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Introduction

Poleward plant migration as ice sheets retreated during the
late Pleistocene and Holocene has been described in many
temperate and boreal plant communities throughout the
world (Davis, 1981; Huntley & Birks, 1983; Petit ez al.,
2003). These range shifts have been important in reshuf-
fling species into the observed modern plant communities
(Davis, 1981), and within species this reshuffling has often
led to secondary contact of previously isolated populations
and allopatric divergence of previously contiguous popula-
tions (Critchfield, 1984; Gugger et al, 2010). Poleward
shifts have also had the effect of creating gradients in genetic
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Summary

e Poleward Pleistocene plant migration has been an important process structuring
modern temperate and boreal plant communities, but the contribution of equator-
ward migration remains poorly understood. Paleobotanical evidence suggests
Miocene or Pleistocene origin for temperate ‘sky island’ plant taxa in Mexico.
These ‘rear edge’ populations situated in a biodiversity hotspot may be an impor-
tant reserve of genetic diversity in changing climates.

e We used mtDNA sequences, cpDNA sequences and chloroplast microsatellites
to test hypotheses of Miocene vs Pleistocene colonization of temperate Douglas-
fir in Mexico, explore geographic patterns of molecular variation in relation to
Pleistocene climate history using ecological niche models, and assess the taxo-
nomic and conservation implications.

e We found strong evidence for Pleistocene divergence of Douglas-fir in Mexico
(958 thousand yr before present (ka) with the 90% highest posterior density inter-
val ranging from 1.6 million yr before present (Ma) to 491 ka), consistent with the
southward Pleistocene migration hypothesis. Genetic diversity was high and
strongly partitioned among populations. Spatial patterns of molecular variation
and ecological niche models suggest a complex late Pleistocene history involving
periods of isolation and expansion along mountain corridors.

e These results highlight the importance of southward Pleistocene migration in
establishing modern high-diversity plant communities and provide critical insights
into proposals to conserve the unique biodiversity of Mexican Douglas-fir and
associated taxa.

diversity, where poleward (leading edge) populations are
often less diverse than their equatorward (rear edge) coun-
terparts because of the effect of successive dispersal
bottlenecks during migration (Petit er al, 1997; Hewitt,
2000; Gugger et al, 2008). In principle, migration in
any direction would have similar effects but, for example,
equatorward migration of temperate species is difficult
to observe because of the extinction of rear-edge popula-
tions during the most recent postglacial period. Thus
litele is known about the extent to which modern temperate
and subtropical forests comprise combinations of species
originating in response to the onset of Pleistocene
glaciations.
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Given that equatorward migration has been identified
as an important process in plant biogeography at deeper
geological scales (e.g. North American contribution to
South American communities during Great American
Biotic Interchange; Wallace, 1876), it seems likely that the
effects of such migration during the Pleistocene may still be
detectable. In particular, southward migration may have
been important in the formation of modern plant commu-
nities in subtropical Mexico, where temperate and
subtropical genera intermix. The southward Pleistocene
migration hypothesis was proposed based on early interpre-
tations of the limited fossil record in Mexico (Deevey,
1949; Dressler, 1954; Perry et al., 1998), but subsequent
authors have favored an older Tertiary (primarily Miocene)
origin for most temperate taxa in Mexico (Graham, 1999).

Disjunct temperate taxa in Mexico form a major part of
the Madrean pine-oak (Pinus—Quercus) biodiversity hot-
spot, which covers the middle to high elevations of the
Sierra Madre Occidental, Sierra Madre Oriental, Trans-
Mexican Volcanic Belt and Sierra Madre del Sur (Fig. 1).
This region contains nearly 4000 endemic plant species, of
which at least 20 tree species or subspecies in Pinaceae are
considered threatened (Conservation International; Norma
Oficial Mexicana, 1994, 2001; Farjon & Page, 1999).

Yet, such rear edge populations may be an important
reserve of genetic diversity in changing climates because
they have often been long-isolated, display strong differenti-
ation, and may exhibit local adaptation in response to
strong selection and lack of gene flow (Hampe & Bairlein,
2000; Chang ez al., 2004; Martin & McKay, 2004; Hampe
& Petit, 2005; Parisod & Joost, 2010). The rear edge popu-
lations of temperate taxa in subtropical Mexico have likely
expanded and contracted in response to many climate fluc-
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tuations, producing complex patterns of intraspecific and
interspecific biodiversity (Pennington ez al., 2000).
Douglas-fir (Pseudotsuga menziesii) is a wide-ranging,
ecologically and economically important tree found from
central Mexico to central British Columbia. Fossil and
molecular evidence point to a northern North American or
Asian Tertiary origin of Pseudotsuga (Hermann, 1985;
Schorn, 1994; Gernandt & Liston, 1999), which suggests
that the isolated Mexican ‘sky-island’ populations are the
result of a past southward expansion. The fossil record
suggests two alternative hypotheses: early Miocene (c. 20
million yr before present (Ma)) colonization when many
other temperate taxa are thought to have arrived (Graham,
1999) or Pleistocene colonization in response to glaciation
at high laticudes (Deevey, 1949; Dressler, 1954; Perry
et al., 1998). A few putative Pseudotsuga pollen grains
found in Miocene sediment from Chiapas could suggest
Miocene colonization (Palacios-Chavez & Rzedowski,
1993); however, Pseudorsuga and Larix pollen cannot be
distinguished (Barnosky, 1985). Alternatively, Pleistocene
colonization is supported by the much later first appear-
ance of fossil Pseudotsuga pollen in the southern Rocky
Mountains in the early Pleistocene (Gray, 1961) or late
Pleistocene (Martin, 1963) in southern Arizona. In Mexico,
the limited Pleistocene fossil record contains no evidence of
Douglas-fir (Brown, 1985; Gugger & Sugita, 2010).
Mexican Douglas-fir is presently geographically isolated
from USA populations by large deserts. To varying degrees
Mexican populations are ecologically (Vargas-Herndndez
et al., 2004; Acevedo-Rodriguez er al., 2006), morphologi-
cally (Reyes-Herndndez ez al., 2005, 2006) and genetically
(Li & Adams, 1989) distinct from those in the USA and
Canada. Consequently, Mexican Douglas-fir populations
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Fig. 1 Map of Mexico with Madrean pine—
oak region shown in light gray (Conservation
International Foundation); Pseudotsuga
range as approximated by location of
herbarium samples (from GBIF) and shown
as crosses; sample sites shown as black points
numbered according to Table 1. States
mentioned in the text are labeled with
abbreviations: AZ, Arizona; Chi., Chihuahua;
Coa., Coahuila; Dur., Durango; Hid.,
Hidalgo; N.L., Nuevo Ledn; NM, New
Mexico; Oax., Oaxaca; Que., Querétaro;
Tla., Tlaxcala; TX, Texas.
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have been classified as multiple separate species (Flous,
1934a,b; Martinez, 1949), a separate variety (Reyes-
Hernandez er al., 2006; Earle, 2009) or part of the Rocky
Mountain variety of Douglas-fir (P. menziesii var. glauca),
whose northern limit extends into central British Columbia
(Little, 1952; Hermann & Lavender, 1990). Compared
with northern Mexican populations, central Mexican
populations are morphologically and phenologically more
distinct from USA populations (Reyes-Hernandez ez al,
2005, 2006; Acevedo-Rodriguez er al., 2006).

