene flow and successive founder effects, a 

phenomenon observed at the trailing edge of a shifting species range (Nei 1975; Comps et al. 

2001; Davis & Shaw 2001). 

 

Northward expansion has been documented for many tree species through palynological studies 

and these data have been used to track the rate at which forests in temperate areas of the world 

have shifted following the Last Glacial Maximum (Delcourt & Delcourt 1987; Hewitt 1996; 

Jackson et al. 1997; Davis & Shaw 2001; Petit et al. 2002; Davis et al. 2005; Edwards et al. 

2014). A decrease in the total number of alleles and effective number of alleles could be 

explained by the “sieve” effect of long-distance dispersal and subsequent adaptation of favorable 

genotypes to harsh conditions (Davis & Shaw 2001). Differential survival of genotypes that 



36 

 

become established through long-distance dispersal into a harsher climate may result in a lower 

number of alleles and multilocus genotypes than in the source population. 

 

The ubiquity of private alleles across the range of A. triloba could be explained in several ways: 

1) high mutation rates at the microsatellite loci employed, 2) a long historical presence of A. 

triloba at these sites, and/or 3) high levels of dispersal from refugial habitats northward to more 

recently established populations. It would seem unlikely that a long historical presence of A. 

triloba could explain the presence of private alleles for sampled populations on or near the 

greatest extent of the Laurentide ice sheet, such as populations SFP or BCP. Dispersal following 

glacial retreat of these rare alleles into these populations from more southern populations seems 

more likely, although high mutation rates at these loci cannot be discounted. 

 

Ecological Niche Modelling 

Our predicted present-day niche model for A. triloba was similar to a model created by Li et al. 

(2017). Southern areas of Eastern North America have long been hypothesized to have served as 

Pleistocene refugia for many temperate species that currently have much broader ranges (Hewitt 

2000; Soltis et al. 2006). Based on the results from our ecological niche modeling, this appears to 

have been the case for A. triloba as well. Interestingly, the present-day phylogeographic 

discontinuity observed for this species along the Appalachian Mountains appears to be easily 

explained by inferred Pleistocene ecological niche models which show likely refugia along the 

Atlantic and Gulf coasts (Figure 2.8) below present-day sea level. It appears that A. triloba did 

not occupy a wide-spread geographic area during the LGM, as thought to have been the case for 

a number of tree species (Bennett 1985; Davis & Shaw 2001; Miller & Parker 2009; Lumibao et 
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al. 2017; Bemmels & Dick 2018). As temperatures warmed during glacial retreat, new habitat 

would have become available along the Atlantic Coast, which presumably would have been 

colonized by individuals from the Atlantic Coast refugium. At the same time, new habitat would 

have become available north of the Gulf Coast and into the Mississippi River valley, which 

would presumably become colonized by individuals from the Gulf Coast refugium. Due to 

elevation, the Appalachian Mountains would have continued through time to serve as a barrier to 

dispersal for this low elevation species between the east-west genetic clusters, as it did for other 

tree species (Soltis et al. 2006; Miller & Parker 2009). The pattern of separate Gulf and Atlantic 

coast refugia has been observed in other plant taxa, for example, Fagus grandifolia (Morris et al. 

2010) and in the understory shrub Viburnum lantanoides (Park & Donoghue 2019). East-west 

structuring of populations has also been observed in Pinus virginiana (Parker et al. 1997) and 

Carya ovata (Bemmels & Dick 2018), though this species may have been more wide-spread than 

A. triloba during the LGM. Genetic discontinuity along the Tombigbee River drainage observed 

in this study (Figure 2.3), has previously been reported by other researchers (Bermingham & 

Avise 1986; Lawson 1987; Gill et al. 1993; Soltis et al. 2006; McKay 2009), although to date 

this pattern has only been observed in animal taxa. 

 

Our future projection of habitat suitability for A. triloba for the year 2070 does not drastically 

differ from the present-day model, with the major difference being the strong increase in the 

expanse of northern suitable habitat. Given the low fruit-set observed in northern populations and 

seed dispersal currently mediated primarily by small mammals, it appears unlikely that A. triloba 

will rapidly colonize these new habitats without human-mediated dispersal. Also, there is no 
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guarantee that the species will be able to maintain its current level of genetic diversity given 

increased threats from habitat fragmentation and climate change. 

 

CONCLUSIONS 

 

This study presents the first evidence of patterns of range-wide genetic diversity and post-glacial 

range expansion for the highly clonal and geographically widespread understory tree species 

Asimina triloba. Populations sampled across the range of A. triloba show moderate genetic 

structuring and high heterozygosity. The results strongly suggest the existence of eastern and 

western genetic clusters divided along the Appalachian Mountains and continuing along the 

Tombigbee River in Alabama. These results are corroborated by ecological niche modeling, 

which predict refugial areas during the Last Glacial Maximum that occurred along the Gulf and 

Atlantic coasts in habitat currently submerged under sea-level. The area of suitable habitat for 

this species is expected to shift northeastward given current climate model predictions. 
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Table 2.1. Location and elevation data for 62 sampled Asimina triloba populations in the United 

States. 

 
Population County, State Latitude Longitude Elevation (m) 

BCB Coffee, TN 35.485 -85.961 337 

BCL Lee, AR 34.706 -90.698 69 

BCP Brown, IN 39.175 -86.222 291 

BLU Carter, MO 36.961 -90.987 137 

BSF Christian, MO 36.858 -93.222 286 

BTH Oglethorpe, GA 33.706 -83.019 156 

CAD Harrison, TX 32.693 -94.176 71 

CAT Catawba, NC 35.821 -81.177 269 

CCC Carter, KY 38.379 -83.123 256 

CFR Harnett, NC 35.469 -78.898 38 

CHR Clark, IN 38.398 -85.635 146 

CKW Madison, KY 37.632 -84.196 309 

COL Richland, SC 33.947 -80.629 39 

DCR Harrison, WV 39.146 -80.391 335 

DRP Johnson, IL 37.430 -88.942 126 

ER2 Orange, NC 36.083 -79.021 134 

EUT Greene, AL 32.785 -87.837 34 

GCR Anderson, KY 37.975 -84.825 178 

HAM West Feliciana, LA 30.786 -91.255 21 

HEM Sabine, TX 31.482 -93.936 95 

HOL Bourbon, KS 37.777 -94.827 252 

HPC Platte, MO 39.228 -94.778 280 
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KAN Kanawha, WV 38.224 -81.625 249 

KNX Knox, TN 35.941 -83.931 266 

LAW Douglas, KS 38.991 -95.315 264 

LCC McCormick, SC 34.054 -82.343 129 

LEE Lee, AR 34.760 -90.733 61 

LHP Davidson, TN 36.087 -86.551 173 

LIL Fairfield, SC 34.253 -81.233 70 

LL1 Stewart, TN 36.581 -87.947 150 

LL2 Trigg, KY 36.792 -88.096 135 

LL3 Trigg, KY 36.900 -88.040 131 

LOC Morgan, MD 39.692 -78.199 177 

MAN Prince William, VA 38.805 -77.525 82 

MLK Boone, MO 38.936 -92.351 195 

MS1 Shelby, TN 35.340 -90.051 103 

MS2 Shelby, TN 35.341 -90.055 85 

MWR Stoddard, MO 36.970 -90.151 105 

NAG St. Augustine, TX 31.480 -93.995 89 

OFR Jackson, KY 37.542 -84.174 259 

PCB Pike, AL 31.907 -86.174 125 

PER Davidson, TN 36.065 -86.880 226 

PIA Jersey, IL 38.939 -90.285 137 

PMQ Jersey, IL 38.984 -90.490 162 

PWP Prince William, VA 38.566 -77.346 43 

RCA Laurel, KY 36.962 -84.351 248 

RL Davidson, TN 36.063 -86.799 233 

ROC Boone, MO 38.875 -92.327 207 

SAL Pickens, SC 35.073 -82.587 349 

SAN Adams, MS 31.460 -91.211 55 
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SFP Guernsey, OH 40.128 -81.510 251 

SHE Paulding, GA 34.022 -84.911 281 

SHO Cannon, TN 35.872 -85.991 408 

STO York, SC 34.881 -81.104 167 

SUS Lancaster, PA 39.808 -76.286 140 

TAL Cleburne, AL 33.859 -85.524 240 

TER Saluda, SC 34.147 -81.824 142 

TYG Taylor, WV 39.308 -80.027 360 

WBF Winston, AL 34.284 -87.396 183 

WDP Marshall, MS 34.668 -89.467 116 

WES Platte, MO 39.384 -94.880 280 

WSL St. Charles, MO 38.666 -90.732 151 
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Table 2.2. Nuclear microsatellite loci used to characterize sampled populations of A. triloba. AT 

= total number of alleles, AE = effective number of alleles, HO = observed heterozygosity, HE = 

expected heterozygosity, FST = Wright’s FST, and FIS = inbreeding coefficient. 

 

Locus Motif Fragment size (bp) AT AE HO HE FST FIS 

Pp-G4 AAT 187 - 190 2 1.50 0.34 0.28 0.28 -0.21 

Pp-G119 AAT 158 - 191 13 2.68 0.70 0.56 0.57 -0.26 

Pp-G124 AAT 198 - 225 10 2.50 0.61 0.54 0.55 -0.14 

Pp-C108 ATG 183 - 204 10 2.26 0.64 0.49 0.31 -0.31 

Pp-G103 AAT 278 - 338 23 2.02 0.33 0.35 0.43 0.04 

Pp-G121 AAT 183 - 240 14 2.72 0.69 0.56 0.33 -0.28 

Pp-B103 GA 262 - 360 44 3.68 0.68 0.62 0.35 -0.11 

Pp-B108 GA 114 - 140 14 2.52 0.59 0.49 0.44 -0.21 

Pp-B128 GA 137 - 193 25 2.33 0.36 0.43 0.55 0.16 

Mean - - 17.2 2.47 0.55 0.48 0.42 -0.15 
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Table 2.3. Magnitude of variation in seven bioclimatic variables and elevation for 62 wild 

populations of A. triloba in North America used for species niche modeling in Maximum 

Entropy. BIOCLIM temperature data are stored in °C * 10 but have been converted to actual 

temperatures here. 

 

Code Environmental Variable Range Unit 

BIO02   Mean Diurnal Range (Mean of monthly (max temp - min temp)) 5.9 - 18.4 ° Celsius 

BIO06   Min Temperature of Coldest Month -2.5 - 19.4 ° Celsius 

BIO08   Mean Temperature of Wettest Quarter -6.1 - 30.1 ° Celsius 

BIO13   Precipitation of Wettest Month 39 - 282 mm 

BIO16   Precipitation of Wettest Quarter 95 - 677 mm 

BIO17   Precipitation of Driest Quarter 21 - 523 mm 

BIO19   Precipitation of Coldest Quarter 24 - 541 mm 

GTOPO30 Global digital elevation model 0 - 2035 m 

 

 

 

 

 

 

 

 

 

 



58 

 

 

 

Table 2.4. Probability of identity (PI) values for each population of A. triloba. N = number of 

samples and MLG = number of multilocus genotypes. 

 

Population N MLG PI 

BCB 25 8 1.3 x 10-4 

BCL 48 27 6.0 x 10-9 

BCP 48 2 2.5 x 10-4 

BLU 25 9 9.5 x 10-5 

BSF 23 21 1.2 x 10-5 

BTH 37 10 3.4 x 10-7 

CAD 39 18 2.1 x 10-4 

CAT 16 1 8.4 x 10-5 

CCC 26 13 1.4 x 10-4 

CFR 20 5 1.2 x 10-5 

CHR 30 18 6.2 x 10-6 

CKW 24 13 1.7 x 10-4 

COL 48 12 7.5 x 10-5 

DCR 15 1 7.9 x10-5 

DRP 23 13 5.1 x 10-6 

ER2 10 5 5.3 x 10-5 

EUT 33 30 5.0 x 10-7 

GCR 48 6 2.5 x 10-4 

HAM 47 2 2.5 x 10-4 

HEM 40 5 2.1 x 10-4 

HOL 10 8 5.3 x 10-5 
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HPC 25 14 1.1 x 10-3 

KAN 43 10 2.3 x 10-4 

KNX 25 3 1.3 x 10-4 

LAW 30 12 9.6 x 10-3 

LCC 24 18 2.2 x 10-5 

LEE 24 12 1.3 x 10-4 

LHP 20 4 1.1 x 10-4 

LIL 24 21 2.2 x 10-5 

LL1 25 1 1.3 x 10-4 

LL2 25 7 1.3 x 10-4 

LL3 24 24 1.3 x 10-4 

LOC 38 3 2.0 x 10-4 

MAN 48 1 2.5 x 10-4 

MLK 24 2 3.5 x 10-2 

MS1 24 4 1.3 x 10-4 

MS2 23 1 1.2 x 10-4 

MWR 25 14 1.3 x 10-4 

NAG 30 3 1.6 x 10-4 

OFR 33 6 1.7 x 10-4 

PCB 48 12 7.2 x 10-5 

PER 48 5 2.5 x 10-4 

PIA 14 1 7.4 x 10-5 

PMQ 60 4 3.2 x 10-4 

PWP 48 27 2.5 x 10-4 

RCA 25 16 1.3 x 10-4 

RL 27 12 1.4 x 10-4 

ROC 25 1 1.3 x 10-4 

SAL 30 14 4.1 x 10-5 
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SAN 21 1 1.1 x 10-4 

SFP 25 7 1.3 x 10-4 

SHE 24 5 4.0 x 10-3 

SHO 24 16 1.3 x 10-4 

STO 10 5 5.3 x 10-5 

SUS 30 8 1.6 x 10-4 

TAL 24 3 8.9 x 10-3 

TER 34 22 3.2 x 10-6 

TYG 48 2 2.5 x 10-4 

WBF 43 22 5.1 x 10-6 

WDP 27 3 6.1 x 10-3 

WES 22 9 1.2 x 10-4 

WSL 11 9 4.3 x 10-7 
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Table 2.5. STRUCTURE Q-matrix for A. triloba from the run with highest Ln P(D) for ∆K = 2 (-

50942.4). Values in columns represent the posterior probabilities of assignment to one of two ∆K 

clusters. 

