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Abstract
Conservation of the gene pool of F. pennsylvanica (green ash), the species most susceptible to emerald ash borer (EAB), requires a range-wide genetic
assessment of the population dynamics to guide seed collection efforts.  An assessment of gene �ow into natural stands from ubiquitously distributed
green ash and F. americana (white ash) cultivars is also essential. We used 16 EST-SSR markers to genotype 1291 trees from 48 naturally regenerated
populations of green ash, 19 green ash cultivars and 10 white ash from a Fraxinus species collection.  We did not �nd evidence for latitudinal gradients in
allele richness or higher differentiation in northern range edge populations. Analysis of population substructure revealed two major groups of green ash, one
dominant in northwestern locations, one dominant in southern locations and extensive admixture in midwestern and eastern locations. We identi�ed a third
group as white ash, including 140 individuals with interspeci�c admixture in eastern and southern populations. We detected cultivar parentage with high
con�dence in 172 individuals in 34 of the 48 populations.  We conclude that high dispersal capacity, broad adaptability, and gene �ow from many cultivars
into predominately northern regions, plays a role in the comparatively low regional population substructure in the Northwest.  The high frequency of cultivar
propagule dispersal and extent of interspeci�c admixture detected in our study suggests that under rapidly changing conditions, local populations may or
may not be locally adapted and standing genetic variation may not be of long standing. 

1 Introduction
Green ash (F. pennsylvanica Marsh), one of the most wide-ranging of the North American Fraxinus, occurs in a multiplicity of forested ecosystems across
Eastern and central North America (Poland & McCullough 2006). High phenotypic plasticity, cold tolerance, salt tolerance, ease of clonal propagation, rapid
growth, an attractive canopy, and prior to the accidental introduction of the emerald ash borer (Agrilus planipennis Fairmaire), few serious insect pests, made
green ash desirable species for urban landscaping, shelterbelts, and riparian buffers (Schultz et al. 2004; MacFarlane & Meyer 2005). Grafted clones of green
and white ash cultivars were widely planted as street and park trees throughout the United States and Canada to replace the American elms lost to Dutch
elm disease (Poland & McCullough 2006; Raupp et al. 2006). Trees from improved green ash germplasm for shelterbelts and buffer zones were widely
planted in rural areas in the United States and Canada, starting in the 1930s (Dawson & Read 1964; Cunningham 1988). An understanding of population
dynamics across local and regional scales, including an assessment of gene �ow from cultivars and the extent of admixture between sympatric Fraxinus
species is essential for designing cost-effective strategies for seed collection, informing strategies for EAB interventions and designing restoration projects.

Propagule dispersal mechanisms in Fraxinus suggest that gene �ow among populations will be high. Fraxinus fruits are samaras, indehiscent winged
achenes that enable both anemochorous (wind) and hydrochorous (water) seed dispersal. Green ash samaras �oat for at least two days and maintain
viability after immersion in water for over two weeks (Schmiedel & Tackenberg 2013). Hydrochorous seed dispersal is the most likely mechanism for the
exceptionally rapid spread of green ash in Central European �oodplain forests where this species is not native; more than 970 km/year in some regions
(Schmiedel 2010). Rapid hydrochorous seed dispersal, coupled with anemochorous seed and pollen dispersal, could potentially minimize local
differentiation while maintaining high standing genetic variation across broad regional scales. Populations of F. excelsior (European ash) in Britain and
France show minimal differentiation (Fst = 0.025), suggesting extensive propagule exchange across broad geographical regions (Sutherland et al. 2010). A
similar study in Ireland also detected very low differentiation, little indication of inbreeding and high genetic diversity throughout the island (Beatty et al.
2015). However, a larger population study across most of the range of F. excelsior, while supporting regional panmixia among British, western European, and
central European populations, found strong genetic differentiation between the three Swedish populations and the southeast European populations (Heuertz
et al. 2004). A more detailed study of far northern range edge populations revealed high population differentiation and loss of genetic diversity relative to the
more southern populations, the expected signal of postglacial colonization (Tollefsrud et al. 2016). Based on these data, it might be reasonable to assume
that the range-wide population dynamics of F. pennsylvanica would be similar. However, the native range of F. pennsylvanica lacks the altitudinal and
coastal heterogeneity present within the range of F. excelsior. Patterns of glacial advance and retreat in North America were different than those in Europe
and Neolithic human impacts on the landscape differed substantially from those in Europe (Jackson et al. 2000; Veloz et al. 2012; Izumi & Bartlein 2016).
The absence of impassable geographical barriers in the central and eastern United States and Canada and the high dispersal capacity of Fraxinus suggests
that panmixia, with little genetic differentiation even at the range edges, may be present across most of the range. Alternatively, the sharp climate contrasts
between the Great Plains, the Gulf coasts and the Atlantic coasts may have resulted in regional differentiation as a result of adaptive variation.

