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Abstract
Premise: Reconciling the use of taxonomy to partition morphological variation and
describe genetic divergence within and among closely related species is a persistent
challenge in phylogenetics. We reconstructed phylogenetic relationships among
Cedrela odorata (Meliaceae) and five closely allied species to test the genetic basis for
the current model of species delimitation in this economically valuable and threatened
genus.
Methods: We prepared a nuclear species tree with the program SNPhylo and 16,000
single‐nucleotide polymorphisms from 168 Cedrela specimens. Based on clades
present and ancestral patterns ADMIXTURE, we designed nine species delimitation
models and compared each model to current taxonomy with Bayes factor
delimitation. Timing of major lineage divergences was estimated with the program
SNAPP.
Results: The resulting analysis revealed that modern C. odorata evolved from two
genetically distinct ancestral sources. All species delimitation models tested better fit
the data than the model representing current taxonomic delimitation. Models with
the greatest marginal likelihoods separated Mesoamerican C. odorata and South
American C. odorata into two species and lumped C. angustifolia and C. montana as a
single species. We estimated that Cedrela diversified in South America within the last
19 million years following one or more dispersal events from Mesoamerican lineages.
Conclusions: Our analyses show that the present taxonomic understanding within the
genus obscures divergent lineages in C. odorata due in part to morphological
differentiation and taxonomic distinctions that are not predictably associated with
genetic divergence. A more accurate application of taxonomy to C. odorata and
related species may aid in its conservation, management, and restoration efforts.
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Forests of Central and South America support high levels of
terrestrial biodiversity including an estimated 16,000 tree
species within Amazonian rainforests alone (Pennington
et al., 2015; Pennington and Lavin, 2016; Dick and
Pennington, 2019). Loss of biodiversity is a consequence
of unsustainable practices and the removal of living trees
from forests around the world (Elias, 2012; Nellemann,
2012; van Zonneveld et al., 2018), and accordingly,

neotropical forests have the largest number of protected
tree species. Exploitative logging and land‐use conversion
can lead to forest fragmentation, which can have severe
consequences on natural regeneration and available genetic
diversity for adapting to climate change and more‐rapidly
evolving enemies (Millar and Libby, 1991; O'Neill et al.,
2001; Lowe et al., 2003; Kometter et al., 2004; Muellner
et al., 2011; Inza et al., 2012). Although laws are in place to
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protect economically valuable tree species from over-
exploitation and promote sustainable practices (e.g., US
Lacey Act, EU Timber Regulation, and Australia Illegal
Logging Prohibition Act), 35–72% of the wood sourced in
the Amazon is thought to be acquired from illegal logging
(Saunders and Reeve, 2014).

The neotropical tree species Cedrela odorata (Meliaceae)
has been logged in regional timber trade for over 250 years
and is a target of illegal logging (Pennington and Muellner,
2010). The primary threat to C. odorata is a high level of
exploitative logging (Urrunaga et al., 2012), combined with
decreased population connectivity (Muellner et al., 2010,
2011; Pennington and Muellner, 2010; Cavers et al., 2013).
Although Cedrela odorata is distributed from Mexico to
northern Argentina (24°N to 27°S) and Caribbean islands
(Pennington and Muellner, 2010), it primarily occurs in
low‐density stands with approximately one individual per
hectare in Peru, Costa Rica, Colombia, and Guyana
(Tajikistan, 2019). Deforestation has led to a nearly 30%
decline in the global distribution of C. odorata in the last
100 years, and this decline is expected to continue
(Tajikistan, 2019).

In 2001, C. odorata was listed under the protections of
CITES Appendix III requiring validated documentation of
species identity and source for both export and import
documentation, protecting populations in Bolivia, Brazil,
Colombia, Guatemala, and Peru (Ferriss, 2014). Conse-
quently, two other species (C. fissilis Vell. and C. lilloi syn.
angustifolia) have also been listed under CITES Appendix
III because their survival is threatened due to strong
morphological similarities with C. odorata (Ferriss, 2014;
UNEP‐WCMC, 2015). As a result, differentiating among
protected C. odorata and its “look‐alikes” that appear in
trade is challenging. Cedrela species are differentiated based
on combinations of six morphological characteristics (e.g.,
size of fruit, density of leaflet hairs, and number of leaflet
pairs), some of which are regionally plastic and all of which
show high levels of variation within species and overlap
among species, making field identification difficult for
nearly all members of the genus (Pennington and Muellner,
2010). A greater challenge is differentiating among pro-
cessed wood specimens without leaves, flowers, and fruit
(Gasson, 2011), which leads to most Cedrela wood
specimens being declared as “C. odorata” irrespective of
the actual identity and thus confounding harvest estimates
across all Cedrela species (Tajikistan, 2019). Legal and illegal
trade in C. odorata wood impacts its congeners that are
traded as C. odorata intentionally or accidentally. In 2019,
CITES accepted a proposal to list all Cedrela species to
Appendix II (including C. odorata), leading to increased
global scrutiny for all wood and wood products identified as
a Cedrela species (Tajikistan, 2019).

The most recent revision of the genus (Pennington and
Muellner, 2010) describes 17 species based on morphologi-
cal, ecological, and genetic evidence. Morphological descrip-
tions are associated with genetic distinctiveness and
phylogenetic position in some Cedrela species (Muellner

et al., 2010; Pennington and Muellner, 2010). However,
multiple phylogenies of Cedrela have revealed complexity
and uncertainty in taxonomic position of Cedrela species
arising from two observations. (1) Cedrela odorata speci-
mens showing coherent morphology are paraphyletic,
suggesting the existence of diverse lineages or cryptic
species within C. odorata (i.e., related species that are
classified under one species name due to high morphologi-
cal similarities, even though they are as genetically divergent
as other separate species) (Pennington and Muellner, 2010;
Cavers et al., 2013). Although these have been repeatedly
acknowledged in the literature, they are hidden in
taxonomy, consequently disregarded on trade records, and
likely neglected by conservation status assessments and
range estimations. (2) Some distinct morphological species
are nested within C. odorata and have more restricted
geographic distributions (e.g., C. nebulosa; Pennington and
Muellner, 2010), but the genetic distinctiveness of these
species is uncertain. The contradictory application of
Cedrela taxonomy, which recognizes narrow morphological
variation but disregards distinct genetic lineages, could
hinder the prescription of protections and conservation
initiatives aimed at restricting trade, conservation, and
restoring Cedrela odorata and allied species in neotropical
forests.

Cryptic species

Multiple studies have reported the presence of cryptic
diversity within C. odorata with one or more species in
South America (Cavers et al., 2013) and Mesoamerica. The
Mesoamerican C. odorata taxon (referred here as C. odorata
s.s.) was first described by Gillies et al. (1997), who
identified strong genetic differences between North Pacific
populations and nearby Atlantic populations in Costa Rica.
This genetic division was further supported using organellar
and nuclear genetic markers (Cavers et al., 2003a, 2003b,
2013; Navarro et al., 2004, 2005; Muellner et al., 2010;
Pennington and Muellner, 2010). The line of demarcation
between these two populations followed the Cordilleras de
Guanacaste, Talamanca, and the Central Mountains in
Costa Rica, a region known to harbor cryptic diversity in
reptiles (Lotzkat et al., 2011; Cadle, 2012; Doan et al., 2016),
amphibians (Crawford et al., 2007; Arias and Kubicki,
2018), and other tree species (Cavers and Lowe, 2002). Most
compellingly, Navarro et al. (2002) demonstrated that C.
odorata from drier climate regions (Mexico to Pacific Costa
Rica) were significantly larger across multiple traits (i.e.,
seed mass, shoot height and diameter, and leaf size) than
trees from mesic regions (Atlantic Costa Rica to Panama)
when grown in common gardens in Costa Rica. Climatic
groups (dry vs. mesic) explained 52% of the total variance
and 80% of genetic variance. This sharp transition in
quantitative trait variation and genetic distance point to the
central mountain ranges of Costa Rica as a potentially
strong migration or reproductive barrier and/or a zone of
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secondary contact between cryptic species (Cavers et al.,
2013). Additional cryptic species (Cavers et al., 2013) have
been suggested to occur within for South American C.
odorata; however, observed genetic differentiation between
Mesoamerican and South American C. odorata has not been
incorporated into taxonomic treatments of the species.

