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Summary

� Whether species demography and diversification are driven primarily by extrinsic environ-

mental changes such as climatic oscillations in the Quaternary or by intrinsic biological inter-

actions like coevolution between antagonists is a matter of active debate. In fact, their

relative importance can be assessed by tracking past population fluctuations over consider-

able time periods.
� We applied the pairwise sequentially Markovian coalescent approach on the genomes of 11

temperate Juglans species to estimate trajectories of changes in effective population size (Ne)

and used a Bayesian-coalescent based approach that simultaneously considers multiple

genomes (G-PHOCS) to estimate divergence times between lineages.
� Ne curves of all study species converged 1.0 million yr ago, probably reflecting the time

when the walnut genus last shared a common ancestor. This estimate was confirmed by the

G-PHOCS estimates of divergence times. But all species did not react similarly to the dramatic

climatic oscillations following early Pleistocene cooling, so the timing and amplitude of

changes in Ne differed among species and even among conspecific lineages.
� The population histories of temperate walnut species were not driven by extrinsic environ-

mental changes alone, and a key role was probably played by species-specific factors such as

coevolutionary interactions with specialized pathogens.

Introduction

Phylogeography involves the analysis of the spatial distribution of
genealogical lineages, especially within and among conspecific
populations and closely related species (Avise et al., 1987, 2016).
Early studies in this field have emphasized the role of climatic
fluctuations during the Quaternary period (2.6 million yr ago
(Ma) to the present) in shaping the spatial and temporal patterns
of genetic variation (Avise et al., 1987, 2016; Hewitt, 2000,
2004, 2011). Although this emphasis on abiotic factors has
offered invaluable insights into drivers of population divergence,
speciation, and the formation of communities, the contribution
of taxon-specific factors such as life-history traits or biotic interac-
tions with other organisms is largely overlooked (Papadopoulou
& Knowles, 2016). The paradigm that abiotic factors drove
species demography has gained wide acceptance among phylo-
geographers, as exemplified by the recent upsurge in the popular-
ity of ecological niche models (ENMs) that predict the present
day and past geographic range of the species of interest using

observed correlation between species occurrence and abiotic vari-
ables (Alvaradoserrano & Knowles, 2014).

Closely related species tend to have similar physiologies and
life histories (Wiens & Graham, 2005), especially in higher
plants (e.g. Prinzing et al., 2001; Hawkins et al., 2014). Further-
more, if the influences of biotic interactions on species distribu-
tion and abundance are negligible relative to the influences of the
environment, as commonly assumed following the lead of Glea-
son (1926), then congeneric species that share evolutionary adap-
tations to climate would be expected to show concurrent cycles of
population expansions and contractions, largely coinciding with
climate cycles (Hewitt, 2000, 2004). Closely related species shar-
ing similar ecological or life-history traits rarely present congru-
ent demographic histories, however, even in equivalent
environments (Burbrink et al., 2008; Ruane et al., 2015; Prates
et al., 2016), rendering climate-based explanations of demogra-
phy unlikely. Faced with this mismatch between theory and
observation, we note with interest that Ricklefs (2015a), although
in a very different context, has suggested the alternative hypothe-
sis that long-term population dynamics is primarily driven by the
changing balance of coevolved interactions between hosts and*These authors contributed equally to this work.
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their specialized pathogens. If so, disparate demographic histories
should predominate, even among closely related taxa with similar
ecological or life-history traits. By understanding the relative con-
tribution of extrinsic environmental changes and intrinsic biolog-
ical interactions in driving species’ temporal dynamics, we can
also gain an insight into the historical (e.g. vicariance, dispersion)
and demographic (e.g. patterns of gene flow, population bottle-
necks) processes responsible for the observed distribution of
genetic variation and species diversity at a range of spatial scales.

The contrasting hypotheses predict different demographic
responses to climate change, which facilitate empirical compari-
son. If population size is primarily influenced by environmental
change accompanied by glacial cycles, then it should fluctuate
with historical climate periods. Above all, we expect to observe
that the demographic trends of closely related species living in
similar environments will be temporally congruent unless the
species’ physiology or life history evolves under strong selection
(Hansen, 1997; but see Prinzing et al., 2001; Blomberg et al.,
2003; Hawkins et al., 2014). By contrast, if population size fluc-
tuates mainly in response to episodic, species-specific pathogenic
or antagonistic interactions, as postulated by Ricklefs (2015a),
then closely related species would exhibit idiosyncratic responses
to the glacial cycles of the Pleistocene. Thus, information on his-
torical fluctuations in the effective population size (Ne) of closely
related species is invaluable for inferring the relative importance
of extrinsic environmental change vs intrinsic biological interac-
tions in controlling population dynamics.