Mexican Douglas-fir is listed as ‘subject to special protec-
tion’ (Norma Oficial Mexicana 1994, 2001) because all the
Mexican Douglas-fir populations are small and fragmented,
ranging from a few dozen to a few thousand individuals
(Mapula-Larreta ez al., 2007; Velasco-Garcia et al., 2007),
and a number of studies suggest low fertility and seedling
recruitment rates because of inbreeding depression (Vargas-
Hernandez et al., 2004; Maipula-Larreta ez al, 2007;
Velasco-Garcia ez al, 2007). Within Mexico, the lowest
fertility and seedling recruitment rates and highest inbreeding
rates were found in central populations, which are among
the smallest and most isolated in Mexico (Judrez-Agis ez al.,
2006; Mapula-Larreta ez al., 2007; Velasco-Garcia ez al.,
2007; Cruz-Nicolas et al., 2008). Leaf and cone morpho-
logy (Reyes-Hernandez ez al, 2005, 2006) and bud
phenology (Acevedo-Rodriguez ez al., 2006) are also least
variable in central Mexican populations compared with
northern Mexican populations. Therefore, we expect
genetic diversity to be positively correlated with latitude,
consistent with the signature of dispersal bottlenecks during
southward migration and because latitude is correlated with
morphological and phenological diversity, fertility rates,
and population size.

Here, we investigate mitochondrial (mtDNA) and
chloroplast DNA (cpDNA) sequence and cpDNA micro-
satellite (cpSSR) variation in 11 populations throughout
Mexico to test Miocene vs Pleistocene southward migra-
tion hypotheses to explain the origins of temperate
Douglas-fir in Mexico and test the association of geo-
graphic patterns of molecular variation and population size
changes with Pleistocene climate history using ecological
niche models. We assess the implications of these results
for the taxonomic status of Mexican populations and
for conservation strategies in an understudied biodiversity
hotspot.

Materials and Methods

Sampling

We restricted our sampling and most analyses of Douglas-
fir Pseudotsuga menziesii (Mirb.) Franco to Mexico because
the USA/Mexico border coincides with a natural gap in the
distribution caused by large deserts and because previous
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morphological studies have shown that USA and Mexican
populations differ. Leaf tissue was collected from 9 to 16
individuals (mean = 11.6) from 11 natural populations
throughout most of the range of Douglas-fir in Mexico
(Fig. 1; see the Supporting Information, Table S1).
Samples were kept on ice and then stored at —80°C. In
addition, pressed herbarium vouchers were made for each
sample. Representative vouchers from each population were
deposited in Herbario Nacional de México (MEXU;
Universidad Nacional Auténoma de México, México, DF)
and Herbario del Centro Regional del Bajio (IEB;
Patzcuaro, Michoacin), and the remaining vouchers are
stored in the A. Gonzélez-Rodriguez laboratory.

DNA preparation

Total genomic DNA was extracted from leaf tissue using
the DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA,
USA) according to the manufacturer’s instructions.

Two mtDNA and two cpDNA segments shown to neu-
trally vary in USA and Canadian populations of Douglas-fir
were amplified, sequenced, and aligned according to previ-
ously established procedures (Gugger ez al, 2010). The
cpDNA segments were 7ps/-trnl and 7psl5-psaC, contain-
ing ndh pseudogenes, intergenic spacers, and an intron
(Wakasugi er al., 1994; Braukmann er al, 2009). The
mtDNA segments were variable region seven of the small-
subunit ribosomal RNA gene (V7 Duff & Nickrent, 1997,
1999) and the first intron of the nad7 gene (nadyil;
Jaramillo-Correa ¢t al., 2004). Douglas-fir mtDNA is
maternally inherited (Marshall & Neale, 1992) and
cpDNA is paternally inherited (Neale ez al, 1986), thus
neither generally undergoes heterologous recombination
(Birky, 2001) and each acts as a single locus. Therefore, we
concatenated the two cpDNA sequences to produce a single
cpDNA sequence and the two mtDNA sequences to pro-
duce a single mtDNA sequence.

Three chloroplast DNA simple sequence repeats (cpSSR)
shown to be variable in Canadian populations of Douglas-
fir were assayed (P226081, P163718, P71936; Vendramin
et al., 1996; Viard et al., 2001). The three loci were simul-
taneously amplified using the Qiagen Multiplex PCR kit in
5 pl reactions as follows: 1X multiplex PCR master mix,
2 UM each primer, deionized water and 20 ng DNA
(Cortés-Palomec ez al., 2008). The thermal cycling pro-
gram consisted of one cycle at 94°C for 2 min and then 35
cycles, each at 94°C for 1 min, 55°C for 1 min and 72°C
for 2 min. A final extension step at 72°C for 15 min was
included. The PCR products were diluted 1 : 1 in deion-
ized water, combined with the GenScan-500 LIZ size
standard (Applied Biosystems, Foster City, CA, USA) and
analysed in an ABI-PRISM 3100-avant sequencer. Peak
Scanner 1.0 (Applied Biosystems) was used for fragment
analysis and final sizing.
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Parsimony networks for all Mexican sequences plus rep-
resentative sequences of haplotypes found only north of
Mexico and outgroups (Gugger ez al., 2010) were produced
separately for mtDNA and cpDNA using TCs 1.21
(Clement et al., 2000) with insertion—deletions coded as a
fifth state. A network for cpSSR haplotypes was constructed
manually in TCS assuming a stepwise mutation model

(SMM; Ohta & Kimura, 1973).

