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ABSTRACT 

Timms, R. J. P. 2020. The genetic diversity of eastern North American tree species as 
related to the extent of their spatial distribution during the Last Glacial 
Maximum. 63 pp.  

 
Key Words: allozyme, deciduous, glacial refugia last glacial maximum, paleoecology, 

phylogeography, species distribution models  
 

The distribution of boreal and temperate species during the last glacial maximum 
(LGM) in Eastern North America can have a significant effect on the genetic diversity of 
present day populations. Here, I modelled the LGM distribution of several keystone 
deciduous tree species native to northeastern North America. The ecological niche 
modelling software, Maxent, was used to generate a relative rate of occurrence that was 
used to infer the probable locations of glacial refugia. These predicted refugia were then 
validated by paleo-ecological records where available. The genetic variation of each 
species was assessed by a literature review of previous studies that used allozymes to 
determine the expected heterozygosity. The area of the refugia were then compared to 
the expected heterozygosity through a linear regression. The findings of this study 
indicated no significant relationship (r2 = 0.024) between refugia size and expected 
heterozygosity. The lack of data on expected heterozygosity likely skewed the results 
and further studies need to be conducted to correct for this.  
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INTRODUCTION 

North America has seen very significant glacial events throughout geological 

history. The most recent maximum ended roughly 18000 years ago, with the retreat of 

the glaciers leaving permanent marks on the land clearly seen today (Yokoyama et al. 

2001). Less clearly seen are the effects on the genetic diversity of surviving tree species 

that had to recolonize the post glacial tundra-like environments. Temperate tree species 

persisted during the LGM in pockets of suitable habitat, known as refugia, that helped 

enable their survival. The size and extent of these refugia can be analyzed through 

allozymic variation today, along with habitat modelling from paleoclimate data.  

Studies that examine fossilized pollen data have been used to reconstruct 

previous landscapes and species distributions along with the speed of post glacial 

migration and will aid in the accuracy of the models to be constructed (Gaillard et al. 

2008). The western half of North America has had significant studies of glacial refugia 

and modern genetic diversity (Roberts and Hamann 2015), while the eastern half of 

North America is lacking in a study to this degree.  

The relationship between size of refugia and genetic diversity was proven to be 

significant in the study by Roberts and Hamann (2015). Moreover, the extent of this 

relationship was seen in a study by Nei et al. (1975) which found that genetic diversity 

declines rapidly when a population bottleneck occurs. Expected heterozygosity (He), a 

measure of genetic diversity, is related to the frequency of common alleles, which are 

unlikely to be lost due to small population sizes (Nei et al. 1975; as cited by Roberts and 

Hamann 2015). The genetic differentiation of past populations is favoured in refugia that 
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are of greater size and distinctly separated, which manifests as higher levels of He in 

modern populations (Roberts and Hamann 2015).  

The objective of this study is to reconstruct the LGM distribution of ten 

deciduous tree species populations that underwent significant range shifts during the last 

glacial maximum (LGM) to examine the relationship between present day genetic 

diversity and LGM range size. The species that will be examined for this study are; Acer 

saccharum, Quercus rubra, Quercus macrocarpa, Quercus alba, Quercus velutina, 

Populus tremuloides, Populus grandidentata, Populus balsamifera, Fagus grandifolia, 

Castanea dentata. 

SPECIES SELECTION  

The selection of species for this study was conducted first on the genus level to 

compare as many closely related species as possible. The next selection requirement was 

current habitat relationships, and cohabitation of similar areas. The lack, or presence, of 

allozyme studies was also a guiding factor in determining species.  

One of the goals of species selection was including a diverse set of present-day 

ranges, which would allow for comparisons to be made. The majority of species selected 

had similar range sizes that are restricted to Eastern North America. Populus tremuloides 

and Populus balsamifera were selected because they had the largest present-day ranges 

and are more common in the boreal forest. Populus balsamifera has a more limited 

range than P. tremuloides, and P. balsamifera and was selected as a comparison. Acer 

saccharum and Fagus grandifolia were selected because they share a common forest 
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type today. The Quercus genus was selected due to the availability of literature and their 

relationship to other selected species.  

Castanea dentata was selected due to its widespread distribution in Eastern 

North America before populations were decimated by the chestnut blight in the late 19th 

century (Dalgleish et al. 2015). The current population of C. dentata is estimated to be 

10% of its pre-blight size (Dalgleish et al. 2015). This reduction of population size made 

C. dentata the focus of several studies aiming to aid in conservation and breeding 

programs (Huang et al. 1999). Furthermore, the historical relationship between chestnut-

oak forests is well documented (Huang et al. 1999). 

HYPOTHESIS: 

Due to the complex nature of this thesis, and the number of species, a simple 

hypothesis will be hard to predict. A null hypothesis can be assumed to be that there is 

no significant relationship between present day genetic diversity and the number or size 

of the genetic refugia that species occupied during the LGM. However, I expect that tree 

species that are more widely distributed today, and that have a tolerance for more 

northerly ranges likely faired better in the past. The species that favoured northern 

ranges more, possibly held large populations close to the glaciers and recolonized more 

quickly. Specifically, species that are confined to small widely separated refugia will 

likely have less genetic diversity and share more similar alleles. This is compared to 

species that had larger more continuous refugia, and consequently retained a higher 

genetic diversity, and a higher number of different alleles in the population.  
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LITERATURE REVIEW 

PHYLOGEOGRAPHIC EFFECTS ON GENETIC DIVERSITY 

A central aspect of this study is the phylogeographic effects on genetic diversity, 

which will be focused on the last glacial maximum or LGM. In North America, as 

glaciation moved from north to south, many tree species were pushed out of much of 

their normal ranges and were forced to survive in glacial refugia in the south 

(Hollingsworth 1999). A refugium can be defined as “an area, of any size, in which a 

taxon persisted at any population density, during a cold stage” (Bennet et al. as cited by 

Hollingsworth et al. 1999). Being restricted to glacial refugia can have a drastic effect on 

genetic diversity, even more so if the refugia is isolated, with little to no gene flow 

(Hollingsworth et al. 1999). If isolation, and glaciation, continues for a significant 

amount of time, then population allele frequencies begin to diverge.  