Recent species descriptions

Before the most recent treatment of the genus (Pennington
and Muellner, 2010), Cedrela odorata had historically been
treated as a widespread and morphologically diverse species,
showing geographic, altitudinal, and ecological structuring
of morphological variation (Smith, 1960; Styles, 1981;
Pennington and Muellner, 2010). Phylogenetic analyses
revealed some genetic basis for morphological variation,
and a revised taxonomy was applied to recognize fine‐scale
morphological variation, leading to the description of four
new species among South American populations that were
previously ascribed to C. odorata (Zapater et al., 2004;
Pennington and Muellner, 2010). These descriptions made
C. odorata a more cohesive morphological species, but these
recently named taxa are more closely related to South
American C. odorata than the putative cryptic species—
South American C. odorata and Mesoamerican C. odorata—
are to each other (Pennington and Muellner, 2010). The
current treatment of these populations as distinct nominal
species (e.g., C. nebulosa T.D. Penn. & Daza in 2010 and
C. saltensis M.A. Zapater & del Castillo in 2004) in
combination with the reluctance to recognize cryptic species
of C. odorata in taxonomy underscores the persistent
conflict between the use of taxonomy to partition
morphological variation and the use of taxonomy to
describe genetic divergence (Hey et al., 2003; Bickford
et al., 2007; Struck et al., 2018).

We created a nuclear phylogeny of six species in the
genus Cedrela, focusing on C. odorata and closely allied
species in Mesosmerica and western South America. Using
the species delimitation scheme presented in Pennington
and Muellner (2010) as a hypothesis and multispecies
coalescence analysis with thousands of single nucleotide
polymorphisms (SNPs), we seek to (1) determine whether
dense sampling of dispersed nuclear SNPs supports a
monophyletic or paraphyletic resolution of C. odorata, (2)
determine whether SNPs support the presence of cryptic
species within C. odorata, (3) determine whether narrow
endemic species represent distinct lineages or instead
appear to be conspecific with C. odorata, and (4) estimate
the timing of major lineage divergences. Because C. odorata
and its congeners are protected and vulnerable to over-
exploitation for timber (Muellner et al., 2010, 2011;
Pennington and Muellner, 2010; Cavers et al., 2013; Ferriss,
2014; UNEP‐WCMC, 2015; Tajikistan, 2019), it is impor-
tant to have a clearly defined taxonomy so that regulators
understand species distribution and which species are
represented in wood trade. Moreover, Cedrela taxonomy

is dynamic, with new species being described including C.
ngobe Köcke, T.D. Penn. & Muellner (Köcke et al., 2015), C.
domatifolia (Palacios et al., 2019), C. microanthus, and C.
pandeirensis (Huamán Mera, 2014). Improving our under-
standing of the partitioning of genetic lineages in Cedrela
species and within C. odorata can help improve estimates of
biodiversity in the neotropics, leading to improved protec-
tion and conservation. Our analysis focuses on Cedrela
odorata, but it provides a framework for how genealogies
and taxonomy can be reinvestigated in the future using a
full sampling of Cedrela species and other tropical tree
lineages that likely include cryptic or poorly defined species
(Dick et al., 2003; Dexter et al., 2010; Garcia et al., 2011;
Scotti‐Saintagne et al., 2013; Fine et al., 2014; Winterton
et al., 2014; Gill et al., 2016).

MATERIALS AND METHODS

Samples, target enrichment, and sequencing

We prepared a genomic data set for six Cedrela species: C.
angustifolia D.C., C. fissilis Vell., C. montana Mortiz ex
Turcz., C. nebulosa T.D. Penn. & Daza, C. odorata L., and C.
saltensis M.A. Zapater & del Castillo (Appendices S1, S2).
Leaf tissue samples from 192 Cedrela individuals were
obtained from herbarium specimens at the Missouri
Botanical Garden Herbarium (MO). We extracted total
genomic DNA from leaf fragments with the FastDNA Kit
(MP Biomedicals, Santa Ana, CA, USA), quantified genomic
DNA by fluorometry (Qubit, Thermo Fisher Scientific,
Waltham, MA, USA), and sheared DNA to a modal size of
130 bp. Genomic DNA libraries were prepared using the
NEBNext Ultra II Kit (New England Biolabs, Ipswich, MA,
USA) and an input of genomic DNA ranging from 20 to
250 ng.

Libraries were pooled into equimolar 24‐plex pools for
hybridization capture target enrichment (“target capture”)
with custom MYbaits (Arbor Biosciences, Ann Arbor, MI,
USA). Methods for the development of the hybridization
probes used in this study were described previously (Finch
et al., 2019). Target capture was performed with a
hybridization temperature of 65°C to ensure specificity.
Enriched targets were amplified using the KAPA HiFi
HotStart ReadyMix PCR Kit (v. 5.13; KAPA Biosystems,
Boston, MA, USA) and NEXTFlex Primers (Bioo Scientific,
Austin, TX, USA). We prepared two 96‐plex pools of target
capture libraries by combining four 24‐plexes in equimolar
ratios. Pools were sequenced with paired‐end 100‐bp
reactions on the Illumina HiSeq 3000 (Center for Quantita-
tive Life Sciences, Oregon State University, Corvallis,
OR, USA).

Sequence yield was estimated by counting raw sequence
reads per specimen (Appendix S1; Finch, 2018; Finch et al.,
2019). We selected sequenced reads from a single
individual, C. odorata 300, to serve as a reference nuclear
gene sequence for further analysis. This individual was
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selected because it originated in Peru, a region of general
interest for this study due to high Cedrela species richness in
Peru and specific interest driven by conservation and
protection concerns, and sequence yield was high compared
to other samples (Appendix S1). We assembled sequenced
reads resulting from target capture with C. odorata 300 de
novo described by Finch et al. (2020). Briefly, sequencing C.
odorata 300 generated 1.4 × 107 paired reads (2.8 × 109bp)
for the de novo assembly. The resulting C. odorata 300
reference contig sequences were filtered to remove
sequences lacking the hybridization probe sequences or
were homologous to organelle sequences. The remaining
9139 assembled contigs were used as our reference sequence
for SNP variant calling. The mean contig length for the
reference assembly was 982.5 bp (range: 156–4053 bp) for a
total assembly length of 9.0 × 106bp (N50 = 983 bp; 36.1%
GC; Finch et al., 2020).

Assessment of on‐target yield

Sequence reads were considered “on target” if they shared
90% identity with the contigs from the C. odorata 300
reference. To make this assessment, we mapped single‐end,
captured DNA sequence reads from Cedrela herbarium
specimens to the nuclear reference with bbmap.sh from
BBTools (v. 36.14; DOE Joint Genome Institute; https://jgi.
doe.gov/data-and-tools/bbtools) in local alignment mode.
Mapping conflicts were resolved by retaining one mapping
location selected at random, maintaining greater depth of
coverage rather than discarding all multi‐mapping reads.
We used the bbmap.sh “coveragestats” parameter to obtain
coverage estimates for all C. odorata 300 reference contigs.
Depth was calculated by multiplying the sequence read
length (101 bp) by the number of sequenced reads mapping
to each target contig (plus and minus strands), divided by
the covered target length (covered bases; Finch et al., 2019).
We used a one‐way ANOVA to compare on‐target yield
and depth across Cedrela species and to confirm that the
baits showed no species‐specific bias.

