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Ecological niche modelling and phylogeography reveal range
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Methods: The present-day niche of Asimina triloba was modelled in Maxent using
Handiling Editor: Jack Williams seven bioclimatic variables, elevation and location data from field samples and her-
barium specimens. To model historically optimal habitats, the present-day model was
projected onto rasters of seven bioclimatic variables and elevation representing the
last glacial maximum (~22,000 years before present [YBP]) and the mid-Holocene
(~6,000 YBP). Predicted habitat suitability for 2070 was also modelled. Additionally,
62 populations were genotyped with nine nuclear microsatellite loci and statistically
analysed. Levels and partitioning of genetic variation within and among populations
were estimated within a geographical context.

Results: Models indicate that optimal habitat 22,000 YBP was severely restricted
to mostly now-submerged Gulf of Mexico and southeastern US coastlines. By 2070,
models suggest that optimal habitat will expand substantially northward relative to
the present. Species-level genetic diversity (H; = 0.765) is high and genetic structure
among populations is moderate (Gg; = 0.202). STrRucTurE indicates that there are two
population clusters straddling the Appalachian Mountains.

Main conclusions: Models suggest that 22,000 YBP A. triloba was restricted to two
major refugia in narrow bands of mostly now-submerged habitat and possibly several
small inland refugia. Molecular data are consistent suggesting that the eastern refugia
expanded to give rise to the eastern cluster which is characterized by higher genetic
diversity. The Gulf of Mexico refugium likely gave rise to populations in the western

cluster, which is characterized by lower genetic diversity.
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1 | INTRODUCTION

Among the most important ecological processes for the per-
sistence of species are dispersal and colonization, which enable
species to undergo range modifications in response to changing
environmental conditions. While individual plants are sedentary,
often a species' range can undergo a slow, gradual shift that tracks
directional climate change at a pace too subtle for detection in
a human lifetime. It is only through the lens of time that natural
range shifts generally become evident. Although there is histori-
cal evidence of episodes of extremely rapid change that were not
linked to continent-wide extinctions, for most of Earth's history
environmental change has been gradual allowing incremental
shifts in distribution (Hof et al., 2011).

During ice ages, plant taxa occupying non-glaciated habitats
displayed varied responses to the cooler, drier conditions, with
some species encompassing larger ranges relative to present-day
distributions (e.g. Ceratiola ericoides [Trapnell et al., 2007] and
Yucca brevifolia [Cole et al., 2011]). However, most cold-intolerant
species in Eastern North America (ENA) retreated to lower lati-
tudes (e.g. Bemmels & Dick, 2018; Davis, 1983; Soltis et al., 2006).
After southward retreat, some species had widespread distribu-
tions (e.g. Carya spp. [Bemmels & Dick, 2018]) while others were
confined to one or more smaller refugia (e.g. Pinus strobus [Zinck
& Rajora, 2016]). Following glacial retreat, many plant taxa mi-
grated northward and enlarged their ranges (Davis & Shaw, 2001;
Delcourt & Delcourt, 1987b; McLachlan et al., 2005; Peterson
& Graves, 2016). Understanding historical patterns of plant dis-
persal and movement after the onset of deglaciation 20,000 to
19,000 years before present (YBP) (Clark et al., 2009) provides
insight into a species' capacity to alter its range in response to
shifting climatic conditions. In recent decades, however, not only
has climate change accelerated but land-use change, urbaniza-
tion, habitat degradation and the modification of ecosystems
have been rapid. Understanding how plant species disperse, colo-
nize 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
direct (e.g. over harvesting) and indirect (e.g. landscape distur-
bance, habitat loss, climate modification) anthropogenic threats
to biodiversity.

Interestingly, some tree species with apparently limited seed dis-
persal appear to have migrated remarkable distances after the Last
Glacial Maximum (LGM). Examples include species of Quercus, Fagus
and Castanea (Clark et al., 1998; Johnson & Webb, 1989). This dis-
parity between expected and inferred migration rates also occurs in
herbaceous taxa (e.g. Asarum canadense [Cain et al., 1998]). Clement
Reid (1899) was the first to express perplexity (‘Reid's paradox’;
Clark et al., 1998; MacDougall, 2003) at the surprisingly rapid rate of
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northward migration from glacial refugia by large-seeded trees such
as oaks. A diffusion model of migration was developed by Skellam
(1951) who observed that the inferred migration rate in oaks greatly
exceeded expectations. Fossil pollen data have been used to esti-
mate migration rates and document this phenomenon for several
tree species (e.g. Clark, 1998). For some tree species, 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 and 990 m respectively during a single
fruiting event (Jordano et al., 2007), while blue jays dispersed acorns
up to 1.9 km (Darley-Hill & Johnson, 1981). Now extinct Pleistocene
megafauna may also have played a significant role in dispersing large
seeds. Mammoths (Mammuthus columbi), tapirs (Tapirus veroensis),
bison (Bison bison), horses (Equus sp.) and mastodons (Mamut ameri-
canum) were present in Southeastern North America as recently as
12,700 YBP (Perrotti, 2018). There is also evidence that horses and
mastodons underwent annual migrations that spanned distances in
excess of 150 km (Hoppe & Koch, 2007).