Green ash clonal cultivars could potentially swamp local provenances with nonlocal pollen and seed sources, especially at the edges of native range, where
populations of local origin are small and widely scattered. Although studies of assisted gene �ow among conspeci�c natural populations have attracted
interest as an adaptive forest management strategy (Girardin et al. 2021), studies of gene �ow from forest tree cultivars into wild conspeci�cs have primarily
focused on the impact of plantation forestry on native gene pools. (Sampson & Byrne 2008; Steinitz et al. 2012; Ramírez-Valiente & Robledo-Arnuncio 2015;
Nishio et al. 2021). Given the very extensive use of male green and white ash cultivars in urban forestry and the dispersal capacity of both pollen and seed,
gene �ow into natural populations is certainly possible and may be extensive.

Consensus on the taxonomy of the Fraxinus in North America remains elusive, but F. pennsylvanica and F. americana are universally recognized based on
diploidy and morphology (Whittemore et al. 2018). Some authors assign other species names to polyploid trees having morphological characteristics similar
to F. americana (Nesom 2010; Campbell 2017; Whittemore et al. 2018). However, di�culty arises in �eld collections, as morphology may not reveal ploidy
and even the distinction between green and white ash is not clear in some sites. Both species may occur in the same site and are sympatric over most of
their respective native ranges (Little & Elbert 1979). Verbal reports of individual interspeci�c hybrids in natural settings are frequent; three authors report
viable seed from experimental crosses (Wright 1953; Dugal 1971; Taylor 1973). Cimmzam Cimmaron®, one of the cultivars included in this study, although
patented as a green ash cultivar, has a leaf scar more typical of white ash than green ash, suggesting possible admixture with white ash (Zampini 1992).
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In this investigation we genotyped 48 naturally regenerated populations of green ash (1291 trees) and 19 ash cultivars with 16 EST-SSR markers to assess
population differentiation, population substructure, and gene �ow from cultivars. We included 10 white ash individuals from a species collection we had
genotyped previously to enable detection of misidenti�cation and identify possible hybrids (Noakes et al. 2014). We found broadly regional population
substructure consisting of a Northwestern/Northern group and a Southern group largely coincident with northwestern/northern and southern locations and
frequent admixture between these groups in the central and eastern United States. We detected parentage from cultivars in 34 of the 48 populations and
extensive cultivar parentage (23–50%) in eight populations. Analysis of population substructure also revealed 140 cases of admixture between green ash
and white ash and three sites containing only white ash. We discuss the implications of our �ndings for conservation of the existing gene pool of the North
American Fraxinus, now threatened by the inexorable advance of EAB.

2 Methods

2.1 Study area and species characteristics
The native range of green ash spans more than 23 degrees of latitude and 45 degrees of longitude, extending from Cape Breton Island in the Atlantic Ocean
westward to Alberta, Canada and southward to the Gulf Coast of the Eastern United States (Little & Elbert 1979; Prasad & Iverson 2003). In the Great Plains,
green ash is locally abundant in the Temperate Prairie, West-central Semi-arid Prairie and South-central Semi-arid Prairie ecoregions. In the Eastern
Temperate and Northern Forests ecoregions, green ash is a signi�cant component of eight forested ecosystems types, including white-red-jack pine in the
Great Lakes states and provinces, loblolly-shortleaf pine in the Gulf coastal plains and the Piedmont, oak-pine in the Appalachians, oak-hickory in the more
mesophytic areas of the central and eastern United States, oak-gum-cypress in southern bottomlands, elm-ash-cottonwood in seasonally �ooded
bottomland and aspen-birch on glacial till in cold, moist climates (Garrison et al. 1977). Green ash woodlands can also persist in seasonally dry creek beds,
upland forests, and seasonally dry urban environments across the entire native range.

Unlike many of the Fraxinus species, green ash is strictly dioecious (each tree is either male or female), a characteristic that could predispose small local
populations to invasion from propagules of clonal cultivars if sex ratios became severely unbalanced. Green ash is strictly diploid (n = 23) while white ash
(Fraxinus americana L), a closely related species sympatric with green ash in the central and eastern United States, includes both diploid (n = 23) and
polyploid individuals, although many authors assign different species names to the polyploids (Hardin 1974; Black & Beckmann 1983; Nesom 2010;
Whittemore et al. 2018).