Assessment of target capture efficiency

Hybridization probe sequences were designed using a leaf
transcriptome assembly derived from a Mexican C. odorata
in the living collection at the New York Botanical Garden
(NYBG; specimen CEOD‐NYBG; Finch et al., 2019). The
selection of this individual was driven by the logistical
feasibility of obtaining flash‐frozen tissue from a living
specimen for RNA extraction. Using this assembly, we were
able to assess the taxon‐specific enrichment bias of our C.
odorata‐derived hybridization probes in other Cedrela
species by mapping 106 organelle‐depleted reads to the C.
odorata 300 reference and estimating resulting read depth.
This analysis was performed for specimens that yielded at
least 106 organelle‐depleted sequence reads (n = 151).

Sequence reads with 90% chloroplast identity to our draft
chloroplast genome for CEOD‐NYBG (Finch et al., 2019)
were removed using bbmap.sh, and 106 single‐end sequence
reads were randomly selected with reformat.sh (BBTools).
We mapped subsampled reads by individual to the C.
odorata 300 reference in local alignment mode with
bbmap.sh at 90% identity; the coveragestats parameter
allowed us to estimate mean depth for the six species
groups. Depth was calculated as described above. We used a
one‐way ANOVA to test for differences in mean depth
among species.

Alignment and variant detection

To assess variation via SNPs, we made a variant call format
file (vcf; Danecek et al., 2011) using sequence reads from
target capture and a protocol combining SAMtools (v. 1.9;
Li et al., 2009) and the Genome Analysis Toolkit (v. 3.7;
GATK; McKenna et al., 2010). Sequence reads from 192
Cedrela specimens were aligned to the C. odorata 300 target
capture reference using BWA‐MEM (v. 0.7.12‐r1039; Li and
Durbin, 2010; Li, 2013). SAMtools was used to convert and
sort alignment files, GATK to define and realign insertions
and deletions, and bcftools (v. 1.9 mpileup; Li, 2011) to
prepare a vcf, excluding indel calls to speed vcf generation.
To avoid dubious inferences due to missing information, we
excluded Cedrela specimens with more than 10% missing
information after assessing sequence yield per individual,
leaving 167 trees for analysis (Appendix S1). We also
included DNA sequencing reads from the C. odorata
individual CEOD‐NYBG used to design the target capture
probes for this study (Finch et al., 2019), and we included
sequence reads from two Swietenia mahagoni (L.) Jacq.
(Meliaceae) individuals (Finch et al., 2019) to serve as
outgroup sequences. This resulted in 168 Cedrela and two S.
mahagoni specimens for the current analysis (Appendix S1).

Phylogenetic analyses of nuclear SNPs

We used our vcf containing 170 Cedrela and Swietenia
specimens and the program SNPhylo (v. 20140701; Lee
et al., 2014) to generate a species tree from nuclear SNPs.
SNPhylo accepts a vcf input, filters low quality data, extracts
SNPs in putative linkage equilibrium, aligns SNPs with
MUSCLE (v. 3.8.31; Edgar, 2004), and generates a maxi-
mum likelihood species tree with PHYLIP (v. 3.697
DNAML; Felsenstein, 1993). Our SNPhylo species tree
was generated using default parameters and by assigning
S. mahagoni as the outgroup. To obtain bootstrap support
values for the nuclear species tree generated with SNPhylo, we
used the PHYLIP alignment file produced by SNPhylo and
inferred a maximum likelihood species tree with 1000 bootstrap
replicates via RAxML (v. 8.2.10; Miller et al., 2011; Stamatakis,
2014). For this analysis, we used the 16‐state, general time
reversible (GTR), secondary‐structure‐substitution model and
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estimated invariable sites with a gamma distribution of rate
variation among sites (GTR‐I‐Γ). All other parameters were
default. A bootstrap majority rule consensus tree was generated
with Mesquite (v. 3.31 [build 859]; Maddison and Maddison,
2017) with the required frequency of clades set to 0.5, and some
bootstrap support values (converted to percentage) were
superimposed over the SNPhylo maximum likelihood tree.
Tree graphics were generated in R (v. 3.6.1; R Core Team,
2013) (Appendix S3: list of R packages).

Ancestry estimation from SNP data

We estimated the structure of ancestral lineages across our
samples with ADMIXTURE (v. 1.3.0; Alexander et al.,
2009). Like the program STRUCTURE (Pritchard et al., 2000),
ADMIXTURE estimates the optimal number of ancestral
populations (K) among individuals and membership
coefficients to ancestral populations. Ancestry was estimated
with the quality filtered vcf output from SNPhylo (default
parameters: minimum depth of coverage = 5, linkage
disequilibrium threshold = 0.1, minor allele frequency
threshold = 0.1, and missing rate = 0.1) that was further
filtered via VCFtools (v. 0.1.17; Danecek et al., 2011) to
remove SNPs with more than two alleles, SNPs with a
quality lower than 30 (defined as −10 Log10 [Probability of
incorrect SNP call]), SNPs with a minor allele represented
in a single individual, and SNPs containing missing
information. To further ensure linkage equilibrium among
SNPs, we then thinned SNPs using a window of 5000 bases
to retain approximately one SNP per contig from the target
capture reference for C. odorata 300 (n = 9139 contigs and
9139 SNPs). Finally, we removed S. mahagoni individuals,
converted the SNP data set to PLINK format (v. 1.90b5.2;
Purcell et al., 2007) and performed ancestry prediction with
ADMIXTURE for K values of 1 (one ancestral population)
through to 10 (10 ancestral populations). The optimal K
(number of ancestral populations) was determined via 5‐
fold cross validation and measured in prediction error
(Alexander et al., 2009). Ancestry proportions for each
individual were plotted as bar plots in R. We showed
geographic distributions of ancestry proportions by con-
verting bar plots into pie charts and superimposing them
over the geographic source of each individual with R
package scatterpie. Maps were drawn using the base map
shapefiles from the World Borders Dataset (http://
thematicmapping.org/downloads/world_borders.php).

Species delimitation

We used Bayes factor delimitation (BFD*; Battey and
Klicka, 2017; Song et al., 2017; Leaché and Ogilvie, 2018) to
compare species delimitation models for C. odorata and
closely allied species. BFD*, implemented in the programs
SNAPP (v. 1.3.0; Bouckaert and Bryant, 2012; Leaché and
Bouckaert, 2018) and BEAST2 (v. 2.6.1; Bouckaert et al.,

2014), generates multispecies coalescent models based on
SNPs. In this way, we compared eight models with taxa
showing alternative species definitions (Figure 3). Each
delimitation model was ranked based on a marginal
likelihood score and log Bayes factors (Leaché and Ogilvie,
2018) to determine the species relationship model that best
fits the data. Log Bayes factors were estimated by calculating
the difference in marginal likelihood estimate for each
model and the marginal likelihood estimate for the model
representing current taxonomy (model C), and multiplying
that difference by 2 (Stange et al., 2017). We also calculated
log Bayes factors to compare two models with near equal
marginal likelihood estimates across replicates.

Based on ancestral patterns from the ADMIXTURE
analysis and clades present in the nuclear species tree, we
designed nine species delimitation schemes for C. odorata
and other closely related species of Cedrela (Figure 3).
Model C uses current taxonomy, while models 1, 2, and 3
each differ from current taxonomy by one change:
(1) model 1 tests the definition of C. odorata by considering
it as two taxa, one from Mesoamerica (abbreviated
C. odorata M), and a second from southeastern Costa Rica,
Panama, and the rest of South America (abbreviated
C. odorata SA); (2) model 2 tests the definition of
C. nebulosa and C. saltensis as a one taxon, instead of two
(Figure 3); and (3) model 3 tests the definition of
C. angustifolia and C. montana as a one taxon, instead of
two. Models 1.2, 1.3, and 2.3 are each two steps away from
model C and represent combinations of models 1, 2, and 3
(e.g., model 1.2 combines changes to current taxonomy that
were presented in models 1 and 2; Figure 3). Model 4 treats
C. odorata as two taxa, one composed of C. odorataM and a
second composed of C. odorata SA combined with
C. nebulosa and C. saltensis. Model 4.1 is similar to model
4, but it treats C. angustifolia and C. montana as one taxon.