Large-scale phylogeographical studies of ENA plant taxa and their
responses to post-glacial climate change are relatively scarce for un-
derstorey, insect-pollinated species (e.g. Peterson & Graves, 2016).
Some studies have used modelling to infer locations of LGM refugia
(e.g. Call et al., 2016; Morris et al., 2010; Peterson & Graves, 2016;
Ruiz-Sanchez & Ornelas, 2014). Fewer studies have modelled future
habitat suitability of ENA plant species (see Call et al., 2016). Our aim
is to explore these questions in the widespread ENA tree, Asimina
triloba, commonly known as pawpaw. Pawpaw occurs in 26 states
extending from the eastern US westward to Nebraska, Kansas and
Texas, and spanning a latitudinal gradient from Florida to the Great
Lakes and southern Ontario (Weakley, 2012). Its northern distribu-
tion is well north of the southern limit of the Laurentide Ice Sheet
whose uneven southern margin extended as far south as ~39° lati-
tude (Dyke & Prest, 1987). Our specific objectives are to (a) infer the
historical distribution of suitable A. triloba habitat during the LGM
in the Pleistocene epoch (~22,000 YBP) and mid-Holocene epoch
(~6,000 YPB) through ecological niche modelling, (b) use modelling
to infer the location and extent of suitable A. triloba habitat in 2070,
(c) investigate the spatial distribution of neutral nuclear genetic vari-
ation within and among extant populations of Asimina triloba and (d)
infer locations of refugia during the LGM and patterns of post-glacial
range expansion.

2 | MATERIALS AND METHODS
2.1 | Study species

In the Southeastern US, there are eight native Asimina species
(Huang et al., 2000), most of which are narrowly distributed across
Florida and southern Georgia. A notable exception is A. triloba which
occurs throughout much of the eastern US (Little, 1977). Asimina
triloba is an understorey tree that spreads clonally via root suckers
(Keener & Kuhns, 1998). It tends to grow at lower elevations (<350 m;
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Freeman & Hulbert, 1985) in rich, moist soils in closed-canopy oak-
hickory or alluvial forests along creeks or rivers (Murphy, 2001). It
occurs less frequently in upland terrain. Flowers emit a yeasty odour
(Wyatt, pers. obs.) and are pollinated by weak-flying beetles and flies
(Muscidae and Sacrophagidae) (Goodrich et al., 2006; Kral, 1997;
Willson & Schemske, 1980). Asimina triloba is strongly self-incom-
patible (Pomper et al., 2010) and produces the largest (5-16 cm long,
3-7 cm wide) edible fruits (berries) of any native North American
tree. It is hypothesized that seeds were formerly dispersed by now
extinct megafauna while today seeds are typically dispersed by rac-
coons, coyotes and foxes (Cypher & Cypher, 1999; Willson, 1993;
Yeager & Elder, 1945; Wyatt, pers. obs.).

2.2 | Sampling

Leaf samples were collected from a mean of 29.6 individuals
(range = 10-62) from each of 62 A. triloba populations (Table S1;
Figure 1) distributed throughout its US range and spanning 1,835 km.
Leaves were obtained from stems separated by 210 m to avoid sam-
pling ramets of the same genet. Sizes of the sampling areas were
dependent on stem density and varied considerably among popu-
lations. Young leaves were collected from mature, flower-bearing

Latitude

stems (23 m in height) and snap-frozen in liquid nitrogen for trans-
port to the University of Georgia for genetic analyses. GPS coordi-

nates of each population were recorded.

2.3 | Ecological niche modelling

The realized present-day niche of A. triloba was modelled using
maximum entropy in Maxent 3.4.0 (Phillips & Dudik, 2008; Phillips
et al., 2006). Location data for the 62 populations sampled for ge-
netic analysis (Table S1) as well as 20 additional populations that
were not a part of the genetic study presented here were used to
compile a presence-only dataset. Location data were supplemented
with GPS coordinates from 18 herbarium specimens collected after
1992 (herbaria: BUT, CANM, HBSH, JMUH, LSU, MO, MOR, MWI,
NCSC, NCU, OKL, UCAC, USCH and UNC). Prior to 1992, the US
government scrambled GPS signals rendering them too inaccurate
to be useful. Although this constituted 100 presence records widely
distributed across the species' range because Maxent can only
use one occurrence record per grid cell (~1 km?) of climatic layers
in BioCuim, the number of usable records was reduced to 96. Given
the availability of presence-only data for A. triloba, we believe that
Maxent is the most appropriate and robust statistical model.

Longitude

FIGURE 1 Map of 62 populations of Asimina triloba in eastern North America using the Mercator projection. The reported range of A.

triloba (Little, 1977) is shown in grey and outlined in blue
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In all, 19 climate variables at 30 arc second resolution were ob-
tained from WorldClim v. 2.0 (Fick & Hijmans, 2017) and elevation
data were accessed from the USGS (Archuleta et al., 2017) for pres-
ent-day models. In all, 12 climate variables were highly correlated
(Pearson's correlation coefficient >|0.7]) with the seven most explan-
atory variables thus were excluded from further analyses. The seven
retained variables, as well as elevation data, were utilized for con-
struction of the present-day model (Table S2). Twenty-five percent
of the location data were reserved for training. For model construc-
tion, we used 10,000 background points, a convergence threshold
of 107>, the maximum number of iterations (500), and prevalence
of 0.5. A regularization parameter of 3.0 was selected for calculat-
ing the mean area under the receiver operating characteristic curve
(AUC) through cross validation. For all models, only those with an
AUC score of 20.7 were selected (Fielding & Bell, 1997). A threshold
of 0.5 was used for calculation of sensitivity and the percent cor-
rectly classified (PCC) value. In all, 10 replicates were performed and
averaged.

To construct models for inference of suitable A. triloba habitat
in the past, the present-day model was projected onto rasters of
the same seven bioclimatic variables (Table S2) representing the
LGM (~22,000 YBP) and the mid-Holocene (~6,000 YBP) as in-
ferred by three global circulation models (GCMs): the Community
Climate System Model (CCSM4; Gent et al.,, 2011), the Model
for Interdisciplinary Research on Climate (MIROC; Watanabe
et al., 2011) and the Max Planck Institute for Meteorology Earth
Systems Model (MPI-ESM; Giorgetta et al., 2013). We also included
elevation information from ENVIREM (Title & Bemmels, 2017) for
the LGM and the mid-Holocene. Because the three GCMs var-
ied, the inferred probability of suitable habitat at each cell was
averaged across models for the LGM and mid-Holocene (Varela
et al., 2015). In all, 10 iterations of each GCM were run and the
mean standard deviation calculated. To estimate the similarity
among GCMs for each time period, the Pearson's correlation co-
efficient was calculated.