2.2 Sample collection design
We collected leaf or twig samples from adult trees (> 10 cm DBH) determined to be green ash based on taxonomic traits and habitat in 48 naturally
regenerated sites, using nested sampling when possible, to identify site-speci�c processes (Table 1, Fig. 1). All nested populations were between 10 and 53
kilometers from one another. We did not collect samples in southern Michigan, northern Indiana, or northern Ohio, as surviving adult trees were unlikely to be
representative of the genetic diversity existing before EAB invasion. Most of the loss, now estimated at more than 100 million trees, has occurred in this
region and in the Great Lakes region of southern Ontario (Liu 2018). Populations were identi�ed as those trees occurring within approximately a square
kilometer of naturally regenerated forest or woodland. Maps shown are in the USA_Contiguous_Albers_Equal_Area_Conic_USGS_version projection.
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Table 1
Locations and descriptive statistics for the 48 populations genotyped.

Population Identi�er N Latitude Longitude dLGM (km)a Ar
b FST

c Pa
d

Saskatchewan 1 SK1 24 50.79 -103.89 343.7 6.6 0.104 1

Manitoba 2 MB2 26 50.56 -96.63 410.7 8 0.065 3

Alberta 1 AB1 27 50.02 -110.75 216.5 6.4 0.111 1

Manitoba 1 MB1 27 49.69 -95.28 432.4 6.6 0.11 1

Quebec 1 QB1 35 48.68 -71.90 227.1 6.3 0.111 2

Minnesota 2 MN2 28 47.63 -94.61 250.7 7.6 0.088 2

Minnesota 1 MN1 32 47.07 -93.93 238.7 7.1 0.085 0

North Dakota 1 ND1 27 46.83 -100.83 -106.1 6.4 0.12 0

North Dakota 2 ND2 27 46.80 -100.81 -109.6 6.3 0.099 1

Nova Scotia 3 NS3 32 46.72 -60.93 128.6 6.4 0.217 0

Montana 1 MT1 35 46.37 -105.06 -49.4 6.4 0.119 2

Montana 2 MT2 24 46.34 -105.07 -45.5 5.7 0.158 1

New Brunswick 2 NB2 25 45.95 -66.88 233.6 6.3 0.216 0

New Brunswick 1 NB1 29 45.87 -66.51 230.5 6.3 0.138 2

South Dakota 2 SD2 29 45.74 -97.23 75.7 6.7 0.074 0

South Dakota 1 SD1 25 45.65 -97.13 90.5 7 0.099 0

Quebec 3 QB3 30 45.53 -76.02 590.8 6.9 0.082 1

Wisconsin 2 WI2 27 45.31 -88.56 171 8.1 0.103 4

Wisconsin 1 WI1 27 45.13 -88.44 174 7.9 0.057 0

Vermont 1 VT1 27 44.97 -73.27 276.2 5.9 0.111 1

Ontario 1 ON1 25 44.94 -73.13 191.5 9.2 0.032 6

Nova Scotia 2 NS2 24 44.90 -63.84 124.8 7.3 0.081 3

Wyoming 1 WY1 12 44.77 -104.67 -205.9 5.1 0.112 0

Vermont 2 VT2 24 44.74 -73.26 293.8 6.6 0.077 0

Wyoming 2 WY2 28 44.53 -104.08 -235.6 6.8 0.092 2

Iowa 1 IA1 28 42.04 -93.60 -9.8 6.3 0.128 4

Iowa 2 IA2 31 42.04 -93.64 -8.8 6.4 0.088 0

Nebraska 2 NE2 27 41.30 -102.12 -522 6.1 0.131 0

Nebraska 1 NE1 30 41.24 -101.67 -551.4 5.8 0.126 1

Illinois 2 IL2 29 40.96 -89.43 -19.3 6.9 0.084 0

Illinois 1 IL1 30 40.44 -89.96 -79.1 7.1 0.099 1

Ohio 1 OH1 30 40.12 -82.97 -13.6 9.1 0.069 3

Ohio 2 OH2 24 40.01 -82.84 -7.6 7.7 0.093 1

Missouri 2 MO2 30 39.01 -92.77 -341.4 7.8 0.072 4

Missouri 1 MO1 29 38.87 -92.30 -323.4 7.8 0.152 3

Virginia 2 VA2 27 38.83 -77.50 -363.6 8.7 0.071 4

Kansas 1 KS1 29 38.72 -94.96 -359.1 7.1 0.087 4

Virginia 1 VA1 29 37.62 -78.21 -392.4 8.4 0.069 1

Tennessee 1 TN1 29 35.69 -83.50 -450.6 6 0.238 2

aDistance from the LGM: negative number site outside of LGM, positive number site within LGM, bAllele richness, cPopulation-speci�c FST, dPrivate alleles
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Population Identi�er N Latitude Longitude dLGM (km)a Ar
b FST