Temperate tree species in the northern hemisphere were criti-
cally influenced by global climatic oscillations during the Quater-
nary period (Qian & Ricklefs, 2000; Harrison et al., 2001;
Hewitt, 2004). Nonetheless, if populations in this system were
found to fluctuate independently of climate, the hypothesis that
intrinsic biological interactions have an important, and possibly
even dominant, role in demography would be strongly sup-
ported. In this sense, temperate tree species such as the walnuts
and butternuts constitute an excellent study system for determin-
ing the importance of species interactions relative to climate
change. Members of the genus Juglans L. (walnuts and butter-
nuts) grow mostly in the northern hemisphere. Juglans consists of
c. 21 extant species (Manning, 1978; Stanford et al., 2000; Arad-
hya et al., 2007), and it is usually subdivided into three sections:
Rhysocaryon, Cardiocaryon, and Dioscaryon (syn. Juglans).
Rhysocaryon is endemic to temperate and tropical America, with
five North American temperate species. Cardiocaryon contains
three species native to East Asia, and a single species (Juglans
cinerea) native to eastern North America, which is sometimes dis-
tinguished as a separate section, Trachycaryon (Manning, 1978;
Hoban et al., 2010). Dioscaryon includes the cultivated Persian
walnut, Juglans regia, and the semidomesticated iron walnut,
Juglans sigillata.

Our goal was to better understand the relative importance of
extrinsic vs intrinsic interactions in controlling population
dynamics. To that end, we generated the whole-genome
sequences of 31 individuals from the 11 temperate species of the
genus Juglans. We then applied the pairwise sequentially Marko-
vian coalescent (PSMC) method (Li & Durbin, 2011) to infer

their Ne dynamics and history of lineage separation. We also
sought to determine whether speciation in Juglans – and thus per-
haps in temperate tree species generally – occurred during glacial
cycles, a subject of much renewed interest (Levsen et al., 2012;
Wang et al., 2014). Range contraction as a result of cooling cli-
mate can lead to the isolation of parts of previously expanded
populations, which in turn establishes conditions for species for-
mation through divergence in allopatry (Hewitt, 2011). If Pleis-
tocene climatic oscillations did trigger speciation events, we
expect that most diversification would date to the major glacial
cycles that characterized the Middle and Late Pleistocene (~0.90–
0.012Ma).

Materials and Methods

Genome sequencing and assembly for three walnut species

Sequencing libraries were generated using Illumina’s TruSeq
Sample Preparation kit following the manufacturer’s instructions
(Illumina, San Diego, CA, USA; www.illumina.com) and frag-
ment library of 450 bp was performed with a paired-end 250 bp
strategy on the Illumina HiSeq 2500 sequencing platform at a
depth of 909 for Juglans mandshurica, 579 for J. regia and 539
for Juglans nigra. Jumping libraries with insert sizes of 3K bp, 5K
bp and 10K bp were sequenced with a paired-end 150 bp strategy
on Illumina HiSeq X ten. The total depth of jump libraries was c.
509 for J. mandshurica, J. regia and J. nigra. All libraries were
assembled and scaffolded using ALLPATHSLG (v.474 117) with
default parameters after filtering reads containing sequence adap-
tors or reads not paired properly. GAPCLOSER (v.1.12) was applied
to fill gaps in initial assembly results (see Supporting Information
Methods S1). We also predicted and annotated repeat regions of
each genome (see Methods S2).

Resequencing and mapping

We resequenced 31 individuals from different populations of 11
Juglans species’ (Rhysocaryon: J. californica, J. hindsii, J. microcarpa,
J. major, J. nigra; Cardiocaryon: J. cinerea, J. mandshurica, J.
ailantifolia, J. cathayensis; Dioscaryon: J. regia and J. sigillata)
(Tables S1, S2; Fig. S1) genomes to an average of c. 30–40 depth
and > 80% coverage using Illumina HiSeq 4000 paired-end
sequencing libraries with insert sizes of 350 bp. To get the
heterozygosity state for each base, the trimmed clean reads of each
species were mapped back onto its newly created genome by
BWA-MEM using default parameters (Rhysocaryon species were
mapped onto the J. nigra genome, Cardiocaryon species onto the
J. mandshurica genome, and Dioscaryon species onto the J. regia
genome).

We were constrained by the availability of only three reference
genomes for the 11 Juglans species we studied. It is likely this
constraint biased variant calling when we mapped reads inter-
specifically to a reference genome, but its impact was somewhat
mitigated by the availability of a reference genome in each of the
three sections of Juglans and by our following filtering strategy of
using only uniquely mapped reads for calling variants.
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Reconstructing the past population dynamics

The PSMC model, originally developed to study the demo-
graphic history of humans (Li & Durbin, 2011), can be used to
estimate population size changes well into the early Pleistocene
by utilizing information from the whole genome of a single
diploid individual. Hence, PSMC could represent an appropriate
tool with which to test the aforementioned hypotheses. The
PSMC method has been successfully applied to animals covering
a broad phylogenetic range from vertebrates to arthropods (e.g.
Li & Durbin, 2011; Hung et al., 2014; Wallberg et al., 2014;
Nadachowska-Brzyska et al., 2015), but seldom to plants (e.g.
AmborellaGenomeProjects, 2013).