Predicted habitat suitability for 2070 under the Representative
Concentration Pathways (RCP) 6.0 and 8.5 trajectories (Vuuren
et al., 2011), which are greenhouse gas concentration trajectories,
was modelled using the same seven environmental variables as
well as elevation data from the USGS, and the same three GCMs
(CCSM4, MIROC and MPI-ESM). The mean standard deviation was
determined for 10 iterations of each GCM. Pearson's correlation co-
efficients were calculated to estimate similarity among GCMs under

each RCP trajectory.

2.4 | Microsatellite genotyping

Frozen leaf tissue (~0.05 g) was ground to a powder and genomic
DNA was extracted using a modified CTAB protocol (Doyle &
Doyle, 1987). DNA quality and quantity were evaluated using a
ND-1000 Nanodrop® spectrophotometer. Nine nuclear microsatel-
lite loci were amplified with markers developed by Lu et al. (2011;
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Table S3). A three-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 labelled (FAM, HEX, or NED)
primer identical to the CAG-tag was included in the reaction. PCR
amplification was carried out in 12.5 pL reaction volumes consisting
of 0.26 mM molecular grade ddH20, 1 mM One Taq® standard reac-
tion buffer (New England Biolabs, Ipswich, MA), 0.7 mM MgCl solu-
tion (Sigma-Aldrich), 1 mM bovine serum albumin (Thermo-Fisher),
0.2 mM dNTP mix (New England Biolabs, Ipswich, MA), 0.04 mM
CAG-tagged primer, 0.4 mM unlabelled primer, 0.36 mM universal
fluorescently labelled CAG primer, 0.2 mM One Tag® Hot Start
DNA polymerase (New England Biolabs, Ipswich, MA) and 50 ng
template DNA.

2.5 | Genetic diversity analyses

A test for null alleles was performed in Genepop version 4.2 using
Brookfield's method (Brookfield, 1996; Raymond & Roussett, 1995).
Because A. triloba is a clonal species, it was necessary to determine
the presence of duplicate multi-locus genotypes (MLGs) within pop-
ulations and to assess whether these represented clones or arose by
chance. The likelihood that identical MLGs represent clones can be
ascertained based on the number of loci, allele frequencies and the
number of stems sampled in the population. The multi-locus prob-
ability of identity (PI ) within populations was calculated as Pl =TI,
(P1), where

PI, = Zx,f‘ + Z Z (2x:%;)?

i >

and x; and X; are the frequencies of the it" and j allele at a locus, re-
spectively (Gonzales et al., 2008; Paetkau & Strobeck, 1994). The
probability of identity (PI) was adjusted for sample size (N) by Pl = 1-
[(1—le)N ] (Parker et al., 1998). Duplicate genotypes that represented
clones were removed, leaving one individual per MLG for inclusion in
subsequent analyses.

Genetic diversity statistics were estimated using GenAlEx ver-
sion 6.51b2 (Peakall & Smouse, 2006, 2012). Measures of genetic
diversity were percent polymorphic loci (P), total number of alleles
per population (A;), effective number of alleles (A;), private alleles
(P,) (i.e. alleles in a single population), rare alleles (A ) (alleles
<0.1 frequency in a population), observed heterozygosity (H,), ex-
pected heterozygosity (H;) and Wright's inbreeding coefficient (F;
Wright, 1922, 1951). Population values were estimated and averaged
across all populations while species-level values were calculated by
pooling data from all populations.

Observed heterozygosity and Hardy-Weinberg expected het-
erozygosity were compared for each locus in each population
using Wright's inbreeding coefficient (F ). Deviations from Hardy-
Weinberg expectations were tested for significance using X2 (Li &
Horvitz, 1953). The Bonferroni correction for multiple comparisons
was applied using FSTAT (Goudet, 1995).
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2.6 | Genetic structure analyses

A Bayesian clustering approach (STRucTure version 2.3.4; Pritchard
etal., 2000) was used to estimate the number of genetically distinct
clusters (K) and levels of genetic admixture among populations.
In all, 10 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 (a). We used a model
based on correlated allele frequencies with no a priori assumptions
regarding sampling locations. The Evanno et al. (2005) method was
used to determine optimal AK using Structure Harvester (Earl &
vonHoldt, 2012). A principal components analysis (PCA) of geno-
types was used to check the validity of these findings through R
package 'gstudio' (Dyer, 2016; R Core Team, 2013). Genetic struc-
ture among populations was also estimated using Nei's (1973) G¢;
in GenAlEx (Peakall & Smouse, 2006, 2012). G¢; was calculated
among all 62 populations, among populations within the two ge-
netic clusters identified by StrucTure, and for all possible pairs of

populations.

2.7 | Geographical patterns

We performed linear and polynomial regressions of the population-
level statistics (MLGs, P, Ap, Ag, Pa, Agarer Ho and Hi) against lati-
tude and longitude and tested for significance to determine whether

north-south and/or east-west patterns of genetic diversity exist. To

compare levels of genetic diversity in the eastern and western clus-
ters, a two-sample t-Test assuming equal variances was performed
for all genetic diversity measures.