c Pa
d

Oklahoma 1 OK1 10 35.40 -95.59 -700.2 4.3 0.164 0

South Carolina 2 SC2 17 33.14 -79.82 -718.7 5.6 0.155 2

South Carolina 1 SC1 28 32.95 -79.75 -738.3 7.2 0.115 2

Mississippi 1 MS1 26 32.82 -90.81 -851.9 6 0.154 0

Mississippi 2 MS2 27 32.71 -90.79 -840.7 7.6 0.112 2

Texas 1 TX1 21 30.56 -95.75 -1171.6 6.6 0.1 0

Louisiana 1 LA1 29 30.41 -91.67 -1092.7 8 0.094 3

Louisiana 2 LA2 24 30.39 -89.73 -1075.5 6 0.146 0

Texas 2 TX2 31 29.17 -95.50 -1305.4 6.7 0.142 0

aDistance from the LGM: negative number site outside of LGM, positive number site within LGM, bAllele richness, cPopulation-speci�c FST, dPrivate alleles

Cultivars were from the collection at the Minnesota Landscape Arboretum. A cultivar checklist made in 1983 listed 23 valid F. pennsylvanica cultivars
(Santamour Jr & McArdle 1983). We initially evaluated 20 named cultivars (Online Resource 1), 12 of which were on the 1983 list and eight of which were
named after this date. ‘Lednaw Aerial’ was an exact match to ‘Summit’. We discovered later that ‘Lednaw Aerial’ is a bud sport (a somatic mutation) of
‘Summit’, which explained their identical genetic pro�les. The majority of these cultivars originated from northern states or provinces (Online Resource 1).
The 10 white ash included as comparators were identi�ed as white ash based on morphological characteristics, primarily the shape of bud scar and
dormant bud, and ITS sequences.

2.3 DNA Extraction, PCR, and Genotyping.
DNA extraction techniques and PCR protocols were as previously described (Noakes et al. 2014). We used 16 EST-SSR markers developed previously for
Fraxinus to identify genetic variation within and among populations (Noakes et al. 2014; Lane et al. 2016). Fifteen were chosen from the green ash
transcriptome and one from F. excelsior (GenBank: FR639289.1). Amplicon length was measured with an ABI 3730xl capillary electrophoresis device
(Applied Biosystems, Foster City, CA) and the resulting genotypes were scored with GeneMapper version 4.1 (Applied Biosystems).

2.4 Statistical analyses
We employed GenAlEx version 6.512b2 (Peakall & Smouse 2006, 2012) to detect zygotic and gametic disequilibrium, perform principle coordinate analysis
(PCA) based on genetic distances, detect private alleles, assess isolation-by-distance, and F-statistics (Smouse et al. 1986). Where appropriate, we corrected
for multiple comparisons using the Holm-Bonferroni method (Holm 1979). We used the Bayesian approach implemented in Geste 2.0 to estimate
population-speci�c differentiation, permitting evaluation of spatial factors as predictor variables for the genetic distinctness of each population relative to all
the other populations (Foll & Gaggiotti 2006). Analysis parameters used were 100 pilot runs, a sample size of 10,000, thinning interval of 20, and a burn-in of
50,000.

Evidence for reduction of effective population size was examined with Bottleneck version 1.2.02 using the Wilcoxon sign rank test with 104 replications, 0 for
the proportion of single mutation model, and 36% for the variance of geometric distributions in the two-phase model with the recommended settings for
microsatellite data (Cornuet & Luikart 1996; Luikart et al. 1998; Piry et al. 1999). A test was also done for a mode shift in allele frequency distribution in each
population with the same application. The M-ratio, the ratio of the number of alleles to the range of allele sizes, can detect bottlenecks that occurred further
back in the population history than the tests described above, provided that the assumptions are met (Garza & Williamson 2001).

Population structure and admixture were estimated with Structure version 2.3.4 (Pritchard et al. 2000) with 50,000 MCMC burn-in iterations followed by
100,000 MCMC iterations. All of the data, (populations, cultivars and the white ash comparators) were included. We initially tested K (the number of
proposed genetic groups) from two to 20, with 10 replicates for each K. The K at which the data were most likely was inferred using the Evanno method as
implemented in Structure Harvester (Evanno et al. 2005; Earl & vonHoldt 2012). Individuals were counted as admixed if the estimated proportion of
membership in a single group was < 0.85. A value > 0.85 falls within average 95% con�dence intervals estimates for data ranging from 0.85 to 0.99 in this
analysis.