Filtering is likely to be critical to PSMC analysis because PSMC
is prone to biases that are the result of sequencing/genotyping errors
and missing data. Nadachowska-Brzyska et al. (2016) recom-
mended sequencing data with a mean genome coverage of ≥ 189, a
per-site filter of ≥ 10 reads and no more than 25% of missing data
when using PSMC. It is well known that repetitive sequences (or
repeats) are particularly vulnerable to mapping errors, resulting in
false-positive and incorrect single nucleotide polymorphism (SNP)
calls (Treangen & Salzberg, 2011). To avoid this problem, Nada-
chowska-Brzyska et al. (2016) simply masked repeats out from the
reference genome. We could not use this approach, however,
because of the high proportions of repeats in the assembled genomes
(J. nigra, 47.3%; J. mandshurica, 50.1%; J. regia, 46.7%; Populus
trichocarpa, 41.95%; and Fraxinus excelsior, 41.98%; Table S3);
simple repeat masking would have resulted in c. 50% missing data,
a proportion much higher than the recommended cutoff value of
25% (Nadachowska-Brzyska et al., 2016). Thus, in addition to the
basic filter strategies in PSMC, which include setting quality
adjuster -C to 50, setting the minimal mapping quality to 10, mini-
mum depth to one-third of the mean genome coverage, and maxi-
mum depth to two times the mean genome coverage, we minimized
the influence of repeats by retaining only uniquely mapped, prop-
erly paired, and nonduplicated reads (see Methods S3).

The consensus autosomal sequence for each species was used as
the input for the PSMC modeling. The settings were chosen
manually according to suggestions given by Li & Durbin (2011;
https://github.com/lh3/psmc) (see Methods S4). A mutation rate
and a generation time were needed to convert the demographic
time to years, and the output of PSMC is biased if these parame-
ters are under- or overestimated. Unfortunately, the mutation
rates and generation times of perennial trees are notoriously diffi-
cult to estimate.

We generally calculated the mutation rate using the number of
mismatches per nucleotide and the divergence time inferred from
fossil data. The accuracy of this method depends strongly on reli-
able estimates of fossil age, however, and the identification and
interpretation of fossils are often fraught with uncertainty. Fortu-
nately, because some plant species experienced a whole-genome
duplication (WGD) event near the Cretaceous–Tertiary (K–T)
boundary (Tuskan et al., 2006; Huang et al., 2009; Velasco et al.,
2010; Young et al., 2011), the timing of a species’ WGD can be
used to calibrate its mutation rate. Luo et al. (2015) uncovered a
WGD in the genome of J. regia, so we used Ks of paralogous genes

at the whole-genome level (Martinez-Garcia et al., 2016) and the
timing of WGD (66–80Ma) of Juglans to estimate the mutation
rate (see Methods S5). We considered 80Ma most likely for the
Juglans WGD event (see Methods S5), so a mutation rate of
2.069 10�9 nucleotide yr�1 was adopted throughout this study.
For comparison, we also presented the PSMC results in Fig. S2–S4
using 66Ma as the time for the WGD, which translated into an
estimated mutation rate of 2.509 10�9 nucleotide yr�1.

Generation time can vary among species within a genus and
even among different geographic populations of the same species.
Thus, in addition to the assumed generation time of 30 yr in our
analysis (Fig. 1) we also generated the PSMC plots based on two
other generation times (20 yr, Fig. S5; 40 yr, Fig. S6; and all
generation times overlaid, Fig. S7). Moreover, we used a random
generation time for each species within the range of 20–40 yr to
generate the plots (Fig. S8; see Methods S6). Comparing Fig. 1
with Figs S2–S8, it is readily apparent that different estimates of
mutation rate (2.069 10�9 vs 2.509 10�9) and generation time
(20, 30, and 40 yr) lead to similar qualitative conclusions about Ne

dynamics because, as is well known, they do not change the shape
of the Ne curve, but only move the curve along the axes (Nada-
chowska-Brzyska et al., 2016).

Divergence analysis using PSMC and G-PHOCS

Pairwise sequentially Markovian coalescent can be used not only
to infer changes in Ne over time, but also to estimate divergence
times between lineages by means of overlaying the inferred
PSMC plots for each lineage (Li & Durbin, 2011). When read-
ing the PSMC plots from the present into the past, between-
lineage divergence is inferred to have occurred at the point in
time when the trajectories of two overlaid plots become identical.
It should be noted, however, that this approach does not account
for the possibility that demographic processes other than lineage
divergence, such as population structure (probably weak for
wind-pollinated trees), or that the two lineages might have had
the same effective population size as a result of chance, can pro-
duce a similar-appearing outcome.