Isolation-by-distance (IBD; Wright, 1943) was estimated with regres-
sion using two approaches: (a) G¢ / (1 - Gg7) (Rousset, 1997) and (b) con-
ditional genetic distance with geographical distance (Dyer et al., 2010)
which considers the total genetic covariance among all populations. Each
test was evaluated for significance at a = 0.05 level. Additional tests for

IBD were performed within clusters identified by STRUCTURE.

3 | RESULTS
3.1 | Ecological niche modelling

For the present-day model, the AUC score is high (0.859), with a sen-
sitivity of 0.90 and a percent correctly classified (PCC) value of 0.77.
The most influential bioclimatic variables are minimum temperature
of the coldest month (BIO06) and elevation, contributing 54% and
21% respectively to the model. Optimal habitat, defined as a proba-
bility of occurrence [PrO] >0.75, encompasses 527,087 km? that span
a largely contiguous area from Oklahoma to Massachusetts as well
as the Southeast and Mid-Atlantic (Figure 2). Of that, 49,316 km?
occurs at >40° N latitude. Our inferred present-day niche model for
A. triloba was similar to a model created by Li et al. (2017) and agrees
with the contemporary species range.

The LGM projection (Figure 3) infers 70,233 km? of opti-
mal habitat, most of which is distributed in narrow bands in now

Latitude

Habitat
Suitability

0.8
— 0.6
- 0.4

- 0.2

Longitude

FIGURE 2 Realized present-day niche of Asimina triloba in the eastern United States and southeastern Canada modelled 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. The Mercator projection was used
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FIGURE 3 Projection of habitat suitability for Asimina triloba in the southeastern United States during the Last Glacial Maximum in the
Pleistocene epoch (~22,000 YBP), as inferred from the average of three GCMs (CCSM4, MIROC and MPI-ESM) from seven bioclimatic
variables as well as elevation (ENVIREM). Light pink indicates areas of unsuitable habitat, with yellow and green indicating increasing
suitability of habitat for A. triloba. The Mercator projection was used

submerged locations along the Gulf of Mexico (25,923 km?) and the Alabama and southwestern Georgia (1,265 km?). Inferred optimal
Southeastern Atlantic coast (40,976 km2). The model also indicates habitat in the LGM was 13.3% of the extent of optimal habitat in-
a limited inland area of suitable habitat in present-day southeastern ferred by the present-day model, a pattern consistent with the

Habitat
Suitability

0.8
- 0.6

- 0.4

Latitude

~ 0.2

Longitude

FIGURE 4 Projection of Asimina triloba habitat suitability in eastern North America during the mid-Holocene epoch (~6,000 YBP), as
inferred from the average of three GCMs (CCSM4, MIROC and MPI-ESM) from seven bioclimatic variables as well as elevation (ENVIREM).
Light pink indicates areas of unsuitable habitat, with yellow and green indicating increasing suitability of habitat for A. triloba. The Mercator
projection was used
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FIGURE 5 Projection of habitat suitability for Asimina triloba in the eastern United States and southeastern Canada for the year 2070, as
inferred from the average of three GCMs (CCSM4, MIROC and MPI-ESM) under the RCP 6.0 trajectory from seven bioclimatic variables as
well as elevation (USGS). Light pink indicates areas of unsuitable habitat, with yellow and green indicating increasing suitability of habitat for
A. triloba. The Mercator projection was used

cooler, drier Pleistocene climate and with species range contractions The mid-Holocene projection (Figure 4) infers 366,959 km?
reported by Davis et al. (1980). The three GCMs for the LGM have of optimal habitat which is more than five times larger than in-
a Pearson's correlation coefficient of 0.650, with highest agreement ferred LGM habitat. Holocene A. triloba habitat spanned a range
along the Gulf of Mexico (Figure S1). Mean standard deviation values very similar to that of the present-day model, although encom-
of iterations for each of the LGM GCMs are illustrated in Figure S2. passing a smaller area that was 69.6% of the present-day area.
Habitat
Suitability
0.8
= 06
=]
=
-
©
- 0.4
0.2

Longitude

FIGURE 6 Projection of habitat suitability for Asimina triloba in the eastern United States and southeastern Canada for the year 2070, as
inferred from the average of three GCMs (CCSM4, MIROC and MPI-ESM) under the RCP 8.5 trajectory from seven bioclimatic variables as
well as elevation (USGS). Light pink indicates areas of unsuitable habitat, with yellow and green indicating increasing suitability of habitat for
A. triloba. The Mercator projection was used

85U017 SUOWILWIOD BAEa.D 8|qeol|dde au Aq peusenob ae S9ole YO @S JO Sa|n 10} A%eud1Taul|UO 8|1 UO (SUORIPUOO-PUB-SWBI W0 A8 | 1M ARIq Ul UO//SANY) SUORIPUOD Pue SWe 1 8y} 89S *[£202/80/LT] U0 A%iq18ulluO A8]IM ‘epLold WD JO AisieAn AQ #S0pT 1AlTTTT'0T/I0p/W00 A8 | Aiq1jeuljuo//sdny Wwoiy pepeojumod ‘v ‘T2Z0Z ‘6692G9ET



WYATT ET AL.

are non-significant (p = 0.05)
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100
89
67
89
100
100
67
100
78
89
100
33
44
85.1
100

100
78
100
89
100
100
78
67
78
100
89

20
26
29
57
54
25
29
26
38
a1
44
53
25
43
30
14
49
31
37
17
40
26
43
56
10
15
338
129

28
16
31
26
69
56
18
15
21
44
22

3.1
2.8
1.9
3.9
3.4
2.2
1.9
2.3
2.8
29
2.7
3.5
2.3
3.0
2.5
1.7
3.4
2.8
3.4
1.7
2.5
2.4
3.2
3.6
11
1.4
2.6
6.1