 

Population Cluster 1 Cluster 2 

COL 0.991 0.009 

PCB 0.991 0.009 

TAL 0.989 0.011 

CAT 0.984 0.016 

PIA 0.981 0.019 

SHE 0.980 0.020 

MAN 0.975 0.025 

ER2 0.968 0.032 

LCC 0.938 0.062 

TER 0.934 0.066 

CFR 0.922 0.078 

HEM 0.920 0.080 

KNX 0.887 0.113 

LIL 0.885 0.115 

SAL 0.855 0.145 

WBF 0.820 0.180 

PER 0.701 0.299 
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STO 0.686 0.314 

BTH 0.677 0.323 

GCR 0.657 0.343 

SHO 0.643 0.357 

EUT 0.578 0.422 

CKW 0.573 0.427 

CCC 0.561 0.439 

PWP 0.558 0.442 

NAG 0.524 0.476 

LL2 0.428 0.572 

RL 0.360 0.640 

RCA 0.357 0.643 

KAN 0.261 0.739 

WSL 0.233 0.767 

LL3 0.216 0.784 

LEE 0.165 0.835 

BCL 0.143 0.857 

SUS 0.104 0.896 

CHR 0.103 0.897 

WES 0.093 0.907 

HOL 0.091 0.909 

LAW 0.084 0.916 

SFP 0.083 0.917 
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DRP 0.079 0.921 

HPC 0.075 0.925 

BSF 0.074 0.926 

WDP 0.070 0.930 

OFR 0.062 0.938 

HAM 0.056 0.944 

CAD 0.052 0.948 

BLU 0.047 0.953 

MWR 0.031 0.969 

LHP 0.031 0.969 

BCP 0.029 0.971 

TYG 0.027 0.973 

MS1 0.026 0.974 

BCB 0.021 0.979 

LL1 0.016 0.984 

MLK 0.015 0.985 

DCR 0.014 0.986 

MS2 0.012 0.988 

PMQ 0.012 0.988 

ROC 0.010 0.990 

LOC 0.010 0.990 

SAN 0.008 0.992 
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Table 2.6. Summary statistics of A. triloba nuclear genetic diversity arranged by membership in 

genetic clusters identified by STRUCTURE. N = sample size, MLG = number of multilocus 

genotypes, P (%) = percent of polymorphic loci, AT = total number of alleles, AE = effective 

number of alleles per locus, PA = number of private alleles, ARARE = number of rare alleles (< 0.1 

frequency within a population), HO = observed heterozygosity, HE = expected heterozygosity, 

and FIS = inbreeding coefficient. All FIS values are non-significant (p = 0.05). 

 

Population N MLG P (%) AT AE PA ARARE HO HE FIs 

Eastern Cluster 

         
BTH 37 10 100 54 3.4 2 5 0.620 0.665 0.066 

CAT 16 1 67 14 1.7 - - 0.667 0.333 -1.000 

CCC 26 13 89 43 3.2 - 4 0.477 0.614 0.222 

CFR 20 5 89 30 2.5 1 3 0.689 0.550 -0.238 

CKW 24 13 100 40 2.5 4 5 0.523 0.526 -0.024 

COL 48 12 78 29 1.9 - 1 0.394 0.397 -0.015 

ER2 10 5 67 17 1.7 - - 0.500 0.326 -0.527 

EUT 33 30 100 57 3.9 - 9 0.463 0.650 0.231 

GCR 48 6 78 26 2.4 1 2 0.356 0.471 0.316 

HEM 40 5 89 26 2.8 - - 0.578 0.544 -0.016 

KNX 25 3 100 31 2.8 2 3 0.537 0.600 0.133 

LCC 24 18 89 38 2.8 - 4 0.476 0.555 0.147 

LIL 24 21 89 44 2.7 - 4 0.452 0.562 0.194 

MAN 48 1 33 10 1.1 - - 0.333 0.167 -1.000 

NAG 30 3 78 20 3.1 - - 0.667 0.586 -0.158 

PCB 48 12 89 29 1.9 - 5 0.397 0.391 0.013 
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PER 48 5 100 37 3.4 - - 0.583 0.642 0.044 

PIA 14 1 44 15 1.4 1 1 0.444 0.222 -1.000 

PWP 48 27 100 56 3.6 - 4 0.540 0.670 0.169 

SAL 30 14 100 43 3 - 1 0.563 0.612 0.030 

SHE 24 5 89 26 2.3 - 1 0.511 0.479 -0.045 

SHO 24 16 89 49 3.4 - 5 0.596 0.566 -0.062 

STO 10 5 89 25 2.3 - 2 0.454 0.498 0.129 

TAL 24 3 89 25 2.2 - 1 0.611 0.480 -0.266 

TER 34 22 89 41 2.9 - 5 0.529 0.579 0.081 

WBF 43 21 89 53 3.5 - 10 0.578 0.623 0.082 

Eastern Mean 30.8 10.7 85.1 33.8 2.6 0.4 2.9 0.521 0.5112 -0.096 

Eastern Pooled 800 277 100 129 6.1 27 99 0.529 0.767 0.297 

Western Cluster 

         
BCB 25 8 78 21 1.9 - - 0.597 0.404 -0.367 

BCL 48 27 100 69 2.7 1 8 0.503 0.573 0.125 

BCP 48 2 67 17 1.7 1 1 0.444 0.292 -0.547 

BLU 25 9 78 28 2.5 1 1 0.460 0.506 0.062 

BSF 23 21 89 43 3.1 - 2 0.546 0.543 -0.010 

CAD 39 18 100 31 3.3 1 1 0.633 0.657 0.085 

CHR 30 18 89 45 3.2 - 1 0.580 0.598 0.030 

DCR 15 1 44 13 1.4 - 1 0.444 0.222 -1.000 

DRP 23 13 100 41 3.3 2 7 0.562 0.599 0.070 

HAM 47 2 100 28 2.2 - - 0.444 0.528 0.170 

HOL 10 8 89 34 2.9 - 1 0.545 0.495 -0.098 

HPC 25 14 89 31 2.1 - - 0.467 0.469 -0.020 

KAN 43 10 89 43 3.4 - - 0.559 0.599 0.090 

LAW 30 12 89 29 1.9 - 1 0.492 0.392 -0.185 

LEE 24 12 100 56 4.1 - 6 0.643 0.703 0.096 
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LHP 20 4 89 22 1.9 - 2 0.611 0.406 -0.442 

LL1 25 1 56 14 1.6 - - 0.556 0.278 -1.000 

LL2 25 7 78 38 3.4 - 1 0.613 0.580 -0.055 

LL3 24 24 78 51 3.7 1 7 0.495 0.577 0.141 

LOC 38 3 56 16 1.6 - - 0.278 0.264 -0.134 

MLK 24 2 67 18 1.8 1 1 0.611 0.375 -0.622 

MS1 24 4 78 18 3.5 - - 0.611 0.674 0.072 

MS2 23 1 67 15 0.8 1 1 0.111 0.056 -1.000 

MWR 25 14 78 38 2.3 1 1 0.524 0.442 -0.092 

OFR 33 6 89 36 2.9 - 2 0.550 0.512 -0.082 

PMQ 60 4 89 26 2.2 - 1 0.583 0.441 -0.313 

RCA 25 16 100 49 3.8 1 4 0.490 0.645 0.273 

RL 27 12 100 44 3.6 2 5 0.681 0.639 -0.064 

ROC 25 1 56 14 1.6 - - 0.556 0.278 -1.000 

SAN 21 1 78 16 1.8 1 2 0.778 0.389 -1.000 

SFP 25 7 100 27 2.1 1 1 0.456 0.482 0.014 

SUS 30 8 100 37 3 - 1 0.602 0.603 0.088 

TYG 48 2 89 20 2 - - 0.722 0.444 -0.600 

WDP 27 3 89 26 2.5 1 2 0.444 0.531 0.192 

WES 22 9 100 45 3.1 - 3 0.537 0.590 0.078 

WSL 11 9 100 40 3.5 - 5 0.600 0.647 0.078 

Western Mean 28.8 8.7 84.4 31.6 2.6 0.4 1.9 0.537 0.484 -0.194 

Western Pooled 1037 313 100 126 5.9 24 94 0.574 0.732 0.226 

Species Mean 29.6 9.5 84.7 32.5 2.6 0.4 2.3 0.530 0.496 -0.153 

Species Pooled 1837 590 100 153 6.5 - 144 0.553 0.765 0.273 
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Figure 2.1. Map of 62 A. triloba study populations. The reported range of A. triloba from Little 

(1977) is outlined in blue and filled with grey. 
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Figure 2.2. Relationship between inbreeding coefficient (FIS) and number of multilocus 

genotypes in A. triloba (MLG) (r = 0.67, p = 2.0 x 10-9). 
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Figure 2.3. Pie charts for 62 populations of A triloba indicating the proportion of individuals in 

each population assigned to the eastern cluster (red) and western cluster (blue) identified by 

STRUCTURE. The Tombigbee River in Alabama is indicated in blue. 
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Figure 2.4. Results of a principal components analysis of genotypes from 62 A. triloba 

populations. 
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Figure 2.5. Relationship between expected heterozygosity (HE) and latitude of A. triloba 

populations (p = 0.068). 
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Figure 2.6. Relationship between number of rare alleles (alleles with a frequency < 0.1 within 

populations) and latitude of A. triloba populations (r = 0.28, p = 0.03). 
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Figure 2.7. Realized present-day niche of A. triloba modeled through maximum entropy using 

seven climatic variables (Worldclim) and elevation (USGS). Light pink indicates areas of 

unsuitable habitat, with yellow and green indicating increasing suitability of habitat for A. 

triloba. 
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Figure 2.8. Projection of habitat suitability for Asimina triloba during the Last Glacial Maximum 

in the Pleistocene Epoch (~22,000 YBP), as inferred from the average of three climatic data sets 

(CCSM4, MIROC, and MPI-ESM) from six bioclimatic variables as well as elevation.  Light 

pink indicates areas of unsuitable habitat, with yellow and green indicating increasing suitability 

of habitat for A. triloba. 
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Figure 2.9. Predictions of A. triloba habitat suitability during the Mid Holocene Epoch (~6,000 

YBP), as inferred from the average of three climatic data sets (CCSM4, MIROC, and MPI-ESM) 

from six bioclimatic variables as well as elevation.  Light pink indicates areas of unsuitable 

habitat, with yellow and green indicating increasing suitability of habitat for A. triloba. 
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Figure 2.10. Projection of habitat suitability for Asimina triloba for the year 2070, as inferred 

from the average of three climatic data sets (CCSM4, MIROC, and MPI-ESM) and two RCP 

pathways (2.6 and 8.5) from seven bioclimatic variables as well as elevation. Light pink 

indicates areas of unsuitable habitat, with yellow and green indicating increasing suitability of 

habitat for A. triloba. 
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CHAPTER 3 

 

 

 

 

GENETIC DIFFERENCES BETWEEN ANTHROPOGENIC AND WILD POPULATIONS OF 

ASIMINA TRILOBA (ANNONACEAE), A NORTH AMERICAN TREE SPECIES1 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
1 Graham E. Wyatt. To be submitted to Molecular Ecology 
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ABSTRACT 

 

Humans have long been implicated in the dispersal of North American flora during the 

Holocene. Human-mediated dispersal is a viable explanation for the apparent rapid long-distance 

dispersal of species lacking mechanisms to reliably achieve long-distance dispersal (i.e., gravity 

or small mammal-dispersed seeds), yet historic accounts provide little to no evidence of dispersal 

of plants by humans. Associations between pre-Columbian Native Americans and the useful 

flora surrounding their settlements have been observed throughout the New World and suggest 

interactions between utilized plants and humans. Frugivorous Pleistocene megafauna that went 

extinct ~12,000 YBP may have also played a key role in the dispersal of fruit-producing trees 

lacking extant analog dispersers. However, this hypothesis is difficult to test and cannot account 

for more recent (~12,000 YBP to present) dispersal events. Asimina triloba, which possesses the 

largest fruits of any native tree species, is thought to be an example of both an evolutionary 

anachronism with regard to seed dispersal (i.e., extinct co-evolved seed dispersers) and a tree 

species valued by humans. Seeds of this understory tree have been found in ancient Native 

American middens in the Ohio River Valley, and its fibrous bark was utilized as well. The results 

of this study found significantly lower levels of genetic diversity in putative anthropogenic 

populations (i.e., populations located < 1 km from pre-Columbian settlements) than wild 

populations for most genetic diversity parameters. However, observed heterozygosity was 

significantly higher in anthropogenic populations. This result appears to be due to the multilocus 

genotypes of these populations being heterozygous at a higher proportion of its loci. High levels 

of genetic structure among these northernmost anthropogenic populations is indicative of 

independent introductions from separate source populations followed by low gene flow among 
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these northern anthropogenic populations. This study provides the first direct genetic evidence of 

human manipulation of a valued eastern North American tree species, A. triloba. 

 

INTRODUCTION 

 

During ice age glacier advances, Northern Hemisphere plant species retreated to southern refugia 

and during subsequent warming periods there was extensive northward migration (Hewitt 2000; 

Davis & Shaw 2001; Lyford et al. 2003). Understanding historical patterns of plant dispersal and 

mechanisms responsible for movement during the warming climate that ensued after the last 

glacial maximum (LGM) (Clark et al. 2009) allow inferences regarding their capacity for range 

modification in response to future climatic shifts. Interestingly some tree species with limited 

apparent seed dispersal migrated considerable distances after glacial retreat in the late 

Pleistocene (~19,000 YBP), a phenomenon known as ‘Reid’s Paradox’ (Clark et al. 1998; 

MacDougall 2003).  In 1899 Clement Reid was the first of many to note the surprisingly rapid 

rate of northward migration from glacial refugia by large-seeded trees, such as oaks, into 

formerly glaciated regions of Great Britain.   

 

While some animal vectors can be effective long-distance seed dispersers, it has been 

hypothesized that humans may have also played a role in dispersing valued tree species beyond 

the southern limits of their glacial refugia (MacDougal 2003; Delcourt & Delcourt 2004; Abrams 

& Nowacki 2008). There is considerable evidence that pre-Columbian peoples had a marked 

impact on the North American landscape prior to the arrival of the first Europeans (Pyne 1983, 

Denevan 1992; Stewart 2002; Abrams & Nowacki 2008).  However, little attention has been paid 
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to the possible role of native peoples in the dispersal of useful plant species (but see Petit 2002; 

Cottrell et al. 2002; MacDougall 2003; Delcourt & Delcourt 2004; Abrams & Nowacki 2008) 

and some population genetic studies have intentionally avoided species valued or impacted by 

humans (Petit et al. 2003). One of the few studies involving a North American tree species used 

genetic markers and packrat middens (pollen and macrofossils) to investigate an isolated (by > 

200 km) northern stand of Pinus edulis (Colorado pinyon pine). Bentancourt et al. (1991) 

concluded that this isolated population originated by long-distance dispersal and postulated that 

Native Americans, who valued the pine nuts as a food source, served as the dispersal vectors.  

Additional evidence of human-mediated dispersal in North America comes from tobacco 

(Nicotania sp.) and bottle gourd (Lagenaria siceraria) (Asch 1995), which were thought to be 

absent from prehistoric Illinois and were later introduced by external contacts and subsequently 

cultivated as useful specialty-plant species. Wykoff (1991) has also asserted that black walnut 

(Juglans nigra), probably some hickories (Carya spp.), oaks (Quercus), and medicinal species 

were likely introduced into New York State prior to European contact. 