A book by Hollingsworth et al. (1999) focuses on Quercus and Fagus species of 

Europe but provides a proof of concept that refugia can be measured through genetic 

diversity of varying populations to determine where the refugia were and their relative 

size. Species in Europe with a more northerly range, such as Betula, were shown to have 

had a much larger and more continuous glacial refugium (Huntley and Birks as cited by 

Hollingsworth et al. 1999). The overall result of this isolation and glacial refugium is 

speciation in the long term and genetic divergence in the short term (Hollingsworth 

1999). 

One of the only ways to map a species refugia is by the use of fossil pollen, and 

macro fossil data. Many studies have used this method, and one example is a study by 
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Martínez-Meyer and Peterson (2006), which investigated the modelled distribution of 

tree species niches over the last 20,000 years. This is done by tracking distribution and 

migration of multiple pollen taxa relative to climate types. The use of the Global Pollen 

Database was essential to the ecological niche models used. The pollen data was then 

incorporated into ecological niches summaries, of present day, and paleo, climatology 

summaries to produce likely geographically distributions. Finally, the outputs from each 

time period were projected to the “other” time period. The species that this study has in 

common with this paper is only Acer saccharum. However, the approaches used in that 

study can be applied to the other species used in this study. The problems of these 

models are that they can only show the predicted ecological niches after the LGM and 

they do not take into account tree migration. Moreover, the use of fossil pollen data 

relies on environmental factors that are able to collect and retain pollen over the 20,000-

year time period. Many fossil pollen survey locations do not indicate the occurrence of 

species that may actually have occurred there, because pollen and macrostructures are 

not always successfully preserved in the fossil record.   

SPECIES GENETIC DIVERSITY AND GLACIAL REFUGIA  

A similar study to this thesis was conducted on the relationship between genetic 

diversity and geographic refugia following the LGM for 22 species located in Western 

North America (Roberts and Hamann 2015). This study found a surprisingly strong 

relationship between the size of proposed genetic refugia and modern genetic diversity. 

This is a good indicator that the hypothesis of this thesis is on the right track.  
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Acer saccharum (Sugar Maple) 

Acer saccharum is a shade tolerant tree which has an average life span of 200 – 

300 years. The species is wind and insect pollinated, along with the seeds that are wind 

dispersed. These two attributes combine to allow the species to have a medium dispersal 

ability A study by Perry and Knowles (1989) looked into the allozyme variation of 

multiple populations of sugar maple from two distinct areas near the northern limit of 

their range, Wawa and Thunder Bay. This study found that the Fst estimates (average 

pairwise population differentiation, as measured by allele frequencies) indicated only 

3% genetic variability among populations, with no relation to geographic distance 

suggested. The study then goes on to suggest that the small populations of sugar maple 

might have been remnants of a larger more continuous population from the hypsithermal 

interval. This is valuable information when looking at the post glacial state of the 

population, suggesting that the species was able to colonize more northerly limits. The 

average expected heterozygosity was moderate, with a value of He = 0.110. This can be 

compared to two other northern hardwood species, being greater than Populus 

balsamifera (He=0.037, Bousquet et al.), while lower than Populus tremuloides (He = 

0.42, Cheliak and Dancik; He = 0.235, Hyun et al.) (as cited by Perry and Knowles 

1989). 

Another study found that Acer saccharum exhibits slightly lower genetic 

diversity than the average of other North American angiosperms, for example Populus 

tremuloides (Hyun et al. cited by Young et al. 1993) had a distinct genetic structure 

among regional populations across their range (Young et al. 1993). This study goes into 

further detail by interpreting two broad geographic groups of populations, as 
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descendants of two refugia from the after the last glacial maximum, when tree migration 

was occurring (Young et al. 1993). These groups likely originated from: Appalachian 

refugia, which migrated north into the east coast (Dyke and Prest cited by Young et al. 

1993), and from a refugium in the Driftless region of Iowa which populates much of 

Ontario and Quebec now (Braun 1950; as cited by Young et al. 1993). 

While the previous studies looked at genetic diversity, none of them related it to 

the extent of refugia during the LGM. A study by Graignic et al. (2018) suggests that 

there is a genetic difference between eastern and western populations, which may 

possibly represent two distinct migration routes that either separated a significant time 

ago or different glacial refugia. These populations were in eastern and western Quebec, 

with the western population arriving 3000 years later than the eastern population. 

Multiple migration routs could indicate two separate refugia.  

Fagus grandifolia (American Beech) 

American beech is a widely spread, highly shade tolerant species that inhabits 

many of the same forest types as sugar maple. This relationship today could potentially 

indicate a similar relationship as far back as the LGM. Knowing this relationship, a 

study by Mclachlan et al. (2005) focused on two the genus; maple (Acer) and beech 

(Fagus), with no specific species in either genus quantified. This is because of the 

studies of fossil pollen data not differentiating between species, due to the difficulty 

(Mclachlan et al. 2005). Fagus grandifolia is the only species of the Fagus found in 

North America (Bennet 1985). The Gulf Coastal Plain is identified as the refuge of 

beech during the last glacial maximum (Davis, Delcourt and Delcourt as cited by 

Mclachlan et al. 2005). The migration of beech from this refugia proceeded north 
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following a path seen in the appendices (Mclachlan et al. 2005). While sugar maple 

(Acer saccharum) is not mentioned in the study by Mclachlan et al. (2005), Young et al. 

(1993) proposed two distinct refugia.  

A study by Bennet (1985) investigates the spread of Fagus grandifolia by 

mapping and interpreting the data from pollen and macrofossils. Between the years 

18,000 and 14,000 years before present (bp), the pollen data suggests F. grandifolia was 

present over a wide area in the south (Tennesee and Louisiana), although it was 

generally very scarce (Bennet 1985). There was believed to be a full glacial refugium in 

the Tunica Hills and the bluff lands of the Mississippi valley from the Gulf Coast to as 

far north as Tennessee (Delcourt and Delcourt as cited by Bennett 1985). This would 

indicate one, albeit widely spread, refugia in an area that is also shown by Mclachlan et 

al. (2005). 

