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Abstract Previous studies of phylogenetic relationships
among cypresses have recovered separate Old and New
World lineages, resolved a Southeast Asian species sister to
the New World clade, and split the New World group into
two principal lineages (i.e., the Macrocarpa and Arizonica
clades) having fundamentally different geographic distributions. Collectively, these observations suggested a
number of intriguing hypotheses regarding the origin and
biogeographic history of the New World cypresses (NWC).
In this study, we use DNA sequence data to examine the
historical biogeography of NWC. Divergence times are
estimated in BEAST using fossil-calibrated minimum age
constraints, and a spatial history of the group reconstructed
using Statistical Dispersal-Vicariance Analysis. Results
presented here suggest ancestral NWC colonized the New
World from Asia, perhaps by a more widespread transBeringian ancestor, in the late Cretaceous or early Cenozoic. Strong positive correlations between species age and
geographic location (i.e., latitude and longitude) suggest
current distributions were influenced by directional
migration (northwest to southeast) as climates cooled and
became increasingly arid in the latter half of the Cenozoic.
Although our data support a middle Eocene (45 Mya)
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origin for NWC, nearly all species are apparently no more
than late Miocene (6 Mya) in age, and net diversification
rates in the group are among the highest reported to date for
gymnosperms. Key coastal to interior migrations underlie
the fundamentally different biogeographies of the Macrocarpa and Arizonica clades, with the Transverse Ranges of
southern California being a barrier to north–south migration of certain species from these two lineages.
Keywords Dispersal  Divergence time  Fossil
calibration  Net diversification  New World cypresses
(NWC)  Vicariance

Introduction
Hesperocyparis (Bartel & R.A.Price, Cupressaceae) are a
group of 17 species occurring in western North America
and ranging southward into Mexico and Central America
(Adams et al. 2009, 2014). Species commonly form welldefined groves or ‘‘arboreal islands’’ (Bowers 1965; Brown
1982) in chaparral or montane forests, and often occur as
small, isolated populations of conservation concern.
Although traditionally included in Cupressus, formerly a
genus of both the Old and New Worlds, the distinctiveness
of Hesperocyparis has long been appreciated by students of
the group (Koch 1873; Camus 1914; Malejeff 1928; Wolf
1948; Little 2005). Hesperocyparis are distinguished from
Old World species by cotyledon number of (3–5 vs. 2,
respectively; Adams et al. 2009; Silba 2013), with the New
World taxa predominantly displaying ultimate branching
patterns that form three-dimensional clusters (as opposed
to flat sprays), glaucous seed coats, and monomorphic
leaves (as opposed to dimorphic leaves) on ultimate branch
segments (Adams et al. 2009). In addition, recent
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phylogenetic analyses of nuclear DNA sequences, or of
combined nuclear DNA and organismic data, recover distinct Old World (Cupressus; OWC) and New World
(NWC; Hesperocyparis ? Callitropsis) lineages, with
NWC being sister to Juniperus or to Juniperus ? OWC,
depending on the data set (Little et al. 2004; Little 2006;
Adams et al. 2009; Yang et al. 2012; Terry and Adams
2015). In contrast, chloroplast sequences sometimes support an OWC-NWC common ancestry (Adams et al. 2009;
Yang et al. 2012), with conflict between relationships
supported by the different data sets attributed to ancient
hybridization by some authors (Yang et al. 2012).
Molecular phylogenetic studies over the last decade
have consistently included Xanthocyparis vietnamensis in a
well-supported clade with NWC (i.e., Hesperocyparis ? Callitropsis ? Xanthocyparis, herein referred to
as HCX; Little et al. 2004; Little 2006; Adams et al. 2009;
Mao et al. 2010; Terry et al. 2012; Yang et al. 2012). In
most studies, X. vietnamensis, a species endemic to limestone karst ridges in northern Vietnam (Farjon et al. 2002;
Farjon 2005), is recovered as sister to NWC. This observation, in concert with a hypothesized Eurasian-Asian
origin for those genera most closely related to HCX (Mao
et al. 2010), suggests a possible Asian origin for NWC. A
biogeographic analysis of Juniperus that included HCX
species estimated a late Paleocene/early Eocene origin and
recovered an Asian-North American distribution for the
most recent common ancestor (MRCA) of HCX (Mao et al.
2010). In contrast, Yang et al. (2012) estimated a late
Eocene origin for HCX and could not distinguish between
Asian/North American and Asian ancestral distributions for
the group.
In the most comprehensive molecular phylogenetic
study of HCX to date, Terry et al. (2012) recovered X.
vietnamensis, Callitropsis nootkatensis and H. bakeri successively nested at the base of two major NWC clades (i.e.,
the Macrocarpa and Arizonica clades; see Fig. 1). The
confinement of X. vietnamensis to southeast Asia, more
northerly distributions for Ca. nootkatensis and H. bakeri,
and disparate geographic patterns for the Macrocarpa and
Arizonica clades (northward and coastal vs. southward and
interior, respectively; Fig. 2), suggest a number of
intriguing hypotheses regarding the origin and biogeographic history of extant NWC. To address these, spatial
and temporal analysis within a phylogenetic context is
required.
In this study, we use the phylogeny of Terry et al. (2012)
to examine the historical biogeography of NWC. Our
objectives are to; (1) address the biogeographic origin of
NWC, (2) reconstruct the spatial and temporal history of
NWC, with the goal of better understanding historical
influences on current species distributions, and (3) examine

123

relationships between physiography and taxonomic diversity, with the goal of better understanding geographic
influences on diversification in the group.

Materials and methods
Dataset and analytical approach
The dataset of Terry et al. (2012) includes nearly
14.8 kilobase pairs (kbp) of aligned nucleotide sequence
and 230 binary characters (coded indels) sampled from
nearly all (16 of 17) species of Hesperocyparis, Xanthocyparis, Callitropsis, and six outgroup taxa. Of the
14.8 kbp in the aligned matrix, 5.6 kbp from seven noncoding regions of chloroplast genome were published in
Terry et al. (2012). The remaining 9.2 kbp were from
previously published phylogenetic studies and included
sequence from both coding and noncoding chloroplast
regions as well as nuclear loci (Gadek et al. 2000; Little
et al. 2004; Little 2006; Mao et al. 2010). Bayesian analysis
of these data produced strong support for most relationships within HCX (Terry et al. 2012; see Fig. 1), and
provide a reasonable framework for testing biogeographic
hypotheses in the group. GenBank accession numbers and
voucher information for taxa included here are provided in
Terry et al. (2012). The aligned matrix from Terry et al.
(2012) along with trees used in biogeographic analyses are
available in TreeBASE (http://purl.org/phylo/treebase/phy
lows/study/TB2:S16353).
Our analytical approach was as follows. First, we tested
the data for strict clock-like evolution, and used the
results to implement appropriate clock models for dating
lineages in HCX. Lineage ages were estimated using
BEASTMC3 v. 1.7.4 (Drummond and Rambaut 2007), a
cross-platform program that facilitates molecular dating
of phylogenies within a Bayesian Metropolis-Coupled
Markov Chain (MCMC) framework. Age estimates
attained by assigning minimum age priors from fossils
were then used to infer rates of diversification under a
Yule (pure birth) model. Lastly, we used S-Diva (Ronquist 1997; Nylander et al. 2008; Harris and Xiang 2009;
Yu et al. 2010) to reconstruct the likely ancestral geographic ranges for HCX. S-Diva is a Bayesian approach to
traditional dispersal-vicariance analysis that accounts for
uncertainty in underlying trees and considers posterior
probabilities in reconstructing ancestral states at a node
(Harris et al. 2013). By comparing the timing of lineage
divergences, ancestral geographic ranges, and diversification rates, we hoped to better understand those processes important in determining current geographic
patterns and species abundance in NWC.
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Fig. 1 Phylogenetic tree showing relationships among HCX (Terry et al. 2012). Numbers along branches are posterior probabilities. Nodes with
bracketed numbers in bold were used in calibrating divergence times, with the number giving the minimum constraint age in millions of years