Genetic diversity

Patterns of genetic diversity were quantified for each popu-
lation and for three geographic regions commonly defined
for Mexican Douglas-fir: Sierra Madre Occidental (1),
Sierra Madre Oriental (II) and central Mexico (III). For
each population and region, we estimated haplotype rich-
ness (4), haplotype richness after correcting for unequal
sample sizes with rarefaction (4,; Hurlbert, 1971) and hap-
lotype diversity (H; Nei, 1987) using coNTRIB 1.01 (Petit
et al., 1998). For sequence data, we calculated nucleotide
diversity (1; Tajima, 1983; Nei, 1987) using ARLEQUIN 3.11
(Excoffier e al., 2005) and for cpSSR data, we calculated
D¥,, which is the mean pairwise genetic distance among
individuals within a population under a SMM (Goldstein
et al., 1995b; Vendramin et al, 1998). Latitudinal trends
in the diversity (4, and H for combined cpDNA and
cpSSR; 7 for cpDNA sequences; D, for cpSSR) of popula-

tions were investigated with linear regression.

Changes in population size

To test for population expansion with DNA sequence data,
we calculated F5 (Fu, 1997) and assessed its significance
with coalescent simulations (Hudson, 1990) in DNasP 5.0
(Librado & Rozas, 2009). For cpSSR, we calculated Fs in
ARLEQUIN by binary coding haplotypes following Navascués
er al. (2006). Significant negative values of £ suggest popu-
lation expansion or selection.

A Bayesian skyline plot (Drummond et 4/, 2005) of
changes in effective population size (V,) through time based
on all Mexican cpDNA sequence data was estimated using
BEAST 1.5.3 (Drummond & Rambaut, 2007). We chose the
Hasegawa—Kishino—Yano substitution model (Hasegawa
et al., 1985) with empirical base frequencies, a strict molecu-
lar clock, and a piecewise-constant coalescent Bayesian
skyline tree prior with 10 starting groups (results same for
five groups; not shown). Two runs of 20 million steps and
effective sample size (ESS) > 200 were compared to ensure
convergence. Outputs were combined in LOGCOMBINER 1.5.3
and visualized in TRACER 1.5 (Drummond & Rambaut,
2009). To convert the x-axis (subs per site) to demographic
units (years), we used a previously published mutation rate
for this locus (4.41 x 10~ subs per site yr~'; Gugger et al.,
2010).

New Phytologist (2011) 189: 1185-1199
www.newphytologist.com

New
Phytologist

Population structure

We computed genetic differentiation among populations for
all loci as Gyt (Nei, 1973; Pons & Petit, 1995). We also cal-
culated differentiation among populations considering
genetic distance as Nsr for sequence data (Lynch & Crease
1990; Pons & Petit, 1996) and Rgy for cpSSR data (Slatkin,
1995) using PERMUT-CPSSR 2.0 (Pons & Petit, 1996). Ny or
Rst significantly greater than Ggr indicates phylogeographic
structure.

For mtDNA and cpDNA sequence data, we performed a
spatial analysis of molecular variance (SAMOVA) in samova
1.0 (Dupanloup ez al., 2002) to identify groups of genet-
ically similar populations. sAMOvA uses a simulated
annealing approach to group geographically close popula-
tions to maximize the variance (F-1) among a user-defined
number of groups (K). We performed this analysis for
K= 2-6, and chose the number of groups that gave the
highest Fcr.

To identify clusters of populations sharing similar
cpSSR compositions, we computed pairwise genetic distance
among populations as (0w)* (Goldstein er al., 1995a), and
used this distance matrix to create a UPGMA dendrogram
(Sneath & Sokal, 1973) in rauP* 4.0b10 (Swofford, 2003).
Given that all cpSSRs are linked, we modified (o) from
Goldstein ez al. (1995a) for the case of multiple micro-
satellite markers (72) for a single nonrecombining locus:

(o) = <Zm: |tar — #Bk')
=1

where (ta, and pg, are the mean allele size in populations A
and B at the kth microsatellite marker. Bootstrap support is
always 100% based on one microsatellite locus, so we

2
, Eqn 1

approximated support values for major branches in the den-
drogram assuming that each of the three cpSSR markers
was a separate locus in POPTREE2 (Takezaki ez al., 2009).

Divergence from Rocky Mountain variety

Divergence time between Mexican and Rocky Mountain
populations (Gugger ez al., 2010) was estimated using an
isolation-with-migration model (Nielson & Wakeley,
2001) in Ma (Hey & Nielson, 2007). The full iMa model
simultaneously estimates six parameters scaled by substitu-
tion rate: divergence time (#), migration from population
one to two (my), migration from population two to one
(m,), effective population size of each population (/V; and
N,), and effective population size of the ancestor (V). The
IMa model assumes constant population size, neutral
molecular markers, no recombination within loci, free
recombination among loci and a particular mutation
model. We chose mutation models and priors as described
in Gugger eral (2010), and at least three runs with
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ESS > 50 were compared to ensure convergence. We only
trusted estimates whose posterior distribution dropped to
zero within the prior intervals investigated. To scale the out-
puts to demographic units, we used a generation time of
100 yr and per locus per yr substitution rates of
4.81 x 1077 for mtDNA and 6.66 x 1077 for cpDNA
(Gugger et al., 2010). We also tested whether or not migra-
tion among Rocky Mountain and Mexican populations was
important during divergence by conducting a two-step like-
lihood ratio test described in Gugger eral (2010). If
neither test was significant, the model with m; = m, = 0
was not rejected, so we ran the IMa analysis again with
migration set to zero.