Parentage analysis was done with Cervus version 3.0.7 (Marshall et al. 1998; Kalinowski et al. 2007). The mean polymorphic information content(PIC) of the
data used to assign parentage was 0.7418 and the combined exclusion probability with one parent known exceeded 0.9999. These values are similar to a
parentage analysis of cultivated Paci�c oysters in which the authors found that the combined exclusion power of 12 microsatellites for identi�cation of one
parent was 1 (100% correct identi�cation of the true parent) while more than 50 SNPs were required for the same result.(Liu et al. 2017). The settings for
parentage analysis simulations for the cultivars were 10,000 offspring, 19 candidate parents for the cultivar parentage analysis, 0.05 proportion of
candidate pollen parents sampled, 0. 05 proportion of loci mistyped, and a minimum of 12 loci typed, yielding a critical LOD score of 2.14 for a strictly
con�dent parent/offspring pairs (95% con�dence).

3 Results
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3.1 Descriptive statistics
Zygotic disequilibrium was not detected in 25 of the of the 42 populations. Of the 17 populations remaining, disequilibrium was detected at one marker only
in 12 populations and at two markers only in �ve populations (MN2, IL1, IL2, MO1, and MS2). Less than 1% of the gametic disequilibrium tests had
signi�cant p-values after correction for multiple comparisons. Allele richness ranged from 4.3 in the Oklahoma 1 population to 9.2 in the Ontario 1
population (Table 1).

3.2 Measures of differentiation and bottlenecks
Molecular variance within populations accounted for 70% of the total, followed by the variance within individuals (16%) and last, the variance among
populations (14%). Pairwise FST values ranged from 0.013 (SK1-AB1) to 0.204 (ON1-MO2). We found a moderate but signi�cant signature of isolation-by-

distance (R2 = 0.15, p = 0.001). Allelic richness showed no indication of a latitudinal gradient (R2 = 0.012, p = 0.933), a longitudinal gradient (R2 = 0.052, p = 
0.119), a relationship with distance from the last glacial maximum (R2 = 0.024, p = 0.297) or a relationship with number of detected cultivar parents (R2 = 
0.032, p = 0.117). Population-speci�c FST estimates, a measure of the differentiation of each population from all of the others, ranged from 0.03 in Ontario 1
to 0.24 in Tennessee 1. The three populations with the highest population-speci�c FST estimates (TN1, NS3, and NB2) had neither the lowest level of allele
richness nor the highest number of private alleles. Posterior model probabilities for an association of population-speci�c FST estimates with latitude (P = 
0.052) and longitude (P = 0.023) did not suggest latitudinal or longitudinal gradients. The distance from the last glacial maximum (dLGM) had the highest
posterior probability (P = 0.111) but this value was lower than the minimum (0.15) recommended (Foll & Gaggiotti 2006).

All 48 populations �t the two-phase model (TPM) for mutation drift equilibrium and 47 of the 48 populations had the expected L-shaped distribution of allele
frequencies, suggesting no recent population bottlenecks. The Oklahoma 1 population consisted of only 10 trees, a sample size well below the 20–30
recommended for the bottleneck test (Luikart et al. 1998). We calculated M-ratios on the ten dinucleotide repeat markers alone. None of the 48 populations
had an M-ratio above the critical value (0.68).

3.2 Genetic structure and population admixture
The data were most likely at K = 3 genetic groups when assessed with STRUCTURE (Fig. 2, Fig. 3a). Two groups mapped on two broad geographical regions,
the northwestern and the southern part of the native range. The third group has a geographically dispersed distribution, primarily in the eastern part of the
native range. When visualized at K = 4, the Northwestern group splits into two groups, Northwestern and Northern (Fig. 3b), while the remaining two groups
remain largely unchanged. A high frequency of individuals with admixture from all three groups occurred in the Ohio and Virginia sites and to a lesser extent
in the Ontario site. Individuals in three sites (NS3, NB3 and TN1) cluster in group three, with minimal admixture. The MO1 site contains mostly unadmixed
group three individuals, while the WI2 site contains group three individuals with some admixture from the Northwestern group. Examination of the admixture
in the 13 local population pairs revealed 10 pairs with similar admixtures and three discordant pairs: New Brunswick, Wisconsin, and Missouri.

The �rst and second principle coordinates of the PCA analysis (Online Resource 2) explain 29.09% and 17.19% of the observed variation respectively. Four
clusters are evident, the minimally admixed third group that we identify as white ash (see below), a moderately to highly admixed group, a minimally
admixed Southern group and minimally admixed Northwest group.