Given the previous studies into glacial refugia, the genetic diversity of F. 

grandifolia needs to be quantified for the purpose of this thesis. A study by Houston and 

Houston (1994) surveys the genetic structure of two stands located in Massachusetts and 

West Virginia, by examining the isozyme variation at nine loci. The specific genetic 

variance data is located in the material and methods section. The study by Houston and 

Houston (1994) found that the local genetic diversity in each respective population was 

high, with an average observed heterozygosity of 0.382, and an average number of 

alleles per locus of 2.9. The mean Fst value of 0.064 indicated a moderate differentiation 

between the two populations (Houston and Houston 1994). Due to the relative closeness 

of the sample areas these populations could potentially be from the same refugia during 
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the LGM. Other studies will have to be used to prove or disprove this point.  Also, this 

expected heterozygosity is quite high compared to the other species in this study.  

Populus spp. 

In the Populus genus, the multiple species that will be investigated are, P. 

tremuloides, P. baslamifera and P. grandidentata. Studies of genetic diversity based on 

allozymes will be compiled along with studies that indicate likely glacial refugia. Not all 

species had studies that indicated phylogeography and models will have to be made to 

find likely glacial refugia.  

Trembling aspen (Populus tremuloides) is the most widely distributed tree 

species in North America (Perala as cited by Liu and Furnier 1993). While big tooth 

aspen (Populus grandidentata) range is located to Eastern North America, with most 

populations being found in Canada (southwestern Quebec and southeastern Ontario), but 

extending down to northwestern Tennessee (Laidly 1990). A study by Liu and Furnier 

(1993) examines the genetic variation in allozyme loci, RFLPs and RAPDs, in 130 

trembling aspen, and 105 big tooth aspen trees. With regards to the allozyme loci, the 

results were, P=77%; A=2.8; He = 0.25, for trembling aspen, and P=29%; A=1.4; He = 

0.08, for bigtooth aspen (Liu and Furnier 1993). The sample populations included 130 

trembling aspen and 105 big tooth aspen, located in Michigan, Minnesota and Wisconsin 

(Liu and Furnier 1993). The results indicate that trembling aspen is more genetically 

variable than bigtooth aspen at both allozymic and RAPD markers. This could be linked 

to the difference in ranges of the species as stated above.  

A study by Callahan et al. (2013), found two major genetic clusters for Populus 

tremuloides; a south western cluster and a northern cluster. The south western cluster 
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had two sub clusters but is limited in its current distribution to the Rocky Mountains area 

(Callahan et al. 2013). The northern cluster had no sub clusters determined, but this 

could be a failing of the broad scope of the study, with Callahan et al. (2013) 

recommending a finer scale study to determine if more distinct genetic refugia existed 

during the LGM. This could potentially indicate that the northern cluster was a series of 

refugium that were closely situated and had a continuous genetic exchange. Another 

study, by Ding et al. (2017) constructed a historical biogeography of Populus 

tremuloides, through the use of species distribution modelling and data on genetic 

structure and within-population variance. The findings suggest three potential glacial 

refugia; the eastern United States refugia, the south western United States refugia, and 

the Alaska refugium (Ding et al. 2017). The Alaska refugium is indicated to have been 

small with a low probability of presence and will not be considered as significant in this 

thesis (Ding et al. 2017). The eastern refugium was the largest and is credited as the 

most likely source of migration north into the current species distribution (Ding et al. 

2017). This idea can be related to the study Callahan et al. (2013), which also suggests a 

distinct genetic cluster responsible for the current northern distribution of trembling 

aspen.  

Populus balsamifera offers a problem with this thesis, being that only one study 

measures the genetic variation. This was a study by Farmer et al. (1988), which 

measured the isozyme variation of Populus balsamifera by sampling five 50 tree 

populations along a latitudinal transect in Northern Ontario. The overall findings 

indicate that of the populations surveyed, there was a lack of genetic differentiation 

(Farmer et al. 1988). Farmer et al. (1988) suggests that this could be the result of a 
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common ancestral gene pool, and substantial gene flow between populations due to 

recent migration. The idea of a common ancestral gene pool is corroborated by the 

multiple genetic clusters found by Keller et al. (2011). This is a small population that, in 

no way, represents the large range of P. balsamifera.  

The phylogenetic findings of a study by Keller et al. (2011) are three regional 

clusters of genetic diversity: a northern cluster found in Alaska and Northern Canada; a 

central cluster distributed from the Great Lakes to the prairie provinces; and an eastern 

cluster found in Quebec and the maritime provinces.  These findings can be used with 

modelling to be done on this thesis to help determine if the three genetic clusters can be 

attributed to three glacial refugia.  

Quercus spp. 

The Quercus genus is a diverse set of species located across the world, but this 

thesis will focus on the following species; Quercus rubra, Quercus macrocarpa, 

Quercus alba, and Quercus velutina. Of this species list Q. rubra and Q. macrocarpa 

had the largest quantity of genetic data, while Q. alba, and Q. velutina had very little.  

A study by Sork et al. (1993), investigates two aspects of genetic variation in 

Quercus rubra; macrogeographic and fine-scale. This was done by sampling multiple 

locations for the former, and intensely sampling four sub-populations within a 4 ha plot 

in Missouri, for the latter. The macrogeographic study of genetic variation is of key 

importance to this thesis. The findings of this aspect of the study indicate a relatively 

high level of genetic variation within individual populations and a higher than average 

genetic differentiation between populations (Sork et al, 1993). This genetic 

differentiation is linked loosely to the idea of glacial history, including bottlenecks, 
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genetic drift, and uneven migration patterns (Schlarbaum et al. as cited by Sork et al. 

1993). While this study does not go into depth into the cause of differentiation, future 

ecological niche modelling, coupled with the genetic variation findings could be used to 

determine the likelihood of genetic refugia for the red oak species. 

Due to the lack of allozyme studies, other literature needed to be gathered to aid 

in the description of genetic diversity. A study by Magni et al. (2005) investigates the 

DNA variation of Q. rubra across the species range and compares this to other 

Fagaceae. The genetic data of this study is different compared to the allozymic variation 

of other studies used in this thesis. However, the information can be useful when 

compared with other data gathered. The general findings indicate a relatively low 

population differentiation pointing to a weak phylogeographical structure (Magni et al. 

2005). This could be a result of a limited number of genetic refugia, but this study does 

not elaborate on this point, and future modelling will have to be done to prove the 

validity of this idea.  

The only allozymic genetic findings of Q. velutina and Q. alba, were carried out 

in a study by Manos & Fairbrothers (1987). The notable species of this study that can be 

related to this thesis are; Q. velutina, Q. alba, and Q. rubra. Due to the limited range of 

the study these values might not represent the entire range accurately and should be 

supported with findings of other studies, if they are available, to prove their validity.  

