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Abstract: Past environmental changes have shaped the demographic history and genetic
diversity of natural populations, yet the timescale and strength of these effects have not been
investigated systematically and simultaneously for multiple phylogenetically distant species. We
performed comparative population genomic analyses and demographic inference for seven
ecologically contrasting European tree species sampled across their ranges. While patterns of
genetic diversity and differentiation were species-specific and best explained jointly by each
species’ geographic range and dispersal ability, ancient population expansion events were shared
and synchronous across species. Effective population sizes increased or remained stable over
time, indicating that despite major changes in their geographic ranges, major forest tree species
have been remarkably genetically resilient to the environmental challenges of repeated glacial
cycles.

One-Sentence Summary: Population genomic analyses reveal demographic events across
millions of years for seven forest tree species across Europe.
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Main Text: Trees are fundamental to many terrestrial ecosystems, which shelter a major fraction
of the Earth’s biodiversity (/). They provide important ecosystem services and occupy a key
position in processes affecting global warming (2). The contemporary genetic diversity of a
species is vital in determining its future adaptive potential (3) but also bears the imprint of the
historical factors, such as major demographic changes. Understanding the current distribution of
genetic diversity in tree species and the timescale over which demographic events have taken
place is therefore of paramount importance to make informed predictions of how rapidly and
severely future environmental changes will affect forest ecosystems.

Most extant northern temperate and boreal tree species have existed for millions of years and
survived multiple glacial-interglacial cycles. Micro- and macrofossil data indicate that these
species have undergone huge range contractions and expansions over this time (4). In Europe,
these cycles are thought to be the main drivers of the current distribution of genetic diversity (3,
6), with the Last Glacial Maximum (LGM, approximately 27,000 to 19,000 years ago) and
ensuing Holocene recolonization events playing a predominant role. Long-lived sessile
organisms, such as forest trees, have fewer generations per glacial cycle than annual and
herbaceous species, which affects the timescale of genetic footprint of the changes. However,
other key biological parameters, such as the ecological niche and dispersal mechanism, also
affect the extent and distribution of their genetic diversity. Since evolution is inherently
stochastic and has historical contingencies, it is necessary to sample multiple species across
broad geographic ranges to identify global drivers of genetic diversity patterns.

We studied seven wind-pollinated tree species (7): three conifers (Picea abies, Pinus sylvestris
and Pinus pinaster) and four angiosperms (Betula pendula, Fagus sylvatica, Populus nigra and
Quercus petraea), distributed across Europe from the boreal to the Mediterranean regions. The
seeds of these species are dispersed by animals, wind and/or water (Table 1). We conducted
targeted nuclear DNA sequencing (~10,000 species-specific probes that covered ~3 Mbp of
orthologous sequences) on a total of 3,407 adult trees collected from 19 to 26 locations per
species (~25 samples each) across their range (Figs. 1, S1, Supplementary Text, Tables 1, S1—
S2) (8).

Overall, patterns of genetic diversity, differentiation and structure (Fig. 1) reflected neither
phylogeny nor environmental preferences, but rather combinations of biological characteristics
and demographic history specific to each species. The seven species formed four groups in
differentiation—diversity space: highly genetically structured, early maturing, and low diversity
P. pinaster and P. nigra; moderately structured, late maturing, and intermediate diversity F.
sylvatica and P. abies; moderately structured, late maturing, high diversity, hybridizing and long-
lived Q. petraea; and finally, panmictic boreal, wind dispersed, and moderate diversity P.
sylvestris and B. pendula (Fig. 11).
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Fig. 1. Admixture patterns and isolation by distance among populations of the seven
European tree species. (A-G) Pie charts represent population average admixture coefficients.
Four genetic clusters are shown to visualize genetic structure, except for Pinus sylvestris (K=1;
B) and Populus nigra (K=7; F) (see Figs. S3—S9 for other cluster numbers). An admixture plot of
all individuals is shown at the bottom of each panel. Background maps represent species’ ranges.
Inset graphs show patterns of isolation by distance. (H) Nucleotide diversity at four-fold sites, 7,
as a function of latitude. (I) Population-specific differentiation estimated as the average of the
ratios of pairwise Fy; over pairwise distance for all population pairs as a function of 7. Different
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symbols and colors represent the populations of the different species with their respective trend
lines. Species codes are explained in Table S2.

Nucleotide diversity at four-fold degenerate (non-amino-acid-changing) sites (74) ranged from
0.0027 to 0.0072 across the species (Tables 1, S3), as is typical of outcrossing trees (9), and was
remarkably similar among populations of a given species (Fig. 1H, Table S3). Boreal species
exhibited elevated diversity at high latitudes, whereas genetic diversity tended to decrease
northwards for the temperate species P. nigra, F. sylvatica and P. pinaster (Fig. 1H, Table S3).
Thus, the geographic distribution of genetic diversity did not fit the central-marginal hypothesis,
nor did it follow the south—north latitudinal gradient that is often considered as a proxy for
postglacial recolonization history (/0).