Testing the strict molecular clock
We used a likelihood ratio test to examine the hypothesis
that HCX sequences have evolved in a strict clock-like
fashion. After pruning outgroups, we performed a partitioned Bayesian analysis in which rates of nucleotide
substitution were allowed to vary over branches using an
exponential prior with rate parameter 10 (prset brlenspr = unconstrained:exp(10)). The majority-rule tree
resulting from the free-rates analysis was then used as a
topological constraint for a second analysis in which a
molecular
clock
was
enforced
(prset
brlenspr = clock:uniform). Likelihoods from these analyses
were used in a likelihood ratio test (Felsenstein 1988) and
the test statistic compared to a v2 distribution with n-2
degrees of freedom. Results from this test [2log(L1 - L0) = 100.28, P \ 0.0001] reject strict clock-like evolution of our data, and we used an uncorrelated lognormal
substitution rate model (Drummond et al. 2006) for estimating lineage divergence times in subsequent analyses.
Tests of the strict molecular clock were performed using
MrBayes 3.2.1 (Ronquist and Huelsenbeck 2003) using the
substitution models and MCMC settings described in Terry
et al. (2012). Convergence and mixing were assessed by
examining plots of likelihood against chain generation and

by monitoring the standard deviation of split frequencies
among runs in MrBayes.
Dating lineages in the NWC phylogeny
Lineage ages were estimated using three fossil calibration
points. Nodes calibrated, lower bounds on age priors, and
fossil citations are as follows.
1.

NWC (Callitropsis ? Hesperocyparis; 40.0 Mya; see
Fig. 1)—Edwards (1983, 1984, personal comm./observation) conducted detailed morphological studies of
living and fossil Chamaecyparis (Callitropsis) from
western North America. Of the 31 fossil sites analyzed,
13 had fossils which were putatively assigned to the
Chamaecyparis (Callitropsis) nootkatensis lineage,
and nearly all fossil samples could be reliably assigned
to either of two extant Pacific Northwest Chamaecyparis lineages, i.e., Chamaecyparis (Callitropsis)
nootkatensis or Chamaecyparis lawsoniana. Of particular importance were foliar impressions from the
Republic (see Schorn and Wehr 1986; Wehr and
Hopkins 1994) and Princeton (Arnold 1955) floras,
both which dated to the middle Eocene and were allied
with Ca. nootkatensis (Edwards 1983, 1984). Edwards
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Fig. 2 Map showing the distribution of cypresses in the New World by species and clade. Dashed lines show approximate boundaries for areas
used in geographic reconstructions

(1983, 1984) concluded that Ca. nootkatensis has been
distinct from Ch. lawsoniana (and presumably other
Chamaecyparis) for at least 40 Mya, a conclusion
supported by subsequent molecular phylogenetic
(Gadek et al. 2000; Little et al. 2004) and morphological (Welch 1991; Frankis 1993; Farjon et al. 2002)
studies. Here, we use 40 Mya as a lower bound on the
age of the Ca. nootkatensis lineage, and accommodate
potentially older ages by implementing 20 and 40 Mya
upper bounds on prior age distributions (see ‘‘Discussion’’ below). Of the individual calibration points used
in this study, we consider this the most reliable, as it is
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2.

based on the largest and most thoroughly studied body
of fossil material.
Arizonica Clade (14.2 Mya; Fig. 1)—Axelrod (1939)
described Cupressus mohavensis from an expanded
branch segment and an ovulate cone taken from the
Kinnick formation (middle Miocene). Based on its
ecological association with other plants of the
Tehachapi flora, he considered Cu. mohavensis an
interior (i.e., non-coastal) species most closely related
to interior Cupressus from the New World (Axelrod
1939). Of these, seed cone dimensions and foliar
characteristics most closely resembled those of H.
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3.

arizonica (Axelrod 1939). Here we consider Cu.
mohavensis ancestral to H. arizonica and use it to
impose a 14.2 Mya lower bound on the crown of the
Arizonica clade (Fig. 1), a group containing H.
arizonica and its segregate species (Wolf 1948; Little
1966, 1970; Adams et al. 2009; but see Terry et al.
2012 for an alternative placement of H. nevadensis), as
well as other extant Hesperocyparis considered possible descendants by Axelrod (1939).
Lusitanica Clade (7.0 Mya; Fig. 1)—Axelrod (1980)
erected the fossil species Cu. mokelumnensis from 578
leafy twigs and six cones potassium-argon dated to
7 Mya. Foliar characteristics were interpreted as supporting a relationship between Cu. mokelumnensis and
five extant species, three from the New World (H.
lusitanica, H. benthamii, and Ca. nootkatensis), and
two from the Old World (Cu. funebris and Cu. torulosa;
Axelrod 1980). Seed cone diameter (10–15 mm in Cu.
mokelumnensis, 7–10 mm in Ca. nootkatensis), and the
presence of a large central umbo on the seed cone bracts
of Ca. nootkatensis, suggest a more distant relationship
with that species (Axelrod 1980; Farjon 2005; see Little
2005). Foliar leaf glands, conspicuous in Cu. funebris,
less conspicuous in Cu. torulosa, and inconspicuous or
absent in H. lusitanica, H. benthamii, and Cu.
mokelumnensis, suggest a closer relationship with
Hesperocyparis (Axelrod 1980; Farjon 2005). In addition, Axelrod (1980) supported a close association with
H. lusitanica and H. benthamii based on seed cone
features, a class of character considered critical in
establishing the taxonomic affinities of fossil species to
other closely related Cupressaceae (Kotyk et al. 2003).
Here we use Cu. mokelumnensis to date the crown of
the clade containing H. lusitanica, H. benthamii, and
several other species from the Arizonica clade of Terry
et al. (2012; see Fig. 1).

Erroneous assignment of stem fossils to crown groups
can occur when taxonomic assignment is based on overall
similarity, which is often determined on the criterion of
shared ancestral (as opposed to derived) characters (Gandolfo et al. 2008; Ho and Phillips 2009; Crisp and Cook
2011). None of the fossil characters used in making taxonomic assignments in this study were examined within an
explicit phylogenetic framework, and we treat all fossil
species as stem members of the crowns to which they are
assigned. Placement of crown fossils along stems will have
the tendency to make divergence times appear younger
than they actually are (Donoghue and Smith 2004; Bell and
Donoghue 2005), while assignment of stem fossils to
crowns may bias estimates toward older ages (Crisp and
Cook 2011). However, fossil assignment to crowns should
be based on shared derived features (Crepet et al. 2004;