Ecological niche modeling

The potential distribution of P. menziesii was modeled for
present climate conditions and two Last Glacial Maximum
(LGM; c. 21 thousand yr before present (ka)) general circula-
tion models provided by the Paleoclimate Modelling
Intercomparison Project Phase 1I (Braconnot ez al., 2007):
the Community Climate System Model (CCSM; Collins
et al., 2006) and the Model for Interdisciplinary Research
on Climate (MIROC; Hasumi & Emori, 2004). The pres-
ent-day distribution was projected into the A2a story-line
scenario (Nakicenovic & Swart, 2000) using three global cli-
mate change models: the Canadian Centre for Climate
Modelling and Analysis model (CGCM2), the Australian
Commonwealth Scientific and Research Organization
model (MK2) and the Hadley Centre for Climate Prediction
and Research model (HadCM3). All potential distributions
were modeled using the Maximum Entropy algorithm
implemented in MAXENT 3.3.1 (Phillips ez 4/, 2000).

We used a set of 74 presence points for P. menziesii in
Mexico obtained from the Global Biodiversity Information
Facility (GBIF; http://data.gbif.org/species/browse/taxon/),
the Herbario Nacional de México collections, and personal
observations. Climatic data were obtained from the
WorldClim dataset (Hijmans & Graham, 2006) for LGM
and current climate scenarios with 30 arcsec and 2.5 arcmin
resolutions, respectively (available at hetp://www.worldclim.
org/download). Climatic data used for the future scenarios
were provided by the CIAT downscaled GCM Data Portal
(htep://gisweb.ciat.cgiar.org/ GCMPage/) with a 30 arcsec
resolution. As a threshold-independent method for model
validation, we used the area under the receiver operating
characteristic curve (AUC). The LGM reconstructions were
developed independently with respect to the present-day
distribution, but models for the future were projected
using the present climate layers with the same resolution
(30 arcsec) and using the Projection’ option in MAXENT.
Finally, a jackknife test was performed to measure the rela-
tive importance of climatic variables on the occurrence
prediction for every distribution model.

© 2010 The Authors
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Results

Genetic diversity

Mexican populations were genetically distinct from USA
and Canadian populations, but more closely related to the
Rocky Mountain variety than the coastal variety (Fig. 2;
Gugger ez al., 2010).

We observed four rps/-trnL and nine 7psi5-psaC haplo-
types that combined for 12 ¢cpDNA haplotypes based only
on cpDNA sequences (GenBank accessions in Table S2).
These formed two major clades: one found primarily in
northern Mexico (C21-C24) and the other found through-
out the rest of Mexico (C25-C32; Fig. 2). None of these
haplotypes were observed in the USA or Canada but one
(C20) from southern Arizona and New Mexico fell into the
clade from northwestern Mexico. In central Mexico, two
geographically structured subclades were also observed
(C26/C28 and C30/C31).

The mtDNA data also support the distinction of north-
western populations (Fig. 2). We observed three V7 and
two nad7il haplotypes that combined for four mtDNA
haplotypes (Table S2). The most common (M4) was also
common in the southwestern USA and predominates in
Durango and northeast Mexico. The three other combined
mtDNA  haplotypes were private to populations in
Chihuahua (M8, M9) and the northernmost population in
Durango (M10). No individuals from central Mexico could
be PCR-amplified for either mtDNA marker, and neither
could many individuals from the rest of Mexico.
Chloroplast DNA was easily amplified from those same
individuals, suggesting the problem was not caused by
poor quality DNA extract. We varied PCR conditions and
used alternative primer pairs without improved success.
Therefore, we believe that the mitochondrial genome in
those individuals may have undergone major rearrange-
ments or insertion—deletion events, rather than point
mutations at the primer site. Such rearrangements are
thought to be common in the plant mitochondrial genome
(Palmer & Herbon, 1988; Birky, 2001).

Fragment lengths for each cpSSR marker were 99-100
and 102-105 bp for 226081, 90-93 bp for P:63718, and
148-152 bp for P#71936. These combined for 21 cpSSR
haplotypes (Table S3). Some cpSSR haplotypes were com-
mon to all three geographic regions (S5, S11, S12, S15),
some distinguished regions (§10, S16) and many were pri-
vate to populations (especially in Durango; Fig. 2). The
cpSSR variation in Mexico was highly divergent from that
in the coastal variety of Douglas-fir (P. menziesii var.
menziesii) in British Columbia, with each marker containing
¢. 20 fewer repeats in Mexico than British Columbia
(Table S3; Viard ez al., 2001).

Overall, genetic diversity was high for cpDNA and cpSSR
(Table 1) and moderately high for mtDNA (Table 2).
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Fig. 2 Maps with sample sites colored according to mitochondrial DNA (mtDNA, left), chloroplast DNA (cpDNA, center) sequence and cpDNA
microsatellite (cpSSR, right) haplotype composition and proportioned according to sampling intensity. Below each, parsimony networks show
the relationship among haplotypes observed in Mexico (colored elliptical nodes, proportional to the frequency in the dataset) and haplotypes
observed in the USA and Canada (small circular black nodes; Gugger et al., 2010). Haplotypes from the coastal variety (Pseudotsuga menziesii
var. menziesii) are marked; all other USA or Canadian haplotypes are the Rocky Mountain variety (P. menziesii var. glauca). Black square
nodes indicate the outgroup, Pseudotsuga macrocarpa (PSMA), and small, open points indicate inferred, unobserved haplotypes. Internodes
are one mutational step unless otherwise noted. In the cpSSR panel, white indicates haplotypes private to one population. Colors do not relate
from one map/network to the next or to those in Gugger et al. (2010), except M4. Haplotype numbering is consistent with Gugger et al.

(2010).

Genetic diversity was positively correlated with latitude
for all cpDNA and cpSSR diversity measures investigated,
but those correlations were not statistically significant
(0.41 < r< 0.43, 0.18 < P<0.22). Trends in diversity
were not measured for mtDNA because of the small sample
size.

Changes in population size

For sequence data, there was no evidence of population
expansion based on Fs (Tables 1 and 2). For cpSSR data,
no populations showed significant evidence of expansion
based on F5. However, both populations in Chihuahua had
marginally significant Fs and Region I and the overall Fg
had a significant £, suggesting expansion (not significant
after Bonferroni correction). Finally, a Bayesian skyline plot
of N, through time constructed using all cpDNA sequence

New Phytologist (2011) 189: 1185-1199
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data for Mexico shows an increase in population size start-
ing in the late Pleistocene (c. 100 ka; Fig. 3).