The other species with a solid literary backing into their expected heterozygosity 

was Q. macrocarpa. A study by Geburek and Tripp-Knowles (1994) examined the 

genetic architecture of Q. macrocarpa, through the use of allozyme variation. The study 

focused on sampling an isolated population of bur oak near Rainy River and the fine-
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scale genetic structure of this population (Geburek and Tripp-Knowles 1994). Due to the 

limited nature of this, sampling this study will be used as a point of data to compare with 

and add to data gathered by other studies. One such comparison is a study by Schnable 

and Hamrick (1990), which examines the population genetic structure of 21 populations 

of Quercus macrocarpa, along with four populations of Quercus gambelii. 

Overall the literature contains few broad-scale studies of the genetic diversity of 

eastern North American Quercus spp.. However, studies were available for a few 

species, though a number of them relied on populations that likely are not representative 

of the entire species range. There was little to no information about likely refugia of any 

specific Quercus species, and only a general look at the Quercus genus likely 

paleohabitat in a study by Prentice et al. (1991).  

Castanea dentata (American Chestnut)  

The American chestnut has still not recovered from chestnut blight and is in a 

continually dire state. Overlooked by many, Huang et al. (1999) conducted a study into 

the allozymic variation of 12 populations. Historically oak-chestnut forests played an 

important part in eastern North American forests (Davis as cited by Huang et al. 1999). 

This link between the two genera, Quercus and Castanea, makes a good contrast and 

comparison point between potential ancient forest compositions and current 

compositions. The general findings of this study indicate that American chestnut has an 

average to low level of genetic diversity, which could have contributed to its demise 

(Huang et al. 1999). Going further, this study indicates the Appalachian populations 

originated from multi refugia during the last glacial maximum (Huang et al. 1999). This 

information will be compared to the models to be created, and to the genetic diversity to 
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the Quercus genus to see if links do exist and if a location for the refugia can be 

determined.  

ALLOZYMES  

This thesis relies heavily on the genetic diversity of the species in question and is 

determined by gathering and evaluating previous studies on the variation of allozymes. 

The allelic variations of enzymes, or allozymes, are encoded by structural genes and are 

a reliable metric for the overall genetic diversity of the species in question (Richardson 

et. al. 1986). The studies that have obtained allozyme data do so by the process of 

allozyme electrophoresis. This process involves using electrophoresis gels to imprint a 

banding pattern, which is further analyzed (Richardson et. al. 1986).  The selection of 

allozymes as genetic markers for the tree species in this thesis was made due to the 

historic use of allozymes in other studies. They are useful for evaluating species 

boundaries, comparisons among taxa and a quantitative estimate of genetic distinction 

and distribution (Strauss, 1992; Miller & Libby, 1991, as cited by Millar & Westfall 

1992). 

EXPECTED HETEROZYGOSITY  

The previous sections of the literature review looked at the validity of various 

studies and at the known expected heterozygosity. Table 1 has been made to summarise 

the findings of literature and display the available data in a concise and efficient manner. 

The amount of data on each species varies greatly, with the greatest number of studies 

on A. saccharum for a total of 6, and the lowest number on, Q. alba, P. balsamifera, and 

C. dentata, with only a single study for each.  
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Table 1. Summary of the expected heterozygosity by species 

Species  Expected Heterozygosity  Source  

Acer saccharum 0.113 Perry & Knowles 1989. 

 0.171 Fore et al. 1992b. 

 0.148 Fore et al. 1992a. 

 0.148 Simon et al. 1995.  

 0.115 Young et al. 1993a.  

 0.112 Young et al. 1993b.   

Quercus rubra 0.186 Sork et al. 1993.  

 0.115 Manos & Fairbrothers. 1987.  

 0.172 Guttman & Weigt. 1989.  

Quercus macrocarpa 0.187 Schnabel & Hamrick. 1990. 

 0.196 
Geburek & Tripp-Knowles. 

1994.  

Quercus velutina 0.102 Manos & Fairbrothers. 1987.  

 0.203 Guttman & Weigt. 1989.  

Quercus alba 0.097 Manos & Fairbrothers. 1987.  

Populus tremuloides 0.235 Hyun et al. 1987.  

 0.220 Lund et al. 1992.  

 0.290 Jelinski & Cheliak. 1992.  

 0.250 Liu & Furnier. 1993.  

Populus grandentata 0.080 Liu & Furnier. 1993.  

 0.130 Liu & Furnier. 1993.  

Populus balsamifera 0.037 Farmer et al. 1988. 

Fagus grandifolia 0.395 Houston & Houston. 1994.  

 0.165 Houston & Houston. 2000.  

Castanea dentata 0.151 Huang et al. 1999. 
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METHODS AND MATERIALS  

MODELLING  

Maximum entropy modelling will be used in this thesis, as implemented in the 

software Maxent (Phillips, Dudík & Schapire n.d.). Maxent uses presence-only data 

modelling, which relies on species location of individuals as an input into the system, 

along with a set of environmental predictors. The data gathered from these models will 

be statistically analyzed to show its validity and accuracy in the results section. These 

methods will be updated as models are created to ensure a complete list of steps can be 

followed. Models using current climate data will be made and compared to species 

distribution mas from Little’s “Atlas of United States trees” (1971).  

Occurrence data 

Each species that is being modelled is based on occurrence data that will be 

gathered using GBIF or global biodiversity information facility, an online database for 

species occurrence (GBIF 2020).  The amount of occurrence data varies by species, but 

the species chosen for this thesis all have several thousand occurrence points, which 

adds accuracy to the model being created. To remove error, species occurrences with no 

lat/long were removed from the files, along with occurrences that are outside the range 

of the study area of North America. Duplicates occurrences will also be removed.  

Environmental Variables  

The paleoclimate data will be gathered from WorldClim.com, with environment 

variables factored out during correlation with the ecological niche modelling tools built 

into Maxent (Hijmans et al. 2005). The data that will be gathered from WorldClim is in 
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a format that is incompatible with Maxent. This data will be formatted in ArcGIS to 

change the file type and to include the relevant environmental variables. The study area 

will be focused on North America, and the data will be altered to fit. This area can be 

seen in the results and appendices but will include the entirety of North America. The 

paleoclimate data that will be selected has a spatial resolution of 2.5 arc minutes at the 

equator or roughly 5 by 5 kilometer blocks as this was the most accurate data available. 