3.3 White ash and white ash admixture
Seven of the 10 presumed white ash comparators were unadmixed members of the third group (Fig. 4). While this does not prove that the third group is
white ash, it is strongly suggestive. Trees FA_7 and FA_9 grouped with Northwestern/Northern green ash while tree FA_3 is admixed. This result indicates
that identi�cation by morphology and ITS sequence does not necessarily detect admixture or even species in some cases, despite expert close examination.

If we accept group three as white ash and classify individuals having 15–85% estimates for white ash as admixed, then 140 of the total population (10.8%)
are white-ash-green ash admixtures. The incidence of admixture is unevenly distributed. Twenty-two populations have no admixed individuals, while the
majority of sampled individuals at the NS2 (88%), SC1 (68%), and VA2 sites (63%) are admixed. A high incidence of admixture also occurs at the ON1 (48%),
SC2(47%), OH2 (42%), WI2 (37%), and VA1 sites (31%). Following our criteria, all of the individuals sampled at the NS3, NB2, and TN1 sites are white ash.

3.4 Cultivars and cultivar parentage
Fourteen cultivars from northern sources dominate this collection: �ve from Minnesota, �ve from North Dakota, two from Iowa, one from Alberta and one
from Wisconsin. Fifteen of these 19 cultivars are in the Northwestern/Northern genetic group, with minimal admixture of the other two groups (Fig. 4).
Cimmzam Cimmaron® is in the white ash group. ‘Emerald’, ‘Hollywood’ and ‘Centerpoint’ are admixtures of the Northwest and Southern groups. The mean
polymorphic information content of the data used to assign parentage (PIC) was 0.7418 and the combined exclusion probability exceeded 0.9999.
Parentage analysis detected 173 high con�dence parent-offspring matches in which one of the parents was identi�ed as one of the 19 cultivars (Table 2).
One high-con�dence parent offspring match was between the two cultivars ‘Johnson Leprechaun’ and ‘Honeyshade’. The frequency of cultivar parentage
was highest in the Northwest, the region where most of the cultivars originated. However, widespread planting of clonally propagated green ash landscaping
cultivars in locations far distant from the reported origin is revealed in the distribution of some cultivar offspring (Table 2). ‘Leeds Prairie Dome’, reported as
originating in North Dakota, was identi�ed as the parent of 25 progeny distributed across seven states and three provinces, from southern Saskatchewan to
northern Quebec and south to western Nebraska. ‘Emerald’, reported as originating from Arlington, Nebraska was identi�ed as the parent of six progeny, from
Manitoba to Mississippi. Cimmzam Cimmaron’ was identi�ed as the parent of one tree in each of �ve sites (NS3, NB2, ON1, NE2 and OH2 (Table 2). Only
‘Hollywood’ has no parent-offspring matches.
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Table 2
Number (N) and incidence (I) of cultivar parentage by population and cultivar

  Berg CC CP Em HF HS HW Jwl JL Kin LPD Man MS New Pat RPS SD Sum WDC N I

SK1 1         2         1     3   1   3 1 12 0.5

MB2 1     1                 1             3 0.12

AB1 1             1     2   2 1 1     3   11 0.42

MB1           1                 4         5 0.19

QB1 1     1             4         2   1   9 0.32

MN2                                     3 3 0.1

MN1 1         1   1     1     1         2 7 0,23

ND1     1   2 1         4         1       9 0.29

ND2 6       1     2 1   2             1   13 0.41

NS3   1                                   1 0.03

MT1 1         1         2     2   4 1     11 0.32

MT2               1     3   2 2       1   9 0.26

NB2   1                                   1 0.03

NB1           1                   2   1   4 0.11

SD2           3             1     2   1   7 0.18

SD1         1           1   2     1       5 0.13

QB3 1               2   1         1   3   8 0.2

WI1                 1         1   1     1 4 0.1

VT1 1     1 1       1   1             1   6 0.14

ON1   1                                   1 0.02

WY1                                   1   1 0.02

WY2 1     1       1     1             1   5 0.11

IA2               1 1 1   1 4 1         1 10 0.22

NE2   1       1         2         2       6 0.13

NE1           2                   1     1 4 0.08

IL2           2   1         2             5 0.1

IL1       1                               1 0.02

OH2   1                                   1 0.02

MO1                       1               1 0.02

KS1     1   2               1             4 0.08

OK1     2             1                   3 0.06

MS1       1                               1 0.02

LA1     1                                 1 0.02

N 15 5 5 6 7 15 0 8 6 2 25 2 15 11 5 18 1 17 9    

Cultivar parentage was not detected in 14 of the 48 sites (WI2, NS2, VT2, IA1, OH1, MO2, VA2, VA1, TN1, SC1, SC2, MS2, TX1, TX2). Cultivar parentage
comprised 23–50% of the individuals tested at eight sites, seven located in the northwestern region of the range (SK1, AB1, MN1, ND1, ND2, MT1 and MT2)
and one (QB1) in the northeast (Table 2). Twelve individuals of the 24 sampled at the Saskatchewan site had parentage from seven different cultivars. As
most of the cultivars examined are males (Online Resource 1), offspring likely resulted from pollen �ow into the population. We infer that the offspring of the
female trees ‘Jewel’ and ‘Mandan’ are the result of pollen �ow from naturally regenerated trees followed by seed dispersal back into the stand. We found no
trees that were exact or fuzzy matches to the cultivars and no trees with both parents from the set of 19 cultivars.