Renner 2005; Ho and Phillips 2009; Crisp and Cook 2011;
Leslie et al. 2012), or only when unambiguous assignment
to subclades within the crown is possible (Magallon and
Sanderson 2001; Ho and Phillips 2009).
In analyses of divergence time, age priors were lognormally distributed with the mean in real space and the
offset option in effect, with the offset determined by the
reported age of the fossil with a log standard deviation of 1.
Limits on 95 % confidence intervals of age priors were
defined by the age of the fossil (lower bound) plus 20 or
40 Mya (upper bounds). While both 20 and 40 Mya limits
on the upper bound are arbitrary, comparing results from
analyses constrained by each allowed the influence of
different prior distributions on divergence estimates to be
examined, and accommodates uncertainty in estimates of
fossil age (Leslie et al. 2012).
Divergence times were estimated using BEASTMC3 v.
1.7.4 (Drummond and Rambaut 2007), with each of the 16
nucleotide partitions from Terry et al. (2012) assigned to
one of four substitution models (GTR, GTR ? G, HKY,
and HKY ? G), and coded indels assigned the Simple
model with equal rates of change among sites. A lognormal
uncorrelated relaxed clock was invoked in all analyses,
with a randomly generated starting tree and changes in
diversity over time modeled as pure birth (i.e., no extinction). The Euclidian mean prior for both the nucleotide and
binary data was given an initial value of 0.033 and a log
mean of 0 with standard deviation of 1. Default settings
were used for all other priors. For each analysis, two
independent MCMC runs of three Metropolis coupled
chains each were run for 10,000,000 generations, with
sampling every 1000 generations and a relative burnin of
0.25. Default temperatures were used for the two heated
chains with one swap between chains every 100 generations. Output from the two runs were combined using
LogCombiner v.1.7.4 (Drummond and Rambaut 2007) and
the maximum clade credibility tree annotated with
TreeAnnotator v1.7.4 (Drummond and Rambaut 2007) and
FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
Convergence and sampling of the posterior distribution
were assessed using plots of likelihood against chain generation and by monitoring effective sample size using
Tracer v1.5 (Rambaut and Drummond 2007). Conversion
of age ranges into stratigraphic divisions is according to the
International Chronostratigraphic Chart (International
Commission on Stratigraphy; http://www.stratigraphy.org).
Lineage through time (LTT) plots were used to compare
the timing of diversification events within NWC, using
divergence estimates presented here and elsewhere (Mao
et al. 2010; Leslie et al. 2012). Plots were created by
graphing the number of branch tips at 5 Mya intervals over
the last 45 Mya, expressed as a percentage of the total
number of extant species. Divergence estimates from the
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Cu. mohavensis and combined calibrations, as well as those
from the Ca. nootkatensis and Cu. mokelumnensis calibrations, produced essentially identical LTT plots and were
grouped in the final plot. Plot data for Leslie et al. (2012)
and Mao et al. (2010) were estimated from Fig. S4, and
Figs. 2 and 4, respectively.
Calculation of diversification rates
Diversification rates (DR) were calculated under a pure
birth model using the formula DR = (ln n1 - ln n0)/t,
where n1 is the number extant species in a lineage, n0 is the
number of starting ancestral lineages (considered to be 1),
and t is the estimated time over which the species originated in millions of years (Hughes and Eastwood 2006).
Rates were calculated for three groups (the Macrocarpa and
Arizonica clades, and the remaining NWC) based on the
estimated age of the most recent common ancestor of the
group, and using time estimates from the Ca. nootkatensis
calibrated trees (Table 2). Rates for NWC, excluding the
Macrocarpa and Arizonica clades and H. macnabiana,
were calculated by dividing the natural log of three (i.e.,
the number of lineages originating prior to the MacrocarpaArizonica split) by the estimated time interval over which
these lineages originated.
Biogeographic analyses
Eight operational units were used in biogeographic reconstructions; Eurasia, Asia, and six New World categories;
North American northwest (NANW), North America central-west (NACW), North America central-central (NACC),
North America central-east (NACE), North America southcentral (NASC), and North America southeast (NASE;
Table 1; Figs. 2, 3). Geographic areas for Juniperus (Eurasia) and Cupressus (Asia) were coded based on their
inferred geographic centers of origin (Mao et al. 2010). All
other taxa were coded based on the distributions of extant
species. Operational geographic units for New World taxa
were delimited using latitude/longitude coordinates gathered from various online sources (CCH = Consortium of
California Herbaria, CPNH = Consortium of Pacific
Northwest Herbaria, SEINet = Southwest Environmental
Information Network; Table 1), and generally were consistent with recognized geographic limits (Little 1971;
Eckenwalder 1993; Farjon 2005). Boundaries for operational units were determined by plotting coordinate values
from Table 1 in two-dimensional space and identifying
discontinuities that divided the coordinate space into nine
regions, three of which lacked documented cypress populations (Fig. 3). For latitude, coordinate value ranges were
60.93–36.50 (north), 36.49–29.50 (central), and
29.49–12.77 (south). For longitude, the value ranges were
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147.45–119.00 (west), 118.99–113.50 (central), and
113.49–85.50 (east; Fig. 3; Table 1). This method of
defining operational geographic units eliminated polymorphism in terminals except for a few widespread species
(e.g., H. sargentii and H. arizonica; Fig. 3).
Ancestral geographic areas were reconstructed using
Statistical Dispersal-Vicariance Analysis (S-Diva; Yu et al.
2010) as implemented in RASP 2.1b (Yu et al. 2011).
S-Diva applies Bayesian analysis to the dispersal-vicariance method of Ronquist (1997) in accounting for
uncertainty in the underlying trees (Nylander et al. 2008;
Yu et al. 2010; Harris et al. 2013). Ancestral states were
reconstructed on each of 30,000 trees obtained after pooling trees from each of four BEAST runs and discarding the
first 10,000 trees. Extant species were assigned to one or
two of eight geographic areas described above (see
Table 1), with MAXAREAS set to the largest number of
areas occupied by any single extant species (i.e., 2). This
assignment is equivalent to assuming ancestral geographic
ranges were comparable in extent to those of living species
(Nylander et al. 2008). The frequencies of dispersal and
vicariance were calculated as the percentage of nodes in a
clade at which dispersal or vicariance was inferred and
compared among three clades; Hesperocyparis, the
Macrocarpa and Arizonica clades. All RASP analyses used
the Bayesian 50 % majority-rule consensus tree of Terry
et al. (2012) as the condense tree.
Terry et al. (2012) have shown that H. macnabiana is
sometimes resolved as sister to the Macrocarpa clade (as
opposed to the Arizonica clade; see Fig. 1), depending on
the data set and method of analysis. To explore the
implications of this placement on biogeographic hypotheses, we performed a second dispersal-vicariance analysis in
which ancestral areas were reconstructed over trees having
H. macnabiana constrained as sister to the Macrocarpa
clade. Constraint trees were generated using MrBayes 3.2.1
(Ronquist and Huelsenbeck 2003) using the substitution
models and settings described in Terry et al. (2012).
We used correlation analysis to explored relationships
between age and geographic location for extant NWC.
Each species was assigned six geographic positions using
coordinate extremes for latitude and longitude (e.g.,
northernmost and southernmost for latitude, westernmost
and easternmost for longitude) and the average of the two
latitude/longitude extremes (i.e., midpoint). Two data sets
were analyzed. One included 16 Hesperocyparis species
and Ca. nootkatensis (i.e., the ‘‘All Taxa’’ analysis in
Table 3). The other excluded four taxa identified in the full
analysis (Ca. nootkatensis, H. bakeri, H. lusitanica, and H.
benthamii) that were much different from the others in age
and/or geographic location (see Fig. 6; i.e., the ‘‘Core
Hesperocyparis’’ analysis in Table 3). Geographic coordinates were gathered from various online sources (Table 1),
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stephensonii

NA indicates records not included in the age by geographic position correlation analyses

116.62
32.95
32.95
32.95

Callahan (2013); Bartel
GPS collection; CCH
Hesperocyparis
sargentii

4.00

119.99
123.67
38.54
34.78
42.30

Callahan (2013); CCH
Hesperocyparis
pygmaea

6.06

123.31
124.13
40.30
38.58
42.01

Southernmost
Age
(Mya)
Record/source
Taxon

Table 1 continued
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and Bonferroni-corrected Spearman Rank correlation
analyses performed in Statistica v.8 (StatSoft Inc., Tulsa,
OK, USA). Plots of geographic position by age were created in SigmaPlot v.12.3 (Systat Software Inc., San Jose,
CA, USA).
Cypress populations were mapped by species and clade
using coordinate data from sources listed in Table 1.
Coordinates for biogeographic operational unit boundaries
were derived from and mapped over the species coordinate
data (Figs. 2, 3). Mean annual precipitation data used in
Fig. 8 was interpolated from monthly, worldwide precipitation data and available from the WorldClim database,
version 1.4 (Hijmans et al. 2005). All mapping was done in
ArcGIS 10.2.2 (ESRI, Redlands, CA, USA).