The three Global Climate Models available for use were; CCSM4, MIROC-ESM, and 

MPI-ESM-P. These will be referred to CCLGM, MRLGM and MELGM, respectively, 

for this thesis.  

Sampling Bias  

To ensure a statistically accurate model, the spatial bias of species occurrence 

records needs to be accounted for (Fourcade, Engler, Rodder D, & Secondi 2014). This 

bias is due to the fact that occurrence points are likely to be more clustered towards 

populated or roaded areas because of an increased sampling intensity of these areas 

compared to rural or remote areas (Fourcade, Engler, Rodder D, & Secondi 2014).  

Using Arcmap version 10.7, the select random points tool will be used to remove the 

bias inherent in the occurrence data. Given that the data was open sourced, there were 

large clusters of points around populated areas in the species ranges. By using the select 

random points tool, a minimum of 30 kilometers separation between points was 

implemented to remove these large clusters. While this does not altogether remove the 

bias, as there is less likely to be occurrence points in areas that are unpopulated and have 

limited access, it does allow the model to not over sample specific areas of a species 

ranges. To further reduce bias, Little’s Range Maps will be used to eliminate species 
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occurrence points outside there accepted ranges. While these species likely exist in areas 

other than their current ranges, they likely do not have large genetically diverse 

populations in these areas (Fryer 2018).  

Running the Models  

Maxent will be used on the default settings, with the outputs being Cloglog. The 

bioclimatic variables that will be entered are based on present-day climate models 

assembled by Worldclim (Hijmans et al. 2005). This will allow for the Maxent model to 

interpret the occurrence points and build a relative rate of occurrence for each species. A 

random test percentage of 25% will also be used to assess the accuracy of the models, 

with five iterations conducted. The jackknife output of the bioclimatic variables will be 

used to remove variables that did not contribute to the predictive power of the model. 

The software EMNtools (Warren, Glor, & Turelli 2010) will be used to evaluate the 

similarity (through correlation analysis) of the individual climatic variables. Next, with 

the jackknife output, the best performing variables will be selected, and the variables 

with a correlation higher than 0.8 will be sequentially removed. This will be repeated 

multiple times until the model was performing optimally. After optimization, the 

paleoclimate data will be projected onto the models to build a relative rate of occurrence 

map for each species. 

Of the three types of bioclimatic data that will be used to project the models, 

MELGM, MRLGM and CCLGM, one will be selected as the main source of refugia 

size. Each type of bioclimatic data comes from separate models that are were used to 

predict environmental conditions during the LGM. The CCLGM data comes from the 

CCSM4 model, the MRLGM data comes from the MIROC-ESM model, and the 
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MELGM data comes from the MPI-ESM-P model (Hijmans et al. 2005). All three are a 

Global Climate Model (GCM) and are based on a variety of different inputs, creating 

different paleoclimate conditions (PUFC n.d.). 

Habitat Suitability  

To estimate the size of refugia, the relative rate of occurrence values from the 

Maxent results will be interpreted and categorized into ranges of habitat suitability.  

These ranges are determined on an overall basis for the entire ten species and are broken 

down into four classes:  

• Class 1 suitability indicates a low likelihood of any major species populations 

and little chance of gene flow over large distances. The maxent output of 0 – 0.3 

was included in this class. 

• Class 2 suitability indicates low to moderate species occurrence with small 

isolated populations and the possibility of gene flow through these areas. The 

maxent output of 0.3 – 0.5 was included in this class. 

• Class 3 suitability indicates moderate to high species occurrence, with 

populations of varying size on the landscape. The maxent output of 0.5 – 0.7 was 

included in this class.  

• Class 4 suitability indicates high likelihood species occurrence, with the potential 

for large populations on the landscape. The maxent output of 0.7 – 1 was 

included in this class. 

For the purpose of this study, refugia size will only be measured at suitability 

classes 2 and above. The class level is not indicative of definite species presence, but an 

indicator of likelihood. 
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Refugia Size 

After the classification of the suitable habitat for likely refugia, the data will be 

transferred to Arcmap 10.7 (ESRI 2011), where data conversion will be done to allow 

the total area of refugia to be calculated. This area will be calculated in squared 

kilometers, and then transferred to Excel for a regression analysis (Microsoft 

Corporation 2018).  

Regression Analysis  

 The software that will be used is the built-in data analysis tools of Excel 

(Microsoft Corporation 2018). The refugia size and expected heterozygosity we will 

import into Microsoft Excel (2018) where a regression analysis will be conducted. These 

results will then put into a graph that can be found in the results.  

  

LITERATURE SEARCH FOR ALLOZYME DATA  

To complete the literature review and to find references to add validity to the 

discussion section, extensive searches will be completed using Google Scholar. This will 

involve the use of the keywords; allozyme, glacial refugia, last glacial maximum, 

palynology, and phylogeography. However, to complete a comprehensive search, papers 

that were sourced will have their references researched also. A significant amount of 

studies for other areas on the planet had to be sifted through to find the ones pertaining 

to eastern North America.  
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RESULTS 

GLACIAL REFUGIA MODELLING  

During the process of running the models, the output results seem promising, and 

the performance of the models, measured by the AUC value, was high. An AUC value 

of 0.5 would indicate that the model is no better than random (Phillips 2005). The AUC 

graphs for each species can be found in Appendix B. Of the three sets of bioclimatic 

variables modelled, only the MELGM models showed glacial refugia for all species, 

with the MRLGM and CCLGM models predicting no refugia for multiple species.  

For the majority of these deciduous species, the refugia were located well below 

the glaciated areas, with only P. tremuloides and P. balsamifera extending closer, as 

seen in Figures 3 and 4. This corresponds with the current day species distributions and 

the prevalence of P. tremuloides and P. balsamifera in the boreal forest regions. The 

most common refugial location was a wide distribution ranging from present day Texas 

to the East Coast.  This included; Q. rubra, Q. velutina, Q. alba, P. grandidentata, and 

A. saccharum. Many of these species occupy similar but distinct ecosites within their 

respective current ranges. The species that had the smallest refugia were; Q. 

macrocarpa, F. grandifolia and C. dentata.  