4 Discussion
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We initially designed our range-wide study to assess the population differentiation and population substructure of a widely distributed, ecologically
important native tree species acutely threatened by the emerald ash borer. We included an assessment of cultivar parentage as the propagule dispersal
capacity of Fraxinus is well documented and green and white ash cultivars were extensively planted in urban and agricultural environments over the last
70–80 years. We expected to see low differentiation among green ash populations across broad regional scales, given the species high dispersal capacity,
high phenotypic plasticity and high tolerance to abiotic stress. While we observed higher population-speci�c Fst values than those reported for F. excelsior,
evidence for spatial gradients was lacking. We expected to detect evidence of gene �ow from cultivars into local stands in the northwest region of the
natural range where natural stands are sparsely distributed and where most of the cultivars in this study originated, but we did not expect the frequency of
cultivar parentage we detected. We included a small group of white ash comparators in our study to permit us to detect misidenti�cation, but it was not our
initial intent to examine the extent of interspeci�c admixture, as we did not expect to �nd the locally extensive admixture suggested by the data.

4.1 Incidence of gene �ow from landscaping cultivars in naturally regenerated
populations
We detected cultivar parentage in 34 of the 48 naturally regenerated stands, most but not all of which occurred in northwest populations. As our
investigation of gene �ow from landscaping clones does not include all of the named green ash cultivars released in the last 40 years, our results are likely
to be an underestimate of the frequency of cultivar parentage in naturally regenerated stands and the geographic extent of cultivar gene �ow into these
stands. Our investigation is also conservative in that we only identi�ed the �rst-generation progeny of cultivars. Given the extensive native range of green
ash and the ubiquitous deployment of green ash landscaping clones both within and outside of this native range, we felt it was strategically necessary to
�rst identify sites where gene �ow from cultivars has de�nitely occurred. The high frequency of cultivar parentage in the northwest, where green ash
populations are small and widely scattered, coupled with an absence of a signature of higher differentiation along the northwestern edge of the range,
suggests that some of these populations may consist entirely of propagules dispersed from cultivars and the improved germplasm planted for shelterbelts
and riparian buffers in rural communities.

4.2 Impact of cultivar gene �ow on adaptive variation
Studies of outcrossing, wind pollinated forest trees have shown that adaptive variation occurs at local and regional scales even when connectivity among
populations is high (Pluess et al. 2016; Firmat et al. 2017). However, before speculation on the potentially harmful impact of gene �ow from nonlocal
cultivars on adaptive variation, consider the meaning of local adaption in this species. Green ash provenance tests conducted over the last ninety years
provide phenotypic evidence for local adaptation while at the same time indicating that provenance alone does not necessarily predict growth rate, one
measure of adaptation. Height in 60 provenances planted at 10 test sites (common gardens) and measured at age six was not consistent with the
expectation that provenances closest to a given test site will grow the fastest. (Steiner et al. 1988). Although southern provenances did suffer injury and
mortality from cold temperatures in northern test sites, the tallest and the earliest maturing trees at most of the test sites were from southern Ontario and a
‘central prairie’ region which included provenances from eastern Nebraska, Iowa, and central Illinois. In the Steiner study and in a previous investigation of 13
year old provenances planted in Massachusetts, the northeastern provenances had no growth advantage in test sites closest to northeastern provenances
(Santamour 1963). On the other hand, a provenance test of seedlings from 39 Great Plains provenances from North Dakota, South Dakota, Minnesota, Iowa
Nebraska and Kansas did reveal evidence of local adaption for drought resistance, with provenances in northwest North Dakota being most drought
resistant (Meuli & Shirley 1937). In the light of all of the evidence presented here and with the additional complication of interspeci�c hybridization
(discussed below), we hypothesize that the current standing genetic variation in F. pennsylvanica is the result of adaptation and potentially nonadapative,
human-mediated process (i.e. gene �ow from landscaping clones), the two of which cannot be directly disentangled without �ne scale functional genomics
and intensive phenotyping.