Population structure

Nst was not significantly greater than Ggt for mtDNA
(0.80 + 0.105 0.77 + 0.12, respectively) or cpDNA (0.55 +
0.12; 0.56 + 0.10) sequence data, but Rsr (0.32 = 0.09)
was greater than Ggr (0.16 + 0.03) for cpSSR data
(P =0.038). Gst for mtDNA and c¢pSSR were similar to
average values in other conifers (0.76 and 0.15, respec-
tively), but the value for cpDNA was much higher than
average (0.16; Petit et al., 2005). The fact that Douglas-fir’s
‘heavy’ pollen does not disperse as far as pine pollen may
account for this discrepancy (Sugita, 1993).

A SAMOVA of mtDNA defined four groups (For =
0.84): El Largo, Chureachi, Guanacevi and the rest of Mexico

© 2010 The Authors
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Table 1 Diversity measures for chloroplast DNA (cpDNA) sequence, cpDNA microsatellite (cpSSR), and combined cpDNA and cpSSR for each
population, region, and the overall dataset

cpDNA cpSSR Combined

Population n'" h H(SD) 7 (SD)? F$ h H(SD) D3* F® h h2>* H(SD)?

1 El Largo, Chihuahua 13 2 0.28(0.14) 0.000186 (0.000239) 0.24 8 0.86(0.09) 4.27 -2.68 8 4.6 0.86(0.09)

2 Chureachi, Chihuahua 10 3 0.60(0.13) 0.000749 (0.000599) 0.72 5 0.80(0.10) 0.59 -1.99 6 5.2 0.84(0.10)

3 Guanecevi, Durango 12 2 0.17(0.13) 0.000220 (0.000265) 0.43 4 0.64(0.13) 2.10 0.24 4 3.3 0.64(0.13)

4 Guanecevi 2, Durango 16 3 0.49(0.12) 0.000688 (0.000541) 1.09 7 0.85(0.06) 1.40 -2.26 8 5.2 0.86(0.06)

5 Altares, Durango 12 2 0.30(0.15) 0.000401 (0.000384) 1.38 5 0.73(0.11) 1.35 -0.72 6 4.6 0.80(0.10)

6 Las Flores, Durango 11 10 0 0 3 0.69(0.09) 0.38 0.24 3 2.9 0.69(0.09)
Region | (Sierra Madre 74 5 0.51(0.04) 0.000701 (0.000521) 0.41 17 0.86(0.03) 2.33 -7.57 23 11.3 0.91(0.02)
Occidental)

7 Jamé, Coahuila 10 4 0.73(0.12) 0.000734 (0.000590) 0.68 6 0.84(0.10) 3.08 -1.66 8 6.8 0.96(0.06)

8 Cerro Potosi, Nuevo Leon 11 4 0.49 (0.18) 0.000817 (0.000631) 1.02 6 0.89(0.08) 3.23 -1.23 7 6.0 0.91(0.08)
Region Il (Sierra Madre 21 4 0.70(0.07) 0.000932 (0.000663) 2.17 9 0.88(0.04) 3.25 -2.54 14 14 0.96(0.03)
Oriental)

9 Cerro Pingliica, Querétaro 10 2 0.20(0.15) 0.000132 (0.000201) —0.34 3 0.75(0.10) 0.46 0.14 3 3.0 0.75(0.10)

10 Estanzuela, Hidalgo 10 10 0 0 3 0.64(0.10) 3.03 1.67 3 2.9 0.64(0.13)

1 Villa Real, Tlaxcala 14 3 0.56(0.13) 0.000327 (0.000333) 1.14 3 0.67(0.08) 0.45 0.64 6 4.5 0.79(0.09)
Region Ill 34 5 0.74(0.04) 0.000661 (0.000508) 0.5 7 0.84(0.03) 1.75 -0.77 11 9.6 0.91(0.02)
(central Mexico)

Overall 129 12 0.79 (0.07) 0.000897 (0.000618) —1.28 21 0.91(0.02) 2.63 -9.16 44 - 0.97(0.02)

"Total sample size. No data could be obtained for one cpSSR sample in Population 8, two cpSSR samples in Population 9 and one cpDNA

sample in Population 10.

2Used in regressions of latitude on diversity.

3Bold values were significant under coalescent simulations.
“Rarefaction to eight for populations and 20 for regions.

Table 2 Mitochondrial DNA (mtDNA) diversity measures for populations, regions and overall dataset

mtDNA

Population n h H (SD) 7 (SD) Fs'
1 El Largo, Chihuahua 8 2 0.43 (0.17) 0.000459 (0.000523) 0.54
2 Chureachi, Chihuahua 4 1 0 0 0
3 Guanecevi, Durango 8 2 0.54 (0.12) 0.000574 (0.000601) 0.87
4 Guanecevi 2, Durango 11 1 0 0 0
5 Altares, Durango 9 1 0 0 0
6 Las Flores, Durango 9 1 0 0 0

Region | (Sierra Madre 49 4 0.50 (0.08) 0.000599 (0.000553) -0.58

Occidental)

7 Jamé, Coahuila 6 1 0 0 0
Overall 55 4 0.59 (0.18) 0.000539 (0.000516) -0.75

"No values were statistically significant under coalescent simulations.

(Fig. 4). The remaining variation resided within populations
(17.6%) rather than among populations within groups
(=2.0%; Table S4). The SAMOVA of cpDNA also defined
four groups (Fcr = 0.56): El Largo, Chureachi and Cerro
Potosi; Estanzuela; Cerro Pingiiica; and the rest. Most of the
remaining variation was within populations (37.4%) with
some among populations within groups (6.5%). All variance
components were significant (P < 0.025).

An UPGMA of cpSSR data based on (0u)* defined two
major groups: northwestern Mexico plus Villa Real, Tlaxcala
and eastern Mexico plus Las Flores, Durango (Fig. 4).

© 2010 The Authors
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Divergence from Rocky Mountain variety

Divergence time estimates among Mexican and Rocky
Mountain populations did not converge under the full
model, although a clear peak in the posterior distribution of
¢t corresponding to 1.01 Ma was observed (Fig. S1,
Table 3). The zero migration model could not be rejected,
so the analysis was repeated without migration. With 7 =
my = 0, divergence time converged at 958 ka with the 90%
highest posterior density interval (HPD) ranging from
1.63 Ma to 464 ka, which falls entirely within the
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Fig. 3 Bayesian skyline semilog plot of median Nu through time
based on chloroplast DNA (cpDNA) sequence data, where y is the
mutation rate per generation. Confidence intervals are shown as
pale lines. The x-axis is shown in two scales: substitutions per site
and calendar time in thousands of years before present (ka). A
mutation rate of 4.41 x 107"'° substitutions per site yr™! was used to
convert substitutions per site to years (Gugger et al., 2010). Vertical
lines mark the start of the Wisconsinan glaciation (c. 115 ka) and
Last Glacial Maximum (c. 21 ka).