Due to computational limitations, this analysis used 15
individuals from clades depicted on the SNPhylo nuclear
species tree and 1000 randomly selected SNP loci. To
evaluate the effect of individual selection on the BFD*
analysis and results, we replicated the full analysis of nine
species delimitation models using four sets of 15 individuals
representing genetic information from four combinations of
30 specimens. Loci were held constant across models and
replicates. The 30 individuals selected (identified in red,
Figure 1; identified by stars, Appendix S1) showed low
amounts of admixture and missing information, and we
avoided specimens that we suspected are taxonomic
misidentifications. An extensible markup language (xml)
file to run SNAPP via BEAST2 was prepared with the
SNPhylo filtered vcf and snapp_prep.rb (described by
Stange et al., 2017; https://github.com/mmatschiner/
snapp_prep). We did not adjust sampling parameters for
mutation rate, θ, coalescence rate, or clock rate for this
analysis. Instead, we assessed whether parameter adjust-
ments were necessary after examining trace plots for model
convergence; in all cases, we found that no further
parameter adjustments were necessary (effective sample
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F IGURE 1 Maximum likelihood nuclear species tree, species identifications, and results of ancestry estimation for K = 3, 4, 6, and 8. Tips, or individual
specimens, are color‐coded by latitude listed on the herbarium specimen label, and correspond to the map, showing a portion of South America and the
geographic positions of all specimens included in the species tree. The colors in the column labeled “Spp” indicate the species identification listed on
the specimen label and correspond to the legend labeled “Spp.” The bar plots show ancestry models indicated by K = 3, 4, 6, and 8. For ease of interpretation,
we have used a similar color palette for ancestral populations such that proportions correlate with species identifications where possible, but the colors in
these bar plots do not indicate species identity. Numbers at nodes indicate bootstrap support values for 1000 replicates with the same data and RAxML.
Specimens in red were selected for species delimitation with BFD*.
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size estimates > 200). In all analyses, S. mahagoni was used
as the outgroup, and analyses were not supplied with a
guide tree because incorrect guide trees might bias the
analysis (Leaché et al., 2014; but also see Grummer et al.,
2014; Leaché and Ogilvie, 2018). We ran SNAPP via
BEAST2 to estimate species trees with a chain length of
100,000 Markov chain Monte Carlo (MCMC) iterations,
storing every 50th tree after discarding the first 10,000
iterations as burn in (10%). BFD* speciation models were
assessed after 50 stone sampling steps (Leaché and
Ogilvie, 2018).

Absolute divergence time estimation

We estimated a time‐calibrated phylogeny with SNAPP via
BEAST2 for the 30 individuals used in BFD* replicates and
the same 1000 SNP loci. To prepare the xml guide file, we
provided the snapp_prep.rb script with a file containing
time constraints to calibrate the species tree to absolute time
using a strict clock model (Stange et al., 2017). For this
analysis, we used three fossil calibration points as con-
straints. First, the stem node of the subfamily Cedreloideae
was calibrated at a mean age of 51.9 million years ago (Ma)
based on fossil fruit and seeds of Toona sulcata (Meliaceae)
recovered from the London Clay fossil site in the United
Kingdom (Chandler, 1964). We used this fossil to calibrate
the stem node of the Cedreloideae rather than the crown
node of tribe Cedreleae (Muellner et al., 2009) based on the
interpretation of Koenen et al. (2015). For this parameter
estimation, we instructed BEAST2 to sample from a
lognormal distribution with a standard deviation of 0.04
to capture the maximum (56.1 Ma at the 97.5th percentile)
and minimum (47.9 Ma at the 2.5th percentile) age range
for this fossil. Second, we constrained the stem age of
Cedreleae at a mean age of 31.05 based on the Eocene/
Oligocene leaves and seeds of Cedrela lancifolia from the
Florissant fossil beds of Colorado (MacGinitie, 1953;
Manchester, 2001). This time calibration point was sampled
from a lognormal distribution with a standard deviation of
0.05 to capture the putative age range for the fossil (34.2 Ma
at the 97.5th percentile; 28.1 Ma at the 2.5th percentile).
Lastly, we constrained the stem node leading to the
outgroup, S. mahagoni, with a fossil flower of Swietenia
miocenica that was found preserved in amber in Chiapas,
Mexico (Castañeda‐Posadas and Cevallos‐Ferriz, 2007).
BEAST2 sampled this parameter from lognormal distribu-
tion with a mean of 24.25Ma and a standard deviation of
0.038 (26.1 Ma at the 97.5th percentile; 22.5 Ma at the 2.5th
percentile). We estimated this reduced‐species tree with
chain length of 1,000,000 MCMC iterations storing every
5000th tree after discarding the first 100,000 iterations as
burn in (10%); these steps were done to ensure model
convergence and to prepare a maximum clade credibility
tree with sampled trees via TreeAnnotator (v. 2.6.0; Helfrich
et al., 2018).

RESULTS

Sequencing

Target capture and short read sequencing of 192 Cedrela
specimens resulted in 1.6 × 109 paired sequence reads
(3.2 × 1011bp total) with a mean yield of 8.3 × 106 paired
reads per specimen (range: 7.1 × 104–4.7 × 107; Appendix
S1). On average, 6.4 × 104 reads mapped to each contig from
the target capture reference C. odorata 300 (range:
450–9.8 × 105 reads; Appendix S1) for an average depth of
44.5× per target (range: 1.5 × –308.7×; Appendix S1). There
were no “failed” targets, and at least 450 single‐end reads
mapped to targets. Using normalized inputs (106 organelle‐
depleted reads), the estimated individual mean depth was
13.5× (range: 8.5×–17.5×) per million reads, and we did not
observe a significant difference in mean depth among
species (one‐way ANOVA; F5,145 = 0.301, P = 0.912). More-
over, the depth of coverage for each species converged on
the same mean, indicating an absence of measurable
enrichment bias across Cedrela species (Appendix S4).

Nuclear species tree and ancestry inferences

Initial filtering by SNPhylo resulted in a vcf with 9.9 × 105

SNPs (46.2% of detected non‐indel variants). From these,
1.6 × 104 SNPs met the linkage disequilibrium threshold and
were used to generate the nuclear species tree (Figure 1).
These SNPs derived from 8941 contigs of the C. odorata 300
reference, and 1 to 10 SNPs per contig were selected
(mean = 1.7 SNPs/contig).

Common patterns arose when comparing the maximum
likelihood tree based on nuclear SNPs and the plots showing
ADMIXTURE‐based ancestry proportions. The ADMIX-
TURE analysis determined that a model with three ancestral
populations (K = 3 groups) was the optimal number to
represent these data (Figure 1). The K = 3 model showed the
lowest cross‐validation error among tested models (K = 1
through 10) and a log likelihood (lnL) of −115,949.1192.
This model supported ancestral population groups that
coincide with taxonomic divisions between (1) C. angusti-
folia plus C. montana, (2) Mesoamerican C. odorata, and
(3) South American C. odorata plus allied taxa (C. fissilis,
C. nebulosa, and C. saltensis; Figure 1).

Notably, ADMIXTURE at K = 3 (Figure 1) showed that
modern C. odorata is best modeled as arising from two
ancestral groups. One ancestral population is composed of
C. odorata specimens that are primarily distributed across
Nicaragua and Costa Rica on the northwestern side of the
Cordilleras de Talamanca and the Central Mountains (i.e.,
Mesoamerica, with the exception of one individual from
Ecuador; C. odorata 291; Figure 2A, shown by a yellow pie
chart in Ecuador). This group forms a strongly supported
clade (Figure 1, Clade B). Cedrela odorata samples from
southeast Costa Rica, Panama, and South America are
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estimated to have arisen from a separate ancestral source
that also included all samples from C. fissilis, C. nebulosa,
and C. saltensis (Figure 1, shown by gray bars under K = 3).
The majority of specimens identified as C. angustifolia and

C. montana form a highly supported clade (Figure 1, Clade
A, turquoise bars) that is sister to the rest of Cedrela, and
these specimens were estimated to have arisen from a third
ancestral source.