Dating lineages in the NWC phylogeny

4.30

Westernmost
Northernmost

Midpoint

Longitude
Latitude

Easternmost

Midpoint

Geographic
designation

Floristic province
designation—Thorne (1993)
and Greller (2000)
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Mean age estimates were highest for the Cu. mohavensis
calibrated analysis, lowest for the Cu. mokelumnensis calibration, and intermediate for Ca. nootkatensis (Table 2).
Estimates from the Ca. nootkatensis calibration were
comparable to those averaged over all analyses, and to
those from the combined and Cu. mohavensis calibrations
for lineages older than 40 Mya (Table 2). In contrast, Ca.
nootkatensis estimates were nearly identical to those from
Cu. mokelumnensis for lineages less than 12 Mya. These
include the Arizonica and Macrocarpa clades (11.27 and
10.03 Mya, respectively), which contain nearly all extant
NWC. Estimates from the Cu. mohavensis calibration were
very similar to those of the combined analysis for all lineages, somewhat older than those from Ca. nootkatensis for
lineages older than 20 Mya, and considerably older than
those from Cu. mokelumnensis (Table 2). Considering
estimates from the Ca. nootkatensis calibration, our results
support late Cretaceous splits between Juniperus and Cupressus ? HCX (87.7 Mya) and Cupressus and HCX
(73.8 Mya; see Ca. nootkatensis calibration, Table 2;
Fig. 4), and middle Eocene divergences between Xanthocyparis and NWC (45.3 Mya) and between Callitropsis
and Hesperocyparis (42.3 Mya). Findings presented here
support late Miocene crown ages for the Macrocarpa and
Arizonica clades (i.e., 8.5 and 6.2 Mya, respectively), with
14 of 16 extant Hesperocyparis originating 6.2 Mya or
earlier (Fig. 4).
Irrespective of the calibration method or study, LTT
plots indicate that most (56–81 %) extant NWC originated
within the last 10 Mya (Fig. 5). For the Nootkatensis/
Mokelumnensis estimates, as well as those from Leslie
et al. (2012) and Mao et al. (2010), the percent extant
diversity arising within the last 10 Mya was 78, 81, and 71,
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Fig. 3 A plot of midpoint
latitude by midpoint longitude
for NWC. Brackets around
midpoints indicate the
northernmost, southernmost,
westernmost, and easternmost
extreme for which collection
data were available. Coordinate
data are given in Table 1.
Dashed lines show approximate
boundaries for areas used in
geographic reconstructions
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respectively, and that arising within the last 5 Mya was 44,
37, and 57, respectively (Fig. 5). The Mohavensis/Combined calibration gave somewhat older age estimates and
the corresponding percentages from these time intervals
were 56 and 11, respectively (Fig. 5).
Diversification rates
Diversification rate (DR) was highest in the Arizonica
clade (0.332), intermediate in the Macrocarpa clade
(0.210), and lowest in the remaining NWC (0.041). On
average, DR was about 8.0 and 5.1 times higher in the
Arizonica and Macrocarpa clades respectively than in the
remaining NWC, and about 58 % higher in the Arizonica
clade than in the Macrocarpa clade (data not shown).
Biogeography
Statistically significant correlations between age and latitude were discovered for four of six geographic position by
taxon set combinations (Table 3). Correlations between
age and northernmost occurrence were significant for both
data sets, while correlations between midpoint and southernmost latitude and age were significant only in analyses
including all taxa (Table 3). For the latitude data, the
strongest and weakest correlations were between age and
northernmost and southernmost latitude, respectively, with
age vs. midpoint latitude having intermediate R values.
Fewer (two of six) significant correlations were found
between age and longitude. Westernmost and midpoint
longitude vs. age correlations were significant for analyses
including all taxa, while no statistically significant

correlations were found between easternmost occurrence
and age for either data set (Table 3). For the longitude data,
the strongest and weakest correlations were between age
and westernmost and easternmost longitude, respectively.
Plots of geographic position by age are presented in Fig. 6.
Reconstruction of ancestral geographic ranges indicates
the MRCA of Cupressus ? HCX occurred in Asia (see
node 1, Fig. 7a), while that of HCX occupied Asia and
NANW (node 2, Fig. 7a). In contrast, the MRCAs of NWC
and Hesperocyparis were strictly New World (NANW,
nodes 3 and 4 respectively, Fig. 7a).
Ancestral reconstructions for Hesperocyparis sensu
stricto (excludes H. bakeri) are variable depending on the
phylogenetic placement of H. macnabiana (see node 5,
Fig. 7a). If H. macnabiana is sister to the Arizonica clade,
the common ancestor for Hesperocyparis sensu stricto
probably occurred in NANW (59 %), but may have occupied NANW/NASE (41 %). In contrast, if H. macnabiana
is sister to the Macrocarpa clade, ancestral reconstructions
are 53 % NANW/NASE and 47 % NANW/NACE (data
not shown). With H. macnabiana sister to the Arizonica
clade, the ancestral reconstruction for the Arizonica clade
is NANW/NASE (node 6, Fig. 7a). Regardless of the
placement of H. macnabiana, most ancestors within the
Macrocarpa clade occupied NANW (Fig. 7a), with dispersals and vicariance accounting for the occurrence of H.
sargentii and H. nevadensis in NANW/NACW and NACC,
respectively (node 7, Fig. 7a).
In contrast to the Macrocarpa clade, three of seven
ancestral reconstructions within the Arizonica clade (nodes
9, 11, and 13, Fig. 7b) were equivocal, most (at least four
of seven) ancestors occupied multiple areas, and all
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49.15 (±11.76)
26.91 (±6.29)
50.01 (±11.89)

Discussion

Hesperocyparis excluding H. bakeri

HCX, Hesperocyparis ? Callitropsis ? Xanthocyparis

41.89 (±11.40)
Mean (±SE)

a

69.83 (±9.00)

86.68 (±11.10)
54.96 (14.45–105.94)
87.74 (56.58–126.39)
Juniperus/Cupressus ? HCX

102.44 (40.50–182.35)

101.57 (56.66–151.73)

42.56 (±5.39)

43.34 (13.55–87.04)

80.42 (47.40–116.99)

26.66 (11.47–44.85)

73.86 (49.80–102.81)
Cupressus/HCX Clade

81.71 (37.96–142.21)

45.33 (41.19–50.45)
Xanthocyparis/Hesperocyparis ? Callitropsis

50.06 (27.99–74.80)

48.20 (41.01–98.23)

38.70 (±4.86)

25.06 (±3.31)

24.20 (11.11–41.13)

43.43 (40.10–50.24)

16.75 (9.24–26.40)

42.25 (40.17–45.88)
Callitropsis/Hesperocyparis

44.91 (25.73–67.52)

22.72 (13.89–32.1)
H. bakeri/Hesperocyparis s. s.a

30.54 (19.00–43.73)

30.23 (23.03–38.75)

16.14 (±2.70)

14.97 (±2.62)
19.46 (15.98–23.77)

20.77 (16.52–25.50)

10.84 (7.80–14.74)

11.64 (8.04–15.89)

19.53 (15.38–24.40)

20.86 (16.40–26.64)

10.03 (5.79–14.62)

11.27 (6.54–16.05)

H. macnabiana/Arizonica Clade
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occurred in areas further to the east and south (Fig. 7b). For
the Arizonica clade, we recovered a NASE ancestral distribution (node 8, Fig. 7b). Ancestral reconstructions
within the Arizonica clade included NASE, NACC, NACS,
and NACE in various combinations and percentages
(Fig. 7b).
Reconstructions under the cost matrix implemented in
DIVA inferred dispersal at eight nodes and vicariance at
seven within Cupressus ? HCX (Fig. 7a, b). Dispersal was
inferred at 47, 40, and 57 % of the nodes in Hesperocyparis, the Macrocarpa clade, and the Arizonica clade,
respectively, while vicariance occurred at 40, 20, and 57 %
of the nodes in these groups, respectively. Considering all
possible events from ambiguous reconstructions and
polymorphic nodes, we inferred a total of 13 possible
dispersals in accounting for distributions of extant Hesperocyparis. Of these, eight (62 %) involved north to south
(4), west to east (1), or northwest to southeast (3) migrations. In contrast, south to north (1), east to west (1), and
southeast to northwest (1) migrations comprised 23 % of
total dispersals. Most common were migrations from
NACC to NACS (2), NACC to NACE (2), and northwesterly to southeasterly migrations (3), two of which
occurred between adjacent units (NANW/NACC, and
NACC/NASE), and one which was between non-adjacent
units (NANW/NASE).