In contrast to the PSMC method, which analyzes individual
genomes in isolation, the G-PHOCS program (Gronau et al.,
2011) simultaneously considers multiple genomes for a direct
estimation of divergence times between the genomes/lineages
under study. As a result, G-PHOCS and PSMC complement each
other methodologically for the inference of lineage divergence
times. Because we do not know the phylogenetic relationship
among the three sections of Juglans, we performed three separate
analyses for each pair of sections. The dataset consisted of 2370
(Rhysocaryon-Cardiocaryon), 2334 (Rhysocaryon-Dioscaryon) and
2425 (Cardiocaryon-Dioscaryon) 1000 bp nuclear loci, and each
section was represented by one species (see Methods S7).

PSMC analysis of Populus trichocarpa and Fraxinus
excelsior

The genome sequences of P. trichocarpa (Tuskan et al., 2006)
and F. excelsior (Sollars et al., 2017) were derived from previous
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publications and retrieved from the NCBI (accession no. GCA_
000002775.2 and GCA_900149125.1). Similar to Juglans species,
P. trichocarpa and F. excelsior are widespread, cold-temperate decid-
uous trees, so we also performed PSMC analysis on these species
using the method described earlier (see Methods S8). A mutation
rate of 2.509 10�9 nucleotide yr�1 and a generation time of 15 yr
(Tuskan et al., 2006) were used to convert the demographic time
to years for both species. Previously, Sollars et al. (2017) used a
much smaller substitution rate of 0.59 10�9 nucleotide yr�1,
which probably explains why the Ne they reported is generally an
order of magnitude higher than ours (Fig. 2).

Data accessibility

All DNA sequences have been deposited in the National Center
for Biotechnology Information (NCBI) under the BioProject
accession no. PRJNA356989.

Results

We first sequenced and de novo assembled the genome of
J. mandshurica, J. regia and J. nigra to serve as the reference. The
final genome assembly of J. mandshurica was 558Mb long (ge-
nomic coverage = 1459) and contained 13 810 scaffolds
(N50 = 496.9 Kb). The final genome assembly of J. nigra was
682Mb long (genomic coverage = 1099) and contained 18583
scaffolds (N50 = 232.8 Kb). The final genome assembly of

J. regia was 635Mb long (genomic coverage = 1129) and con-
tained 25 670 scaffolds (N50 = 310.8 Kb) (Table S4). The draft
genomes of J. mandshurica, J. regia and J. nigra included a total
of 279.6 Mb (50.10%), 296.6 Mb (46.70%), and 323.1 Mb
(47.33%) of repetitive sequences, respectively. Whole-genome
sequences from 31 individuals in 11 temperate Juglans species
generated sequencing depths from 23.3 to 38.89 (Table S2).
Heterozygosity ranged from 0.0009 to 0.0024 across species and
populations; J. cinerea was the most variable and J. regia was the
least variable (0.0009) (Table S2).

Variation in patterns of Ne dynamics among species and
populations

During the period from 3.0 to 1.0Ma (early Pleistocene), the
similarity of the Ne dynamics of all 11 temperate species of
Juglans was pronounced. Most species’ Ne started to increase
from � 1.09 104 at c. 3.0 Ma, and most species reached their
largest population size (Ne� 1.5–2.09 104) at c. 1.0–1.5 Ma.

Within section Rhysocaryon, J. microcarpa had dramatically
variable Ne curves among its three lineages: one lineage experi-
enced one cycle of population expansion and decline but the
other two lineages experienced a second cycle of dramatic popula-
tion expansion and decline between 100 000 and 20 000 yr ago
(100–20 kya). Juglans hindsii, Juglans major, and Juglans
californica declined rapidly, while the Ne of J. nigra declined
slowly (Fig. 1b).

(a) (b)

(c) (d)

Fig. 1 Pairwise sequentially Markovian coalescent estimates of the changes in effective population size over time for 11 temperate species of Juglans. (a)
All the individuals; (b) section Rhysocaryon; (c) section Cardiocaryon; (d) section Dioscaryon. Each line represents one individual. Gray lines indicate 95%
confidence intervals. g, generation time (yr); l, mutation rate.
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Within section Cardiocaryon, the Ne of J. cinerea declined
rapidly and its trajectory was distinctly different than all other
species after 2.0 Ma. Four lineages of J. cinerea showed a pattern
of population increase in the period 20–10 kya. Juglans
cathayensis declined slowly for most of the last million yr and
then experienced a second cycle of population expansion and
decline between c. 200 and 40 kya, and two lineages increased
again during 30–20 kya (Fig. 1c). The inferred history of Ne of
J. cathayensis was unlike that of J. mandshurica and J. ailantifolia
at c. 300 kya. The Ne of J. mandshurica and J. ailantifolia
remained stable between 300 and 50 kya and then declined to
Ne� 0.59 104 during 20–10 kya (Fig. 1c).