A B

C D

F IGURE 2 Maps show the geographic distribution of ancestral populations as pie charts. The legend corresponds to the ADMIXTURE models
presented in Figure 1: (A) K = 3, (B) K = 4, (C) K = 6, (D) K = 8.
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An ancestral cluster representative of C. fissilis becomes
evident at K = 4 groups (lnL = −108,324.45), and 28 of the
specimens with an ancestry proportion greater than 50% for
this group (34 total) were present on Clade C (Figure 1) and
were mostly C. fissilis distributed across southern Peru and
northern Bolivia (Figure 2B). This admixture class
(Figure 1, orange bars under K = 4) was also observed in
some South American specimens identified as “C. odorata”
present in a grade between Clades C and D (e.g., C. odorata
18, 26, 161, 74, 172, 204, 107; Figure 1).

The model for K = 6 groups (lnL = −96,295.81) high-
lights two additional ancestral groups with strong support.
The first is formed by two samples: CEOD‐NYBG
(C. odorata from Mexico; Figure 2C) and C. odorata (179)
from Nicaragua (Figure 1, black bars under K = 6). These
individuals form a grade between C. angustifolia/C.
montana (Clade A) and the rest of Cedrela (Figure 1;
Clades B, C, D, E, and F), and their resolution was strongly
supported across bootstrap replicates. We explored the
identity of these individuals with additional sequencing and
analysis; preliminary results suggest that they are likely to be
misidentified specimens of one of the Mesoamerican
endemic Cedrela species, rather than C. odorata (Finch,
2019b). The K = 6 model also shows the genetic distinctive-
ness of ancestral groups corresponding to South American
C. odorata (pink bars) and C. nebulosa/C. saltensis (gray
bars), and some specimens identified as C. fissilis, C.
odorata, and one C. montana, that may be misidentifica-
tions (Figure 1, also gray). The gray “C. nebulosa/C.
saltensis” group forms a strongly supported clade that
includes all the herbarium‐identified C. nebulosa and nearly
all C. saltensis (Figure 1, Clade D).

Increasing K to 8 groups (lnL = −91,055.11) maintained
similar patterns in ancestral population arrangement along
the species tree but showed that Clades A and D were
represented by two ancestral populations each (Figure 1).
K = 8 revealed the distinctiveness of C. nebulosa and C.
saltensis specimens appearing in Clade D (Figure 1, gold
and navy bars, respectively, under K = 8), dividing them into
separate ancestral populations. The majority of C. nebulosa
specimens originated from higher latitudes than C. saltensis
specimens, which originated in Bolivia (Figure 2D). K = 8
also reflected to the taxonomic distinction represented by C.
angustifolia and C. montana (Figure 1, turquoise and light
blue bars, respectively). As observed with C. nebulosa and C.
saltensis, the genetic divergence in C. angustifolia and C.
montana is associated with geographic separation (Figures 1
and 2D).

Species delimitation with BFD*

Model C in Figure 3 depicts current taxonomy with six
Cedrela species, and it shows the lowest mean marginal
likelihood estimate compared to all other species delimita-
tion schemes tested with BFD*, indicating that current
taxonomy is the poorest representation of these genomic

data relative to all alternative classification models tested
(Table 1, Figure 3). The simplest alternative model 4.1 with
five taxa (Figure 3) provided the best fit of the data in three
of four replicates (i.e., replicated for individuals), yielding
the highest estimated mean marginal likelihood (−6984.09;
Table 1) and the highest support when compared to current
taxonomy (log Bayes factors ranged from −242 to −164;
Table 1, Figure 3). A difference of greater than 10 log Bayes
factors indicates very strong evidence that the model with a
greater marginal likelihood estimate (MLE) is a better
representation of the data (Leaché and Ogilvie, 2018). In
Model 4.1, C. odorata from Mesoamerica and South
America are separate taxa, C. nebulosa and C. saltensis are
part of the South American C. odorata group, and C.
angustifolia and C. montana are combined as a one taxon.
Appendix S5 shows a revised geographic distribution of our
specimens under the taxonomic splits of model 4.1.

Model 1.3 provided the second‐best representation of
the data, and this model favored the recognition of C.
odorata from Mesoamerica and South America as separate
taxa, C. nebulosa and C. saltensis as separate taxa from
South American C. odorata, and C. angustifolia and C.
montana as one taxon (See Appendix S6 for geographic
distribution). Interestingly, model 1.3 had a lower average
marginal likelihood across replicates but showed higher
support for one set of individuals (Table 1), suggesting that
intraspecific variation may affect the results of BFD* for taxa
showing the smallest divergences. For example, direct
comparison of models 4.1 and 1.3 showed that model 4.1
best represented the data for individual sets 1 and 2; model
4.1 was a slightly better representation of the data for
individual set 3 (Table 2); conversely, model 1.3 was the best
representation of the data for individual set 4 (Table 2).

Overall, the modest difference in relative support across
the lowest‐ranking models (model 2, 3, and 2.3) compared
to model C indicates the limited effect of dividing or
combining South American Cedrela lineages (C. angustifo-
lia, C. montana; C. nebulosa, C. saltensis) relative to the
larger effect of splitting C. odorata into Mesoamerican and
South American taxa (Table 1, Figure 3). All models that
classify Mesoamerican C. odorata and South American C.
odorata as distinct taxa provide convincing evidence for the
existence of cryptic species.

Cedrela species divergence

We used SNAPP and BEAST2 to sample time‐calibrated
species trees with 30 Cedrela and S. mahagoni individuals
and 1000 SNP loci. Species tree topologies were nearly
congruent across sampling iterations, and nearly all nodes
on the maximum clade credibility tree (Figure 4) showed
posterior probabilities of 1.0, excepting the node separating
C. nebulosa and C. saltensis. These two species are
closely related to each other and to South American
C. odorata, showing approximately 55% posterior probabil-
ity (Figure 4). The clade containing C. odorata, C. nebulosa,
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and C. saltensis resolved as sister to the South American
taxon C. fissilis. Together, these species represent the
majority of specimens originating from South America.
The sister lineage to this South American clade is

“C. odorata M,” (C. odorata specimens from Mesoamerica
[Nicaragua, northwestern Costa Rica]) identified at K = 3 in
the ADMIXURE analysis (yellow ancestral group; Figure 1,
Clade B). In agreement with the SNPhylo nuclear species

F IGURE 3 Species delimitation models tested with BFD* and their marginal likelihood scores shown in the scatter plot. The phylogeny is a reduced
version of the maximum likelihood species tree generated with one specimen from each taxon and RAxML via the CIPRES server with 1000 bootstrap
replicates and Swietenia mahagoni as the outgroup. Cedrela odorataM represents C. odorata s.s., and C. odorata SA represents C. odorata from southeastern
Costa Rica, Panama, and South America. Colored blocks show different taxonomic concepts for C. odorata and allied species. The scatterplot shows
estimated mean marginal likelihood estimates (MLE) across BFD* replicates for each species delimitation model (Table 1). Numbers near mean MLE
estimates are model rankings with number 1 indicating the model that we determined to be the best representation of the data (but also see Table 2).

TABLE 1 BFD* results summary. The mean marginal likelihood estimates (MLE) for each species delimitation model were generated by estimating the
mean MLE across BFD* replicates with four sets of individuals (set). Log Bayes factors estimates reported for each set.