How old are the New World cypresses?

Macrocarpa Clade/Arizonica Clade ? H. macnabiana

C. nootkatensis (40.0)
Lineages split

Table 2 Age estimates from individual and combined fossil calibrations

C. mohavensis (14.2)

C. mokelumnensis (7.0)

Combined

Mean lineage age (±SE)

R. G. Terry et al.

Two previous studies published ages for HCX and related
lineages. Mao et al. (2010) reported an early Eocene
(54.4 Mya) Cupressus-HCX split, and late Eocene (about
33 Mya) divergence between Xanthocyparis and NWC. In
contrast, Leslie et al. (2012) reported much younger late
Eocene (about 33 Mya) and middle Miocene (about
16 Mya) divergences between Cupressus and HCX, and
Xanthocyparis and NWC, respectively. Here we report a
late-Cretaceous (73.9 Mya) split between Cupressus and
HCX, and a middle Eocene (45.3 Mya) divergence between
Xanthocyparis and NWC (but see the Cu. mokelumnensis
calibration, Table 2). Thus, ages presented here for some of
the basal branches in Juniperus-Cupressus-HCX (J-CHCX) are somewhat older (Mao et al. 2010) and much older
(Leslie et al. 2012) than those previously reported.
We speculate that discrepancies in age estimates
between these studies are due in part to the different age
priors and fossil calibrations used. Mao et al. (2010) and
Leslie et al. (2012) used many of the same fossils in calibrating age estimates, but very different distributions on
age priors. As in Leslie et al. (2012), we ran parallel
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Fig. 4 Estimated divergence times in millions of years (Mya) for
HCX and outgroups based on the Callitropsis nootkatensis calibrated
analysis (see Table 2). Horizontal bars represent 95 % credibility

intervals for posterior distributions. Asterisks indicate truncated
credibility intervals that are symmetric about the node

Table 3 Correlations of geographic position by age. Geographic data
are provided in Table 1
Comparison

Data set
All taxa

Latitude
Northernmost vs. age

Core Hesperocyparis

0.73 (0.002)

0.65 (0.03)

Midpoint vs. age

0.67 (0.006)

0.58 (0.07)

Southernmost vs. age

0.63 (0.01)

0.53 (0.12)

Westernmost vs. age

0.59 (0.02)

0.48 (0.10)

Midpoint vs. age

0.58 (0.02)

0.48 (0.18)

Easternmost vs. age

0.46 (0.14)

0.46 (0.22)

Longitude

Eocene

Oligocene

Miocene

Quaternary
Pliocene

Significant correlations with p values are in bold
Fig. 5 A lineages through time (LTT) plot comparing the percentage
of extant HCX species originating at five million-year (Mya)
intervals. Plots are for age estimates from two previous studies
(Mao et al. 2010; Leslie et al. 2012), and for two sets of estimates
from this study. The Mohavensis and combined calibrations, as well
as the Nootkatensis and Mokelumnensis calibrations, gave essentially
identical LTT plots and were combined

analyses using both 20 and 40 Mya 95 % confidence limits
on age priors, and found the different distributions had
little effect on age estimates (data not shown). Thus, differences between estimates reported here and those of
Leslie et al. (2012) are not attributable to different age
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Callitropsis nootkatensis
H. bakeri
H. macnabiana
Macrocarpa Clade
Arizonica Clade

Core Hesperocyparis

Fig. 6 A plot of midpoint latitude by midpoint longitude by age for
NWC. Ages are in millions of years (Mya) and are from the
Callitropsis nootkatensis calibrated analysis (see Table 2). Midpoint
coordinates are given in Table 1. Circled points refer to northwestern
(NW) and southeastern (SE) outliers that were removed in correlation
analyses (see Table 3)

priors, but those between Mao et al. (2010) and Leslie et al.
(2012) may well be (see Leslie et al. 2012 for discussion).
None of the fossil calibrations used here were in either of
the two previous studies, and we suspect the older ages
reported here for deeper branches in the phylogeny are
attributable to differences in the fossil calibrations used,
and in the case of Mao et al. (2010), perhaps different
distributions on age priors.
Despite these differences, ages presented here are
comparable to those previously published for nearly all
NWC lineages (Fig. 5). For example, Mao et al. (2010)
report a 20 Mya split between H. bakeri and Hesperocyparis sensu stricto, which is very comparable to our estimate of 22.7 Mya (Table 2; see Fig. 4). Similarly, we
estimate a 11.2 Mya Macrocarpa clade-Arizonica ? H. macnabiana split (Table 2; see Fig. 4), while
estimates for the Macrocarpa-Arizonica clade divergence
from Mao et al. (2010) and Leslie et al. (2012) are about 13
and 8 Mya, respectively. Most importantly, crown ages for
the Macrocarpa and Arizonica clades, which contain nearly
90 % of extant biodiversity within Hesperocyparis, are
very comparable between those reported here (8.5 and
6.2 Mya, respectively; Fig. 4), Leslie et al. (2012; about 8
and 7 Mya, respectively; see Fig. S4A), and Mao et al.
(2010; about 6 and 7 Mya, respectively; see Figs. 2, 4).
Thus, while uncertainty exists regarding when some of the
deeper divergences within HCX occurred (e.g., the origins
of Xanthocyparis and Callitropsis), apparently most extant
Hesperocyparis are of relatively recent origin. These
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include the Macrocarpa clade (late Miocene, 6–9 Mya),
and nearly all (i.e., seven of eight) Arizonica clade species
(Pliocene, 2.5–5.3 Mya; Figs. 4, 5).
This study supports a late Cretaceous (74 Mya) origin
for HCX, and mid-Eocene origins for NWC (45 Mya) and
Hesperocyparis (42 Mya), respectively (Table 2; Fig. 4).
These lineages, like those of many other gymnosperms,
have long stems with extant diversity of recent origin
(Willyard et al. 2007; Ickert-Bond et al. 2009; Crisp et al.
2010; Mao et al. 2010; Davis and Schaefer 2011; Nagalingum et al. 2011; Leslie et al. 2012; Salas-Leiva et al.
2013; Lu et al. 2014; reviewed in Crisp and Cook 2011 and
Wang and Ran 2014). A survey of 21 gymnosperm lineages recovered a mean crown age of 35.2 Mya (Crisp and
Cook 2011), which is very comparable to the crown mean
(36.9 Mya) of HXC, NWC, and Hesperocyparis (Table 2;
Fig. 4). In contrast, the mean crown age (7.11 Mya) for
Hesperocyparis is younger than that reported for nearly all
other gymnosperm genera (Crisp and Cook 2011). A recent
origin for most Hesperocyparis and high species diversity
(e.g., second largest genus in Cupressaceae, fifteenth largest among gymnosperms; Wang and Ran (2014) suggest
high rates of recent diversification in the group. To further
examine this hypothesis, we compared rates of net diversification in Hesperocyparis to those of Juniperus (estimated from Fig. 3 of Mao et al. 2010), the most speciose
genus in Cupressaceae and one of the most speciose among
all gymnosperms (Adams 2014; Wang and Ran 2014).
Rates of net diversification were 1.4 times higher in Hesperocyparis, and 2.7 and 1.8 times higher in the Arizonica
and Macrocarpa clades respectively, compared to the Juniperus lineage having the highest rate of diversification
(section Sabina group I; Mao et al. (2010)). Moreover, we
found no clades of comparable age in Juniperus as speciose
as the Macrocarpa and Arizonica clades of Hesperocyparis.
Some studies support high rates of gymnosperm speciation
throughout the Cenozoic, and suggest the low extant
diversity in many gymnosperm lineages is attributable to
early-Oligocene and middle-Miocene extinctions (Crisp
and Cook 2011; Burleigh et al. 2012). Stem Hesperocyparis date to the middle Eocene (42.25 Mya; Table 2;
Fig. 4), and thus could have been influenced by both of
these extinction events. However, unlike all the main lineages of Juniperus, the Macrocarpa and Arizonica clades
of Hesperocyparis are too young to have been directly
impacted by either event (Table 2; Fig. 4), and differential
extinction may explain in part differences in net diversification between the two genera.
North–south migration
Statistically significant correlations between geographic
position and species age were found for NWC, with species
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Fig. 7 Ancestral geographic reconstructions for NWC and relatives
excluding the Arizonica clade (a) and for Hesperocyparis Arizonica
clade (b). Multiple reconstructions for a node represent uncertainty,
while reconstructions consisting of multiple areas represent polymorphism. Numbers and areas adjacent to polymorphic nodes indicate
the percentage of trees having that particular reconstruction. Bold
numbers designate nodes discussed in the text. Circles at the ends of
branches indicate the coded distribution of terminal taxa used in
reconstructions (Table 1). Asterisks and dagger symbols designate