 

It is generally agreed that indigenous peoples inhabiting North America manipulated their 

environment to manage resources since their arrival ~15,000 (Morse & Morse 1983; Delcourt & 

Delcourt 2004) to 17,000 years before present (YBP) (Adovasio et al. 1978; Richland et al. 

2007). Yet debate remains about the uniformity of their influence over space and time (Muñoz et 

al. 2014). At least 15,000 YBP an ice-free corridor connected Alaska and the rest of the 

continental United States, permitting human migration into this region. Earlier arrival of humans 

in North America ~ 16,000 YBP also could have been possible along the coasts of the North 

Pacific (Erlandson et al. 2015). While Denevan (2011) estimated 2 million indigenous people 
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lived in North America in 1492, there is much controversy over the extent of anthropogenic 

impact on the present distribution of plant species. 

 

Some investigators maintain that impacts by indigenous peoples were ubiquitous, with few 

ecosystems escaping their impact (Denevan 1992; Krech 2000; Kay 2002; Abrams & Nowacki 

2008), but that after the introduction of Old World diseases by Spanish explorers and the 

decimation of indigenous populations (Lovell 1992), North American ecosystems recovered 

somewhat and may have obscured indigenous imprints on the landscape (Denevan 1992). Others 

have argued that landscape alteration near densely settled areas showed greater impacts, while 

more remote sparsely inhabited areas exhibited little anthropogenic alteration (Vale 1998; 2002; 

Parker 2002; Muñoz et al. 2014).  Muñoz et al. (2014) contended that agricultural and 

silvicultural impacts were localized to the immediate vicinity of settlements (< 1 km to tens of 

kilometers) and were greatest along riparian corridors, near settlements, and along trade routes. 

By approximately 2,000 YBP, indigenous societies throughout the river valleys of Eastern North 

America were interacting widely, erecting monuments, and producing sophisticated material 

culture (Wright 2017). Furthermore, plants used by indigenous people may show signs of 

manipulation in proximity to settlements but may exist in an un-manipulated state farther away. 

Variable land-use patterns were exhibited by indigenous peoples, including: 1) semi-nomadic 

hunter-gatherers with temporary encampments, 2) seasonal movements and periodic occupation 

of resource-specific sites (e.g., hunting grounds, fish and shellfish, nut trees) to 3) stable villages 

associated with agricultural fields or aquatic food sources (Abrams & Nowacki 2008). Highlands 

and Piedmont Lowlands were characterized by more temporary seasonal encampments 

(Pagaoulatos 1992). More stable villages were located along major rivers and tributaries of Ridge 
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and Valley areas and the Coastal Plain, while foraging destinations were scattered across the 

landscape. Hunter-gatherer groups were more typical in the north, and more agricultural-based 

subsistence was practiced from Massachusetts southward especially along major river lowlands 

(Patterson & Sassaman 1988). By 2,000 YBP, large agricultural fields associated with 

settlements were established in the floodplains of the larger Midwest and southern rivers (Fritz 

1990; Scarry & Scarry 2005). Some cultures relied heavily on nutritious nuts (i.e., 

balanocultures) of mast-producing species (chestnut, hickory, and oaks) for sustenance and are 

thought to have planted orchards and manipulated the distribution of some tree species (Abrams 

& Nowacki 2008). Acorns served as a particularly important dietary staple for many indigenous 

peoples (Bainbridge 1985; Logan 2005), and widespread acorn use almost certainly predates the 

widespread use of corn (Bainbridge 1985).  Inadvertent or intentional anthropogenic seed 

dispersal, particularly in these more heavily impacted portions of the landscape, may have 

contributed to post-glacial maximum range expansion (e.g., White 1906; Wykoff 1991; Keener 

& Kuhns 1997; Abrams & Nowacki 2008) and may help explain Reid’s Paradox. 

 

The overall goal of this study is to investigate the role of indigenous pre-Columbian people on 

the genetic characteristics of Asimina triloba. Asimina triloba, commonly called Pawpaw or 

Indian Banana, has the largest (5-16 cm long, 3-7 cm wide) edible fruits of any native North 

American tree and have a flavor described as a cross between banana, mango and pineapple. Its 

fruits were prized as a food source by Native Americans (e.g., Brooks & Johannes 1990; 

Peterson 1991; Keener & Kuhns 1997), and the fibrous bark was used as textile material to make 

rope and cloth (Peattie 1950). Asimina triloba may have been utilized medicinally as well 

(Krochmal & Krochmal 1973; Peterson 1991). Seeds of A. triloba have been found in middens 
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from the Ozarks and throughout the Ohio River Valley (Gilmore 1931; Jones 1936; Yarnell & 

Watson1966) and may have been dispersed by these and other cultures (Brooks & Johannes 

1990; Wykoff 1991; Peterson 1991; Keener & Kuhns 1997).  The first written record of A. 

triloba comes from Hernando de Soto’s expedition across Southeastern North America, which in 

1541 reported widespread planting of the tree by indigenous tribes of the southeast and mentions 

its flavor and fragrance (Pickering 1879). Some authors have asserted that A. triloba was grown 

by pre-Columbian humans (Peattie 1950; Peterson 1991; Hormaza 2014; Cai et al. 2019), 

although no known evidence for the cultivation of A. triloba orchards by Native Americans has 

been discovered.  There is however molecular evidence for pre-Columbian anthropogenic 

dispersal of Annona cherimola, between Central and South America (Larranaga et al. 2017). 

Annona cherimola shares a number of similarities with that of A. triloba in terms of being a 

woody perennial species with large, edible and nutritious fruits. 

 

The specific goals of this study are to 1) estimate the genetic diversity of A. triloba populations 

of putative anthropogenic origin (i.e., those occurring on or adjacent to known Native American 

settlements), 2) compare levels and patterns of genetic diversity between putative anthropogenic 

and wild populations (i.e., those not occurring near known Native American settlements). 

 

MATERIAL AND METHODS 

 

Study Species  

Asimina triloba is the most geographically wide-spread species within its genus, occurring from 

eastern Texas to New Jersey and as far northwest as southeastern Iowa, with the northern extent of 

the range being southern Ontario, Canada (Little 1977). Asimina triloba occurs in mesic, alluvial 
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forests along rivers and creeks and typically at less than 350 m elevation (Murphy 2001; Pomper et 

al. 2010; Freeman & Hulbert 1985), resulting in a patchy distribution across landscapes. 

Asimina triloba is an understory tree, with stems rarely exceeding a dbh greater than 20 cm (Wyatt 

pers. obs.). Information on the longevity of individual stems is scarce. A mature stem with a dbh of 

11.4 cm from a population in Georgia was observed to have 32 annual growth rings (G. Wyatt 

unpubl. data). Owing to its clonal growth through root-suckers (Keener & Kuhns 1997), populations 

of A. triloba are often dense and patchily distributed within their habitat, with larger stems often at 

the center of a patch. Also it is likely that individual genets persist for long periods of time (Hosaka 

et al. 2005; Wyatt & Trapnell Chapter 3 in prep). Mature stems produce flowers in the spring, 

typically after the last frost, and flowering on a given stem continues for roughly a month. Pollinators 

are weak flying insects such as flies, beetles, or small lepidoptera (Willson & Schemske 1980; 

Goodrich et al. 2006; Wyatt pers. obs.). Asimina triloba produces the largest edible fruits of any 

native tree in North America that can weigh up to 1 kg (Darrow 1975). Long-distance dispersal along 

rivers may be facilitated by the fact that the fruits float (Bowden & Miller 1951; Peterson (1991); 

Wyatt obs. pers.).  Seeds are also dispersed by racoons and coyotes (Cypher & Cypher 1999; Wyatt 

pers. obs.). Deer do not appear to disperse the seeds in the wild (Wyatt pers. obs.); only in captivity 

have they been shown to consume A. triloba fruits (Murphy 2001). It has been suggested that the 

highly nutritious fruits of A. triloba may be an evolutionary anachronism, in that frugivorous seed 

dispersers that co-evolved with A. triloba (e.g., mastodons, ground sloths, horses, etc.) are no longer 

extant (Janzen & Martin 1982; Poor 1984). 

 

Sampling 

Leaf samples were collected from 82 populations distributed throughout the species’ range.  

Populations were separated from one another by a mean of 681.3 km (range = 0.2 to 1845.8 km). 
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Twenty populations are classified as of  anthropogenic origin based on their location < 1 km 

from documented pre-Columbian habitations (i.e., villages or mound sites) (Muñoz et al. 2014).  

Sixty-two populations are designated as ‘wild’ as there were no known indigenous sites or trade 

routes located within a 1 km radius of these populations. It is important to note that some 

populations designated as ‘wild’ may in fact be anthropogenic, due to incomplete documentation 

regarding pre-Columbian population sites and the dating of possible occupation of sites that in 

some cases may date from 15,000 – 17,000 YBP (Adovasio et al. 1978; Morse & Morse 1983; 

Delcourt & Delcourt 2004; Williams et al. 2018). 

Leaf tissue samples were obtained from a mean of 28.1 individuals (range = 5 to 50) from each 

of the 20 anthropogenic A. triloba populations (Table 3.1; Figure 3.1) and a mean of 29.6 

individuals (range = 10 to 62) from the 62 wild populations (Figure 3.1). Leaves were collected 

from mature (≥ 3 m in height) stems separated by ≥ 10 m when possible to avoid sampling 

multiple ramets belonging to the same genet. Samples were snap frozen in liquid nitrogen for 

transport to the University of Georgia for analysis. 

 

Microsatellite Genotyping 

Frozen leaf tissue (~ 0.05 g) was pulverized and genomic DNA was extracted using a modified 

CTAB protocol (Doyle & Doyle 1983). DNA quality and quantity were evaluated using an ND-

1000 Nanodrop® spectrophotometer. Nine nuclear microsatellite loci were amplified with 

markers developed by Lu et al. (2011). PCR amplification was carried out in 12.5 µL reaction 

volumes containing 3.25 µL molecular grade ddH2O, 2.5 µL 5X One Taq® standard reaction 

buffer (New England Biolabs, Ipswich, MA), 0.35 µL 25 mM MgCl solution (Sigma-Aldrich), 

1.25 µL 10X (1 mg/mL) bovine serum albumin (Thermo-Fisher), 1 µL 2.5 mM dNTP mix (New 
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England Biolabs, Ipswich, MA), 1 µL primer mix (0.5 µM CAG-labeled primer and 5 µM 

unlabeled primer), 0.45 µL 10 µM universal dye-labeled primer, 0.2 µL One Taq® Hot Start 

DNA polymerase (New England Biolabs, Ipswich, MA), and 2.5 µL of diluted template DNA 

(20 ng/µL). A 3-primer PCR protocol was used whereby a CAG-tag sequence (Hauswaldt and 

Glenn 2003) was added to the 5’ end of one primer and a third fluorescently labeled (FAM, 

HEX, or NED) primer identical to the CAG-tag was included. 

 

Genetic Analyses 

Duplicate genotypes within populations that represented clones were removed such that only one 

individual per multilocus genotype (MLG) was included in subsequent genetic analyses. To be 

relatively certain that two individuals sharing an identical MLG were clones and not representing 

the identical MLG by chance, it was necessary to calculate the probability of identity (PI). This 

parameter is dependent on the number of loci, allele frequencies within a population, and the 

number of stems sampled in that population. PI was calculated for each population and gave the 

likelihood of two individuals within a population having an identical MLG by chance. The 

multilocus probability of identity (PIm) was calculated as PIm = Πs (PIs), where 

��� =  � ��	 + � �(2���)�
����

 

 

 

and xi and xj are the frequencies of the ith and jth allele, respectively. The probability of identity 

(PI) was adjusted for sample size (N) by PI = 1 – [ (1 – PIm)N].  
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Null alleles are a problem associated with microsatellite analyses and can potentially bias 

estimates of heterozygosity (Jarne & Lagoda 1996). A test for null alleles was performed in 

Genepop version 4.2 using Brookfield’s method (Raymond & Roussett 1995; Brookfield 1996). 

Genetic diversity statistics were estimated by GenAlEx version 6.51b2 (Peakall & Smouse 2006; 

Peakall & Smouse 2012). Measures of genetic diversity within populations were percent of 

polymorphic loci (P %), total number of alleles (AT), effective number of alleles (AE), number of 

private alleles (PA; i.e., an allele found in a single population), rare alleles (ARARE; alleles in ≤ 10 

% of populations), observed heterozygosity (HO), expected heterozygosity (HE), and the 

inbreeding coefficient (FIS). Population values were estimated and averaged across all 

populations while species level values were calculated by pooling data from both wild and 

anthropogenic populations. Observed heterozygosity (HO) and Hardy-Weinberg expected 

heterozygosity (HE) were compared for each locus in each population, using Wright’s inbreeding 

coefficient (FIS; Wright 1922, 1951) and deviations from Hardy-Weinberg expectations were 

tested for significance using χ2 (Li & Horvitz 1953). The Bonferroni correction for multiple 

comparisons was applied using FSTAT (Goudet 1995). 

 

Rarefaction of the total number of alleles (AT) and effective number of alleles (AE) was 

performed through the R-package “gstudio” version 1.5.0 using the default 999 re-sampling 

iterations (R Core Team 2013; Dyer 2016). This was done because the total number of 

individuals from sampled wild populations (N = 62) was greater than that of the anthropogenic 

populations (N = 20). Differences between these genetic parameters for wild and anthropogenic 

populations following rarefaction were analyzed for statistically significant differences. 

 



88 

 

The number of total sampled populations (82), samples per population (mean = 28.1), broad 

geographic sampling area, and the total number of alleles observed (163) allowed the 

identification of rare alleles, defined as alleles present in fewer than 10 % of the populations. 

Differences between numbers of rare alleles between wild and anthropogenic populations were 

estimated, as well as differences in pairwise geographic distances between populations in 

networks of rare alleles (i.e., populations sharing a rare allele). The pairwise distances between 

populations sharing a rare allele were expected to be smaller than pairwise distances between 

randomly chosen populations. The number of rare alleles was linearly regressed against latitude 

and tested for significance, to determine if there was a south-to-north pattern. 

 

Genetic structure among populations was estimated using Nei’s (1973) GST and pairwise GST 

values were calculated for all possible pairs of populations in GenAlEx.version 6.5.1b2 (Peakall 

& Smouse 2006; Peakall & Smouse 2012). Additionally, the mean number of shared alleles 

within a population (i.e., the average number of alleles that it shares with all other populations) 

was determined for each population. This number gives an estimate of genetic similarity to other 

populations and was shown to be analogous to pairwise GST values. These values were compared 

between wild and anthropogenic populations. STRUCTURE version 2.3.4 (Pritchard et al., 

2000), a Bayesian clustering approach, was used to estimate levels of genetic admixture among 

populations and the number of genetically distinct clusters (K) of all 82 sampled populations. 