2.2
1.8
3.3
2.5
2.7
4.1
3.5
0.8
1.9
3.6
1.9

0.42
11
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TABLE 1 Summary genetic diversity statistics of 62 populations of A. triloba arranged in ascending latitudinal order within the two
genetic clusters identified by StrucTure. N = sample size, MLG = number of multi-locus genotypes, P (%) = percent of polymorphic loci,

A; = total number of alleles, A, = effective number of alleles per locus, P, = number of private alleles, Ay, = number of rare alleles (< 0.1
frequency within a population), H, = observed heterozygosity, H, = expected heterozygosity and F ¢ = inbreeding coefficient. All F s values
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N =
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29
99

o ON PN

I
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0.667
0.578
0.397
0.463
0.620
0.611
0.394
0.511
0.476
0.529
0.452
0.578
0.454
0.563
0.689
0.667
0.596
0.537
0.583
0.500
0.523
0.356
0.477
0.540
0.333
0.444
0.521

0.444
0.778
0.633
0.444
0.503
0.643
0.611
0.111
0.597
0.681
0.611

0.586
0.544
0.391
0.650
0.665
0.480
0.397
0.479
0.555
0.579
0.562
0.623
0.498
0.612
0.550
0.333
0.566
0.600
0.642
0.326
0.526
0.471
0.614
0.670
0.167
0.222
0.511
0.767

0.528
0.389
0.657
0.531
0.573
0.703
0.674
0.056
0.404
0.639
0.406

s

-0.158
-0.016
0.013
0.231
0.066
-0.266
-0.015
-0.045
0.147
0.081
0.194
0.082
0.129
0.030
-0.238
-1.000
-0.062
0.133
0.044
-0.527
-0.024
0.316
0.222
0.169
-1.000
-1.000
-0.096
0.297

0.170
-1.000
0.085
0.192
0.125
0.096
0.072
-1.000
-0.367
-0.064
-0.442

(Continues)
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TABLE 1 (Continued)
p
Population N MLG (%) A; Ag P, Apare  Ho He F,
LL1 25 1 56 14 1.6 - - 0.556 0.278 -1.000
LL2 25 7 78 38 34 - 1 0.613 0.580 -0.055
BSF 23 21 89 43 31 - 2 0.546 0.543 -0.010
LL3 24 24 78 51 3.7 1 7 0.495 0.577 0.141
BLU 25 9 78 28 2.5 1 1 0.460 0.506 0.062
RCA 25 16 100 49 3.8 1 4 0.490 0.645 0.273
MWR 25 14 78 38 2.3 1 1 0.524 0.442 -0.092
DRP 23 13 100 41 3.3 2 7 0.562 0.599 0.070
OFR 33 6 89 36 2.9 - 2 0.550 0.512 -0.082
HOL 10 8 89 34 2.9 - 1 0.545 0.495 -0.098
KAN 43 10 89 43 3.4 - - 0.559 0.599 0.090
CHR 30 18 89 45 3.2 - 1 0.580 0.598 0.030
WSL 11 9 100 40 3.5 - 5 0.600 0.647 0.078
ROC 25 1 56 14 1.6 - - 0.556 0.278 -1.000
MLK 24 2 67 18 1.8 1 1 0.611 0.375 -0.622
PMQ 60 4 89 26 2.2 - 1 0.583 0.441 -0.313
LAW 30 12 89 29 1.9 - 1 0.492 0.392 -0.185
DCR 15 1 44 13 1.4 - 1 0.444 0.222 -1.000
BCP 48 2 67 17 1.7 1 1 0.444 0.292 -0.547
HPC 25 14 89 31 21 - - 0.467 0.469 -0.020
TYG 48 2 89 20 2.0 - - 0.722 0.444 -0.600
WES 22 9 100 45 3.1 - 3 0.537 0.590 0.078
LoC 38 3 56 16 1.6 - - 0.278 0.264 -0.134
SuUs 30 8 100 37 3.0 - 1 0.602 0.603 0.088
SFP 25 7 100 27 21 1 1 0.456 0.482 0.014
Western mean 28.8 8.7 844 316 2.6 0.44 1.9 0.537 0.484 -0.194
Western 1,037 313 100 126 59 16 94 - 0.732 0.226
pooled
Species mean 29.6 9.5 847 325 2.6 0.43 2.3 0.530 0.496 -0.153
Species pooled 1837 590 100 153 6.5 27 144 - 0.765 0.273

The Pearson's correlation coefficient among GCMs is 0.927. The
three GCMs and the mean standard deviation values of iterations
for each of the Holocene GCMs are shown in Figures S1 and S3,
respectively.

The projection for year 2070 under the RCP 6.0 trajectory in-
dicates that optimal habitat will expand northward and increase by
49.6% relative to the present-day model, to 788,548 km? (Figure 5)
with much habitat currently supporting A. triloba remaining suitable.
The projection for year 2070 under the RCP 8.5 trajectory indicates
that optimal habitat will more than double in size relative to the pres-
ent-day model, to 1,111,072 km? (Figure 6). The three GCMs for the
2070 projection under RCP 6.0 and 8.5 have Pearson's correlation co-
efficients of 0.866 and 0.902, respectively. The three GCMs for 2070
under RCP 6.0 and 8.5 are shown in Figure S1, and the mean standard
deviation values of iterations for each of the 2070 GCMs under the
two RCP trajectories are shown in Figures S4 and S5, respectively.

Although other statistical models may have yielded different
projections (Araujo et al., 2019), we believe that Maxent is the most
appropriate and robust statistical model given the availability of
presence-only data for A. triloba.