Within section Dioscaryon, the Ne curves began to diverge c.
1.0 Ma–700 kya, not only between J. regia and J. sigillata but also
within each species (Fig. 1d). Starting at 1.0 Ma, two lineages of
J. regia declined rapidly, one lineage declined slowly, and the

fourth lineage experienced a second and third expansion at c.
300 and 40 kya, respectively. Three lineages of J. sigillata rapidly
declined between 900 and 100 kya and increased slowly between
100 and 20 kya; the fourth lineage of J. sigillata experienced a sec-
ond cycle of population expansion since 400 kya and a third cycle
of expansion during the period 50–30 kya (Fig. 1d). All lineages
in Dioscaryon experienced population declines during the period
20–10 kya when the Ne of J. regia became smaller than J. sigillata.

The impact of unique-mapping filter on the estimates of Ne

In addition to basic filters recommended in the original PSMC
program (Li & Durbin, 2011), we retained only those reads that
were uniquely mapped to the reference genome (unique-mapping
filter) to mitigate the concern caused by high percentages of
repeats in plant genomes. Upon comparison, we noticed that

(a) (b)

(c) (d)

(e) (f)

Fig. 2 Comparison of pairwise sequentially Markovian coalescent estimates of the changes in effective population size over time for Fraxinus excelsior (a),
Populus trichocarpa (b), Juglans ailantifolia (c), Juglans cathayensis (d), Juglans nigra (e), and Juglans sigillata (f) when using a basic strategy of data
filtering (blue) vs using only uniquely mapped repeats (red). g, generation time (yr); l, mutation rate.
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with or without the unique-mapping filter, very similar Ne curves
resulted in most cases, but definitely not in all cases (Figs 2, S9–
S11), which illustrated the importance of performing a unique-
mapping filter for PSMC analysis. In general, curves generated
using uniquely mapped filtered data showed lower Ne in the dis-
tant past and higher Ne in the recent past as compared with the
corresponding curves derived without the filter (Fig. 2).

Divergence time between sections

When the PSMC plots in Fig. 1 were overlaid, they revealed that
divergence among lineages of Juglans initiated c. 1.0 Ma, a sur-
prisingly recent estimate. Analysis using G-PHOCS indicated that
the divergence times for Rhysocaryon-Cardiocaryon, Rhysocaryon-
Dioscaryon and Cardiocaryon-Dioscaryon were 1.64, 2.77 and
2.71Ma, respectively (Tables 1, S5), and that Ne estimates were
2.77–3.279 104 for J. nigra (Rhysocaryon), 7.52–7.889 104 for
J. mandshurica (Cardiocaryon), and 4.12–6.799 104 for
J. sigillata (Dioscaryon) (Table S5).

Ne dynamics of Populus trichocarpa and Fraxinus excelsior

Like Juglans species, P. trichocarpa and F. excelsior are deciduous
tree species with broad, cold-temperate distributions. But unlike
most Juglans species, there are high-quality reference genomes for
both P. trichocarpa and F. excelsior, so the results of PSMC analy-
sis for these species served as a type of control for our analysis of
Juglans. About 3.0Ma, the Ne of F. excelsior started to increase
from � 3.09 104 until the species reached its largest effective
population size (Ne� 4.5–5.09 104), c. 1.0–1.5Ma. Beginning
1.0Ma and continuing until 20–10 kya, F. excelsior Ne declined
steadily and reached a low ebb (Ne� 0.59 104) (Fig. 2a). The
Ne of P. trichocarpa started to increase from � 3.09 104 at c. 4–
5Ma, and the species reached its largest Ne (� 6.09 104) at
c. 2.0 Ma. From 2.0 Ma to 600 kya, the Ne of P. trichocarpa
declined rapidly to � 2.59 104. A second cycle of population
expansion and decline occurred between 600 and 200 kya, lead-
ing to a final decline to Ne� 0.59 104 at 20–10 kya (Fig. 2b).

Discussion

Conclusions based on comparative demography can now be used
to evaluate the relative importance of extrinsic and intrinsic fac-
tors in controlling population dynamics. We found that the

timing and amplitude of changes in Ne differed among temperate
walnut species, and even among conspecific lineages within the
same species for J. microcarpa, J. regia and J. sigillata. This finding
supports the conclusion that population histories of temperate
walnut species were not driven by extrinsic environmental
changes alone, and a key role was probably played by species-
specific factors such as coevolutionary interactions with special-
ized pathogens. Our study contributes new insights into the
historical (e.g. vicariance, dispersion) and demographic (e.g. pat-
terns of gene flow, population bottlenecks) processes responsible
for the observed distribution of genetic variation and species
diversity at a range of spatial scales.