nodes at which inferred dispersal and vicariance events occurred,
respectively. Times are in millions of years (Mya). The graph in
a shows major trends in global temperature over the Cenozoic, with
approximate time intervals of climatic milestones labeled and
designated by a short horizontal line (redrawn from Millar 2012;
see Zachos et al. 2001). Shaded blocks represent 95 % credibility
intervals for estimates of when major evolutionary events in NWC
occurred

being progressively younger along a northwest to southeast
cline in WNA (Fig. 6). Under the hypothesis of directional
migration through time, we reasoned that migration for
great distances from the geographic origin of a species
would obscure correlations between age and geographic
position, as individuals of a particular species would all be
assigned the same age, regardless of position. In this case,
the most wide ranging species are expected to have the
greatest influence on geographic location-age correlations,
and R values should vary as a consequence of the extent
and direction of migration, as well as the method of measuring geographic position (northernmost, southernmost, or
midpoint occurrences). Under these expectations, several

observations appear relevant. First, all tests between age
and northernmost occurrence were significant (mean
R = 0.69), including that of the ‘‘Core Hesperocyparis’’
data set, which includes 13 of 16 Hesperocyparis species
included herein (Table 3). In addition, we found statistically significant correlations between age and longitude for
the westernmost and midpoint occurrences for the ‘‘All
Taxa’’ data set, while no statistically-significant correlations were found between age and easternmost occurrence
(Table 3). Thus, it appears that northernmost occurrence is
the best predictor of species age, as would be expected if
extant species are on average at or near their historical
northern limits. In contrast, easternmost occurrence
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Fig. 7 continued

provides no information on species age, while westernmost
and midpoint longitude are more informative with respect
to age (see ‘‘All Taxa’’ analysis, Table 3). Collectively,
these findings support several observations regarding the
geographic distributions of extant NWC. First, that northernmost and westernmost occurrences correlate most
strongly with age suggests populations, at least for more
widespread taxa, have migrated southeastwardly following
their origin. Although our sequence data cannot be used to
date the origin of populations within species, this trend is
paralleled by species ages themselves, which decrease
northwest to southeast in western North America (Fig. 6).
Moreover, reconstructions of ancestral dispersal corroborate this trend, with 8 of 13 (62 %) inferred events occurring north to south, northwest to southeast, or west to east
(Fig. 7a, b). A related prediction is that more widespread
taxa should have the greatest influence on geographic
position by species age correlations. To explore this
expectation, we examined correlations between position
and age for data sets excluding two of the top three most
wide-ranging taxa for latitude and longitude (H. lusitanica,
H. arizonica). These analyses resulted in an increased
number of significant tests and higher average R values
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compared to those including all taxa (data not shown),
indicating that wide-ranging taxa are adversely influencing
correlations in the full analysis. The one exception to this
trend was Ca. nootkatensis, which is the most wide-ranging
species of those studied here, exclusion of which decreased
R values in all analyses (data not shown). We speculate that
the age and geographic position (much older and further
north and west than nearly all other NWC; Fig. 6) of
Callitropsis is unduly influencing correlation analyses.
Despite this potential bias, we note that northernmost by
age correlations are statistically significant for the ‘‘Core
Hesperocyparis’’ data set, which excludes Callitropsis and
three other Hesperocyparis species (bakeri, lusitanica, and
benthamii) of extreme geographic position and/or age
(Table 3; see Fig. 6). Thus, significant northernmost by age
correlations were found even for a smaller group of 13
Hesperocyparis species, nearly all of which occur in California and Baja California.
These findings do not necessarily imply geographic
ranges of NWC species have changed little since their
origin, although this may be the case for certain taxa
having narrow edaphic or other habitat requirements
(Farjon 2005). Assuredly, some or perhaps many NWC
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have had complex biogeographic histories resulting from
fluctuating climate (e.g., mid-Miocene and early Pliocene
thermal optima amidst background cooling; cyclical glacials-interglacials in the Pleistocene), orographic complexity, and perhaps other ecological or chance factors.
Migration is a common response to changing environment
(Tiffney 1985; Tiffney and Manchester 2001; Milne 2006;
Donoghue 2008), and we speculate that the overall
movement of ancestral NWC was southeastward in
response to progressive climatic cooling, particularly from
the late Miocene onward, when nearly all NWC arose
(Zachos et al. 2001; Minnich 2007; Millar 2012; Figs. 4,
7a, b). One result is a geographic cline in species age, with
descendants occurring more southeastwardly relative to
ancestors. Within species, our data suggest little or no net
migration of populations northwestwardly following their
origin, although southeasterly migration apparently occurred, sometimes for great distances, in some species.
Historical biogeography
S-DIVA analysis indicates the HCX are of Old World
origin, with the MRCA of Cupressus and HCX occurring
in Asia during the late Cretaceous (see node 1, Fig. 7a).
Our results indicate a descendant of this ancestor migrated
from Asia to northwestern North America and occurred in
both areas by the middle Eocene, about 45.3 Mya (node 2,
Fig. 7a). Vicariance gave rise to Xanthocyparis vietnamensis (Asia), and the MRCA of Callitropsis ? Hesperocyparis, which was strictly New World (NANW; node 3,
Fig. 7a). These findings are consistent with previous
studies supporting diversification of forest species in eastern Asia (EA), with iterative migration out of Asia,
apparently by the Bering Land Bridge (BLB; Xiang et al.
1998, 2000; Donoghue et al. 2001; Donoghue and Smith
2004; Eckert and Hall 2006; Hao et al. 2008; Ickert-Bond
et al. 2009; Mao et al. 2010; Ryberg et al. 2012; Wang and
Ran 2014). Several lines of evidence support the BLB as
the most likely corridor over which the Asian ancestors of
NWC migrated (Wang and Ran 2014). First, fossils from
middle to high latitudes establish a putative Trans-Beringia
link for Cupressaceae from eastern Asia and western North
America (McIver and Basinger 1987; McIver 1994; McIver
and Aulenback 1994; Kotyk et al. 2003; Farjon 2005;
Kodrul et al. 2006). These fossils suggest taxa ancestral to
extant NWC (e.g., Cupressus corpulentis; McIver 1994;
Kotyk et al. 2003) were part of more mesic circumboreal
forests that stretched across Asia and North America,
components of which were isolated as climates cooled
during the Tertiary and southerly migration ensued (Chaney 1947; Axelrod 1958; Tiffney 1985; McIver and
Basinger 1987; McIver and Aulenback 1994; Graham
1999; Qian 2002; Donoghue and Smith 2004; Milne 2006).