Ten independent simulations at each K-value from 1 to 20 were run, using a burn-in of 500,000 

repetitions and a run length of 1,000,000 Markov chain Monte Carlo (MCMC) iterations. The 

admixture model was chosen to infer alpha (α). A model based on correlated allele frequencies 

with no prior assumptions regarding sampling locations was selected. The Evanno et al. (2005) 
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method was used to determine the optimal ∆K using Structure Harvester (Earl and vonHoldt 

2012). 

Estimates of isolation by distance (IBD; Wright 1943) were carried out by using regression: i) 

(GST / 1 - GST) and log geographic distance (Rousset 1997) for anthropogenic and wild 

populations. The results were evaluated for significance. 

 

Alleles that were present in anthropogenic populations were investigated for patterns that suggest 

origin or ancestry with wild populations. For example, alleles in low frequency among wild 

populations that increase in frequency with latitude and/or are present in a “stepping-stone” 

pattern of anthropogenic populations with increasing latitude would be indicative of human-

mediated dispersal. 

 

RESULTS 

 

Genetic Diversity 

Null allele frequencies were found to be non-significant for all loci and all populations (p = 

0.05). This is consistent with the excess of heterozygosity and negative FIS values observed in 

both anthropogenic and wild populations. Most population genetic statistics (MLG, P %, AT, AE, 

PA, ARARE) indicated that anthropogenic populations had less genetic diversity than wild 

populations (Table 3.2). In fact MLG (p = 0.01), AT (p = 0.01), AE (p = 0.09), ARARE (p = 0.03), 

and FIS (p = 0.02) were all significantly greater in wild populations than anthropogenic 

populations. P % and HE were not significantly different between wild and anthropogenic 

populations (p = 0.17; p = 0.14, respectively) but the wild populations had higher levels of 
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genetic diversity for both parameters. Observed heterozygosity (HO) was the only statistic that 

was higher in anthropogenic populations (mean = 0.586) than wild populations (mean = 0.530) at 

a significance level of 0.1 (p = 0.08; Table 3.2). Anthropogenic populations had significantly 

fewer total alleles (AT) (mean = 25, pooled = 95) than wild populations (mean = 32.5, pooled = 

153) (p = 0.01; Figure 3.2). The rarefaction of genetic data revealed that the differences in the 

total number of alleles (AT) and effective number of alleles (AE) between anthropogenic and wild 

populations are not likely due to the lower number of anthropogenic populations (p < 0.01). The 

results of rarefaction on these statistics are shown in Figures 3.3 and Figure 3.4. The mean FIS 

value for wild populations (-0.153) was significantly higher than that of anthropogenic 

populations (-0.426) (p = 0.02; Table 3.2). This indicates that the anthropogenic population had a 

greater excess of heterozygosity relative to Hardy-Weinberg expectations that of the wild 

populations. 

 

A total of 27 private alleles (PA) were found in 20 wild and eight private alleles were found in 

five anthropogenic populations. These large differences may be due to differences in the number 

of sampled populations between anthropogenic (N = 20) and wild populations (N = 62). The 

large number of sampled populations (82) and highly polymorphic markers, which yielded 163 

alleles in total across all 9 loci, permitted analyses into networks of rare alleles. A total of 54 rare 

alleles (i.e., those occurring in 2-8 populations of the 82 total) were found in 53 wild populations 

and 14 anthropogenic populations. Rare alleles occurring exclusively in networks of wild 

populations (N = 34 [ 63 %]) were more numerous than those occurring in mixed networks of 

wild and anthropogenic populations (N = 20 [37 %]). No rare alleles were exclusively within 

anthropogenic populations. The number of rare alleles decreased with increasing latitude (Figure 
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3.5; p = 0.0001). The number of rare alleles was significantly greater in wild populations than 

anthropogenic populations (p = 0.03). The mean pairwise distances between populations within 

networks of all rare alleles was 623.6 km. This differed significantly (p = 0.002) from a random 

distribution of equal size generated in R (R Core Team 2013), having the same mean and 

standard deviation as all pairwise distances for all 82 populations. The mean pairwise distance 

for networks of wild populations sharing a rare allele was 589.5 km, significantly less (p < 0.01) 

than the overall mean population pairwise distance (681.3 km). For mixed networks of wild and 

anthropogenic populations sharing a rare allele, the mean pairwise distance was 714.9 km, 

significantly greater than the distance for wild only networks of rare alleles (Figure 3.6). 

 

Global GST among the 62 wild populations was 0.341, while the global GST among the 20 

anthropogenic populations was 0.381. Mean pairwise GST for wild populations was 0.243 and 

was 0.293 for anthropogenic populations. The mean number of shared alleles for wild 

populations was significantly higher than that of anthropogenic populations (p = 0.03). Northern 

populations of A. triloba associated with pre-Columbian population centers had high levels of 

genetic structure (GST) between each other (Figure 3.7). The mean GST between the four 

northernmost anthropogenic populations was 0.408. Additionally, the four populations with the 

lowest pairwise GST for each of the four northern anthropogenic populations are all located long 

distances (> 450 km) away (Figure 3.7). Simulations from STRUCTURE yielded an optimal K = 

2, with mean Ln P(D) ranging from −63469.2 to −42744.8. The Q-matrix of the simulation with 

the highest estimated Ln P(D) for K = 2 was converted into pie frequency charts for each 

population (Figure 3.8). The two genetic clusters identified were consistent with results using 

only the 62 wild populations in Wyatt & Trapnell Chapter 1 (in prep). As with that analysis, 
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these two clusters fell primarily on either side of the Appalachian Mountains, along with an east-

west phylogeographic discontinuity along the Tombigbee drainage in Alabama (Figure 3.8). 

 

Estimates of isolation by distance using the Rousset (1997) method revealed a weak but 

significant relationship between GST and geographic distance in wild populations (r = -0.006; p = 

3.4.x 10-13). No relationship between GST and geographic distance was observed for 

anthropogenic populations (r  = 0.06; p = 0.37). 

 

Patterns of specific alleles in anthropogenic populations that may indicate origin or ancestry with 

wild populations were observed. Among these are allele 157 at locus Pp-B128 (Figure 3.9), 

which appears to increase in frequency and becomes only associated with anthropogenic 

populations above approximately 39° N latitude. A similar pattern is observed in allele 177 at 

locus Pp-B128 (Figure 3.10). Interestingly, while the anthropogenic populations LM1 and LM2 

have close to the same latitude as the anthropogenic population SU1 (Figure 3.1; Figure 3.10), 

they are 682.5 km away from SU1. Those three populations are the only to share allele 177 at 

locus Pp-B128 above 39° N latitude. Allele 207 at locus Pp-124 is less common, found only in 

four populations, but appears in the anthropogenic population FCP in Florida and at a much 

higher frequency 1242.6 km northward in anthropogenic population LCN in Michigan (Figure 

3.11). Allele 240 at locus Pp-121 is a more common allele, found in 27 populations, although it 

shows a similar pattern to the aforementioned alleles. It is present in a southern anthropogenic 

population and many wild southern populations, with five out of six of its more northern host 

populations being anthropogenic (Figure 3.12). Allele 354 at locus B103 appears likely to have 
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originated in the western part of the range, although it is found in very distant anthropogenic 

populations (LM1, PET, and FCP) (Figure 3.13). 

 

DISCUSSION 

 

Comparisons of Genetic Diversity in Anthropogenic and Wild Populations 

Lower levels of genetic diversity for populations occurring near sites historically occupied by 

humans has been observed in other plant genera, such as Agave (Parker et al. 2007), Spondias 

(Miller & Schaal 2006), Phaseolus (Bitocchi et al. 2012), Theobroma (Risterucci et al. 2002), 

and Annona (Larranaga et al. 2017) (see also Levis et al. 2017). The significantly lower total 

number of alleles in anthropogenic populations (mean = 25) as compared to wild populations 

(mean = 32.5) suggests that human impacts have decreased the genetic diversity of 

anthropogenic populations of A. triloba (Figure 3.2). These results suggest that seeds and/or 

propagules were removed from wild populations to pre-Columbian population centers and/or 

were potentially transported long distances. Seeds or propagules obtained from wild populations 

were likely selected for favorable traits (i.e., fruit production, fruit size, and/or fiber quality) 

(Peattie 1950; Peterson 1991). While the large difference in the number of sampled 

anthropogenic and wild populations (20 vs. 62) may explain the difference in the number of 

private alleles observed between the two, differences in other genetic diversity measures, such as 

MLG and total number of alleles, are likely not a reflection of the number of sampled 

populations. The number of sampled stems for anthropogenic and wild populations are nearly 

identical (28.1 vs. 29.6), and the method of sampling did not differ between the two population 
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types. Rarefaction of the mean number of alleles also showed that anthropogenic populations had 

less genetic diversity than wild populations (Figure 3.3). 

 

FIS has been observed to be low in populations of organisms that reproduce asexually (Birky 

1996; Ballou et al. 2003; Bryzski & Culley 2011; Meloni et al. 2013). This observation is 

consistent with findings from Wyatt & Trapnell (in prep), in that the anthropogenic populations 

sampled in that study are more clonal than wild populations. The significant excess 

heterozygosity in anthropogenic populations (p = 0.021) may have resulted from the dominance 

of well-adapted genotypes over time, eventually leading to the wide-spread establishment of one 

or a few individuals within these populations. Another explanation for the excess heterozygosity 

observed in anthropogenic populations, especially those from more northern latitudes, is that 

seeds or propagules were dispersed from multiple source populations. This trend of decreasing 

genetic diversity with increasing heterozygosity has been observed to occur in wild populations 

of Fagus in Europe (Comps et al. 2001), though human-interactions could have accelerated this 

trend in the case of A. triloba. 

 

GST values of anthropogenic populations were slightly higher than those of wild populations, 

indicating higher population differentiation among those populations. This observation is 

consistent with the result that wild populations have significantly greater mean number of shared 

alleles than anthropogenic populations. The four northernmost populations (CHA, CON, LCN, 

and WEN ) are anthropogenic, have high GST values amongst each other (mean = 0.41), and the 

overall pairwise GST among all anthropogenic populations is much lower (mean = 0.29). Each of 

these four northern populations have low GST values with other populations (both wild and 
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anthropogenic) farther south (Figure 3.7). This may be indicative of long-distance dispersal 

events followed by periods of low or non-existent gene flow between these four populations. 

Populations also become very patchy and infrequent north of 40° N (Keener & Kuhns 1997; 

Wyatt pers. obs.). Seeds of A. triloba have not been found in trash middens from Archaic sites 

from areas around Lake Erie and northward, which may be an indication that the introduction of 

A. triloba to these areas may have occurred more recently than 3,000 YBP, or perhaps that the 

fruits of A. triloba were not the primary reason that these populations were established.  

 

Regardless of the dispersal vector, be it natural or anthropogenic, the high GST values among 

sampled populations in the north is indicative of multiple separate introductions from genetically 

distinct source populations followed by low gene flow between populations, rather than a single 

introduction that subsequently spread. Only one ethnohistorical account exists of A. triloba being 

consumed for food by indigenous tribes of the northeast (Keener & Kuhns 1997). Populations at 

this latitude tend to be isolated as compared to lower latitudes, and at present appear to have not 

expanded from locations associated with historically-known village sites (Keener & Kuhns 1997; 

Wyatt pers obs). Almost no fruit-set was observed in the four northernmost and anthropogenic 

populations (one fruit on 127 sampled stems), likely due to the low numbers of MLGs present in 

those populations and/or climatic conditions (Table 3.2). This raises the question of why Native 

Americans would disperse A. triloba to the edge of its present range if it does not yield fruit. A 

possible answer is that the tree provided some resource other than fruit, perhaps fibrous bark, 

which can be easily processed into rope or other useful materials (Peattie 1950; Wyatt pers. obs.) 

or medicinal use (Krochmal & Krochmal 1973). An alternate and compatible explanation may be 

that these four populations once consisted of more MLGs, but the lack of sexual reproduction 
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coupled with the loss of poorly adapted MLGs led to the low numbers of MLGs currently found 

in those populations. Associations between certain useful plant species and known pre-

Columbian settlements have been observed in other locations in the Americas (Yarnell 1965; 

Parker et al. 2010; Larranaga et al. 2017; Levis et al. 2017). 

 

The results from the STRUCTURE analysis on all 82 populations are concordant with Wyatt & 

Trapnell (in prep), in that they show an east-west discontinuity, thought to have arisen from post-

glacial range expansion from separate refugia. Strong differentiation between anthropogenic and 

wild populations were not observed overall, however some anthropogenic populations (FCP, 

OSF, SEL, and SU1) are located notably outside the geographic boundaries of their inferred 

genetic cluster, which could have resulted from long-distance human-mediated dispersal. 

 

Populations along the Little Miami River in southwest Ohio (LM1, LM2, and LM3) are among 

the best examples of anthropogenic populations. Not only are the populations located less than a 

kilometer from numerous earthwork mounds from the Fort Ancient culture (~2,000 YBP), but 

seeds of A. triloba have been found in the trash middens of those sites (Keener & Kuhns 1997). 

Two of the Little Miami River populations (LM2 and LM3) were characterized by low numbers 

of MLGs (one and three), low numbers of total alleles (AT), and low FIS values (-1.00 and -

0.383). LM1 was located farther from the earthworks (~900 m) and had a much higher number 

of MLG (14), 43 total alleles, and an FIS value of 0.125, traits that are more like those of wild 

populations. 
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The findings in this study could provide evidence to inform archaeological investigations of sites 

previously unexcavated or unexamined. Several populations designated as wild have genetic 

diversity parameters that are more similar to populations in anthropogenic sites, possessing low 

genetic diversity and appearing to share few alleles with surrounding wild populations. An 

example of this is population PIA along the Mississippi River north of St. Louis, which consisted 

of only one MLG and appeared to have a high genetic similarity to populations east of the 

Appalachians (Wyatt & Trapnell, in prep). 

 

The overall decrease in the number of rare alleles (i.e., alleles found in ≤ 10 % of populations) 

with increasing latitude (Figure 3.5) are consistent with findings in Wyatt & Trapnell (in prep), 

which saw decreases in genetic diversity with increasing latitude in wild A. triloba populations. 

This decrease in rare alleles present in southern refugia likely reflects the loss of alleles due to 

founder effects associated with northward migration and relatively low levels of gene flow 

following colonization (Hewitt 1999). 