Genetic differentiation between populations (Fst) was low for all species (Table 1) and isolation-
by-distance was significant for most species, likely reflecting the domination of long-range,
wind-mediated pollen dispersal over effects of genetic drift (Fig. | A—G). However, the level of
divergence was not uniform across the species distributions. The most genetically divergent
populations were found at southern latitudes (Figs. 1A—G, S2, Table S3). Additionally,
divergence systematically rose with increasing elevation for those species with a stronger
population divergence towards southern latitudes. This trend means that populations at higher
elevations were more differentiated from the rest of the range (Fig. S2, Table S4), as previously
found in a study of 22 angiosperm trees and shrubs using chloroplast DNA (6). Genetic structure
often coincided with the main discontinuities in the species’ distributions, but with considerable
variation across species (Figs. lA-G, S3-S9).

To understand the origin and timing of the subtle but significant divergence observed among
populations (Table 1), especially with latitude, we used demographic models implemented in
fastsimcoal2 (/7). We analyzed two non-admixed populations representing the main southern
and northern clusters (see Table S5 for a list of selected populations) to estimate the timeframe of
population separation (Fig. S10). In all species, divergence models with migration had better
support than models without migration (Table S5), and the estimated divergence times between
major clusters (0.6—17 Mya) largely predated the LGM (Fig. S11, Tables S5-S7). Hence, for all
species the formation of the main genetic groups was likely the outcome of events through
multiple glacial cycles. Consequently, the overall pattern of differentiation reflects topography
and other factors creating persistent barriers to movement of populations, rather than just
separation during the LGM and post-LGM re-colonization processes. For example, the
mountains of southern Europe drove the recurrent formation of ‘sky islands’, isolated high-
elevation regions to which cold-adapted species repeatedly shifted during inter-glacial periods
(12).

To infer the timescale of changes and the historical effective population size (N.) and to compare
them across species, we used Stairway Plot 2, a method based on the site frequency spectrum
(SFS) (13). Because Stairway Plot 2 is model-flexible and can be biased by intrinsic noise in the
data, such as sampling effects, we then assessed the robustness of the results with the
complementary but more constrained fastsimcoal2 2-epoch model. To account for the effect of
sampling (/4), we conducted analyses at the species, population (in the sense of sampling
location), and one-sample-per-population levels. With the last level, the analysis was focused on
the ‘collecting’ phase of the genealogy, which dominates the history of the metapopulation
sample (15, 16).

(9]
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All species, except for F. sylvatica, showed an excess of rare variants in the SFS relative to
levels expected under the standard coalescent model (Fig. 2). This is in line with findings from
earlier studies on P. abies, P. sylvestris, P. pinaster, and B. pendula (17—-20). Consequently, all
species had a signal of ancient population growth, which was consistent across the sampling
schemes, as well as between the Stairway Plot 2 and fastsimcoal2 2-epoch model inferences
(Figs. 3A—B, S12). Strikingly, very few populations exhibited a signal of decreasing N. through
time, and those populations were often disconnected from the rest of the range and thus likely to
have experienced stronger genetic drift (Fig. S13, Table S8). The magnitude of increase in Ne
varied across species and was largest for P. sylvestris (from ~5,000 individuals to 500,000) and
weakest for F. sylvatica, for which the proportional increase was only two-fold (from 100,000 to
200,000). Crucially, these patterns suggest that the overall genetic diversity of each species has
been maintained even during the range contractions caused by glacial cycles. In other words,
forest trees — with their large ranges, large census sizes, and efficient gene flow — have been able
to maintain genetic diversity over long periods, despite the loss of single populations or even
regional eradication during ecologically unfavorable periods. All estimates of past and present Ne
were in the range of tens or hundreds of thousands; these values are much smaller than any
reasonable estimate of current species census size, which is in the scale of billions of individuals
for most species (21).
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Fig. 2 Folded site frequency spectra (SFS) of all seven studied species (inset) and of the
remaining six species after excluding Pinus sylvestris. The SFS were transformed and
normalized following (28) (see Material & Methods). The transformed and normalized SFS are
flat under the standard neutral model, facilitating the visualization of the SFS that depart from
expectations of the standard neutral model (29, 30).
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According to randomization tests, changes in N. were more synchronous than expected by
chance among the seven species (Fig. 3B-D, Table S9), likely reflecting a shared response to
environmental drivers. However, the resolution and exact timing of expansion varied among the
species. In particular, the recovered demographic history of Q. petraea and F. sylvatica goes
back much further in time (i.e. ~32 and ~17 Mya, respectively) than for the other species. This
partly reflects their longer generation times, but the depth of the Q. petraea genealogy and its
relatively large N, are also likely a consequence of continuous hybridization with its sister
species, Q. robur and Q. pubescens (22). Notably, the two pine species, P. pinaster and P.
sylvestris, showed patterns very distinct from each other, despite similar sampling, mutation rates
and generation times, reflecting their different ecological requirements, levels of population
structure, and geographic ranges.
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Figure 3. Synchronicity of demographic change across the seven species. (A) Change of
effective population size (Ne) through time (million years ago, Mya), inferred with Stairway Plot
2 (lines, one-sample-per-population dataset, see Table S8) or with fastsimcoal2 (diamonds, 2-
epoch model and one-sample-per-population dataset, see Tables S6-S7). The median change