Although the timing of the migration (early to mid-Cenozoic) is early enough to include the North Atlantic Land
Bridge as a possible migration corridor (Tiffney and
Manchester 2001), the occurrence of closely related Cupressus in eastern Asia (Farjon 2005), confinement of
Hesperocyparis to western North America, and the more or
less continuous presence of the BLB until 5.4–5.5 Mya
(Gladenkov et al. 2002; Milne and Abbott 2002) all support
Beringia as the most likely pathway of exchange. We
speculate that climatic cooling following the Eocene optimum (Wolfe 1994; White et al. 1997; Tiffney and
Manchester 2001; Zachos et al. 2001; Milne 2006) forced
southward migration of a trans-Beringia ancestor on both
sides of the Pacific, ultimately leading to distinct Old
(Xanthocyparis) and New World lineages (see node 3,
Fig. 7a). This contention is bolstered by gymnosperm
genera that currently occur at more southerly latitudes
(e.g., Cunninghamia, some Glyptostrobus and Metasequoia, Sequoia, Taxodium) in either Asia or North America, but have fossil remains on the other continent (Qian
2002; Farjon 2005). Moreover, paleobotanical studies from
western North America document southerly migration of
forest species throughout most of the latter half of the
Tertiary as climates cooled and became progressively more
arid (Chaney 1947; Axelrod 1939, 1958, 1988; Qian 2002).
Within Hesperocyparis, we recovered very different
biogeographic patterns for the Macrocarpa and Arizonica
clades. For the Macrocarpa clade, an exclusively NANW
distribution was inferred for four of five ancestral taxa,
with southeasterly dispersal accounting for the occurrence
of the common ancestor of H. sargentii and H. nevadensis
in both NANW and NACC (Node 7, Fig. 7a). Vicariance
of this ancestral range gave rise to H. sargentii and
H. nevadensis, with dispersal accounting for the occurrence
of the more southerly H. sargentii populations in NACW
(Figs. 3, 7a). In contrast, we infer a NASE ancestral distribution for the Arizonica clade (node 8, Fig. 7b), and
more complex patterns of dispersal and vicariance that
account for the occurrence of extant species in five geographic units; NACC (3 species), NASE (2 species), and
NACS, NACE, and NASE/NACE (1 species each;
Fig. 7b). We recovered two dispersals, one south to north
(NASE to NACE), and the other southeast to northwest
(NASE to NASE/NACC) that occurred early in the history
of the clade and that stand in sharp contrast to the migrational trends evident in the Macrocarpa clade and other
NWC (see node 8, Fig. 7b). The first (south to north)
accounts for populations of H. arizonica in northern
Mexico, Arizona, and New Mexico (NACE; Figs. 2, 3, 7b).
The second (southeast to northwest) was a late Miocene/
early Pliocene event that expanded the range of certain
ancestral species within the Arizonica clade. This dispersal
may have been particularly important, as it resulted in
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ancestors occupying multiple geographic areas, with subsequent vicariance having important implications for speciation and biogeographic patterning in the group.
Considering the most frequent ancestral reconstruction for
node 9 (51 %; see Fig. 7b), this dispersal accounts for the
occurrence of the MRCA of Arizonica clade sensu stricto
(excludes H. arizonica) in NASE and NACC. However, a
NASE reconstruction for node 9 is only slightly less (49 %)
frequent than a NASE/NACC (51 %). In this case, the key
dispersal accounts for the occurrence of the ancestor at
node 11 (Fig. 7b) in NASE/NACC (50 %), or at node 10, if
node 11 is considered to be NACC (50 %). In all of these
scenarios, the expansion of an ancestral range from NASE
to NASE/NACC is recovered, and subsequent vicariance
accounts for the origin of H. benthamii (NASE) and
H. montana (NACC; node 10, Fig. 7b). In the case of a
NASE/NACC reconstruction for node 9, vicariance also
explains the origin of H. lusitanica (NASE; Fig. 7b). A
similar pattern of apparent range expansion, contraction,
and speciation through vicariance is evident in other parts
of the Arizonica clade, e.g., the descent of node 13 (NACC/
NACS) from node 12 (NACC), and the descent of node 14
(NACC/NACE) from node 13 (NACC/NACS). In each
case, vicariance of a more widespread ancestral range
resulted in speciation, i.e., the origin of H. guadalupensis
(NACS) from node 13, and the origins of H. forbesii
(NACC) and H. glabra (NACE) from node 14 (Fig. 7b).
These findings underscore the importance of range
expansion and vicariance in the evolutionary history of
Hesperocyparis Arizonica clade, with as many as 75 %
(six of eight) of extant species originating through the
breakup of multi-area ancestral ranges (Fig. 7b).
A NANW to NASE dispersal appears central to the
fundamentally different biogeographies of the Arizonica
clade and the remaining NWC. Depending on the phylogenetic placement of H. macnabiana, this dispersal produced a more widespread ancestor at node 5
(reconstruction not shown) or node 6 (Fig. 7a), with subsequent vicariance resulting in a split between either the
Macrocarpa ? H. macnabiana and Arizonica clades, or
between H. macnabiana and the Arizonica clade, respectively. While it is difficult to untangle the effects of speciation and extinction in estimating diversification rates
from phylogenies (Quental and Marshall 2010; Crisp and
Cook 2011), we suggest key coastal to interior migrations
(e.g., NANW to NASE at node 5 or 6, Fig. 7a) that
occurred early in Hesperocyparis were prerequisite to
increased diversification in the group. These migrations
resulted in ancestral Arizonica clade occurring in the
interior of southwestern North America (nodes 6 and 8
Fig. 7b), with range expansions in the late Miocene giving
way to contractions and speciation as environments cooled
and became increasingly arid throughout most of the
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remaining Cenozoic (Figs. 7b, 8; Zachos et al. 2001;
Minnich 2007; Millar 2012). The importance of mountain
building processes, climatic variability, and ecological
interactions in generating plant diversity has been recognized (Qian 2002; Pennington et al. 2010; Xu et al. 2010;
Leslie et al. 2012; Liu et al. 2013; Moreno-Letelier et al.
2014; Wang and Ran 2014; Fragnière et al. 2015), and we
hypothesize that those Hesperocyparis that migrated into
the interior of southwestern North America faced selection
pressures (e.g., increased aridity, Fig. 8; see comments in
Farjon 2005 pg. 180 on aridity and the distribution of
H. arizonica) that ultimately resulted in increased range
fragmentation (vicariance) and speciation. In part, this may
explain frequencies of vicariance nearly 300 % higher and
rates of diversification 58 % higher in the Arizonica clade
compared to the Macrocarpa clade, a group that is largely
coastal in distribution and comparable in age (Figs. 2, 4).
Long-distance dispersal (LDD) events are typically rare,
though they play a significant role in the migration into
unoccupied habitats, among other things (Nathan et al.
2008). In this study, we recovered a key LDD between
non-adjacent geographic units (e.g., from NANW to
NASE) that seems unlikely, given the absence of any
obvious means of LDD in Hesperocyparis. The flattened or
lens-shaped seeds of Hesperocyparis are minutely winged
or wingless (Farjon 2005; Johnson and Karrfalt 2008), and
do not allow seeds to disperse far from the parent tree. In
contrast, the broad-winged seeds of Sequoiadendron have
been documented to travel over 500 m from the tree
canopy (Harvey et al. 1980). As has been observed with
gravity-based seed dispersal after fire (Bartel 1980), postfire seed dispersal is poor in Hesperocyparis, with seedlings locally abundant around the base of the dead
cypresses, along with a few scattered seedlings downslope
along stream courses. Stebbins (1980) discussed the dramatic difference in seed dispersal between Juniperus and
Hesperocyparis in the western United States, where despite
similar vegetative characteristics, juniper species are
widespread, while NWC are predominantly endemic. He
concluded that distributional differences between the genera is attributable to poor seed dispersal in NWC, while
juniper seeds are ‘‘borne in berries that are eaten by birds,
which excrete them at considerable distances from the
parental tree.’’ In looking for potential animal vectors
effecting LDD in NWC, squirrels (Sciurus spp.) have been
observed foraging for H. arizonica and H. macnabiana
cones (Koprowski and Corse 2001; Callahan 2012).
However, we have no evidence such mammalian seed
predation facilitates LDD in Hesperocyparis. Considering
the limitations on seed dispersal in Hesperocyparis, we
make three points in regards to the LDD inferred in this
study. First, in the biogeographic analyses, ancestral
reconstructions were constrained to the largest number of
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Fig. 8 The distribution of cypresses in the New World by species and clade mapped over a map of average annual precipitation (1951–2000).
Dashed lines show approximate boundaries for areas used in geographic reconstructions