 

Allelic Evidence 

An allele that is common or present only in certain anthropogenic populations and/or separated 

from populations sharing that particular allele provide possible evidence for long-distance 

dispersal by humans. Dispersal of an allele over 1,242 km (as in the case of allele 207 at locus 

124; Figure 3.11) would be difficult to account for via animal dispersers. Given the high 

mutation rate of microsatellites relative to other genomic regions, mutation cannot be discounted 

as a possible explanation for these patterns. However, there are additional examples of alleles 

showing similar pattern expected via long-distance dispersal (Figures 3.9, 3.10, 3.12, and 3.13). 
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Recently, knowledge regarding movement and trade of indigenous people in eastern North 

America has increased. Humans in North America were exchanging goods over distances as 

great as 1,000 km as early as the Archaic Period (~ 8000 – 3000 YBP) (Sanger et al. 2018). 

Taking into account the possible long-distance exchange among indigenous peoples of Eastern 

North America and the long period of time during which these exchanges may have occurred, 

human-mediated dispersal is a viable explanation for these allelic patterns. 

The high degree of genetic structure between the northernmost anthropogenic populations would 

suggest low rates of gene flow between those populations and may be a result of the especially 

patchy distribution of A. triloba at that latitude. Fruit-set is low in these populations (G. Wyatt, 

obs. pers.) and this could contribute to low rates of gene flow between these populations. 

Additionally, it could reflect the genetically distinct source populations that colonized those 

areas (Figure 3.7). 

 

CONCLUSIONS 

 

This study represents the first investigation into human-mediated dispersal of a useful tree 

species in Eastern North America using genetic markers. Perhaps the most salient finding was 

that genetic diversity statistics (e.g., MLG, AT, AE, PA, ARARE and FIS) were significantly higher in 

wild populations than putative anthropogenic populations, while Ho was significantly lower. 

Lower genetic diversity in anthropogenic populations of A. triloba could have occurred through 

early domestication of this wild tree species and/or through repetitive founder events. Along with 

these possibilities, the high levels of genetic structure observed in northern anthropogenic 

populations suggests independent dispersal and colonization events from southern source 
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populations and low levels of subsequent gene flow, which is consistent with the expectation of 

human-mediated dispersal into widespread northern habitats. The presence and distribution of 

certain alleles in regards to frequency in putative anthropogenic populations may also provide 

evidence to human-mediated dispersal. 
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Table 3.1. Sampled anthropogenic populations and association with pre-Columbian settlements. 

 

Population Samples Location Latitude Longitude Culture or Period Reference 

FCP 35 Florida Caverns State Park, FL 30.8101 -85.227 Fort Walton Gardner 1966 

PET 24 Pettigrew State Park, NC 35.7930 -76.4126 Late Woodland Phelps 1983 

TUN 25 Tunica Hills WMA, LA 30.9303 -91.5136 Tunica Perrault 2008 

FHM 50 Fort Hill Memorial, OH 39.1230 -83.4006 Hopewell Prufer 1964 

LM1 17 Little Miami River, OH 39.4103 -84.099 Fort Ancient Connolly 2004 

LM2 24 Little Miami River, OH 39.4102 -84.1014 Fort Ancient Connolly 2004 

LM3 14 Little Miami River, OH 39.4088 -84.1001 Fort Ancient Connolly 2004 

MC1 16 Mammoth Cave, KY 37.204 -86.1394 Woodland Yarnell & Watson 1966 

MC2 18 Mammoth Cave, KY 37.1779 -86.1083 Woodland Yarnell & Watson 1966 

MC3 12 Mammoth Cave, KY 37.1483 -86.0929 Woodland Yarnell & Watson 1966 

OSF 36 Old Stone Fort State Park, TN 35.4852 -86.1034 Middle Woodland Yerka 2010 

SEL 5 Sellars Farm Archeological Site, TN 36.1694 -86.2363 Mississippian Butler 1981 

CFP 50 Cunningham Falls State Park, MD 39.6325 -77.4556 Late Woodland Bedell et al. 2011 

POC 50 Pocahontas State Park, VA 37.3812 -77.5834 Powhatan Higgins et al. 1995; Kandle et al. 1996 

SCI 25 Scioto Trail State Park, OH 39.2160 -82.9736 Middle Woodland Case & Carr 2008 

SU1 32 Susquehanna State Park, MD 39.6104 -76.1467 Late Woodland MacNamara 1982 

CON 30 Conneaut, OH 41.9334 -80.6107 Woodland Wallace 1952; Brose 1976 

LCN 48 Love Creek Nature Center, MI 41.9512 -86.3062 Late Woodland Hinsdale 1944; Lovis 1974 

CHA 40 Chautauqua Creek, NY 42.3388 -79.6040 Late Woodland Wallace 1952; Bennett 1986 

WEN 10 Wendt County Beach Park, NY 42.6792 -79.0516 Late Woodland Bennett 1986 
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Table 3.2. Summary statistics of A. triloba nuclear genetic diversity in 20 putative anthropogenic 

populations. N = sample size, MLG = number of multilocus genotypes, P (%) = percent of 

polymorphic loci, AT = total number of alleles, AE = effective number of alleles, PA = number of 

private alleles, ARARE = number of rare alleles (i.e., alleles in ≤ 10% of populations), HO = 

observed heterozygosity, HE = expected heterozygosity, and FIS = inbreeding coefficient. 

 

Population N MLG P (%) AT AE PA ARARE HO HE FIS 

Anthropogenic           

CFP 50 1 56 13 1.4 - 1 0.556 0.278 -1.000 

CHA 40 1 33 11 1.2 - - 0.333 0.167 -1.000 

CON 30 2 89 24 2.4 - 1 0.778 0.528 -0.467 

FCP 35 7 56 26 2.5 1 6 0.381 0.396 0.088 

FHM 50 6 100 29 2.4 3 3 0.491 0.545 0.058 

LCN 48 4 89 18 1.8 - 3 0.778 0.448 -0.690 

LM1 17 14 100 43 3.3 - 1 0.583 0.632 0.125 

LM2 24 1 67 15 1.7 - - 0.667 0.333 -1.000 

LM3 14 3 78 20 2.1 - - 0.593 0.444 -0.383 

MC1 16 7 100 33 2.7 - 3 0.501 0.532 0.098 

MC2 18 10 100 36 2.5 - - 0.658 0.541 -0.194 

MC3 12 1 44 13 1.4 - 1 0.444 0.222 -1.000 

OSF 36 3 100 30 2.9 2 4 0.630 0.537 -0.179 

PET 24 22 89 33 2.3 - 2 0.479 0.495 0.051 

POC 50 6 67 21 2.0 - - 0.537 0.403 -0.400 

SCI 25 1 67 15 1.7 1 1 0.667 0.333 -1.000 

SEL 5 2 78 22 2.3 - 2 0.722 0.472 -0.562 

SU1 32 11 89 39 3.1 - 3 0.606 0.559 -0.111 
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TUN 25 7 100 45 3.9 1 8 0.651 0.668 0.044 

WEN 10 1 67 15 1.7 - - 0.667 0.333 -1.000 

Mean 28.1 5.5 78 25 2.3 0.40 2.0 0.586 0.443 -0.426 

Pooled 561 105 100 95 5.7 8 - 0.59 0.706 0.17 

Wild Mean 29.6 9.6 84.7 32.5 2.4 0.44 3.3 0.530 0.496 -0.153 

Wild Pooled 1837 590 100 153 6.5 27 - 0.553 0.765 0.273 
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Figure 3.1. Map of 82 Asimina triloba wild and putative anthropogenic populations. Red dots 

represent populations of putative anthropogenic origin while blue dots represent wild 

populations. 
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Figure 3.2. Comparison of total number of alleles for anthropogenic and wild populations (p = 

0.01) 
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Figure 3.3. Histogram showing the distribution of the mean total number of alleles present 

through rarefaction (999 random sub-sampling of the data) for putative anthropogenic and wild 

populations of A. triloba (p < 0.01). 
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Figure 3.4.  Histogram showing the mean effective number of alleles per locus after rarefaction 

(999 sub-sampling of the data) in both putative anthropogenic and wild populations (p < 0.01). 
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Figure 3.5. Number of rare alleles (present in less than 10% of populations) and latitude (p < 

0.05). 
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Figure 3.6. Distribution of pairwise geographic distances for various networks of rare alleles 
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Figure 3.7. Map showing pairwise GST values among the four northernmost A. triloba 

populations, all of which are of putative anthropogenic origin (LCN, CON, CHA, and WEN), as 

well as between these four populations and the populations with which they share the lowest GST 

values. Red diamonds designate putative anthropogenic populations and turquoise designate wild 

populations. Black lines connect the anthropogenic populations while blue lines connect these 

populations with the populations that are most genetically similar. Straight-line distances (km) 

between populations are displayed in brackets under the GST values. 
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Figure 3.8. Pie frequency charts for all sampled populations showing percentage of populations 

assigned to one of the two k-clusters from STRUCTURE v 2.3.4. The Tombigbee River in 

Alabama is indicated in navy blue. Anthropogenic populations are designated with an “A.” The 

reported range of A. triloba from Little (1977) is outlined in blue. 
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Figure 3.9. Map of A. triloba populations where allele 157 at locus Pp-B128 occurred. Colors 

indicate population designation. 
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Figure 3.10. Map of A. triloba populations where allele 177 at locus Pp-B128 occurred. Colors 

indicate population designation. 
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Figure 3.11. Map of A. triloba populations where allele 207 at locus Pp-124 occurred. Colors 

indicate population designation. 
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Figure 3.12. Map of A. triloba populations where allele 240 at locus Pp-121 occurred. Colors 

indicate population designation. 

 

 

 

 

 



129 

 

Figure 3.13. Map of A. triloba populations where allele 354 at locus Pp-B103 occurred. Colors 

indicate population designation. 

 

 

 

 

 



130 

 

 

 

CHAPTER 4 

 

CLONALITY AND SPATIAL GENETIC STRUCTURE OF ASIMINA TRILOBA 

(ANNONACEAE) POPULATIONS ACROSS A BROAD GEOGRAPHIC RANGE1 
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ABSTRACT 

Clonality and the effects of clonal growth on spatial genetic structure were investigated in 

populations of Asimina triloba, a wide-ranging tree native to Eastern North America. Measures 

of clonality were observed across the native range of A. triloba for wild populations as well as 

those that may have been manipulated by pre-Columbian humans. Spatial genetic structure 

analyses were performed in 40 populations to understand how clonal growth effects the 

relatedness of individuals through space. 

A broad trend in increased clonality at higher latitudes was observed, indicative of an increased 

dependence on clonal growth at the northern edge of the species’ range. A similar, though less 

significant trend was observed with decreasing (westward) longitude. Several measures of 

clonality were significantly higher in putative anthropogenic populations than wild populations. 

Additionally, higher clonality was associated with strongly heterozygous individuals and may 

reflect adaptation to harsher climates found at the edges of the species’ range. Given the size and 

extent of genets, especially at the edges of the species’ range, it appears that clonal growth is an 

important means of growth and persistence of individuals. Spatial genetic structure of A. triloba 

is entirely linked to clonal growth, and is not significantly influenced by sexual reproduction and 

seed dispersal. Fruit-set was significantly greater in populations with a higher number of 

multilocus genotypes, as expected for a strongly self-incompatible species. 

 

INTRODUCTION 

Asexual propagation is common among angiosperms and serves to accomplish reproduction and 

assure persistence without incurring the potentially high costs associated with sexual 

reproduction, i.e., production of flowers and fruits. In populations that are locally adapted, this 
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form of reproduction also insures maintenance of co-adapted multilocus gene complexes. While 

ecological functions of clonal growth are reasonably well-understood for herbaceous species, this 

is less true for woody species (Hosaka et al. 2005).  Woody species can undergo asexual 

propagation via collar sprouts, root sprouts, opportunistic sprouts from layered branches, or 

specialized underground stems (i.e., rhizomes). An additional advantage is that each ramet in a 

clone may obtain resources from the more established individual to which it is connected. A 

potential drawback of asexual propagation is that ramets may face direct competition for 

resources (e.g., light, water, soil nutrients) with the parent plant as well as other ramets of the 

parent plant. This may be a problem for sexually produced progeny as well, although less likely 

or less severe in tree species due to seed dispersal mechanisms. However, it is conceivable that 

ramets arising from root sprouts, or root suckering face less competition (Del Tredici 2001) as 

roots have the potential to tap resources beyond the canopy of the parental plant. Root 

connections between ramets may remain functional for decades or even hundreds of years (e.g., 

Populus tremuloides: Cook 1983). 

 

The North American understory tree Asimina triloba (Annonaceae) is by far the most 

geographically wide-spread member of this temperate genus (Weakley 2012), occurring in 26 

US states and extending into southern Canada. The fruits are edible and the largest of any native 

North American fruit tree (Pomper et al. 2010). Asimina triloba typically occurs in mesic 

hardwood and alluvial forests along rivers and creeks, at less than 350 m elevation (Pomper et al. 

2010; Freeman & Hulbert 1985), resulting in a non-continuous distribution across landscapes. 

This species propagates via root suckering, a trait observed in approximately 25% of temperate 

angiosperm tree species (Pomper et al. 2009; Burns & Honkala 1990; Del Tredici 2001). 
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Consequently, stands of A. triloba are typically dense and patchy. Hosaka et al. (2005) found 

high survivorship of newly formed ramets, which likely contributes to population persistence. In 

three Maryland populations, ramet recruitment rates far exceed mortality rates (Hosaka et al. 

2008).  

 

Asimina triloba has been observed to form entirely clonal patches consisting of only one 

multilocus genotype (Rogstad et al. 1991; Pomper et al. 2009) however the degree of clonality of 

A. triloba populations across its broad geographic range has not been investigated before now. 

The extent of clonal versus sexual reproduction, and the size of clones have direct effects on the 

spatial genetic structure (SGS) of populations. In addition to clonality, the magnitude and extent 

of SGS can also be influenced by patterns of pollen movement and especially seed dispersal.   

 

Our objective is to assess the extent of clonal reproduction in 82 populations and SGS in 40 

populations of A. triloba from across its broad geographic range. The specific goals are to 1) 

determine the size and extent of genets within populations, and how patterns of clonality vary 

across the geographic range of the species 2) determine if putative anthropogenic populations 

(i.e., human manipulated) have the same patterns of clonality (number of unique multilocus 

genotypes, size of genets, diversity, etc.) as that of wild populations, and 3) examine SGS sans 

clones within populations to gain insights into localized seed movement and recruitment. 
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MATERIAL AND METHODS 

Field Collections 

Where possible, one leaf sample was collected per stem with a diameter at breast height (DBH) ≥ 

1 cm and that was separated by at least 10 meters from the next stem. Five to 60 samples (mean 

= 29.1) were collected from each of 82 populations in 23 states of the USA, across the native 

range of A. triloba (Table 4.1; Figure 4.1). Populations within 1 km of documented 

archaeological sites, that indicated population centers for pre-Columbian Americans, were 

deemed of putative anthropogenic origin and were designated as such (N = 20). Populations 

without any known proximate archeological evidence were designated as ‘wild’ (N = 62; Table 

4.1). In 40 of the 82 populations (anthropogenic = 10, wild = 30), sampled trees were mapped 

using a Brunton compass and Euclidean distances between sampled stems were determined by 

laser (Bosch DLR130). Leaf samples were snap-frozen in liquid nitrogen for transport to the 

University of Georgia and stored at -80° C until analysis. Additionally, the total number of fruits 

per sampled stem was recorded for all 82 populations. Fruit monitoring was conducted from June 

to August when fruits were developing. 