The predicted MELGM models can be seen below in Figures 1 to 5, and the 

MELGM/CCLGM models are located in Appendix A. 
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       Figure 1. Predicted glacial refugia of Q. rubra and Q. velutina. 

Both Quercus species in Figure 1 above have similar refugia that were connected 

and likely had adequate gene flow. The separate class 4 suitability areas of Q. velutina 

might indicate divergent populations with smaller sub populations in-between. Quercus 

rubra has a more distinct high suitability area, where a single large population was 

located, and smaller sub-population further east.  
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       Figure 2. Predicted glacial refugia of Q. macrocarpa and Q. alba. 

 The refugia for Q. macrocarpa and Q. alba are distinctly different from the 

species in Figure 1. The extremely limited refugia of Q. macrocarpa indicates one 

population group, where the entirety on species genetics originated from. Conversely, Q. 

alba has two distinct refugia that are linked by an area that had limited populations and 

little to no gene flow.  
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Figure 3. Predicted glacial refugia of P. tremuloides and P. grandidentata. 

The refugia for P. tremuloides is wide ranging, spanning the entirety of North 

America, and approaching the ice sheet. The populations of P. tremuloides were well 

connected with no distinct single refugium. On the contrary, the refugia for P. 

grandidentata is smaller and has a single distinct population with smaller sub-

populations near the East Coast.  
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Figure 4. Predicted glacial refugia of F. grandifolia and P. balsamifera. 

Of all the species, only P. balsamifera was predicted to have a refugium located 

in present day Alaska. The southern population of P. balsamifera was well established 

with smaller refugium in the mountains to the west. The limited refugia of F. grandifolia 

are widely separated and have very little class 4 habitat suitability. There was a small 

core population directly on the East Coast, and scattered subpopulations, with little to no 

gene flow.  
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Figure 5. Predicted glacial refugia of C. dentata and A. saccharum 

The two refugia of C. dentata are small in overall size but close in proximity. 

Gene flow may have occurred between them, but its more likely that two distinct 

populations existed. The large refugia of A. saccharum had a core population in class 4 

suitable habitat, with smaller populations located near the East Coast. Wide spread 

populations likely existed in small numbers. A notable exception is the lack of refugium, 

for any species, located in present day Florida, which was likely a warmer area during 
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the LGM. The paleoclimate variables were likely the cause of this omission, as 

numerous studies theorized extensive forested areas in that location.  

SPECIES GENETIC DIVERSITY  

The genetic variation of the species in this thesis is as diverse as the range of 

sizes of the modelled glacial refugium. However, no strong relationship between the two 

can easily be seen by looking at the data. Were this relationship to exist, the two species 

with the largest refugium would have the highest expected heterozygosity. To illustrate 

this point, Table 2 was created to show the findings of the modelling and genetic 

diversity data. This summary table is sorted by descending order of highest to lowest 

expected heterozygosity for ease of understanding.  

Table 2. Summary of predicted refugia size and average expected heterozygosity 

Species Refugia (#) Refugia Size (106 km2) Average He 
Fagus grandifolia 3 0.7 0.280 

Populus tremuloides 2 3.8 0.249 
Quercus macrocarpa 2 0.4 0.191 

Quercus rubra 2 2.0 0.158 
Quercus velutina 1 1.4 0.152 
Castanea dentata 1 0.2 0.151 
Acer saccharum 2 1.8 0.135 

Populus grandidentata 1 1.4 0.105 
Quercus alba 1 1.4 0.097 

Populus balsamifera 6 3.2 0.037 
* He - Expected heterozygosity  

A cursory glance at Table 2 shows P. balsamifera at the very bottom with a Het 

value of 0.037, while F. grandifolia is at the top with a Het value of 0.280. This is 

surprising given the refugium size of P. balsamifera is 3.2x106 km2, and F. grandifolia is 

0.7x106 km2. This runs contrary to the hypothesis and expected results of this thesis. 
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There may be a relationship, however, as P. tremuloides was the second highest Het 

value of 0.249, and the largest refugium size of 3.8x106 km2. To fully assess the 

relationship between the refugium size and genetic diversity, a linear regression analysis 

was conducted.  

REGRESSION ANALYSIS  

Unsurprisingly the linear regression of all ten species, with refugia size as the 

independent variable Y, and the average expected heterozygosity as the dependent 

variable X, failed to show a meaningful relationship. In fact, only 2.37% of the variation 

of expected heterozygosity can be explained by the size of the refugia, as seen in Table 3 

below. Furthermore, the adjusted r square value indicates an overall negative 

relationship, which means as refugia size goes up, genetic diversity goes down (Table 

3).  

Table 3. Regression analysis statistics of refugia size and expected heterozygosity 

Regression Statistics 
Multiple R 0.154 
R Square 0.024 

Adjusted R Square -0.098 
Standard Error 0.075 
Observations 10 

 

 To visualize this confusing finding, Figure 6 was created from the linear 

regression of the two aforementioned variables.  
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Figure 6. Expected heterozygosity as a function of modelled species refugia size at the 
last glacial maximum. 

 The reasons for this weak relationship likely have to do with four species in this 

study; C. dentata, Q. macrocarpa, F. grandifolia and P. balsamifera. Removing these 

four species from the linear regression, produces excellent results, with an r2 value of 

0.874, as seen in Table 4. This reduction of the number of species in the regression 

analysis does lower the number of points to a level where its unlikely any finding can be 

significant. Many consider it a rule of thumb that a minimum of 10 points are required 

for statistical significance (Chernick 2012).  
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Table 4. Regression analysis for the six species; P. tremuloides, Q. rubra, Q. velutina, A. 
saccharum, P. grandidentata, Q. alba 

Regression Statistics 
Multiple R 0.935 
R Square 0.874 

Adjusted R Square 0.842 
Standard Error 0.022 
Observations 6 

 

 Interestingly, of the species removed for Table 4, Q. macrocarpa, and F. 

grandifolia, had relatively small refugia, and high expected heterozygosity. Furthermore, 

two of the removed species, C. dentata and P. balsamifera, had only one source for 

genetic diversity. However, Q. alba only had one source also but performed well in the 

regression in Table 4.  