in Ne is reported for both methods. (B) Same as A but focused on the 0—1.8 Mya period. (C)
Stacked area plot representing species-specific changes in Ne relative to species-specific
maximum Ne (Ne changes were averaged across 250 time points using sliding windows) over the
0-1.8 Mya period (see Fig. S14 for 0-32 Mya). (D) Synchronicity of Ne changes through time,
with solid lines representing the number of species experiencing an increase (blue) or decrease
(red) in Ne. Species that experienced neither were excluded. The direction of change is given by
the average change in Ne across 250 time points using sliding windows. In (C) and (D), blue and
red shaded rectangles delineate glacial and interglacial periods, respectively.
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Since we focused on past demographic events influencing current patterns of genetic diversity,
we disregarded individuals with a high degree of admixture with closely related species.
However, in many natural populations of forest trees, as in most plant species, hybridization
contributes significantly to genetic diversity (23). For demographic inference, hybridization
introduces signals of even older evolutionary events and leads to elevated N.. For predicting
population responses to climate change, more information on groups of closely related species
will be essential, especially as introgression can be important in environmental adaptation (24).

In line with recent studies showing the ability of tree species to rapidly respond to environmental
challenges (25) and to swiftly colonize new areas as they become suitable (26), our study
demonstrates that tree species were also able to retain their evolutionary potential through
multiple glacial cycles. This is likely a reflection of their unique biological features. First, very
large and genetically connected populations have allowed tree species to retain genetic diversity
through time, even after range contractions. Second, this diversity has evolved over very long
periods, involving multiple glacial cycles and not just one main event. While the use, in previous
studies, of late Pleistocene and Holocene pollen and macrofossil records, and/or low-resolution
uniparentally inherited organellar DNA markers may have revealed post-LGM dispersal patterns,
these approaches have not given a full picture of the dynamics of genetic diversity (6).
Importantly, our results additionally suggest that tree species that have survived glacial cycles
and currently have large ranges might be more capable of responding to climate change than one
might have feared. However, genetic stability across millions of years does not exclude drastic
changes in the short term, e.g., in species distributions and local abundances, which can still have
major impacts on ecosystem services and forest functions.
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Table 1. Biological characteristics and genetic summary statistics for seven European tree
species. Age information was retrieved from the European atlas of tree species (27) and the
European forest genetic resources program (EUFORGEN).

Min. Ns

flowering Max. age (indi

age known 7 (per vidu
Species Biological characteristics Hybridization with (years) (years) Fsr bp) als)
Betula pendula = deciduous B. platyphylla 10-25 90-150 0.03* 0.0036 235

(Silver birch) = temperate to boreal B. pubescens
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Fagus sylvatica
(European

beech)

Populus nigra

(Black poplar)

Quercus petraea

(Sessile oak)

Picea abies
(Norway

spruce)

Pinus pinaster

= wind pollination
= wind seed dispersal

® Jarge and continuous range

= deciduous

= temperate

= wind pollination

= animal seed dispersal

® Jarge and continuous range

= deciduous
= Mediterranean to temperate
= wind pollination

= water and wind seed dispersal

= vegetative and sexual reproduction

= intermediate and discontinuous

range

= deciduous

= temperate

= wind pollination

= animal seed dispersal

® Jarge and continuous range

= conifer

= temperate to boreal

= wind pollination

= wind seed dispersal

* limited clonal reproduction

® Jarge and discontinuous range

= conifer

F. orientalis 40-50

P. nigra ‘Italica’ 4-10

P.deltoides

P. trichocarpa

P. maximowiczii

Populus sp. hybrid

cultivars

Q. robur 40-100

Q. pubescens

P. obovata 2040
6-20

17

150-300 0.05* 0.0050 65

100400 0.16% 0.0032 8

>1000 0.04* 0.0072 115

200-300 0.06* 0.0048 30

120-250 0.13* 0.0027 17
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(Maritime pine) = Mediterranean
= wind pollination
= wind seed dispersal

* limited and discontinuous range

Pinus sylvestris = conifer P.mugo 15-30 400-750 0.01* 0.0039 392
(Scots pine) = temperate to boreal P.uliginosa

= wind pollination

= wind seed dispersal

® Jarge and continuous range

Notes: mean pairwise genetic differentiation (Fsr), * denotes significantly differentiated populations based on AMOVA

(P < 0.05); pairwise nucleotide diversity per site at four-fold sites (7u); neighborhood size (Ns)
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