 

Microsatellite Genotyping 

Genomic DNA was extracted from approximately 0.05 g of frozen leaf tissue using a modified 

CTAB protocol (Doyle and Doyle, 1987). DNA quality and quantity were evaluated using an 

ND-1000 Nanodrop® spectrophotometer. Nine nuclear microsatellite loci (Pp-G4, Pp-G119, Pp-

G124, Pp-C108, Pp-G103, Pp-G121, Pp-B103, Pp-B108, Pp-B128) were amplified with markers 

developed by Lu et al. (2011). PCR amplification followed a modified protocol from Lu et al. 

(2011) and was carried out in 12.5 µL reaction volumes containing: 3.25 µL molecular grade 
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ddH2O, 2.5 µL 5X One Taq standard reaction buffer (New England Biolabs, Ipswich, MA), 

0.35 µL 25 mM MgCl solution (Sigma-Aldrich), 1.25 µL 10X (1 mg/mL) bovine serum albumin 

(Thermo-Fisher), 1 µL 2.5 mM dNTP mix (New England Biolabs, Ipswich, MA), 1 µL primer 

mix (0.5 µM CAG-labeled primer and 5 µM unlabeled primer), 0.45 10 µM universal dye-

labeled primer, 0.2 µL One Taq Hot Start DNA polymerase (New England Biolabs, Ipswich, 

MA), and 2.5 µL of diluted template DNA (20 ng/µL). A 3-primer PCR protocol was used 

whereby a CAG-tag sequence (Hauswaldt & Glenn 2003) was added to the 5’ end of one primer 

and a third fluorescently labeled (FAM, HEX, or NED) primer identical to the CAG-tag was 

included. 

 

Clonality 

Once all populations had been genotyped, the number of unique multilocus genotypes (MLG) in 

each population was determined. The probability of identity (PI) was calculated for each 

population and corrected based on sample size. Clonal richness was calculated by R = (G – 1)/(N 

– 1) (Dorken & Eckert, 2001; Kartzinel et al. 20015). Clonal diversity (D) was calculated using 

Simpson’s diversity index (Simpson 1949), D = 1 – Σ [ Nj (Nj – 1) / Nr (Nr – 1)], where Nj is the 

number of samples of the jth MLG and Nr is the total number of samples from a population. In 

populations with a single clone, both R and D are zero, while in populations composed entirely 

of unique MLG both R and D will equal 1. Fager’s evenness (E) was calculated as E = (D – Dmin) 

/ (Dmax – Dmin), where Dmin = (G – 1) (2 Nr – G) / Nr (Nr – 1), and Dmax = Nr (G – 1) / G (Nr – 1) 

(Fager 1972; Kartzinel et al. 2015). Spatial data for each mapped population was used to 

determine Euclidean distance between stems and area (convex hull, m2) of genets using the “sp” 

package in R version 3.5.1 (Pebesma & Bivand 2005; R Core Team 2013). This allowed 
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estimates of the area occupied by each MLG and the extent to which different genets overlap 

with one another. The maximum observed area of the convex hull occupied by stems belonging 

to the same MLG (Areamax) was measured in each population with a MLG consisting of three or 

more samples. The mean area of genets within populations was also calculated. The maximum 

observed distance in meters between stems belonging to the same MLG (Distancemax) was 

recorded for all populations with an MLG consisting of two or more stems. These estimates are 

likely an underestimate of the actual spatial extent of genets, because not all stems were sampled. 

Inbreeding coefficient (FIS) was calculated in GenAlEx v 6.51b2 for all 82 populations (Peakall 

& Smouse 2006; Peakall & Smouse 2012). A Chi-square test was performed to determine the 

effect of the number of MLGs within a given population on fruit production. 

 

Measures of clonality (MLG, R, D, E, Areamax, and Distancemax) were regressed against both 

latitude and longitude and assessed for statistical significance. Additionally, these measures were 

compared between putative anthropogenic and wild populations to determine if statistically 

significant differences exist among the two groups. The effect of sampling leaves from stems 

every 10 meters resulted in the collection of higher numbers of unique MLG individuals than 

would occur had sampling been done at smaller distance intervals, while still providing adequate 

spatial resolution to estimate the approximate extent of clonal growth for many individuals. 

 

Spatial Genetic Structure 

Spatial autocorrelation analyses were performed in GenAlEx v 6.51b2 in order to calculate the 

autocorrelation coefficient (r), an estimate of the genetic similarity of pairs of individuals relative 

to the distance separating them (Smouse & Peakall 1999; Peakall & Smouse 2006; Peakall & 
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Smouse 2012). The distance class at which the observed r value is no longer significant (p < 

0.05) approximates the extent of detectable SGS (Peakall et al. 2003). Spatial autocorrelation 

analyses were performed on 36 of the 40 mapped populations using pairwise genetic and spatial 

distances among individuals. Spatial autocorrelation could not be performed on four of the 

mapped populations that consisted entirely of one MLG. Each of the smaller distance classes 

contained a minimum of 36 pairwise comparisons as recommended by Vekemans & Hardy 

(2004). For the 19 populations with more than 10 MLGs, all but one ramet per MLG were 

randomly removed from the analysis to remove the influence of clonality on the SGS. By 

performing the analyses with and without clones included, we could assess the mean relatedness 

and structure of individuals at specific distance classes and identify the role of clonality in 

determining genetic relatedness within populations. Significance of spatial autocorrelation values 

was tested with a two-tailed 95% confidence interval around the null hypothesis of no SGS (i.e., 

r = 0) by performing 999 random permutations of genotypes among geographic locations.  

 

RESULTS 

Clonality 

Because of the high level of genetic variation yielded by the nine microsatellite loci (Wyatt and 

Trapnell, in prep) genetically unique individuals could be easily identified (Table 4.1). The mean 

within population PI is 1.2 x 10-3 (range = 6.0 x 10-9 to 3.5 x 10-2) (Table 4.1).  Forty-three 

samples (1.7 % of all samples) had missing data from 6 or more loci consequently these samples 

were excluded from the analyses. Samples missing data for five or fewer loci were assigned to 

existing genets or designated as unique MLGs based on their alleles at the loci for which there 

were data. 
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For all 82 populations, the number of MLGs per population ranged from 1 to 30 (mean = 8.5; 

Table 4.1). The number of MLGS per population differed significantly between putative 

anthropogenic and wild populations (p = 0.007). Wild populations (N = 62) had 1 to 30 MLGs 

(mean = 9.5) while putative anthropogenic populations (N = 20) had 1 to 22 MLGs (mean = 5.3; 

Figure 4.9). There was no significant difference in mean sample size between the wild and 

anthropogenic populations (p = 0.71). Three anthropogenic populations (LM2, SCI, and MC3) 

and one wild population (ROC) each contained only one MLG (Table 4.2). Only in LL3 (a wild 

population) were all individuals characterized by a unique MLG (N = 24). For all 82 populations, 

the number of MLGs per population decreases with latitude (p = 0.06) (Figures 4.1, 4.3). 

Interestingly, in the four populations located above 40° N, all of which are designated as 

anthropogenic, the mean number of MLGs was only two. 

 

Mean clonal richness (R) within populations was 0.37 and ranged from 0.00 (i.e., populations 

with only one MLG) to 1.00 (i.e., populations where every sample had a unique MLG). 

Anthropogenic populations had a lower mean R (0.23) than wild populations (0.42), a difference 

that was not significance of 0.1 (p = 0.1; Table 4.2). Clonal richness within all populations does 

decreased significant (p = 0.02) (Table 4.2; Figure 4.6). Mean clonal diversity, as measured by 

Simpson’s diversity index (D), was 0.70 and ranged from 0.00 to 1.00.  Mean D was not 

significantly lower for anthropogenic populations (0.53) than for wild populations (0.76; p = 

0.14). A statistically significant trend of decreasing clonal diversity with latitude was observed 

across the range of sampled A. triloba populations (Figure 4.7; p = 0.003).  Fager’s Eveness (E) 

also varied from 0.00 to 1.00, with an overall mean of 0.59. Mean E for anthropogenic 
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populations was significantly lower (0.35) than that for wild populations (0.67; p = 0.02). As 

with other measures of clonality, E declined significantly with increasing latitude (Figure 4.8; p 

= 0.003). 

 

As observed in Wyatt & Trapnell (in prep), the inbreeding coefficient (FIS) was strongly 

correlated with the number of MLGs (p = 2.1 x 10-7). This indicates that populations comprised 

of a single MLG or with low numbers of MLGs (i.e., those dominated by a single or a few 

clones) tend to be highly heterozygous. Not surprisingly, Faeger’s Evenness (E) was highly 

correlated with FIS (p = 6.3 x 10-10; Figure 4.9). FIS was strongly negatively correlated with 

latitude (Figure 4.4; p  < 0.001). 

 

Log of mean area of genets was increased with increasing latitude, but the relationship was non-

significant (p = 0.07; Figure 4.10). The area of largest genet (Areamax, Table 4.2) within 

populations varied considerably from 13.9 m2 (DRP) to 2,747.7 m2 (MLK), with a mean area of 

416.9 m2. The mean Areamax for anthropogenic populations (324.3 m2) was less than that of wild 

populations (450.2 m2), but the difference was not significant (p = 0.46). The maximum observed 

distance between ramets within populations (Distancemax) varied considerably from 4.8 m (EUT) 

to 163.4 m (ROC), with a mean of 34.4 m. Areamax, mean genet area per population, and 

Distancemax both decreased with increasing latitude (p < 0.1). Distancemax was the only measure 

of clonality to share a significant relationship with longitude: Distancemax significantly decreased 

with increasing (eastward) longitude (Figure 4.5, p = 0.052). 
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Fruit-set varied widely among populations and was typically low. In 50 of the 82 populations 

(61%), no developing fruits were observed, while ≤ 10 developing fruits were observed in 79 % 

of populations. The mean number of developing fruits across all populations was 6.7. Population 

LIL had the highest fruit-set observed (149 developing fruits). The three populations with the 

highest fruit-set (LCC, TER, and LIL) were all located in South Carolina. The number of 

developing fruits within a population was strongly positively correlated with the number of 

MLGs within the population (p = 0.0001; Figure 4.11).  A Chi-square test confirmed that the 

number of MLGs within a population had a highly significant effect on fruit-set (χ2 = 20.89, p = 

0.00003) (Table 4.4). 

 

Spatial Genetic Structure 

The four populations possessing only one MLG were excluded from spatial autocorrelation 

analysis. Of the remaining 36 mapped populations, more than half (19) had ≥ 10 MLGs, which 

provided a sufficient number of pairwise comparisons at each distance interval. Spatial 

autocorrelation analyses were performed on the 36 populations with clones included and with 

clones removed. For the latter analyses, only one randomly selected individual per MLG was 

included for SGS analyses. 

 

With the clones included, significant (p < 0.05) spatial autocorrelation (r) was observed at the 

smallest distance classes (2.5 - 45 m) for 28 of the 36 populations (80 %) (Table 4.2). Corrected 

mean relatedness (r) was 0.39 and ranged from -0.04 to 1.04. There was an absence of significant 

relatedness in seven populations. 
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In contrast, very few populations yielded significant r values when clones were removed, ranging 

from 0.07 to 0.18 (Table 4.3). Of the 19 populations that had enough MLGs to permit ≥ 36 

pairwise comparisons per distance class, only three populations (16 %) had significant r values in 

the smallest distance class (10 – 37 m). Because of the high degree of clonality and the relatively 

small number of MLGs generally found, distance classes tended to be considerably larger than 

analyses where clones were included (i.e., mean minimum distance class = 30 m). 

 

DISCUSSION 

 

Clonality 

The probability of identity (PI) for all populations was small enough to allow for confident 

identification of unique MLGs and all ramets belonging to a specific MLG, even when sample 

size is taken into account. The decreasing numbers of MLGs within populations with increasing 

latitude (Figure 4.3; p = 0.06) would be consistent with northward range expansion from 

southern refugia after the last glacial maximum. This finding is also consistent with data 

presented by Wyatt & Trapnell (in prep), in which a similar pattern was observed in various 

genetic diversity parameters. 

 

A highly significant difference (Figure 4.2; p < 0.01) exists in the number of MLGs within 

putative anthropogenic and wild populations. This may reflect historical human-mediated 

founder effects in anthropogenic A. triloba populations. Additionally, individuals in 

anthropogenic populations (mean FIS = -0.426) tended to be significantly more heterozygous 

than individuals in wild populations (mean FIS = -0.152; p = 0.02), even while anthropogenic 
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populations contain less genetic diversity overall as compared to wild populations (Wyatt & 

Trapnell, in prep). 

 

Latitudinal trends in the measures of clonality (i.e., R, D, E, log of mean area of genets, and 

Areamax) observed in populations of A. triloba may reflect the greater importance of vegetative 

growth over sexual reproduction populations at higher latitudes. Populations at these higher 

latitudes are subject to longer, harsher winters and late frosts, which may negatively affect 

pollinators and consequently fruit-set (Wyatt pers. obs.). The inbreeding coefficient (FIS) 

decreased significantly with increasing latitude (p = 0.001; Figure 4.4), which indicates that the 

individuals at the more northern parts of the range are more heterozygous and may be better 

suited to survive in harsher climates. 

 

Hosaka et al. (2005) found that the number of newly produced ramets were higher in the interior 

of patches as compared to the periphery and surmised that the formation of ramets is not efficient 

for population expansion and habitat exploration. In this way A. triloba differs from most 

herbaceous and pioneer tree species. However, our results indicate that horizontal expansion 

through root suckering is the primary means by which a genet becomes established over a large 

spatial area. In population MLK, one genet covered an area of at least 2,747.7 m2. Similarly, in 

population ROC, one genet was found that extended a linear distance of 163.4 m2. There was no 

fruit-set was not observed in these populations, which reinforces the idea that clonal reproduction 

is of particular importance for these populations nearing the northwest extreme of the species’ 

range. Given enough time and a periodic disturbance regime, it is possible that a population of A. 
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triloba consisting of several patches over a large area may in fact be one single genet. This could 

explain how populations consisting of a single MLG observed in this study arose. 