Pleistocene. When run separately, mtDNA and cpDNA gave
similar divergences of 878 ka and 866 ka, respectively.

Ecological niche modeling

The AUC values for the training and test data in the pres-
ent-day, LGM1 (MIROC), and LGM2 (CCSM) models
were 0.973/0.986; 0.972/0.986 and 0.981/0.985, respec-
tively. These values indicate a good performance for the
three models. The future projections under the three global
change models showed the same AUC values for the train-
ing and test data (0.957/0.979) and resulted in similar
predicted distribution areas, and thus only the HadCM3
model is shown (Fig. 5).

New
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The distribution models suggest a reduction in suitable
distribution area in the present-day distribution model of
Mexican Douglas-fir in comparison with the models under
both LGM climate scenarios (Fig. 5). Some areas in the
western portion of the Trans-Mexican Volcanic Belt, the
Central Plateau, and the Sierra Madre Oriental appear as
suitable for the species during the LGM, particularly under
the CCSM model. It is also probable that larger areas in
the Sierra Madre Occidental were occupied by Douglas-fir
during the LGM. However, the MIROC model suggests
that the northernmost portion of the Sierra Madre Occidental
was less suitable for the species during the LGM conditions
than under present-day conditions. The future projections
under the HadCM3 climate change model suggest a severe
reduction in the area suitable for Mexican Douglas-fir by
2050 and the almost complete loss of the species by 2080.

The jackknife analysis indicated that the variables with the
highest relative contributions to the present day and to LGM
models were mean annual temperature, minimum tempera-
ture of the coldest month, mean temperatures of the
warmest, coldest and driest quarters, annual precipitation
and precipitation of the driest quarter (Table S5). By con-
trast, for the future projections the annual precipitation had
the highest effect in explaining the distribution. This sug-
gests that the predicted reduction in suitable area for the
species will be caused mainly by a reduction in precipitation
rather than by an increase in temperature.

Discussion
Colonization of Mexico and divergence from Rocky
Mountain variety

We find strong support for the Pleistocene southward
migration hypothesis as an explanation for the origins of

+ F
-
e +
\:J' +
-#-‘t

.

Taw
I

(a) mtDNA SAMOVA

(b) cPDNA SAMOVA

+

(c) cpPSSR UPGMA +

3

Fig. 4 Population structure identified in (a) mitochondrial DNA (mtDNA) SAMOVA (b) chloroplast DNA (cpDNA) SAMOVA and (c) UPGMA
clustering analysis of cpDNA microsatellite (cpSSR) (311)? values (dendrogram with approximate bootstrap support for two major groups
shown as inset). Each group is delineated with different line styles. For (a), open circles indicate populations in which no samples could be PCR-

amplified.
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Table 3 IMa results showing divergence time (t), migration from population one to two (m+) and migration from population two to one (m,)
for a run with the full model, followed by results of the likelihood ratio tests and then ¢ with its 90% highest posterior density interval (HPD)

forarunwithm; =m, =0

Model without migration
Full model mqy =m, my=my =0 (mqy =m, =0)
Priors (t, m4, m5, 90% 90%
41, G2, Ga)" t(ka) my ms —2A P —2A P t(ka) HPDlow HPD high
Bothloci 5, 2,3,10,10, 10 10112 0.0000001 0.0000001 0.3506 0.55 -0.188=0 ~ 0.5 958 464 1628
mtDNA 5,10, 6,10,10,10 8782 0.0000002 0.0000001 0.702 040 -0.0032~0 =~0.5 878 265 2789
cpDNA  5,1,3,20,7,7 8062 0 0.0000001 0.3729 0.54 0.405 0.26 866 378 1765

In each case, the values for the run with the highest effective sample size (ESS; Hey & Nielson, 2007) are shown. ka, thousand years before

present .

"Priors given as the maximum values of a truncated uniform distribution.

2Posterior distribution for this parameter never dropped to zero, suggesting unreliable estimates.

(c) Present

(d) 2050 (HadCM3)

(b) 21 ka (MIROC)

(€) 2080 (HadCM3)

Fig. 5 Maps showing potential distribution as probability of occurrence (green, 0-0.2; red, 0.8-1.0) for Pseudotsuga in Mexico (a) at the Last
Glacial Maximum (LGM; 21 thousand years before present (ka)) based on the CCSM model, (b) at the LGM based on the MIROC 3.2 model,
(c) the present, and (d) the years 2050 and (e) 2080 based on the HadCM3 model. At the LGM, populations within regions may have been
more continuous, but regions likely remained isolated. Further range contraction is predicted in the future.

Douglas-fir in Mexico, a result that may be important in
explaining origins of other temperate taxa in Mexico.
Mexican Douglas-fir populations show a high probability
of having diverged from Rocky Mountain populations
in the mid-Pleistocene (958 ka; Table 3). However, other
Pleistocene divergence times are possible given the uncer-
tainties in these estimates (90% HPD: 1.6 Ma—464 ka), in
mutation rate estimates (Gugger ¢t a/., 2010) and missing
mtDNA data. For example, the error around mutation rate
estimates could increase the two-locus divergence time esti-
mate to 1.75 Ma (2.97 Ma—287 ka) or decrease it to
169 ka (846-82 ka). However, none of these estimates falls
within the Miocene and most values fall within the
Pleistocene. Other sources of error could be introduced in
violating the assumptions of constant population size and

© 2010 The Authors
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no substructure within populations, although the IMa
model has been shown to be robust to such violations
(Strasburg & Rieseberg, 2010).