Idiosyncratic responses of temperate walnut lineages to
climate change

Using the PSMC method, we reconstructed the fluctuations in
Ne for 11 walnut species starting 10 kya and extending as far back
as 4.0–5.0Ma (Fig. 1). The PSMC results clearly indicated that
the walnut species shared strongly similar trajectories of Ne before
1.0 Ma, but the shapes of the Ne curves diverged c. 1.0 Ma, not
only within each section (Fig. 1b–d) but also within several
species. The common pattern of population expansion during
the period of ~1.0–3.0Ma might have been the result of a con-
gruent response by each species to early Pleistocene cooling. But
a more parsimonious explanation is that these walnut species
shared a common ancestry until ~1.0Ma when the trajectories of
population size began to vary considerably between sections
(Fig. 1a), within each section (Fig. 1b–d), and even among differ-
ent populations of species, as shown by J. microcarpa, J. regia, and
J. sigillata. Within species, J. microcarpa, J. regia and J. sigillata
had distinctly different Ne curves among different lineages during
most of the middle and late Pleistocene. This could mean that
different lineages within J. microcarpa, J. regia and J. sigillata
might actually constitute distinct (cryptic) species, but this con-
jecture needs to be confirmed in future studies.

Even during the Last Glacial Maximum (LGM; 10–20 kya),
over half the Juglans species we studied did not show the com-
monly expected, glacially induced population decline. Moreover,
lineages within many species had strongly different patterns of
population size changes during LGM (Fig. 1a). Thus, closely
related walnut species in broadly similar environments responded
idiosyncratically to Pleistocene climate changes; some species’ Ne

increased whereas others decreased or remained stable. This result
lends strong support to Ricklef’s hypothesis that intrinsic factors
such as coevolution between antagonists can be the major drivers
of long-term population dynamics. Reassuringly, it is well known
that J. cinerea became rare throughout its native North American
range over the past 100 yr because of a fungal pathogen (Broders
et al., 2015), Ophiognomonia clavigignenti-juglandacearum (Oc-j).
Oc-j kills J. cinerea at all stages of growth and has caused extensive
mortality of butternut (Parks et al., 2013), but it is fatal to
J. cinerea only; the closely related Japanese walnut (J. ailantifolia)
appears resistant to it (Ostry &Woeste, 2004). This system prob-
ably constitutes a living example of pathogen–host coevolution
and a host jump that caused rapid tree population decline, as

Table 1 Lineage divergence times estimated using G-PHOCS

Section pair s (9104)
Divergence time
(yr 9106)

Cardiocaryon-Rhysocaryon 33.74 (31.31–36.36) 1.64 (1.52–1.77)
Disocaryon-Rhysocaryon 57.14 (54.15–60.04) 2.77 (2.63–2.91)
Disocaryon-Cardiocaryon 55.89 (52.68–59.19) 2.71 (2.56–2.87)

The divergence time parameter s is scaled by the mutation rate of
2.069 10�9 yr�1. The posterior 95% credible interval for each estimate is
in parentheses.
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envisaged by Ricklefs (2015a). Similar declines in other genera of
forest trees occurred with the arrival in eastern North America of
Dutch elm disease, chestnut blight, and the emerald ash borer
(Ricklefs, 2015b).

Recent studies have used PSMC to reveal variable population
dynamics of related taxa, independent of their evolutionary rela-
tionship. Kozma et al. (2016) found asynchronous population
expansions and contractions among three grouse species. In par-
ticular, the most cold-adapted rock ptarmigan (Lagopus muta)
showed clear evidence of consistent population decline through-
out the last ice age, whereas the most temperate black grouse
(Lyrurus tetrix) experienced a cycle of population decline and
growth (with substantial population expansion before the last
glacial maximum). Similarly, Nadachowska-Brzyska et al. (2016)
found that the timing and amplitude of changes in Ne differed
among four closely related Ficedula flycatcher species, and even
among conspecific populations within species. Several related
studies (e.g. Burbrink et al., 2016; Fan et al., 2016) have exam-
ined how species responded to climate change by focusing on
codistributed taxa less closely related than those we studied.
Comparing phylogeographic patterns across species within the
same region, one may likewise discern whether changes in distri-
bution and population size represent the influence of extrinsic
factors affecting whole communities, or whether they can be
ascribed to intrinsic factors particular to each species. For exam-
ple, using a hierarchical approximate Bayesian computational
approach, Burbrink et al. (2016) found asynchronous demo-
graphic responses to Pleistocene climate change across lineages of
snakes, lizards, turtles, mammals, birds, salamanders and frogs of
eastern North America. Similarly, Fan et al. (2016) revealed
incongruent demographic histories among three dominant
species of subtropical evergreen broadleaved forest trees in China.
Such studies provide complementary evidence for our inference
that intrinsic biological interactions play an important role in
determining effective population size of temperate species.