2 ln (Bayes factors) by set
Model No. of taxa Mean MLE MLE range 1 2 3 4

4.1 5 –6984.09 –7173.81 to –6840.07 –179 –242 –211 –164

1.3 7 –6984.44 –7177.98 to –6841.90 –171 –238 –210 –174

1.2 7 –6987.46 –7179.63 to –6845.24 –168 –231 –209 –161

4 6 –6990.39 –7180.38 to –6846.48 –166 –229 –201 –149

1 8 –6990.88 –7185.13 to –6846.07 157 230 197 159

2.3 5 –7074.15 –7252.61 to –6934.32 –22 –16 –24 –14

3 6 –7077.24 –7257.16 to –6934.86 –13 –11 –15 –13

2 6 –7080.60 –7259.44 to –6940.27 –8 –1 –12 –2

Current taxonomy 7 –7083.62 –7263.44 to –6941.46 – – – –
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TABLE 2 Head‐to‐head comparison of models 1.3 and 4.1. Evidence
that a species delimitation model is a better representation of the data can
be assessed with log Bayes factors. If 2 ln (Bayes factors) equals: (1) <2
weak evidence, (2) >2 positive evidence, (3) 5–10 strong evidence, (4) >10
very strong evidence that the model with a greater MLE is a better
representation of the data (Leaché and Ogilvie, 2018).

Set
MLE
model 1.3

MLE
model 4.1

2 ln (Bayes factors) or
2(MLE1.3 – MLE4.1)

1 –7177.98 –7173.81 –8

2 –6841.90 –6840.07 –4

3 –7063.67 –7062.93 –1

4 –6854.22 –6859.53 11

F IGURE 4 Maximum clade credibility tree for 30 Cedrela and Swietenia mahagoni specimens via SNAPP and BEAST2. Numbers on the branches indicate
posterior probabilities for species tree topology. Numbers at the right of nodes indicate median node ages. The 95% HPD interval around node ages are bracketed
and indicated by node bars. Triangles on branches indicated time calibration positions 51.9Ma corresponding to the age of the stem node of the Cedreloideae, and
31.05Ma corresponding to the stem age of Cedreleae, and 24.25Ma constraining constrained the stem node leading to the outgroup, S. mahagoni.

tree, the species complex represented by C. angustifolia and
C. montana resolved as sister to the rest of the Cedrela in
this data set (Figure 4).

BEAST2 estimated a median age of 40.13Ma for the
divergence of S. mahagoni and Cedrela (95% highest posterior
density [HPD] interval 42.44–38.23Ma; Figure 4) for the time
of divergence of S. mahagoni and Cedrela. The median age
of the divergence of C. angustifolia and C. montana from
the rest of Cedrela was estimated at 18.95 Ma (95% HPD
interval 20.13–17.59 Ma; Figure 4). We estimate that our
C. angustifolia and C. montana samples likely diverged
from each other comparatively recently (median age
750,000 yr; 95% HPD interval 1.22–0.18 Ma; Figure 4).
Cedrela odorata from Mesoamerica likely diverged from
the South American clades around 9.67 Ma (95% HPD
interval 11.05–7.95 Ma; Figure 4). Cedrela fissilis diverged
from C. odorata SA, C. nebulosa, and C. saltensis around
4.85 Ma (95% HPD interval 5.74–3.94 Ma; Figure 4).
The divergence of C. odorata SA from C. nebulosa and
C. saltensis likely occurred in the last 2.70 Myr (95% HPD
interval 3.25–2.00 Ma; Figure 4), and in the same interval
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our C. nebulosa and C. saltensis samples also diverged
(median age 2.33 Ma; 95% HPD interval 2.82–1.53 Ma;
Figure 4).

DISCUSSION

Cryptic species within C. odorata

Using a dense sample of unlinked genomic SNPs from
multiple individuals, we found evidence supporting the
existence of cryptic species within C. odorata. Herbarium
specimens identified as C. odorata clearly derived from two
divergent ancestral populations (Figure 1), with one group
of descendants restricted to Mesoamerica and a second
group of descendants more widely distributed across
Panama through South America. Species delimitation
modelling strongly favors all species delimitations that treat
these lineages as separate taxa (Table 1, Figure 3). These
results add compelling genomic evidence to previous
reports of a quantitative genetic discontinuity within
C. odorata that is localized near the central mountain
ranges of Costa Rica (Figures 1, 2; Gillies et al., 1997;
Navarro et al., 2002, 2004; Muellner et al., 2009, 2010;
Cavers et al., 2013). Our C. odorata specimens from
Nicaragua and northwestern Costa Rica formed a genetic
cluster that was separate from, and sister to, all C. odorata,
C. fissilis, C. nebulosa, and C. saltensis specimens collected
in southeastern Costa Rica, Panama, and South America
(Figures 1 and 2). Given the totality of evidence, we
conclude that trees from Nicaragua and northwestern Costa
Rica (Figure 1, Clade B) are likely representative of
C. odorata s.s. (Muellner et al., 2010).

Navarro et al. (2002) described quantitative and
physiological traits that differ in response to aridity and
drought (e.g., seed size and mass, leaf size, growth rate);
these traits appear to differentiate Mesoamerican
(C. odorata M) and South American C. odorata (C. odorata
SA) into distinct groups when plants are grown in common
gardens in Costa Rica. The strong quantitative and adaptive
differentiation between these groups led the authors to
suggest that C. odorata may be in the process of “forming
new species in Costa Rica.” We find consistently high
genomic divergence among these groups (Figure 1), a
pattern that contradicts a hypothesis of “nascent diver-
gence”. Instead, our data support the initial suggestion by
Cavers et al. (2003b) and subsequent examination of the
fossil record (Koecke et al., 2013; Muellner‐Riehl and Rojas‐
Andrés, 2022), that considers Costa Rica a region of
secondary contact between two morphologically similar
Cedrela taxa that diverged more distantly in the past
(Figure 4).

If the Mesoamerican lineage represents the distinctive
C. odorata s.s., then what is the southern lineage? In recent
phylogenetic analyses of Cedrela, Muellner et al. (2009)
and Cavers et al. (2013) included one French Guianan
C. odorata (collection Mori et al., 19208 Kew; GenBank

FJ462463, FJ462495, FJ462527) that provided preliminary
evidence of cryptic species in C. odorata. This specimen
phylogenetically resolved as closely related to C. odorata
specimens from Costa Rica, Panama, and Ecuador and was
a close relative to South American C. saltensis and
C. nebulosa. Our C. odorata specimens from southeastern
Costa Rica, Panama, and across South America show similar
phylogenetic affinities as this French Guianan specimen. It
is possible that this lineage is related to the oldest Cedrela
odorata specimen on record originating in South America—
specifically, Cedrela guianensis A.Juss.—which was collected
from French Guiana in 1830 (Smith, 1960; Pennington and
Muellner, 2010) and later determined to be synonymous
with C. odorata based on morphology (Smith, 1960). Given
the strong genetic distinction observed within the two
lineages of C. odorata, modest population sampling from
French Guiana or surrounding regions could reveal whether
our specimens from the cryptic South American “C.
odorata” and specimens from near the site of Adrien De
Jussieu's C. guianensis are the same lineage.

Recognizing cryptic species in taxonomy is a conten-
tious issue that has no widespread consensus. A recent
review (Struck et al., 2018) estimated that 116 of 600
research articles ascribed new taxonomic concepts to cryptic
species; of this total, seven considered plant species. For
plants, some have suggested annotating identification keys
for the species to indicate that a set of morphological
characters describes two distinct genetic lineages, but that
cryptic species should not be identified by name unless
distinguishing morphological or anatomical characters
can be identified (Ross, 1974; Paris et al., 1989). Taxonomic
reassignment of South American C. odorata (to
C. guianensis or another taxon) would remedy the
paraphyletic resolution of C. odorata and better reflect the
monophyletic ancestry of C. odorata and allied species in
the neotropics. Given the genetic distinctiveness of these
lineages, re‐evaluation of morphological characters from
taxa that have been genotyped and identified to lineage may
help identify diagnostic traits that were overlooked in the
past. We recently developed a SNP assay that can be used to
classify C. odorata to lineage (e.g., C. odorata s.s. versus C.
odorata SA) with a high degree of accuracy (Finch et al.,
2020), and this assay should enable such a comparison.