Mexican populations did not share any cpDNA haplo-
types with USA and Canadian populations, and three
mtDNA haplotypes were confined to Mexico (Fig. 2). For
both mtDNA and cpDNA, Mexican haplotypes were more
similar to Rocky Mountain haplotypes than coastal ones. In
addition, the most common mtDNA haplotype in Mexico
(M4) is also common in the central Rockies. The complete
divergence of cpDNA haplotypes and divergence of some
mtDNA haplotypes suggests that the shared mtDNA haplo-
type, M4, is ancestral variation that persists because of low
mutation rates and incomplete lineage sorting. The different
modes of inheritance and dispersal of mtDNA (maternal,

New Phytologist (2011) 189: 1185-1199
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seed dispersed) and cpDNA (paternal, pollen- then seed-dis-
persed) could not explain this pattern because a fertile seed
bearing a particular mtDNA haplotype could not disperse
without also bringing its pollen donor’s cpDNA haplotype.
Moreover, divergence models without gene flow for each
locus or both loci combined could not be rejected (Table 3).
Mexican populations also differed from the Rocky
Mountain populations in that mtDNA could not be ampli-
fied in nearly 60% of the samples (especially from central
Mexico), presumably owing to major insertion—deletions or
rearrangements at that locus.

Three lines of evidence support the hypothesis of
Pleistocene colonization of Mexico and subsequent isolation
from the Rocky Mountain variety: our Pleistocene diver-
gence time estimates (Table 3), near-complete differen-
tiation between Mexico and the Rockies (Fig. 2; Gugger
et al., 2010) and Pleistocene fossil evidence from southern
Arizona (Gray, 1961; Martin, 1963). Continuous connec-
tivity with populations in the Rockies from the Miocene
until Pleistocene divergence is highly unlikely given the
dynamic climate and general lack of fossils in the region
(although conditions for fossil preservation are poor). This
conclusion is consistent with early interpretations of the
fossil record (Deevey, 1949; Dressler, 1954); however, it
contrasts with more recent interpretations (Palacios-Chavez
& Rzedowski, 1993) that Pseudotsuga arrived in southern
Mexico in the early to middle Miocene (c. 20 Ma; Graham,
1999). Miocene pollen attributed to Pseudotsuga could have
been Larix, Pseudotsuga, or both, which are plausible associ-
ates of the other temperate taxa found in the fossil bed (e.g.
Abies, Picea, Pinus, Alnus, Populus, Quercus and Salix;
Palacios-Chavez & Rzedowski, 1993). Given that Larix is
not currently found in Mexico and our data suggest a
Pleistocene arrival for P. menziesii in Mexico, that Miocene
species is most likely extinct. However, we were unable to
sample a very small, isolated, morphologically divergent
population (Debreczy & Récz, 1995) in the Sierra Madre
del Sur of Oaxaca, which could be a relict population.

The colonization of Mexico could have occurred in mul-
tiple waves or there could have been one colonization with
varying durations of isolation for central compared with
northern populations. Within Mexico, populations are
drawn from two cpDNA clades: one is exclusively Mexican
and mostly to the south and east (C25-C32), and the
other is primarily northern Mexican (C21-C24) with one
related chlorotype found only in Arizona/New Mexico
(C20; Gugger et al., 2010). The southern/eastern clade,
has several derived subclades that are restricted to popula-
tions in central Mexico (C26 and C30-C31). To some
extent, the mtDNA parallel this pattern. Chihuahuan
populations are different: M4 reaches farther south and
east, and the southernmost populations failed to amplify.
Moreover, central populations are more distinct morpho-
logically from the Rocky Mountain variety than northern
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populations (Reyes-Hernandez et al, 2006). Thus the
correlation of latitude and genetic diversity (not significant)
is consistent with the long-term isolation of small popula-
tions in central Mexico, rather than successive dispersal
bottlenecks.

A mid-Pleistocene colonization of Mexico would likely
have been associated with southward escape from glacia-
tion(s) at high latitudes and the expansion of more
favorable cool, moist conditions in montane Mexico. Our
divergence estimate coincides with the ‘mid-Pleistocene
revolution” when glacial cycles transitioned from 41 000 yr
to deep 100 000 yr periods (c. 900 ka; Head & Gibbard,
2005). The divergence of an isolated population of
MacGillivray’s warbler (Oporornis tolmiei) in north-eastern
Mexico from its primarily north-west North American
range also occurred about this time (Mila ez /., 2000), sup-
porting the contention that this transition could have
promoted the colonization of cool temperate species into
Mexico. Alternatively, colonization could have been associ-
ated with some of the later deep pre-Illinoisan glaciations
that fall within the HPD intervals of our estimates (e.g. c.
650 ka; Richmond & Fullerton, 1986; Lisiecki & Raymo,
2005).

Late Pleistocene history

The post-colonization Pleistocene history of Douglas-fir in
Mexico was likely complicated, consisting of long-term
population isolation and repeated phases of expansion and
contraction, possibly associated with climatic changes
(Pennington ez al., 2000). Population structure identified
by SAMOVA and UPGMA differed for each molecular
marker and was not consistent with geographic regions
defined in other studies (Fig. 4; Table S4). In each case,
some groupings spanned multiple regions that are now sep-
arated by up to 500 km of arid lands uninhabited by
Douglas-fir, whereas others were restricted to small areas
within a region.

The subdivision of populations in the Sierra Madre
Occidental was a consistent pattern found for all markers.
Populations in Chihuahua and the bordering area of
Durango were fixed or nearly-fixed for private mtDNA
haplotypes and thus mtDNA SAMOVA identified them as
separate groups from one another and the remaining
Durangan populations. The cpDNA SAMOVA identified
Chihuahuan and Durangan populations as two separate
groups in the region, but the two common ¢cpDNA haplo-
types in the region formed opposing gradients with C21
most common in Chihuahua and C25 most common in
Durango. Similarly, cpSSR UPGMA distinguished the
southernmost population in Durango from the remaining
Sierra Madre Occidental populations. Common cpSSR
haplotypes (S11, S12, S15, S16) are shared in Durango and
Chihuahua, but Durangan populations have many private
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haplotypes. Finally, the Bayesian skyline analysis of cpDNA
supports modest population expansion during the
Wisconsinan glaciation (Fig. 3), and Fs for cpSSR suggests
expansion only in the Sierra Madre Occidental (Table 1).
The strong groupings found in maternally inherited
mtDNA, shared haplotype compositions observed in pater-
nally inherited ¢cpDNA and cpSSR, and signature of
demographic expansion in cpSSR suggest that Douglas-fir
pollen spread genes across populations isolated from seed
exchange. Some of the deep cast-west canyons in the region
(e.g. Rio Fuerte and Rio Culiacan basins) may function as
barriers to seed dispersal. Wisconsinan population expan-
sion in the Sierra Madre Occidental permitting north—
south gene flow has also been observed in Chihuahua
spruce (Picea chihuahuana; Jaramillo-Correa ez al., 2000),
Chihuahua pine (Pinus leiophylla; Rodriguez-Banderas
et al., 2009), and southwestern white pine (Pinus
strobiformis; Moreno-Letelier & Pifiero, 2009) and popula-
tion expansion has been observed in Mexican pine beetles
(Dendroctonus mexicanus; Anducho-Reyes et al., 2008).