Regional environmental effects could potentially drive patterns
of Ne across species and confound predicted associations between
global climate and demography over evolutionary time. Thus, we
cannot exclude some region-specific effects from confounding
our interpretations of the idiosyncratic responses. Two exceptions
are J. regia–J. sigillata (species that hybridize) and J. cinerea–
J. nigra (which do not hybridize). It is interesting, nonetheless,
that although J. nigra and J. cinerea codistribute in eastern North
America, their Ne curves were distinct (Fig. 1b,c), and the codis-
tributed lineages of J. regia and J. sigillata from southwestern
China also had distinctive Ne curves beginning c. 500 kya
(Fig. 1d). Therefore, it was unlikely that specific, regional effects
strongly influenced our analysis of the relative importance of
extrinsic environmental change vs intrinsic biological interactions
in controlling long-term population dynamics.

Explosive ice age divergence of walnut lineages

When the plots of individual species (Fig. 1) were overlaid, it
revealed that divergence among lineages of Juglans initiated at c.
1.0 Ma, a much more recent estimate than the fossil data

appeared to indicate (Manchester, 1987), i.e., an initial split into
Rhysocaryon and Cardiocaryon at c. 45Ma in North America,
which clearly resolved ~38Ma. Because of the great disparities
between the interpretations of the fossil data and the results of
PSMC, we also used an independent Bayesian demographic
inference method, G-PHOCS (Gronau et al., 2011), to estimate
the divergence time between sections. Interestingly, the G-
PHOCS results were in striking conformity with our finding based
on PSMC plots (Tables 1, S3), which greatly enhance our confi-
dence in the molecular estimates. The apparent inconsistency
between molecular data and fossil records in the timing of diver-
gence between sections of Juglans is not insurmountable, given
the general uncertainty in the identification and interpretation of
fossils. The fossil record of Juglans is no exception.

Fossil nuts of Juglans were usually identified via detailed com-
parisons with extant walnuts, but fossil morphology is often too
variable to allow unambiguous identification of fossil remains to
species or section level (cf. Manchester, 1987). Although the ear-
liest known fossil walnut fruit was thought to belong to
Rhysocaryon (Manchester, 1987), it had a simple seed and locule
morphology, more similar to that of modern Cardiocaryon, and
variable development of the secondary septum, which ranges
from absent, as in modern Cardiocaryon, to present and well
developed, as in modern Rhysocaryon and Dioscaryon. In fact, van
der Ham (2015) suggests that 15 fossil Cardiocaryon species
described so far should be merged into a single, widespread fossil
species, Juglans bergomensis, with sharply ridged nuts not unlike
the extant J. cinerea. J. bergomensis would have been continuously
distributed across North America, East Asia and Europe in the
Neogene and early Pleistocene.

There is paleoecological evidence supporting a recent diver-
gence of Juglans as well. Giterman & Golubeva (1967) showed
that several tree species typically considered temperate, including
walnut, persisted in northern Siberia through the early Pleis-
tocene. Millennial-scale pollen studies of the sediments in Lake
El’gygytgyn (670300N, 1720500E), c. 100 km to the north of the
Arctic Circle, clearly demonstrate that the pollen of many tem-
perate forest species, including Juglans, was present at that loca-
tion from 2.7 to 2.5Ma (Andreev et al., 2016). Thus it is highly
plausible that early Pleistocene glacial cycles did not prevent wal-
nut trees from surviving in high latitudes. This finding is impor-
tant for the timing of divergence of walnut lineages because
Beringia may have been a corridor connecting the fauna and flora
(including trees) (Hoffecker & Elias, 2003) of the two continents
(Hundertmark et al., 2002; Goebel et al., 2008). Because walnut
trees are wind-pollinated and extensive gene flow via pollen seems
very likely, it is plausible that ancestral Juglans could persist as a
single cohesive unit throughout much of its evolutionary history
until 1.0–1.5 Ma. In this connection, it is interesting to observe
that the very large census of J. nigra covering much of the eastern
US effectively constitutes a single homogeneous population,
which offers a clear example of how Juglans can resist local
genetic differentiation (Victory et al., 2006).

Despite mounting evidence for the influence of Pleistocene
glacial cycles on patterns of intraspecific genetic diversity, it still
remains unclear whether these climatic oscillations also acted as
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drivers of speciation, especially among lineages with long genera-
tion times, such as temperate trees. Our analysis using both
PSMC (Fig. 1) and G-PHOCS (Table 1) indicated that all major
walnut diversification events dated to the major glacial advances
that characterized the latter half of the Pleistocene (Augustin
et al., 2004). These results, together with some recent investiga-
tions in the genus Populus (Levsen et al., 2012; Wang et al.,
2014), provide strong evidence for the importance of the middle
and late Pleistocene glaciations in driving tree speciation. As is
well known, the Earth’s climate underwent a fundamental change
around ~ 0.9Ma when the dominant periodicity of climate cycles
changed from 41–100 kya (Augustin et al., 2004), leading to pro-
longed isolation of populations in glacial refugia, which in turn
increased the likelihood of speciation. Needless to say, the
hypothesis of very recent divergence of walnut lineages (c.
1.0 Ma) awaits further testing, especially by means of phyloge-
nomic analysis.