In contrast to findings presented in prior studies, the
presence of additional cryptic taxa within South American
C. odorata were not detected in this study. Muellner et al.
(2009) described “cryptic” groups represented by (1) the
two specimens from French Guiana and Ecuador (see
above) and (2) two specimens from Brazil and Venezuela.
Later, Cavers et al. (2013) hypothesized that the Andes
range formed a barrier to gene flow and that two cryptic
species were isolated on each side of the Andes, with one
corresponding to the cryptic taxon proposed by Muellner
et al. (2009). Our genome‐wide sampling shows that
C. odorata specimens from Colombia and Venezuela resolve
similarly and in a strongly supported clade that includes
individuals from Ecuador and Peru on the Amazonian side
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of this hypothetical vicariance barrier (Figure 1, Clade E).
Unfortunately, our sampling did not include many
C. odorata specimens from the Pacific slope of the Andes
in Ecuador and Colombia. Future studies should include
these areas before ruling out the existence of additional
cryptic taxa within C. odorata.

BFD* supports a simplified Cedrela taxonomy

In addition to estimating higher marginal likelihood scores
for models showing the separation of C. odorata into two
species (C. odorata s.s. and C. odorata SA), our results
indicate that C. angustifolia and C. montana show weak
genetic differentiation and could potentially be recognized
as a single taxon (Table 1, Figure 3). These species have
been regarded as separate species since the description of
C. montana in 1858 (Pennington and Muellner, 2010). Our
genome‐wide data reveal these taxa derived from a single
ancestral lineage at large values of K (e.g., K = 6; Figure 1),
and show a best fit with species delimitation models that
treat them as one species (model 4.1; Table 1, Figure 3).
Pennington and Muellner (2010) reported that the vast
majority of C. angustifolia and C. montana specimens can
be placed without difficulty based on leaflet width, shape,
bases, and fruit size except for those in southern Ecuador
and northern Peru where they coexist (Pennington and
Muellner, 2010). We identified three specimens originating
in Peru—a zone of overlap between C. angustifolia and
C. montana (Pennington and Muellner, 2010)—that appear
to be C. montana forms misidentified as C. angustifolia.
Cedrela angustifolia and C. montana may represent a cline
of morphological and genetic variation. To date, genetic
evidence supporting their taxonomic distinctiveness relies
on evidence from linked plastid genes (Pennington and
Muellner, 2010; Cavers et al., 2013). Our previous
phylogenetic analysis based on chloroplast genomes also
showed distinct haplotypes and pronounced geographic
structuring (Finch, 2019b). However, our results from 8941
unlinked nuclear genomic SNPs fail to support this
distinction and instead suggest that a reasonable interpreta-
tion is to consider these taxa as infrataxa of a single species.
If taxonomy were simplified to reflect this finding,
C. angustifolia has historical priority (Pennington and
Muellner, 2010), and intraspecific taxon names could be
applied to recognize the distinctive morphologies at the
northern (C. angustifolia subsp. angustifolia) and southern
(C. angustifolia subsp. montana) geographic extremes of
this lineage.

Our interpretation of the specific status of C. nebulosa
and C. saltensis is also complicated by variable results across
replicate analyses. These species are reported to be
morphologically and ecologically distinct from each other
and from C. odorata, differing primarily in density of leaf
indumentum and petiole length (Pennington and Muellner,
2010). However, 8941 unlinked nuclear SNPs showed that
these species resolve as well‐supported lineages nested

within C. odorata SA (Figure 1: Clade D) and that they
derive from the same ancestral population as C. odorata SA
(Figure 1). Species delimitation models that treat these taxa
conspecific with C. odorata SA (Figure 3) showed the
highest marginal likelihoods in three of four BFD* replicates
(model 4.1; Table 1), while one of four replicates showed
higher support for treating C. nebulosa and C. saltensis as
distinct species (model 1.3; Table 2). It is possible that we
selected specimens that show stronger genetic structure in
one of four replicate sets (Table 2; set 4). It is important to
note that multispecies coalescence analysis based on dense
genomic data typically use a small number of individuals
(often one). Our use of four combinations of individuals in
multispecies coalescence analysis was made possible by the
availability of multiple high‐quality specimens, a large
number of unlinked SNPs, and substantial computing
resources. This analysis highlights the genotypic variability
present within these taxa and the potential pitfalls of using
small numbers of individuals or genomic targets to infer the
phylogenetic history of this complex group.

A criticism of multispecies coalescence methods such as
BFD* is that they can “over‐delimit” species by identifying
population structure that results in taxon splitting and
taxonomic inflation (Sukumaran and Knowles, 2017;
Stanton et al., 2019; but also see Leaché et al., 2019). In
contrast, our application of this method favors lumping
these nominal taxa into one species (C. odorata SA; i.e.,
C. guianensis), or alternatively adopting the use of
intraspecific taxon names for C. nebulosa and C. saltensis
to represent genetic lineages within South American
C. odorata (i.e., C. guianensis subsp. nebulosa and
C. guianensis subsp. saltensis; model 4.1). Given these findings
and recent estimated divergence times of C. nebulosa and
C. saltensis and their divergence from C. odorata SA within the
divergence interval of C. odorata SA from C. fissilis (Figure 4),
we think C. nebulosa and C. saltensis may be morphotypes of
C. odorata SA that could be regarded as subspecies. In our
view, model 4.1 is a more conservative conclusion on the
delimitation of these species, especially given that BFD* is
sensitive to population structure.

It is possible that ecological isolation led to the
morphological differentiation observed among our speci-
mens labeled C. nebulosa and C. saltensis. The morphologi-
cal distinctiveness of these two taxa appears supported by
our genomic data because we found only one clearly
misclassified C. saltensis specimen (C. saltensis 233, which
we predict is C. fissilis; Figure 1, clade C). However,
genotypes with admixture proportions nearly identical to C.
nebulosa and C. saltensis are found in specimens classified
as C. fissilis, C. odorata, and even C. montana (Figure 1,
clade D), pointing to the practical difficulty of applying
taxonomic keys to these taxa. One or more factors—recency
of divergence, long generation time, or gene flow in the
ancestral lineages—may have led to the observed pattern
where C. nebulosa and C. saltensis resolve as a clade within
C. odorata SA (Rieseberg and Brouillet, 1994; De Queiroz,
2007; Knowles and Carstens, 2007; Frankham et al., 2012;
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Naciri and Linder, 2015; Pennington and Lavin, 2016). This
pattern of well‐supported lineages nested within geograph-
ically widespread and paraphyletic taxa is common across
neotropical rainforest tree species (Dexter et al., 2010; Fine
et al., 2014; Winterton et al., 2014). Future genetic and
morphological studies in Cedrela should include more
individuals and populations conforming to the morpholog-
ical descriptions of C. nebulosa and C. saltensis to evaluate
the distinctiveness of these lineages and their relationship to
C. odorata SA.