Other populations  throughout Mexico are better
described by recent histories of stability and isolation. In
the Sierra Madre Oriental and central Mexico, no signifi-
cant signature of population expansion or contraction was
observed (Table 1). Despite sharing some haplotypes with
other regions (Fig. 2), each retains a unique set of private
haplotypes (e.g. C27, C29, C32, S10 in Sierra Madre
Oriental). The isolated Cerro Pingiiica, Querétaro popula-
tion is fixed for a derived cpDNA subclade (C30, C31).
Further south, the Estanzuela, Hidalgo population is fixed
for C26, which it shares with the Villa Real, Tlaxcala popu-
lation. These populations may have last been connected
during a severe glaciation recorded in the region ¢. 195 ka
(Vazquez-Selem & Heine, 2004). Mountain glaciers
reached over 1000 m lower in than present and climate was
cooler and moister.

Ecological niche models suggest that regions were not
connected during the LGM (Fig. 5). Possible connections
among regions are apparent under one of the two models at
the LGM, but these models clearly overestimate distribu-
tions in the present. Nonetheless, these models suggest that
populations within regions may have been more continuous
and that corridors among regions along the Sierra Madre
Occidental, Sierra Madre Oriental and Trans-Mexican
Volcanic Belt could have opened during some Pleistocene
glaciations and closed during interglacials. Periodic corri-
dors might explain the complex pattern of haplotype
sharing throughout Mexico.

Taken together, evidence of Holocene contraction from
ecological niche models (Fig. 4) and molecular signatures of
Wisconsinan population expansion (Fig. 3) suggest that
Douglas-fir has responded to glacial cycles in phases of isola-
tion and recontact along mountain corridors. Other
temperate taxa may have followed similar histories. The
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strong neutral molecular differentiation and history of isola-
tion observed here, coupled with the diverse Mexican
environment, further suggests that functional genomic varia-
tion may be strongly differentiated (in contrast to studies in
coastal Douglas-fir (Eckert ez /., 2009)). This is an impor-
tant area for future research (Neale & Ingvarsson, 2008).

Taxonomic implications

Mexican Douglas-fir represents at least one evolutionarily
significant unit (Ryder, 1986; Crandall ¢# 2/, 2000) and
might be treated best as a third variety (Earle, 2009). There
is strong evidence for molecular genetic differentiation
(Fig. 2; Gugger ez al., 2010) and long-term isolation with-
out gene flow from the Rocky Mountain variety (Table 3).
This divergence (958 ka) is of similar magnitude to the
divergence time estimated between coastal and Rocky
Mountain varieties: roughly half as long when considering
both loci (2.11 Ma) or twice as long when considering only
cpDNA (491 ka; Gugger et al., 2010). Leaf and cone mor-
phology of central Mexican populations also differs from
the Rocky Mountain variety, although these traits may vary
clinally (Reyes-Hernandez ez al, 2005, 2006). Finally,
Mexican Douglas-fir exhibits phenological and ecological
differentiation with earlier budburst and later budset associ-
ated with the generally warmer climate (Acevedo-Rodriguez
et al., 20006).

The lack of deep genetic divergences within Mexico and
shared variation across regions (Figs 2 and 4; Table S4)
argue against the hypothesis of multiple species within
Mexico (Flous, 1934a,b; Martinez, 1949). Morphological
and phenological studies also fail to support the multiple
species hypothesis (Vargas-Hernandez er al., 2004; Reyes-
Hernandez er al., 2005, 2006; Acevedo-Rodriguez et al.,
20006).

Implications for conservation

Although Mexican Douglas-fir once must have formed the
leading edge as it colonized Mexico, those populations have
long since been isolated and sit at the subtropical rear edge
of a wide-ranging temperate species. Hampe & Petit (2005)
suggest that such rear-edge populations far from the
dynamic northern range limit are an important genetic
resource because they contain much of the neutral and
adaptive diversity within species, form reserves under
changing climates, and are a principal site of speciation.
Mexican Douglas-fir has high haplotype diversity for all
markers investigated here (Tables 1 and 2) and populations
are strongly differentiated at mtDNA (Ggr = 0.77),
cpDNA (Gst = 0.56), and cpSSR (Gt = 0.16) sequence
markers. About 40% of all mtDNA and cpDNA haplotypes
observed across the range of Douglas-fir are found in
Mexico and all but one are endemic (Gugger er /., 2010).
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The high differentiation and overall diversity of Douglas-
fir rear-edge populations in Mexico (Tables 1 and 2) is
similar to other rear-edge populations — a case where
conservation of many local populations is recommended
(Hampe & Petit, 2005). Our results indicate that conserva-
tion efforts for Douglas-fir and other Madrean ‘sky island’
species might target many isolated populations, while still
protecting the highest diversity regions (Frankham ez al,
2002) such as in the Sierra Madre Occidental. Proposals to
cross inbred populations regionally (Cruz-Nicolds ez al.,
2008) or to move populations long distances (Vargas-
Hernandez et al., 2004) should consider the unique local
genetic compositions of species.

Models project range contractions for pine and oak spe-
cies across Mexico by up to 60% (Gémez-Mendoza &
Arriaga, 2007) under projected warmer and drier conditions
(Liverman & O’Brien, 1991). For Douglas-fir, ecological
niche models also suggest population decline under pro-
jected future climates (Fig. 5), consistent with the observed
sensitivity of Mexican Douglas-fir growth rates to precipita-
tion and maximum temperature (Gonzalez-Elizonado ez 4l.,
2005). With temperatures already increasing (Pavia ez al.,
2009), careful conservation measures will be necessary to
protect the unique biodiversity of Douglas-fir and other
temperate species in Mexico.
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