Unexpected small effective population size for temperate
deciduous trees

The maximum Ne for most lineages of Juglans estimated over the
time span we analyzed was ~ 2.09 104, and the minimum Ne

was less than 1.09 103 (Fig. 1). Ne estimated by G-PHOCS was
c. 2.8–7.99 104 (Table S5). We performed a PSMC analysis for
two widespread, cold-temperate deciduous trees, P. trichocarpa
and F. excelsior, which have whole-genome sequences available.
Their estimated Ne were c. 5.09 103–59 104 (Fig. 2), surpris-
ingly similar to our estimate for Juglans. This finding is in con-
trast to the common perception that Ne for temperate forest trees
is generally quite large, normally on the order of 105 or even
higher (Petit & Hampe, 2006).

The expectation of large Ne for temperate trees is reasonable
because trees can have huge global census sizes (Nc). For instance,
the census size of mature beech (Fagus sylvatica) in European
forests is estimated at 1.5–2 billion (Petit & Hampe, 2006). The
rule of thumb is that Ne is on average one-tenth of Nc

(Frankham, 1995), but there is considerable variability in Ne /Nc.
Hung et al. (2014) found that for passenger pigeon, Ne was sev-
eral orders of magnitude lower than the census population size,
once estimated at 3–5 billion. They explained that a low Ne /Nc

is typical for outbreak species, which are characterized by dra-
matic and recurrent changes in population size. If temperate trees
fit the outbreak model, only occasionally numbering in the bil-
lions during interglacial ‘outbreak’ phases and then experiencing
severe bottlenecks during glaciation, a low Ne would be expected
over the last million yr, a time period characterized by large cli-
matic oscillations (especially warm interglacials and harsh, cold
glacials). During interglacial periods of Pleistocene, there would
be dramatic population expansions resulting in large Nc, but dur-
ing unfavorable glacial periods, temperate trees in general would
experience severe range contraction and fragmentation, leading
to small population sizes, which in turn would facilitate the evo-
lution of numerous new species through allopatric speciation, as
theoretically demonstrated by Nei et al. (1983). Mayr (1970) had
examined the relationships between speciation and population

size in many different groups of organisms and concluded that
the evolution of reproductive isolation occurs faster in small pop-
ulations than in large populations. Nevertheless, the generality of
small effective population size for temperate trees remains uncer-
tain, given that whole-genome sequencing information is only
available for a limited number of tree species.

Methodological issues

Like other population genetic methods that use next-generation
sequencing data, PSMC is prone to biases that are the result of
sequencing/genotyping errors and missing data, so filtering is par-
ticularly critical to PSMC analysis. Nadachowska-Brzyska et al.
(2016) recommended using sequencing data with a mean
genome coverage of ≥ 189 , a per-site filter of ≥ 10 reads, no
more than 25% missing data, and a repeat masked reference
genome. These conditions are easily satisfied in humans and ani-
mals whose genomes tend to have much lower proportions of
repetitive sequences than plants (Tuskan et al., 2006; Myburg
et al., 2014; Martinez-Garcia et al., 2016). For many plants, the
high prevalence of repeats in assembled genomes (Table S3) is
reason for concern about whether data quality permits a reliable
PSMC analysis. Because of the high proportion of repeats in our
assembled Juglans genomes (Table S3), the proportion of missing
data after repeat masking was nearly 50%, much higher than the
recommended 25%. Thus, we recommend a strategy of using a
filter that accepts only uniquely mapped, properly paired, and
nonduplicated reads. This approach should minimize the influ-
ence of repeats and missing data when applying PSMC to plants.
Upon comparison of outcomes based on different filtering strate-
gies, we found that Ne curves were affected by using a filtering
strategy that employed only uniquely mapped reads (Figs 2, S9–
S11). Most notably, curves generated using the default filtering
strategy indicated higher Ne in the distant past and lower Ne in
the recent past compared with the corresponding curves based on
our filtering criteria. The reason may be that multiply mapped
reads would lead to intervals of higher heterozygosity because of
false-positive SNPs, especially in repeat-dense regions. Thus, in
improperly filtered data, younger states (low heterozygosity)
would be mistakenly regarded as older states (showing higher
heterozygosity) in PSMC, resulting in overestimated population
sizes in ancient times and underestimated population sizes in
recent times. We concluded that a filtering strategy of using only
uniquely mapped reads is essential for reliable demographic infer-
ence, at least when applying PSMC to genomes with high pro-
portions of repeats.
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