The spatial extent of the largest genets observed (Areamax) appears to increase with latitude, 

though this trend was not significant at (p = 0.085). Increased genet size was also correlated with 

longitude: the maximum distance between stems belonging to the same MLG (Distancemax) 

significantly increased with westward longitude (Figure 4.5; p = 0.052). In other words, genets 

in the western part of the species’ range tend to be larger. Again, this may be related to an 

increased reliance on clonal growth rather than sexual reproduction for populations near the 

edges of the range where populations are constrained by low temperatures and/or annual 

precipitation. With observed heterozygosity being significantly higher than expected throughout 

the species range (Wyatt & Trapnell in prep), it could be that highly adapted heterozygous 

genotypes become established more often in populations at the extreme edges of the range of A. 

triloba and persist principally through clonal growth, rather than through sexual reproduction 

and seed dispersal. Excess of heterozygosity has been shown to be common in long-lived woody 

species as well as clonal species (Birky 1996; Balloux 2003; Meloni et al. 2013). For such 

species, it is reasonable to expect that heterozygosity may be further increased in populations 

facing high abiotic stress, such that only the most vigorous individuals survive to maturity. 

 

Clonal growth in A. triloba, a self-incompatible species, may serve to benefit colonization of 

new habitats following rare, though biologically significant long-distance dispersal events, such 

that it would allow an individual to grow and persist within a new habitat without reliance on 

sexual reproduction. Additionally, clonal growth tends to be common among riparian species 

(Brzyski & Culley 2011), which may reflect adaptation to flooding. 
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Populations that are primarily clonal were observed to have low fruit-set (Table 4.4; Figure 

4.11). Why isn’t there more asexual reproduction (i.e., increased clonality) in regions of high 

habitat suitability (Wyatt & Trapnell, in prep), such as the southeastern part of the range? This 

question remains unanswered, though a possible explanation is that individuals in areas of high 

habitat suitability are investing more resources into sexual reproduction relative to individuals in 

the northern and western portions of the species’ range. 

 

Spatial Genetic Structure 

The results of the spatial genetic structure analyses further highlight the importance of vegetative 

growth over sexual reproduction in populations of A. triloba across the species’ range. However, 

it cannot be ruled out that significant genetic structure exists at smaller spatial scales. In this 

study, stems were typically sampled at approximately 10 m intervals when possible (i.e., beyond 

the extent of the canopy of most stems). Sampling at a finer spatial scale may have allowed 

detection of more progeny that resulted from sexual reproduction underneath maternal trees, 

which may have yielded higher r values at smaller distance intervals. An alternative explanation 

for the apparent absence of significant SGS is that seeds are over-dispersed by mammals (e.g., 

racoons, coyotes), resulting in seedlings being established far from maternal trees and sibs. This 

appears unlikely, or at least very uncommon, since fruits typically fall and rot or are partially 

consumed under maternal trees (pers. obs.). It is possible that the primary seed dispersers that co-

evolved with A. triloba are now extinct, a hypothesis first elaborated by Janzen & Martin (1982). 

The absence of megafauna seed dispersers could result in dramatic changes to patterns of SGS. 
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For a number of populations with low numbers of MLGs (BCP, CON, and LHP), r values were 

non-significant when clones were included in the analyses (Table 4.2). This is a bit surprising 

considering these populations possess only two to four MLGs. This suggests that there was 

considerable spatial overlap of genets that masked the degree of relatedness at small distance 

intervals.  

 

CONCLUSIONS 

 

Our research illustrates the importance of clonal growth for A. triloba. Clonality is evidently an 

important trait to the growth and persistence of this species, particularly at the edges of the 

species’ range where presumably abiotic conditions are less optimal. Clonal growth appears to 

have profound effects on SGS of this species across its range. Studies into clonal tree species 

covering a wide geographic range in Eastern North America are scarce. The results of this study 

show that asexual propagation in trees can vary considerably across a wide geographic range and 

may be influenced by a number of biotic and abiotic factors, including history of manipulation 

by pre-Columbian cultures. Future studies on clonal growth of A. triloba might benefit from 

increased sample sizes and finer scale sampling of stems within populations, in order to better 

define the extent of clonal growth of individuals. Additionally, it would be interesting to quantify 

the relative investment of resources into asexual propagation versus sexual reproduction for trees 

across a latitudinal gradient. 
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Table 4.1. Location of 82 study populations of Asimina triloba, their putative origin 

(anthropogenic versus wild), number of unique multilocus genotypes (MLG), probability of 

identity (PI), and inbreeding coefficient (FIS). None of the FIS values were significant (p > 0.05). 

 

Population County, State Latitude Longitude MLG PI FIS 

Anthropogenic 

      
FCP Jackson, FL 30.810 -85.227 3 1.7 x 10-3 0.088 

PET Washington, NC 35.793 -76.413 21 3.0 x 10-4 0.051 

TUN West Feliciana, LA 30.930 -91.514 7 3.8 x 10-6 0.044 

FHM Highland, OH 39.123 -83.401 6 1.0 x 10-2 0.058 

LM1 Warren, OH 39.410 -84.099 14 9.0 x 10-5 0.125 

LM2 Warren, OH 39.410 -84.101 1 1.3 x 10-4 -1.000 

LM3 Warren, OH 39.409 -84.100 3 7.4 x 10-5 -0.383 

MC1 Edmonson, KY 37.204 -86.139 7 8.4 x 10-5 0.098 

MC2 Edmonson, KY 37.178 -86.108 10 9.5 x 10-5 -0.194 

MC3 Edmonson, KY 37.148 -86.093 1 6.3 x 10-5 -1.000 

OSF Coffee, TN 35.485 -86.103 3 1.8 x 10-4 -0.179 

SCI Ross, OH 39.216 -82.974 1 1.3 x 10-4 -1.000 

SEL Wilson, TN 36.169 -86.236 2 2.6 x 10-5 -0.562 

CFP Frederick, MD 39.633 -77.456 1 2.5 x 10-4 -1.000 

POC Chesterfield, VA 37.381 -77.583 6 2.6 x 10-4 -0.400 

SU1 Harford, MD 39.610 -76.147 11 1.8 x 10-4 -0.111 

CON Ashtabula, OH 41.933 -80.611 2 1.1 x 10-4 -0.467 

WEN Erie, NY 42.679 -79.052 1 4.6 x 10-5 -1.000 

LCN Berrien, MI 41.951 -86.306 4 1.3 x 10-2 -0.690 

CHA Chautauqua, NY 42.339 -79.604 1 2.1 x 10-4 -1.000 

Mean 

   
5.3 1.4 x 10-4 -0.426 
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Wild 

      
BTH Oglethorpe, GA 33.706 -83.019 10 3.4 x 10-7 0.066 

CAT Catawba, NC 35.821 -81.177 1 8.4 x 10-5 -1.000 

CFR Harnett, NC 35.469 -78.898 5 1.2 x 10-5 -0.238 

COL Richland, SC 33.947 -80.629 12 7.5 x 10-5 -0.015 

ER2 Orange, NC 36.083 -79.021 5 5.3 x 10-5 -0.527 

EUT Greene, AL 32.785 -87.837 30 5.0 x 10-7 0.231 

LCC McCormick, SC 34.054 -82.343 18 2.2 x 10-5 0.147 

LIL Fairfield, SC 34.253 -81.233 21 2.2 x 10-5 0.194 

PCB Pike, AL 31.907 -86.174 12 7.2 x 10-5 0.013 

SAL Pickens, SC 35.073 -82.587 14 4.1 x 10-5 0.030 

SHE Paulding, GA 34.022 -84.911 5 4.0 x 10-3 -0.045 

STO York, SC 34.881 -81.104 5 5.3 x 10-5 0.129 

TAL Cleburne, AL 33.859 -85.524 3 8.9 x 10-3 -0.266 

TER Saluda, SC 34.147 -81.824 22 3.2 x 10-6 0.081 

WBF Winston, AL 34.284 -87.396 22 5.1 x 10-6 0.082 

BCL Lee, AR 34.706 -90.698 27 6.0 x 10-9 0.125 

CAD Harrison, TX 32.693 -94.176 18 2.1 x 10-4 0.085 

HAM West Feliciana, LA 30.785 -91.255 2 2.5 x 10-4 0.170 

HEM Sabine, TX 31.482 -93.936 5 2.1 x 10-4 -0.016 

LEE Lee, AR 34.760 -90.733 12 1.3 x 10-4 0.096 

MS1 Shelby, TN 35.340 -90.051 4 1.3 x 10-4 0.072 

MS2 Shelby, TN 35.341 -90.055 1 1.2 x 10-4 -1.000 

NAG St. Augustine, TX 31.480 -93.995 3 1.6 x 10-4 -0.158 

SAN Adams, MS 31.460 -91.211 1 1.1 x 10-4 -1.000 

WDP Marshall, MS 34.668 -89.467 3 6.1 x 10-3 0.192 

BLU Carter, MO 36.961 -90.987 9 9.5 x 10-5 0.062 

BSF Christian, MO 36.858 -93.222 21 1.2 x 10-5 -0.01 
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HOL Bourbon, KS 37.777 -94.827 8 5.3 x 10-5 -0.098 

LAW Douglas, KS 38.991 -95.315 12 9.6 x 10-3 -0.185 

MLK Boone, MO 38.936 -92.351 2 3.5 x 10-2 -0.622 

MWR Stoddard, MO 36.970 -90.151 14 1.3 x 10-4 -0.092 

PIA Jersey, IL 38.939 -90.285 1 7.4 x 10-5 -1.000 

PMQ Jersey, IL 38.984 -90.49 4 3.2 x 10-4 -0.313 

WES Platte, MO 39.384 -94.88 9 1.2 x 10-4 0.078 

WSL St. Charles, MO 38.666 -90.732 9 4.3 x 10-7 0.078 

BCB Coffee, TN 35.485 -85.961 8 1.3 x 10-4 -0.367 

BCP Brown, IN 39.175 -86.222 2 2.5 x 10-4 -0.547 

CCC Carter, KY 38.379 -83.123 13 1.4 x 10-4 0.222 

CHR Clark, IN 38.398 -85.635 18 6.2 x 10-6 0.030 

CKW Madison, KY 37.632 -84.196 13 1.7 x 10-4 -0.024 

DCR Harrison, WV 39.146 -80.391 1 7.9 x10-5 -1.000 

DRP Johnson, IL 37.430 -88.942 13 5.1 x 10-6 0.070 

GCR Anderson, KY 37.975 -84.825 6 2.5 x 10-4 0.316 

HPC Platte, MO 39.228 -94.778 14 1.1 x 10-3 -0.020 

KAN Kanawha, WV 38.224 -81.625 10 2.3 x 10-4 0.090 

KNX Knox, TN 35.941 -83.931 3 1.3 x 10-4 0.133 

LHP Davidson, TN 36.087 -86.551 4 1.1 x 10-4 -0.442 

LL1 Stewart, TN 36.581 -87.947 1 1.3 x 10-4 -1.000 

LL2 Trigg, KY 36.792 -88.096 7 1.3 x 10-4 -0.055 

LL3 Trigg, KY 36.900 -88.040 24 1.3 x 10-4 0.141 

OFR Jackson, KY 37.542 -84.174 6 1.7 x 10-4 -0.082 

PER Davidson, TN 36.065 -86.880 5 2.5 x 10-4 0.044 

RCA Laurel, KY 38.566 -84.351 16 1.3 x 10-4 0.273 

RL Davidson, TN 36.063 -86.799 12 1.4 x 10-4 -0.064 

ROC Boone, MO 38.875 -92.327 1 1.3 x 10-4 -1.000 
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SFP Guernsey, OH 40.128 -81.510 7 1.3 x 10-4 0.014 

SHO Cannon, TN 35.872 -85.991 16 1.3 x 10-4 -0.062 

TYG Taylor, WV 39.308 -80.027 2 2.5 x 10-4 -0.600 

LOC Morgan, MD 39.692 -78.199 3 2.0 x 10-4 -0.134 

MAN Prince William, VA 38.805 -77.525 1 2.5 x 10-4 -1.000 

PWP Prince William, VA 38.566 -77.346 27 2.5 x 10-4 0.169 

SUS Lancaster, PA 39.808 -76.286 8 1.6 x 10-4 0.088 

Mean 

   
9.5 1.1 x 10-3 -0.153 

Species Mean       8.5 9.2 x 10-4 -0.219 
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Table 4.2. Locations and clonal diversity estimates for the 40 mapped populations of A. triloba 

of putative anthropogenic (10) and wild (30) origin. Measures include N, number of samples; 

MLG, number of unique multilocus genotypes; PI, probability of identity; R, clonal richness; D, 

Simpson’s diversity index; E, Fager’s evenness; Areamax, area of largest genet (m2); and 

Distancemax, maximum observed distance (m) between ramets. 