 To further this study, the problems with the expected heterozygosity data must be 

reconciled with current literature. The predicted refugia also must be validated, if 

possible, to ensure the accuracy of the geographic locations.  
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DISCUSSION 

KNOWN REFUGIA  

 The literature that pertains to this thesis has a few examples of known refugia for 

several species.  These are proven through fossil pollen data, macro fossil data, and the 

interpretation of genetic variation. The species in this section can have their refugia 

models either validated or proven, to be inaccurate.  

Castanea dentata 

One of the problem species for this thesis was Castanea dentata. This is due 

mainly to the small size of refugia and the relatively high expected heterozygosity. 

However, a study by Kubisiak and Roberds (2006) looked into the genetic diversity and 

allele frequencies of Castanea dentata and made the proposition of a glacial refugium 

existing in present day Mississippi and Alabama. This was due to the findings of the 

largest number of rare alleles located in the current southwestern portion of C. dentata 

range (Kubisiak and Roberds 2006). These findings add validity to the model predictions 

for C. dentata; however, there are notable discrepancies. The predicted model has higher 

habitat suitability further east than the study by Kubisiak and Roberds (2006). This 

difference could be explained by the occurrence points of C. dentata being biased due to 

the reduction of the population through the chestnut blight in the last 100 years. The 

model does predict lower habitat suitability in the area of the theorized refugia; however, 

this suitability fell under the class 1 habitat suitability designation during the modelling, 

and thus was not considered to be a refugium in the model. However, this does not 

eliminate the possibility of populations existing in the area.  
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The relatively high expected heterozygosity of 0.151, as proposed by Huang et. 

(1999) would indicate that populations of C. dentata were of a healthy size, with 

adequate gene flow, within their refugia. While a known refugium for C. dentata exists, 

it is based solely on a single study by Kubisiak and Roberds (2006), with little to no 

corroborating evidence for other sources. 

Acer saccharum  

As the species with the most sources for expected heterozygosity and a large 

number of studies that theorized LGM refugia, A. saccharum should be the easiest to 

validate. The Acer saccharum model predicted a large continuous refugium in the 

Southern USA, as seen in Figure 5. The model can be validated by fossil pollen data that 

suggest A. saccharum migrated north from a single refugium in a similar area to the 

model (Delcourt and Delcourt 1987; as cited by Vargas-Rodriguez et al. 2015).  

However, this assumption is thrown into question by Vargas-Rodriguez et al. (2015), 

who had to reject their hypothesis of a single refugium and was unable to reject their 

hypothesis of multiple refugia.  This brings in the question of the likelihood of small 

refugia existing outside the predicted models’ ranges and the potential inaccuracy of the 

model itself. Further doubt is placed on the model by the identification of two maple 

genetic refugia, with the use of pollen and macrofossil data (Jackson et al. 2000; as cited 

by Graignic et al. 2018).  

It is possible that the model prediction of habitat suitability could confuse the 

ability for a tree to grow in a particular climate, with the ability to grow on specific 

ecosites in that climate. It is unlikely that there were numerous widespread populations 

of A. saccharum, due to competition with other trees deciduous and coniferous. More 
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likely, there were small areas of core habitat and smaller fragmented populations within 

the refugia.  

Fagus grandifolia  

A unique problem within this thesis, F. grandifolia, has one of the highest values 

for expected heterozygosity, but the model predicted one of the smallest refugia. The 

models predicted two distinct refugia located, as seen in Figure 4. This is a viable 

possibility, as a study by Kitamura and Kawano (2001) revealed definite regional 

differences, with two genetically distinct clusters. These two clusters likely originated 

from separate refugia, with one in the area of the Gulf-Coastal plain, eastern coastal 

plain, Piedmont Plateau, and Ozark plateau, and to the northeast, nearer to the east coast.  

(Kitamura and Kawano 2001). This validates an aspect of the model produced in this 

thesis, in which the East Coast refugium showed high habitat suitability; however, the 

refugia on the Gulf Coast, showed much lower, and more scattered habitat suitability.  

The predicted western refugia on the gulf-coastal plain is further legitimized by the 

suggestion of a full-glacial refugium for Fagus grandifolia, and other northern 

deciduous trees, located “in the Tunica Hills and the bluff-lands either side of the 

Mississippi valley from the Gulf coast at least as far north as Tennessee” (Delcourt & 

Delcourt 1975; as cited by Bennett 1985). Moreover, Fossil pollen records were used by 

Delcourt and Delcourt (1987) to create a northern range of Fagus grandifolia migration 

during the LGM, that encompasses both of the predicted refugia.  

Fagus – Acer Relationship  

The link between Acer saccharum and Fagus grandifolia is well documented in 

current forest conditions, where they inhabit similar areas and tend to be found in the 
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same forest types. This link likely existed during the LGM with the migration of maple-

beech associations being theorized by Delcourt and Delcourt (1987). Of the two species, 

A. saccharum had a larger refugium, with higher habitat suitability in areas, wherein 

those same areas, F. grandifolia had fragmented habitat suitability. There is a point on 

the East Coast, where both A. saccharum and F. grandifolia have high habitat suitability 

and definite refugial overlap. While the refugia data does not prove a link between the 

species, there likely was a relationship during the LGM.  

Populus tremuloides/balsamifera   

Of the three Populus species modelled in this study, P. tremuloides, and P. 

balsamifera have a more northerly present-day range and are associated with boreal 

coniferous species. This range indicates that these two species are more adapted to 

harsher climates and lower mean average temperatures. This is represented in the models 

by habitat suitability near the North American ice sheet. The predicted models of P. 

tremuloides suggested a wide refugia stretching coast to coast, with the only barrier 

being the Rocky Mountains to create a division. This can be backed up by a study, 

which found two major genetic clusters based on microsatellite markers (Callahan et al. 

2013). The proposed division is between the current day northern and western 

distributions. Where the northern distribution has a high level of genetic diversity, which 

was likely the result of large refugia in the southern USA during the LGM (Callahan et 

al. 2013). While the western population likely resulted from a smaller refugium that was 

located in the Rocky Mountains and was unable to have adequate gene flow to the larger 

population (Callahan et al. 2013). This is a complete validation of the P. tremuloides 

model accuracy and can be associated with the high expected heterozygosity. Another 
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study proposed a glacial refugium for P. tremuloides in present day Alaska; however, 

the findings disproved this theory (Latutrie, Bergeron & Tremblay 2016). This is more 

validation of the model’s accuracy as it did not predict any refugia in that area.  