3.2 | Genetic diversity

Null allele frequencies are non-significant for all loci and popula-
tions (p = 0.05). Mean probability of identity (PI) across populations
is 1.1 x 1073 (range = 6.0 x 1077 to 3.5 x 1072) (Table S4), indicating
a very high likelihood that identical MLGs within a population are
clones. Despite efforts to avoid sampling multiple stems from the
same clone, the number of MLGs within populations is consist-
ently lower than the sample size. After removal of duplicate geno-
types, the mean number of MLGs per population is 9.5 (range = 1
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. Cluster 1

[ Cluster 2

FIGURE 7 Map of 62 Asimina triloba populations in the eastern United States with pie charts 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. The Mercator projection was used. Beneath the map is the STRUCTURE bar plot where K = 2

to 30) (Table 1). Only one population (LL3) has no duplicate MLGs.
The number of MLGs within populations is not significantly corre-
lated with sample size (r = 0.145; p = 0.261). There was no evidence
of MLGs shared by individuals in different populations.

Mean within-population genetic diversity is high as is the pooled
species-wide diversity, with a total of 153 alleles (Table 1). Mean al-
lele number per population is 32.5 (range = 10 [MAN] to 69 [BCL]).
In all, 27 private alleles were detected in 20 populations, with a
maximum of four private alleles in one population (CKW). Both A;
and A are significantly correlated with the number of MLGs within
populations (p < 0.00001 for both). Mean population level expected
heterozygosity (Hg) is 0.496 (range = 0.056 [MS2] to 0.703 [LEE]),
while species-level H. = 0.765.

Mean population F\s = -0.153 (range = -1.00 to 0.316), with neg-
ative values in 32 populations, indicating an excess of heterozygos-
ity (Table 1). The number of MLGs within populations and F ¢ values
are significantly correlated (r = 0.604; p = 2.1 x 107), indicating that
excess heterozygosity characterizes populations with a low number
of MLGs.

3.3 | Genetic structure

Simulations from StrucTure yielded an optimal K = 2 (Figure 7).
Population assignment to a cluster was based on >50% posterior
probability assignment (Table S5). The two clusters fell primar-
ily on either side of the Appalachian Mountains. There is also an

east-west discontinuity along the Tombigbee River in Alabama.
Some populations had Q-matrix assignments indicating lower ge-
netic affinity to the cluster in which they are geographically situ-
ated: examples include populations HEM and NAG (Texas), PIA
(lllinois), SUS (Pennsylvania) and PWP (Virginia). PCA results sup-
ported the designation of two clusters (Figure Sé), although there
was some overlap.

Genetic structure (Gg;) among all 62 populations is 0.202.
Mean pairwise G¢; = 0.227, with individual pairs ranging from
0.040 (CAD and BCL) to 0.813 (MAN and MS2). Mean pairwise
G for each population with the remaining 61 populations ranges
from 0.147 (WSL) to 0.422 (MAN). Global G4, values among pop-
ulations within the eastern and western STrRucTURE clusters are
nearly identical (0.195 and 0.190, respectively). Mean pairwise
Gy values within the eastern and western clusters are 0.226 and
0.216, respectively. The mean pairwise G¢; value between popula-
tions in the eastern and western clusters is 0.251, which is signifi-
cantly higher than for western populations (p = 0.009) but did not
differ significantly from pairwise values for eastern populations
(p =0.083).

3.4 | Geographical patterns
Two measures of genetic diversity decrease significantly, or nearly

so, with increasing latitude when linearly regressed: P (r = 0.256;
p = 0.045) and Hg (r = 0.246; p = 0.054). Polynomial regression
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indicates significantly higher diversity for all measures except P, and
Hg at mid-latitudes than at the southern or northern margins of the
species range: MLGs (r = 0.268; p = 0.035), P (r = 0.262; p = 0.039),
A; (r=0.288; p = 0.023), A (r = 0.282; p = 0.026), Ap e (r = 0.328;
p = 0.009) and H (r = 0.289; p = 0.022). Although private alleles
occur throughout the species' range and there is not a significant
geographical relationship, 79% of private alleles occur in populations
at latitudes below 38° N.

When longitude was linearly regressed against genetic diversity
statistics, no significant correlations were found. However, polyno-
mial regression showed that two measures of diversity are signifi-
cantly correlated with longitude, with higher diversity in the middle
of the range: private alleles (r = 0.268; p = 0.035) and rare alleles
(r = 0.333; p = 0.008). For nearly all measures, populations within
the eastern cluster have higher genetic diversity (Table 1), although
the differences are not significant. Only mean population-level and
species-level Hy and mean number of private alleles are lower in the
eastern cluster.

Significant isolation-by-distance was identified by regres-
sion of conditional genetic distance against geographical distance
(r=0.0001;p = 5.7 x 10_4). Given the small r-value for this test, the
relationship is unlikely to be biologically meaningful. The regression of
Ggr / (1 - G41) and log geographical distance is significant (r = 0.158;
p = 0.020). Both analyses revealed significant IBD among populations
in the eastern cluster (r > 0.2, p < 0.010), and an absence of IBD in the

western cluster (p > 0.1).

4 | DISCUSSION

It has been hypothesized that Southeastern North America served
as a Pleistocene refugium for temperate species with much broader
current ranges (Hewitt, 2000; Soltis et al., 2006). Based on eco-
logical niche modelling, this was probably true for A. triloba as well.
While some tree species may have been widespread during the last
glacial epoch (e.g. Bemmels & Dick, 2018; Davis & Shaw, 2001; Miller
& Parker, 2009), a significant portion of optimal habitat for A. tri-
loba (and likely refugia) occurred in narrow coastline bands along the
Gulf and Atlantic coasts that currently are mostly below sea level
(Figure 3). Small inland sites in what is now southeastern Alabama
and southwestern Georgia may also have served as refugia. While
the mean standard deviation among iterations of each LGM GCM is
high for some areas of inferred habitat (Figure S2) and the Pearson's
correlation of coefficient for the three models is only 0.650, this is
unsurprising considering the temporal scale of inference. While the
precise location of A. triloba refugia cannot be known with certainty,
we can safely conclude that refugia probably existed at the south-
eastern edge of terrestrial North America.