 

Population Latitude Longitude Sample area N MLG PI R D E Areamax Distancemax 

Anthropogenic     
 

             

LCN 41.951 -86.306 838.7 48 4 2.5 x 10-4 0.064 0.197 0.116 838.7 44 

CON 41.933 -80.611 111.4 30 2 1.6 x 10-4 0.034 0.186 0.265 111 13.9 

LM2 39.410 -84.101 152.9 11 1 1.3 x 10-4 0 0 0 152.9 24.3 

SCI 39.216 -82.974 902.4 24 1 1.3 x 10-4 0 0 0 902.4 47 

FHM 39.123 -83.401 851.9 48 6 1.0 x 10-2 0.106 0.337 0.211 556.6 34.8 

MC1 37.204 -86.139 529.8 16 7 8.4 x 10-5 0.4 0.85 0.778 47.8 16.2 

MC2 37.178 -86.108 2170.2 18 10 9.5 x 10-5 0.529 0.889 0.66 91.7 29.4 

MC3 37.148 -86.093 184.3 12 1 6.3 x 10-5 0 0 0 184.3 23.6 

PET 35.793 -76.413 5774.0 24 22 3.0 x 10-4 0.913 0.993 0.559 - 17.3 

TUN 30.930 -91.514 4133.0 25 7 1.3 x 10-4 0.25 0.87 0.951 33.8 26.1 

MEAN     1565 25.6 6.1 1.4 x 10-4 0.230 0.432 0.354 324.3 27.7 

Wild                      

SUS 39.808 -76.286 401.3 30 8 1.6 x 10-4 0.241 0.805 0.794 109.8 21.3 

HPC 39.228 -94.778 8450.7 25 14 1.1 x 10-3 0.542 0.893 0.603 239 70.2 

BCP 39.175 -86.222 680.8 48 2 2.5 x 10-4 0.021 0.383 0.727 517.2 33.7 

LAW 38.991 -95.315 7060.9 30 12 9.6 x 10-3 0.379 0.798 0.56 772.2 91.8 

MLK 38.936 -92.351 2924.4 24 2 3.5 x 10-2 0.043 0.159 0.173 2747.7 68.2 

ROC 38.875 -92.327 1875.5 25 1 1.3 x 10-4 0 0 0 1875.5 163.4 

CHR 38.398 -85.635 2103.5 30 18 6.2 x 10-6 0.586 0.952 0.84 34.2 7.9 

CKW 37.632 -84.196 1746.5 24 13 1.7 x 10-4 0.522 0.917 0.772 81.7 20.7 

OFR 37.542 -84.174 717.0 33 6 1.7 x 10-4 0.156 0.758 0.824 215 20.8 

DRP 37.430 -88.942 2603.8 23 13 5.1 x 10-6 0.545 0.938 0.852 13.9 8.1 

BLU 36.961 -90.987 3635.7 25 9 9.5 x 10-5 0.333 0.807 0.686 605 42.8 

LL3 36.900 -88.040 9170.1 24 24 1.3 x 10-4 1 1 1 - - 
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BSF 36.858 -93.222 5627.6 23 21 1.2 x 10-5 0.909 0.993 0.645 - 21.5 

LL2 36.792 -88.096 890.3 25 7 1.3 x 10-4 0.25 0.84 0.886 149.9 25.1 

LHP 36.087 -86.551 1240.7 20 4 1.1 x 10-4 0.158 0.647 0.718 850.3 53.9 

SHO 35.872 -85.991 1925.3 24 16 1.3 x 10-4 0.652 0.942 0.666 81.3 19.4 

CFR 35.469 -78.898 1471.0 20 2 1.2 x 10-5 0.053 0.1 0 1304.5 68.4 

SAL 35.073 -82.587 5831.0 30 14 4.1 x 10-5 0.448 0.894 0.756 420.2 51.5 

BCL 34.706 -90.698 1422.1 15 12 6.0 x 10-9 0.786 0.971 0.716 - 13.3 

WDP 34.668 -89.467 212.1 27 3 6.1 x 10-3 0.077 0.453 0.563 54.3 12.3 

WBF 34.284 -87.396 7957.7 43 21 5.1 x 10-6 0.476 0.971 0.984 20 13.7 

LIL 34.253 -81.233 6689.1 24 19 2.2 x 10-5 0.783 0.986 0.94 30.7 17.7 

TER 34.147 -81.824 5945.4 34 22 3.2 x 10-6 0.636 0.979 0.964 48.3 68 

LCC 34.054 -82.343 7357.5 24 23 2.2 x 10-5 0.957 0.996 0.179 - 15.5 

SHE 34.022 -84.911 1246.2 24 5 4.0 x 10-3 0.175 0.58 0.61 38.5 14.8 

COL 33.947 -80.629 387.6 48 17 7.5 x 10-5 0.234 0.801 0.743 15.4 15.4 

TAL 33.859 -85.524 602.4 24 3 8.9 x 10-3 0.087 0.489 0.612 134.4 14.6 

BTH 33.706 -83.019 6837.5 60 21 3.4 x 10-7 0.339 0.868 0.731 776.9 65.3 

EUT 32.785 -87.837 4764.6 33 30 5.0 x 10-7 0.906 0.996 0.894 - 4.8 

PCB 31.907 -86.174 4083.3 48 12 7.2 x 10-5 0.234 0.776 0.696 119 20.8 

MEAN     3528.7 28.9 12.5 1.9 x 10-3 0.403 0.760 0.670 450.2 36.7 
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Table 4.3. Spatial genetic structure statistics for 36 populations of Asimina triloba of putative 

anthropogenic (7) and wild (29) origin. N = number of samples and MLG = number of 

multilocus genotypes. Levels of relatedness (r) values at the three smallest distance classes (in 

meters) with clonal stems included and excluded. For 16 populations with < 12 MLGs, spatial 

genetic structure could not be estimated when clones were removed. N = number of samples and 

MLG = number of multilocus genotypes. 

 

Clones Included   Clones Removed 

   1st 2nd 3rd   1st 2nd 3rd 

Population N MLG r (distance) r (distance) r (distance)   r (distance) r (distance) r (distance) 

Anthropogenic 

  
  

 

  

 

  

 

  

LCN 48 4 0.43 (2.5)* 0.62 (5) 0.23 (7.5)*   - - - 

CON 30 2 0.12 (2.2)  0.04 (4.4) -0.06 (6.6)   - - - 

FHM 48 6 0.20 (3.4) 0.04 (6.8) -0.01 (10.2)   - - - 

MC1 16 7 0.68 (10)* 0.69 (20)* -0.46 (30)   - - - 

MC2 18 10 0.37 (18)* 0.14 (36)* -0.30 (54)   - - - 

PET 24 21 0.05 (40) 0.03 (80) 0.00 (120)   0.00 (50) 0.01 (100) 0.07 (150) 

TUN 25 7 0.54 (10.5)* 0.13 (21) -0.05 (31.5)   - - - 

Wild 

        

SUS 30 8 0.49 (3)* 0.20 (6)* 0.06 (9)     

HPC 25 14 0.35 (16.5)* 0.10 (33) 0.08 (49.5)   0.06 (45) -0.02 (90) -0.04 (135) 

BCP 48 2 0.26 (2.8) 0.21 (5.6)* 0.23 (8.4)*   - - - 

LAW 30 12 0.54 (14)* 0.39 (28)* 0.37 (42)*   0.05 (90) -0.02 (180) -0.09 (270) 

MLK 24 2 0.53 (14)* -0.07 (28) -0.04 (42)   - - - 

CHR 30 18 0.34 (5)* 0.13 (10)* -0.03 (15)   0.09 (15)* 0.01 (30)* -0.06 (45) 

CKW 24 13 0.33 (12)* 0.08 (24) -0.10 (36)   0.00 (28) -0.05 (56) 0.20 (84) 

OFR 33 6 0.60 (5)* 0.42 (10)* 0.13 (15)*   - - - 

DRP 23 13 0.51 (14)* -0.06 (28) -0.15 (42)   0.07 (37)* -0.04 (74) -0.16 (111) 

BLU 25 9 0.61 (13)* 0.13 (26)* -0.09 (39)   - - - 

LL3 24 24 0.03 (30) 0.02 (60) -0.04 (90)   0.03 (30) 0.02 (60) -0.04 (90) 
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BSF 23 21 0.27 (10)* 0.04 (20) 0.03 (30)   0.02 (30) 0.00 (60) 0.00 (90) 

LL2 25 7 0.71 (8)* 0.18 (16)* 0.15 (24)*   - - - 

LHP 20 4 -0.04  (12) -0.02 (24) 0.06 (36)   - - - 

SHO 24 16 0.21 (11)* -0.02 (22) -0.10 (33)   0.0 (23) 0.0 (46) 0.01 (69) 

CFR 20 5 0.03 (22) 0.09 (44) -0.04 (66)   - - - 

SAL 30 14 0.45 (15)* 0.16 (30)* 0.12 (45)*   0.03 (55) -0.02 (110) 0.02 (165) 

BCL 15 12 0.03 (25) -0.05 (50) 0.00 (75)   0.01 (47) -0.02 (94) 0.01 (141) 

WDP 27 3 1.04 (2.8)* 0.96 (5.6)* 0.79 (8.4)*   - - - 

WBF 43 22 0.62 (7)* 0.24 (14)* 0.17 (21)*   0.03 (30) 0.01 (60) -0.05 (90) 

LIL 24 21 0.11 (20)* -0.02 (40) -0.04 (60)   0.03 (22) -0.04 (44) -0.01 (66) 

TER 34 22 0.33 (13)* 0.01 (26)* 0.09 (39)   0.13 (20) 0.07 (41) -0.08 (60) 

LCC 24 18 0.04 (22) 0.06 (44) -0.05 (66)   0.03 (22) 0.05 (44) -0.05 (66) 

SHE 24 5 0.71 (3.5)* 0.52 (7)* 0.50 (10.5)*   - - - 

COL 48 17 0.22 (2.5)* 0.11 (5)* 0.03 (7.5)   0.00 (7) 0.05 (14) -0.05 (21) 

TAL 24 3 1.04 (5)* 0.87 (10)* 0.52 (15)*   - - - 

BTH 30 14 0.35 (13) * 0.21 (26)* -0.02 (39)*   -0.01 ( 65) 0.01 (130) -0.03 (195) 

EUT 33 30 0.19 (10)* -0.01 (20) -0.03 (30)   0.18 (10)* 0.00 (20) -0.03 (30) 

PCB 48 12 0.48 (3.5)* 0.19 (7)* 0.12 (10.5)*   0.03 (35) 0.04 (70) -0.07 (105) 

 

*  Indicates significance at p < 0.05 
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Table 4.4. Comparison of fruit production in A. triloba populations possessing ≤ 2 MLGs versus 

populations with ≥ 3 MLGs. A heterogeneity chi-square test shows that the difference in fruit 

production is highly significant (χ2 = 20.89, p = 0.00003). 

 

 Fruit Observed No Fruit Observed Row Totals 

1 – 2 MLG 1 19 20 

3 – 9 MLG 11 20 31 

10+ MLG 19 8 27 

Column Totals 31 47 78 
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Figure 4.1. Map of 82 sampled A. triloba populations, of both wild (blue circles) and putative 

anthropogenic (pink circles) origin. Size of the circles reflects the number of multilocus 

genotypes (MLGs) found in populations. 
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Figure 4.2. Comparison of the number of unique multilocus genotypes (MLG) found in 

anthropogenic and wild populations (p = 0.007). 
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Figure 4.3. Relationship between number of multilocus genotypes (MLG) and latitude for the 82 

sampled populations (p = 0.06). 
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Figure 4.4. Relationship between inbreeding coefficient (FIS) and latitude for the 82 sampled A. 

triloba populations (p = 0.001). 
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Figure 4.5. Relationship between the maximum observed distance in meters between stems 

belonging to the same MLG (Distancemax) and longitude (p = 0.05). 
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Figure 4.6. Relationship between clonal richness (R) and latitude in the 40 mapped populations 

(p = 0.02). 
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Figure 4.7. Relationship between clonal diversity (D), Simpson’s diversity index, and latitude in 

the 40 mapped populations (p = 0.003). 
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Figure 4.8. Relationship between Fager’s evenness (E) and latitude in the 40 mapped populations 

(p = 0.003). 
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Figure 4.9. Relationship between Faeger’s Evenness (E) and inbreeding coefficient (FIS) in the 

40 mapped populations (p = 6.3 x 10-10). 
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Figure 4.10. Relationship between log of mean area of genets (m2) and latitude for the 40 

mapped populations (p = 0.07). 
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Figure 4.11. Total number of fruits observed on all sampled stems from 82 populations versus 

number of multilocus genotypes observed in a given population (p = 0.0001). 
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CHAPTER 5 

CONCLUSIONS 

  

 This is the first investigation of range-wide patterns of genetic diversity and structure in 

Asimina triloba, a highly clonal understory tree species native to eastern North America. Genetic 

data provide support for the hypothesis that pre-Columbian humans played a role in the dispersal 

this valued tree species. High levels of genetic variation were found in the species and the degree 

of clonality within populations varied considerably across the species’ range. 

 

There was moderate genetic differentiation (GST = 0.341) was among 62 wild 

populations, which is higher than reported for other tree species (citation). High observed 

heterozygosity (HO) was observed throughout the range (mean HO = 0.530). No significant 

relationships were found between geographic and genetic distances. Genetic diversity did not 

decrease with increasing latitude, as would be expected for northward migrating plant species 

(Hewitt 2000). Two distinct genetic clusters, of populations separated primarily by the 

Appalachian Mountains and the Tombigbee River in Alabama were identified using a Bayesian 

clustering analysis (STRUCTURE; Pritchard et al. 2000) and principal components analysis of 

genotypes. These two clusters likely retain the genetic footprints of southern glacial refugia 

during the LGM (~22,000 YBP), the putative locations of which were modelled using ecological 

niche modeling in MAXENT.  Modelling suggests that highly suitable habitat for A. triloba 

existed along the Gulf of Mexico and the southeastern Atlantic Coast in areas currently below 



171 

 

sea level. This finding is consistent with present-day east-west clustering of A. triloba 

populations, assuming most parsimonious post-glacial expansion routes (Swenson & Howard 

2005). An inland area of high habitat suitability found in present day southwest Georgia may 

have allowed for admixture between the two refugia and may explain the high levels of genetic 

diversity observed in the middle latitudes of the species range (Petit et al. 2003). 

 

Twenty populations of putative anthropogenic origin (i.e., those occurring on or adjacent 

to known Native American settlements) were also characterized using neutral nuclear genetic 

markers.  Levels and partitioning of genetic variation were compared between anthropogenic and 

62 wild populations (i.e., those not located adjacent to known Native American settlements).    

Seven Six population genetic measures (MLGs, AT, AE, PA, ARARE, and FIS) revealed significantly 

higher genetic diversity in wild populations than anthropogenic populations. Interestingly 

observed heterozygosity (HO) was significantly lower in wild populations.  These data are 

consistent with human-mediated dispersal and manipulation of this highly prized tree species. 

The patterns observed in anthropogenic populations are likely to have resulted from admixing of 

seeds from wild populations followed by loss of alleles associated with successive founder 

events and perhaps strict sense genetic drift. The number of rare alleles (i.e., those occurring in < 

10 % of populations) for all 82 populations decrease significantly with increasing latitude, 

though rare alleles were significantly less frequent in anthropogenic populations.  The high levels 

of genetic structure among the northernmost anthropogenic populations suggest that subsequent 

to their colonization, there was little gene flow among them. These anthropogenic populations 

showed high levels of genetic identity and low GST values with geographically distant wild 

populations, which suggests long-distance dispersal and the possibility that these wild 
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populations served as the sources of propagules that founded the anthropogenic populations. 

These data support the hypothesis that pre-Columbian humans may have been responsible for the 

expansion of A. triloba to the northern limit of its distribution. 

 

 Our data further illustrate that clonal growth is very important to the within-population 

expansion and persistence of this understory tree species, particularly in more marginal habitats. 

Clonal growth patterns are not uniform across the broad geographic range of A. triloba and the 

degree of clonality is likely shaped by abiotic factors, with populations at the edges of the 

species’ range engaging in little to no sexual reproduction, relying instead on clonal growth for 

long-term persistence. Fruit-set among all 82 sampled populations of this self-incompatible 

species was strongly dependent on number of multilocus genotypes (MLGs). Additionally, 

populations of A. triloba occurring on or adjacent to pre-Columbian settlements are characterized 

by significantly fewer MLGs and lower evenness of clones (Fager 1972). Spatial autocorrelation 

analyses revealed that genetic structure of A. triloba populations is strongly influenced by the 

production of ramets; when clones were excluded from analyses, populations possessed little to 

no significant spatial genetic structure. 
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