geographic areas occupied by any extant species (i.e., 2).
This assumes that extant and ancestral Hesperocyparis
shared the same constraints (and capacities) for LDD. If
ancestral species had adaptations for LDD, dispersal
between non-adjacent units may have been more likely. In
contrast, if ancestral species had the same limitations on
long-distance dispersal as extant taxa, they may have
occupied multiple (i.e., 3 or more) geographic units
simultaneously as they migrated more gradually from
NANW to NASE through intervening areas. Second, the
fossil record of cypresses in western North America clearly
demonstrates very different distributions for some species
in the past (Axelrod 1939, 1980; Edwards 1983, 1984;
Axelrod and Govean 1996; Kotyk et al. 2003), indicating

movement across the landscape, either by long-distance
events or incrementally, over geologic time. Lastly, the
presence of H. guadalupensis on islands of volcanic origin
(i.e., Guadalupe Island; Batiza 1977; Farjon 2005) 150
miles off the coast of Baja California, as well as widely
disjunct populations in some species (e.g., H. arizonica;
Farjon (2005), suggests the capacity for dispersal over
great distances in the past.
To the extent the ecological preferences of Ca.
nootkatensis (i.e., cool, wet maritime or montane environments; Edwards 1984; Farjon 2005) are ancestral within
NWC, all extant NWC likely are ‘‘relicts of an earlier,
more mesic climate’’ (Barbour 2007). Like the Macrocarpa
clade, the confinement of most Arizonica clade species to
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more mesic refugia, such as stream borders, canyons,
montane meadows, fog-shrouded peaks, and north-facing
slopes (Wiggins 1933; Martı́nez 1947; Parker 1980; Brown
1982; Dunn 1985; Minnich 1987; Powell 1988; Karges and
Zech 2001; Escobar et al. 2011) in the otherwise largely
arid interior of southwestern North America (Fig. 8), may
be due to phylogenetic niche conservation (i.e., the
preservation of ancestral ecological adaptations in lineages;
Harvey and Pagel (1991); Wiens and Graham (2005);
Donoghue (2008). If niche conservation was important, key
northwest to southeast migrations may have occurred at a
time when environmental conditions were more favorable
for range expansion and migration was topographically
possible (Donoghue 2008). Our results suggest these dispersals occurred during the early to middle Miocene (reconstructed at node 5; Fig. 7a), or later in the Miocene as
climates cooled (see node 6, Fig. 7a), depending on the
placement of H. macnabiana (see discussion above). Climates during the middle Miocene were the warmest since
the late Eocene (34 Mya; Foster et al. 2012; Millar 2012;
Zachos et al. 2001), and may have had more pronounced
seasonality with increased winter precipitation (Campani
et al. 2013). Although many gymnosperm lineages went
extinct during this time (Crisp and Cook 2011; Wang and
Ran 2014), some combination of adaptation to arid conditions and the ability to track environmental preferences
through migration may have allowed ancestral Hesperocyparis to spread southeasterly. Alternatively, conifers
expanded their ranges in response to cooling at various
times throughout the Cenozoic (Millar 2012), and NWC
movement into the interior may have occurred as climates
abruptly cooled following the Mid-Miocene Climatic
Optimum (17–15 Mya). In either case, orographic barriers
to migration between NANW and NASE may have been
minimal during this time, as uplift of the Transverse and
Peninsular Ranges did not begin until the early- to midPliocene (5.0–3.4 Mya; Godfrey et al. 2002; Warrick and
Mertes 2009). Moreover, cypresses are known to have been
in the area of present day Tehachapi Mountains (interior of
southern California) in the Middle Miocene (Axelrod
1939), suggesting a possible corridor for southeastward
migration to the interior.
Of the NWC in California, our data suggest those taxa
north of the Transverse Ranges are derived from lineages
that colonized the New World across Beringia and migrated
southward in response to changing climate in the latter half
of the Cenozoic (Fig. 7a). Of these, most are Macrocarpa
clade members of the Northern and Southern Coast Ranges,
while one (H. nevadensis) occurs further eastward in the
southern Sierra Nevada (Bartel 1980, 2012; Farjon 2005). In
contrast, NWC of extreme southern California, Baja California, and Guadalupe Island appear fundamentally southwestern North American (i.e., NASE, perhaps northern
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Mexico; Axelrod 1939, 1940, 1958; Chaney 1947) in origin.
Our data suggest ancestors of many extant Arizonica clade
species underwent repeated range expansions and contractions that involved migrations into southern California and
Baja California from the southeast (see nodes 8–11, Fig. 7b;
see NACC of Fig. 2), and out of NACC to the south (NACS)
and east (NACE; nodes 13, and 14, Fig. 7b). The observation that naturally occurring populations of Macrocarpa
(H. sargentii and H. nevadensis) and Arizonica
(H. stephensonii and H. forbesii) clade taxa are at their
distributional limits on opposite sides of the Transverse
Ranges (Bartel 2012) suggests that these uniquely east–west
oriented mountains may have acted as a barrier to migration.
The apparent timing of orographic uplift (Godfrey et al.
2002; Warrick and Mertes 2009) and our estimates of species ages largely support this contention, as even the
youngest possible age suggested for incipient uplift (Godfrey et al. 2002) predates the origins of both Arizonica clade
species. While H. sargentii and H. nevadensis may have
originated 1–2 Mya before uplift of the Transverse Range
began, they may not have reached their current limits until
after a period of southward migration (see discussion above;
also see Axelrod 1983). Biologists have long appreciated the
influence of mountain ranges on gene flow, which in combination with climatic, ecological, and edaphic factors, have
resulted in high degrees of endemism and species diversity
in the California Floristic Province (CFP; Stebbins and
Major 1965; Raven and Axelrod 1978; Richerson and Lum
1980; Calsbeek et al. 2003; Ackerly 2009; Anacker et al.
2010; Lancaster and Kay 2013). The Transverse Ranges
have been particularly important in the origin of plants and
animals in the CFP (Calsbeek et al. 2003), and our data
suggests they may have restricted north–south migration and
promoted geographic isolation of certain species of the two
major clades of Hesperocyparis.
This study examines the evolution and biogeography of
NWC at continental and regional scales. It was not
designed to address what are undoubtedly important historical processes influencing NWC biogeography at finer
spatial scales, like adaptation to specialized edaphic niches,
or migration within the biogeographic regions used here.
Despite these limitations, this study presents a number of
important findings addressing the origin, biogeographic
histories, and current distributions of New World cypresses. Among these are an Asian-Transberingian origin,
northwest to southeast migrational trends, recent origins
and high net diversification rates for Hesperocyparis
(particularly the Arizonica clade), and very different biogeographic histories for Hesperocyparis Arizonica and
Macrocarpa clades. These findings should provide a broad
conceptual framework for interpreting studies of population genetic structure, species boundaries, and conservation
status in the future.
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