4.3 The signi�cance of interspeci�c admixture
The most recent molecular phylogeny of the genus Fraxinus resulted in incomplete resolution of the North American species F. pennsylvanica, F. americana,
and F. velutina (Hinsinger et al. 2013). The authors conclude that this may have resulted from a very rapid radiation or relatively recent gene exchange. This
uncertainly is emphasized in the continuing disagreement over what constitutes F. americana and F. pennsylvanica sensu stricto, even though all authors
agree that these two species exist. The native ranges of green and white ash are sympatric in the eastern United States (Little & Elbert 1979), but the extent
of sympatry depends on the species concepts for F. americana and F. pennsylvanica. We hypothesize that interspeci�c hybridization and subsequent
admixture occurs in ecological contexts where hybrid individuals live long enough to produce fertile progeny, permitting gene �ow from one species to
another over many generations. This is consistent with the range of admixture observed. Our hypothesis of locally extensive, naturally occurring admixture
can be tested with an assessment of genomic architecture in admixed and unadmixed populations. Alternatively, such an assessment could reveal evidence
for recent introgression from multiple nonlocal sources as a result of extensive planting of white ash cultivars in the regions where we observed a high
incidence of admixture. While it is beyond the scope of this paper to comment on the response of admixed individuals to EAB, this possibility merits further
investigation as some studies suggest that white ash may be slightly less susceptible or less attractive to EAB than green ash (Robinett & McCullough
2019).

4.4 Implications for conservation of the North American Fraxinus
Conservation of the gene pool of F. pennsylvanica requires seed collections within populations representing the Northwestern, Northern and Southern groups
we detected in this study, but what of the admixed individuals and extensively admixed populations? Admixture among these groups and with F. americana
at some sites may be the result of a naturally occurring process predating cultivar development or gene �ow from cultivars, or both. The ability of
outcrossing, closely related, native, and sympatric species of forest trees to produce fertile, vigorous, and long-lived interspeci�c hybrids can result in a
syngameon, where gene �ow among species occurs yet species distinctness persists (Hipp et al. 2019). Conservation plans based on exclusion of admixed
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individuals could interfere with a long-standing, potentially adaptive process. A second issue is cultivar gene �ow. If more detailed genotyping reveals range
edge populations consisting of the descendants of many cultivars, does the ecological importance of these stands outweigh their origin? Intensive study of
the landscape genomics of the North American Fraxinus species, especially those in which species boundaries are uncertain and admixture is well
documented, may shed light on adaptive mechanisms, the actual extent of admixture and the drivers that in�uence the frequency of intraspeci�c and
interspeci�c admixture.

Interdisciplinary efforts based on forest monitoring, seed collection, long-term breeding programs, landscape genomics and intensive phenotyping will all be
required to preserve the gene pool of the American Fraxinus and restore Fraxinus populations to the landscape. As the EAB infestation continues, climate
change accelerates, and the direct impact of the built environment increases, the adaptive landscape of the American Fraxinus is changing in real time,
requiring a re-examination of the assumptions that local provenance necessarily means local adaptation and perhaps even more important, that standing
genetic variation is of long standing.
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Figure 1

Site locations and identi�ers for 48 Fraxinus populations relative to the native range of F. pennsylvanica

Figure 2
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Admixture of the Northwestern green ash, Southern green ash, and White ash genetic groups within each of the 48 Fraxinus populations relative to the native
range of F. pennsylvanica

Figure 3

a) Admixture results at K =3 and b) K =4 for all individuals across 48 Fraxinus populations
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Figure 4

a) Admixture of cultivars at K = 3 (top) and K = 4 (bottom) from left to right 1 ‘Wahpeton Dakota Centennial’, 2 ‘Jewel’, 3 ‘Summit ’, 4 ‘Newport’, 5 Biological
rep of ‘Summit’, 6 ‘Rugby Prairie Spire’, 7 ‘Patmore’, 8 ‘Leeds Prairie Dome’, 9 ‘Marshalls Seedless’, 10 ‘Johnson Leprechaun’, 11 ‘Kindred’, 12 ‘Bergeson’, 13
‘Honeyshade’, 14 ‘Heuver Foothills’, 15 ‘South Dakota’, 16 ‘Mandan’, 17 ‘Emerald,’ 18 ‘Hollywood’, 19 ‘Centerpoint,’ 20 Cimmzam Cimmaron® b) Admixture of
white ash comparators at K = 3 (top) and K = 4 (bottom) from left to right 1 FA_1, 2 FA_3, 3 FA_4, 4 FA_5, 5 FA_6, 6 FAS_7, 7 FA_8, 8 FA_9, 9 FA_10, 10 FA_12
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