While there are no fossil pollen records for Asimina because it is
zoophilous, there are records for other warm temperate, anemophi-
lous tree species that occupy present-day habitat similar to A. triloba.
Fossil pollen of Liquidambar from ~22,000 YBP has been documented
inlow abundance in Louisiana and southwestern Mississippi (Jackson

& Givens, 1994; Kolb & Freudlund, 1981), southeastern Alabama
(Delcourt et al., 1980), the panhandle of Florida (Watts et al., 1992)
and St. Catherine's Island, Georgia (Rich et al., 2015). Nyssa appears
to have been more widespread, with very low abundance pollen re-
cords all along the southeastern coastal plain from Texas (Potzger &
Tharp, 1947) north to the Chesapeake Bay (Willard et al., 2005), and
more inland records from Tennessee (Delcourt, 1979) and Georgia
(Watts, 1975). Williams et al. (2004) report that warm mixed forest,
suitable for A. triloba, occupied coastal areas in the Southeastern US
during the LGM, with less-hospitable cool mixed forest to the north.
While Nyssa does not appear to have retreated to isolated southern
refugia, the Liquidambar pollen records lend support for the inferred
A. triloba refugia.

During the post-LGM warming A. triloba migrated and expanded
its range northward. The mean standard deviation values among it-
erations of mid-Holocene GCMs are generally low (Figure S3) and
the three models are highly correlated (r = 0.927) allowing reason-
able confidence in our models. Differences between our LGM and
mid-Holocene SDMs are consistent with the finding that the distri-
bution of ENA vegetation underwent substantial change, generally
shifting northward approximately 16,000-8,000 YBP, with the most
rapid changes occurring 13,000-11,000 YBP (Williams et al., 2004).
Due to its high clonality, a phalanx model of expansion could be hy-
pothesized, which entails a slow, steady migration of individuals in a
continuous front (Hewitt, 1996). However, since we found no MLGs
shared by individuals in different populations, clonal spread was un-
likely to be an important mode of range expansion. It is more likely
that seeds were dispersed by large- and medium-sized mammals
after fruit consumption.

The StrucTure and PCA analyses identified two clusters of pop-
ulations that lie on either side of the Appalachian Mountains and
the Tombigbee River drainage. This is consistent with a northward
expansion of species during the post-LGM warming with migrants
from the Southeastern Atlantic coastal refugium giving rise to the
eastern cluster. Simultaneously, new habitat would have become
available north of the Gulf of Mexico and along the Mississippi
River and Ohio River valleys, which was probably colonized by in-
dividuals from the Gulf refugium. Due to its elevation, the south-
ern Appalachian Mountains likely served as a barrier to dispersal
between eastern and western genetic clusters. Northward expan-
sion following the LGM has been similarly documented for many
tree species (e.g. Davis & Shaw, 2001; Delcourt & Delcourt, 1987a).
Similar Gulf and Atlantic coastal refugia have been reported for Pinus
virginiana (Parker et al., 1997), Fagus grandifolia (Morris et al., 2010)
and Carya ovata (Bemmels & Dick, 2018). Furthermore, the genetic
discontinuity in A. triloba along the Tombigbee River (Figure 7) is sim-
ilar to patterns reported for various animal taxa (e.g. Bermingham &
Avise, 1986; Soltis et al., 2006).

Further molecular support comes from pairwise G¢; values that
are lower within the eastern and western clusters (0.226 and 0.216,
respectively) than the mean pairwise value between clusters (0.251).
rarer He and
F,s) or equal (A) mean population-level genetic diversity values than

The eastern cluster possesses higher (MLGs, P, A}, A;, A
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the western cluster (Table 1).Only P, and H are lower in the east.
A possible explanation is that eastern populations resulted from the
northward migration and admixture of propagules from the Atlantic
coast and the Alabama/Georgia inland refugia. Periods of glacial max-
ima are often considerably longer than warmer interglacial periods
(Philander, 2008): the most recent glacial period in North America
was the Wisconsin Glacial Episode that lasted from 75,000 to 11,000
YBP. During this period of isolation, refugial populations evolved inde-
pendently, rendering individuals from discrete refugia genetically dis-
tinct. Range expansion accompanying post-glacial warming may have
led to admixture between separate refugia that produced populations
with higher genetic diversity. The Gulf refugium likely gave rise to
much of the western cluster with migration following, and perhaps fa-
cilitated by, major watersheds such as the Mississippi and Ohio rivers.

Species-level genetic diversity is high (Hg = 0.765) in A. triloba,
consistent with its life-history traits (i.e. long-lived perennial, out-
crossing, animal-dispersed seeds and widespread distribution
[Hamrick & Godt, 1996]). At the population level, mean observed
heterozygosity (Hy = 0.530) is higher than the mean expected het-
erozygosity (0.496) (Table 1)—a phenomenon observed in many long-
lived woody species (e.g. Frascaria et al., 1993; Huang et al., 1998)
and clonal taxa (e.g. Balloux et al., 2003; Pappert et al., 2000). This
may result from (a) linkage of neutral markers to regions under se-
lection that favour highly heterozygous individuals (overdominance)
and/or (b) disassortative mating between individuals with different
alleles (Stoeckel et al., 2006). However, in one population (BTH),
samples from three stages of the life cycle (197 seeds, 60 saplings
[dbh = 4 cm], and 21 adults) have nearly identical Hy and F,¢ values
(Wyatt, unpublished data), suggesting an absence of selection on
linked genes.