 One of the largest problems with the linear regression was the inclusion of P. 

balsamifera, given its large refugia size and low heterozygosity. A study by Breen, 

Murray and Olson (2012) was able to map fossil pollen data accurately and predicted a 

large glacial refugium in the southern USA, and small refugia in present day Alaska. 

This would indicate that the predicted model for P. balsamifera is accurate, given it was 

the only species to have even a low level of suitable in Alaska. Therefore, the only 

limitation of P. balsamifera, to this thesis, was the lack of allozyme studies to represent 

the species’ real genetic diversity accurately.  

UNKNOWN REFUGIA  

 Due to the relative lack of comprehensive glacial refugia studies within North 

America, certain species chosen for this study lack any direct literary evidence of known 

refugia. This will make validation predicted models more complicated.  

Quercus Species 

There is a notable lack of studies into the presence of glacial refugia for the 

Quercus genus. Moreover, there is no information to differentiate between the separate 

Quercus species likely refugia, in the studies that do exist. One such example is a study 

by Jackson et al. (2000), that mapped fossil pollen data for the Southeastern USA. This 

study did not gather any data past the Mississippi River; thus, the scope is limited. The 

findings showed a significant amount of Quercus spp. macro fossils along the southern 
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gulf coast, ranging from the Mississippi to the East Coast and down into present day 

Florida (Jackson et al. 2000). Another study, by Davis (1983), theorized a similar 

location for a Quercus spp. glacial refugium, which roughly matches the predicted 

models.  

Three species, Q. alba, Q. rubra, and Q. velutina, all have relatively similar 

refugia that were modelled, with large areas located in the Southern USA. The outlier of 

the four is Q. macrocarpa, with a small refugium in the Southwestern USA. 

The only method of providing a literary example of known refugia is looking at 

the relationships of the Quercus species with other tree species in this study. While this 

is not a strong validation of the models, the current day intra-species relationships likely 

indicate past relationships. Therefore, there is a way to partially validate the models of 

this study for the Quercus genus. One known relationship is the Oak-Pine forest type. 

While Pinus spp. were not used in this thesis, they were a major component of the forest 

composition of the Southeastern USA during the LGM (Webb 1988; as cited by Abrams 

1992). This relationship could indicate small oak populations surviving across the 

landscape within the predicted refugia of this thesis.  

Being unable to differentiate between Quercus species in known literature makes 

validating the individual models for the four Quercus species difficult. Only a general 

validation of the models fit into known refugia for the Quercus genus. 

Populus grandidentata 

This species offered the most problems with validating the predicted glacial 

refugia in this thesis. One of the only studies that map a glacial refugium for Populus 
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spp. is by Jackson et al (2000), which highlights a vague small area north of Florida. P. 

grandidentata has a current species distribution that is more related to southern 

deciduous species, inhabiting many of the same forest types as A. saccharum, F. 

grandifolia, and the Quercus genus in this study. This relationship between P. 

grandidentata and the other deciduous species in this thesis will have to serve as the 

only source of likely refugia. No studies exist that theorize likely glacial refugia of P. 

grandidentata. Given the low expected heterozygosity, this could indicate small 

populations that are widely separated.  

Potential Refugia  

Four of the models predicted species occurrences located in the far east of North 

America in current day Newfoundland. The model suggested a high relative rate of 

occurrence for P. tremuloides and B. balsamifera in the mid-Atlantic coastal plain. A 

phylogeographic study by Godbout et al. (2000) found indications of a jack pine refugia 

in the mid-Atlantic coastal plain. The present-day range of jack pine is similar to P. 

tremuloides and B. balsamifera and could validate the models’ predictions.  

The model suggested a low relative rate of occurrence for both A. saccharum and 

Q. rubra, which can be interpreted as the existence of sparse populations in the mid-

Atlantic coastal plain. Furthermore, a study by Tomson et al. (2014) linked the 

chloroplast DNA structure of yellow birch to a refugia mid-Atlantic coastal plain. The 

similarity of present-day ranges between A. saccharum, Q. rubra, and Betula 

alleghaniensis could provide validation of the modelled refugia.  

The current literature available confirms the presence of the modelled refugia in 

the mid-Atlantic coastal plain. 
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INHERENT BIAS  

One of the main problems with this thesis is the inherent bias at all levels. While 

some bias can be accounted for, such as the occurrence point clusters, others simply can 

not be corrected for, and it is important to blatantly state what those are. A number of 

problems seen in the results of this study, mainly the lack of genetic variation data on 

several species. Populus balsamifera is the clearest example, with the only study on the 

expected heterozygosity relying on a small population of individuals in their northern 

range in Ontario. This data shows low expected heterozygosity of 0.037. This bias can 

be compounded even further by the general validation of most refugia models. Believing 

the size and extent of the models to be correct is, in its way, another form of bias. 

Moreover, these models likely overestimated the size of the refugia for most species, 

given the literary examples are usually small in size, and predict very low occurrences 

overall.  

Some of the base assumptions of Maxent also level a certain amount of doubt on 

the results of the model projections. Maxent is known to have certain problems with 

presence only data when sampling is not entirely random (Royle et al. 2012). Moreover, 

the logistic output is incorrectly interpreted as occurrence probability, when it should 

only be considered a relative rate of occurrence (Yackulic et al. 2012.) 

CONCLUSION 

This study was able to successfully reconstruct LGM refugia for several Eastern 

North American tree species. The extent of these refugia were measured and compared 
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to the He found in current literature. However, no significant relationship between He 

and glacial refugia size was found. The hypothesis is now considered to be incorrect. 

The main reason for this outcome was the lack of genetic diversity data available 

in the current literature. The majority of species relied on He values from one or two 

studies (Table 1). Furthermore, many of these studies sampled small populations at the 

limits of their ranges, and without correlating data, the genetic diversity is inaccurate.  

Future studies should incorporate the average number of alleles per locus of each 

species to better represent genetic diversity. Moreover, if further studies into allozyme 

variation of the selected species are not conducted, a different genetic marker should be 

chosen.  

There are proven relationships between genetic diversity and refugia size during 

the last glacial maximum for Western North American species (Roberts and Hamann 

2015). However, this study was unable to prove this relationship existed for the selected 

Eastern North American species, and future studies will need to be conducted. 
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APPENDIX A - Maxent Refugia Models CCLGM & MRLGM 
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