Global genetic structure among populations (Gg; = 0.202)
is high relative to other tree species (Hamrick et al., 1992) and is
likely related to low levels of gene flow among populations. Possible
causes include (a) limited or short-distance pollen movement be-
tween disjunct, alluvial habitats, (b) founder effects and relatively
small populations in Pleistocene refugia and extant populations and/
or (c) competition between clones after populations have been es-
tablished. Given that the fly and beetle pollinators of A. triloba are
weak-flyers (Willson & Schemske, 1980), long-distance pollen move-
ment is presumably rare.

Populations with weak assignment to clusters in STRUCTURE
(Table S5; Figure 7) occur primarily in Eastern Tennessee, Kentucky
and West Virginia. This region is characterized by the Ridge-and-
Valley physiography and would presumably present less of a topo-
graphical barrier to dispersal than the higher Blue Ridge Mountains
to the southeast. Consequently, admixture from populations origi-
nating from eastern and western refugia may have been more likely,
a scenario consistent with the finding of higher genetic diversity
at intermediate latitudes and longitudes. Lower genetic diversity
in populations near refugia may have resulted from reduced gene
flow and successive founder effects, a phenomenon observed at the
trailing edge of a shifting species range (Comps et al., 2001; Davis &
Shaw, 2001; Nei, 1975).
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The absence of significant IBD among populations within the
western cluster was surprising. A possible reason includes gene flow
that likely occurs on a small spatial scale across landscapes. Another
possible factor may be historical vicariance. It is worth noting that
one of the highest pairwise G¢; values (0.572) is between populations
LOC and MAN (Figure 1), which are assigned to different clusters al-
though separated by only 114 km. LOC is located at the edge of the
Ohio/Mississippi drainage while MAN is in the Chesapeake drainage.
Considerable population differentiation owing to watershed assign-
ment among geographically proximate populations was similarly re-
ported in Veratrum woodii (Zomlefer et al., 2018).

Significant IBD exists within the eastern cluster, consistent with
the hypothesis that these populations resulted from dispersal from
two refugia (the Atlantic and Alabama/Georgia refugia) (Figure 3)
and sequential founder effects during a northward migration.
Another possibility is that these populations resulted from admix-
ture between non-contiguous refugia along the Atlantic coast during
northward migration following glacial retreat, as is seen in several
European trees and shrubs (Petit et al., 2003).

Often less genetic diversity is observed in northern parts of
species' ranges which is thought to result from sequential founder
effects during northward expansion (e.g. Conroy & Cook, 2000;
Hewitt, &1999, 2000). This was not the case for A. triloba. Only per-
cent of polymorphic loci decreased significantly with increased lat-
itude. However, three measures of genetic diversity (HE, rare alleles
and MLGs) are significantly higher at mid-latitudes of A. triloba's range.
This is consistent with patterns reported by other researchers. Petit
et al. (2003) found that populations of 22 European tree species
had higher genetic diversity at intermediate latitudes rather than in
Pleistocene refugial areas. A similar pattern was seen in Pinus edulis in
North America (Duran et al., 2012). It is noteworthy that both private
alleles and rare alleles are also significantly more diverse at mid-longi-
tudes for A. triloba than at the eastern and western margins.

The ecological niche modelling projections of future habitat
suitability for A. triloba in the year 2070 using the RCP 6.0 and
8.5 trajectories predict an enlargement and northward expansion
of suitable habitat and a more continuous distribution of optimal
habitat in the eastern mid-latitudes of the range (Figures 5 and 6).
The GCMs are well correlated under both RCP 6.0 (r = 0.866) and
8.5 (r=0.902), with the largest standard deviation values confined
to small clusters of cells in the southern Appalachian and Ozark
Mountains (Figures S4 and S5). Optimal habitat is expected to in-
crease by ~50% under the RCP 6.0 trajectory versus ~100% under
RCP 8.5, which current data suggest is the more realistic trajectory
(Schwalm et al., 2020). However, given the low fruit-set observed
in populations at the northern edge of the current range (Wyatt,
unpublished data) and limited vagility of contemporary seed dis-
persal vectors (gravity and small mammals), A. triloba is unlikely
to expand its range rapidly and track environmental changes in
lockstep. Newly colonized populations at the edges of the spe-
cies' range will also likely have reduced genetic diversity due to
founder effects. While the projections under RCP 6.0 suggest that
A. triloba may retain some populations at the southern edge of
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the range, these populations are less likely to persist under RCP
8.5. Although our models indicate that optimal habitat will expand
significantly, between the possible loss of southern populations
and environmental change that outpaces the rate of dispersal and
colonization at the northern edge, the realized distribution of A.
triloba may diminish by 2070.

5 | CONCLUSION

This study infers the locations of Pleistocene refugia and subsequent
patterns of post-LGM range expansion based on modelling of op-
timal habitat and range-wide genetic diversity for the highly clonal
and geographically widespread understorey tree, Asimina triloba.
Ecological niche modelling infers one minor and two major refugia dur-
ing the LGM located in inland southeastern Alabama/southwestern
Georgia and in narrow bands of habitat along the Gulf of Mexico and
Southeastern Atlantic coastlines, most of which is submerged today.
Contemporary populations sampled across the range of A. triloba
show high genetic diversity and moderate genetic structuring. Our
genetic data strongly suggest the existence of eastern and western
clusters divided by the Appalachian Mountains and continuing along
the Tombigbee River in Alabama. Populations east of the Appalachian
Mountains contain the highest level of genetic diversity and appear
to be admixed populations that descended from more than one refu-
gium. As the climate continues its warming trend, suitable habitat for
this species is expected to expand northward and shrink somewhat at
the southern part of the present-day range, but the rate at which areas
of optimal habitat shift is very likely to outpace the rate at which A. tri-
loba can colonize and establish new populations, potentially resulting
in a shrinkage of the species' range by 2070.
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