Cedrela in South America

Muellner‐Riehl and Rojas‐Andrés (2022) provided a
detailed review of the Cedrela fossil record that illustrates
the boreotropical origins of the genus supported by Eocene
fossils in North America (e.g., Figure 1 of Muellner‐Riehl
and Rojas‐Andrés, 2022). They suggest that Cedrela became
restricted to Central and South America by the early
Oligocene following its extinction in North America driven
by climate cooling. Multiple molecular reconstructions
(Muellner et al., 2009, 2010; Koecke et al., 2013; Koenen
et al., 2015; Muellner‐Riehl and Rojas‐Andrés, 2022) and
fossil evidence (specifically Cedrela from Salto de Tequen-
dama, Colombia) (Hooghiemstra et al., 2006), support
ecological diversification of Cedrela in the more recent
Miocene, leading to extant lineages and a contemporary
distribution in Central and South America. This timeframe
coincides with hypotheses favoring an early (i.e., 23Ma) and
intermittent closure of the Central American Seaway and
with evidence of early Miocene emergence of the Isthmus of
Panama (Cody et al., 2010; Bacon et al., 2015; Montes et al.,
2015; McGirr et al., 2020). Our divergence estimates and
interpretations add to a growing list of studies finding that
show neotropical forest are composed of plant lineages that
colonized South America from elsewhere during the
Cenozoic (Pennington and Dick, 2004; Dick and
Pennington, 2019). A recent model and illustration of the
Miocene Central American Seaway (fig. 6 of McGirr et al.,
2020) accompany multiple reviews of the fossil record and
molecular clock analyses (Cody et al., 2010; Bacon et al.,
2015) that support Miocene colonization of South America
by plant families from Central America via early land
emergence or long‐distance dispersal.

Cedrela angustifolia and C. montana represent one of
the earliest extant lineages in Cedrela, forming a mono-
phyletic lineage that is sister to the remainder of the genus.
We estimated that the common ancestor of these two
Cedrela lineages diverged approximately 18.95Ma
(Figure 4). This dispersal event in South America would
require a migration path on land (e.g., via an intermittent
“proto‐Isthmus”; McGirr et al., 2020) or long‐distance
dispersal, possibly aided by the winged, wind‐dispersed
seeds characteristic of the genus. Our combination of robust
genomic and population sampling highlights the large
genetic distance that separates this distinctive lineage from

the remainder of South American Cedrela. The magnitude
of genetic divergence in this lineage could be indicative of
long‐distance dispersal across high‐resistance migration
routes, such as the mid‐Miocene Central American Seaway,
followed by prolonged isolation.

The next major radiation in Cedrela occurred 9.67Ma
(Figure 4) when Mesoamerican C. odorata s.s. (C. odorata
M) diverged from the lineage that gave rise to South
American lineages of C. odorata SA, C. fissilis, C. nebulosa,
and C. saltensis. Given recent reconstructions (McGirr et al.,
2020), the Isthmus of Panama may have been readily
traversed during this period, allowing a lineage related to C.
odorata M to expand into South America, which then
ultimately radiated and gave rise to all South American taxa
included in this analysis. Given the centrality of Mesoamer-
ican and Panamanian populations to the Cedrela migration
story, future research should focus on this region to clarify
the relationships on and around this continental junction.

Our divergence estimates for the remaining lineages
largely coincide with Koecke et al. (2013), who suggested
that South American Cedrela diversified within the last
6Ma. We estimated that the lineages leading to C. fissilis
and C. odorata SA/C. nebulosa/C. saltensis diverged 4.85Ma
(Figure 4). Additional Cedrela species not included here that
are more closely related to C. fissilis (i.e., C. balasae and C.
weberbaurii), but not included in our analysis, likely
diverged in the same interval (Koecke et al., 2013). The
divergence event separating C. odorata SA from the lineage
leading to sister taxa C. nebulosa and C. saltensis occurred
2.70Ma (Figure 4) and the divergence of our C. nebulosa and
C. saltensis samples occurred at approximately the same time
(2.33Ma; Figure 4). In our view, the recent divergence of C.
odorata SA/C. nebulosa/C. saltensis specimens, combined with
frequent contradictions between taxonomic classification and
genetic affinities (e.g., Figure 2), make it likely that these three
taxa can be less ambiguously defined as one species with two
subspecies (Figure 3, Model 4.1) versus the current taxonomy
of three separate species (e.g., Figure 3, Models 1 and 1.3). Due
to our sparse, individual‐based sampling for C. odorata and
the closely allied species, our power to infer the biogeography
of Cedrela is limited. Still our analysis shows that C. odorata
SA, C. fissilis, C. nebulosa, C. saltensis, and unsampled taxa
represent one more example of a recent radiation contributing
to the high biodiversity of neotropical forests (Richardson
et al., 2001; Koenen et al., 2015; Males, 2017; Dick and
Pennington, 2019).

Cedrela timber

Recently, the entire genus Cedrela was added to the list of
CITES Appendix II species at the 18th Conference of the
Parties (Tajikistan, 2019). This change means that CITES
authorities in exporting countries must confirm the legality
and obtain an export permit from the Management
Authority of the Contracting State for all Cedrela,
irrespective of the species‐level taxonomy (Contracting
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States, 1973; https://cites.org/eng/cop/18/prop/index.php).
Before the elevation of Cedrela to Appendix II, recognizing
the South American lineage of C. odorata as a distinct
species with a different name (e.g., C. guianensis) could have
led to the creation of a new taxon not currently protected by
CITES, but the new policy change makes it possible to re‐
examine Cedrela taxonomy without concern for the impact
new definitions will have on policies aiding its protection.

While elevation to CITES II is intended to deter the
harvest and trade of Cedrela, it may lead to an increase in
illegal Cedrela trade since elevated listings signal scarcity or
rarity and can increase demand (Challender et al., 2022).
Additionally, stricter requirements may encourage conceal-
ment of the identity of imports. For example, CITES‐II
export permits must be based on a scientific “non‐
detriment” finding or descriptive evidence that the removal
of the specimens was not at the detriment of the species
(Contracting States, 1973). This finding requires knowledge
of the species distribution, ecological role, and practices to
promote its regeneration; it also requires increased law
enforcement capacity to validate and track legal trade (van
der Hout, 2015). In our view, a taxonomic model that more
accurately represents genetic lineages, their interactions,
and their distributions would make the species names more
prescriptive and increase the ability of management
authorities to assess non‐detriment findings in Cedrela.
Our preferred species circumscription for our samples
(Figure 3, model 4.1) includes five species rather than the
current seven, and this simplified set of names could benefit
the assessments for non‐detriment findings.

While species of Cedrela now have heightened protec-
tion under CITES II, the discordance between expert
identifications on herbarium labels and inferences of genetic
affinities based on genome‐scale phylogenetic resolutions
(Figure 1) highlight the immense challenge of accurately
identifying widespread timber species in trade. Of the
species tested here, C. odorata had the highest rate of
misidentification, ranging between 32% (if C. nebulosa and
C. saltensis are treated as C. odorata) to 39% (if C. nebulosa
and C. saltensis are considered distinct from C. odorata).
Cedrela fissilis showed a comparable misidentification rate
of 31%, with specimens resolving as either C. odorata (6) or
C. saltensis (5). The C. angustifolia/C. montana lineage
shows the lowest misidentification rate if these species are
treated as a single taxon (3%); if treated as separate taxa, C.
angustifolia has a higher misidentification rate (19%) than
C. montana (5%). The sources of these herbarium speci-
mens primarily include leaves, but leaves alone usually lack
the discriminating features needed to provide accurate
classification in Cedrela. This highlights the challenge facing
managing authorities issuing export permits and importers
who are required to provide scientific names for imported
Cedrela wood products, as wood anatomy has even fewer
distinguishing features than leaves. Given that expert
identification of Cedrela can result in misidentification rates
approaching 30% for the most‐commonly traded timber
species (C. odorata and C. fissilis), clear challenges exist for

governments that seek to enforce regulations that protect
Cedrela species that may be comingled in a shipment and
for companies that are trying to exercise due‐diligence and
meet requirements for wood legality. Considering the
inherent difficulty identifying the visible and hidden
complexity demonstrated by Cedrela, current estimates of
trade in these species are likely to be inaccurate. This
problem is not unique to Cedrela; many valuable tropical
timber genera present even greater taxonomic challenges
(e.g., Shorea [Dipterocarpaceae], with ~200 species; Eu-
calyptus [Myrtaceae] with ~700 species).

CONCLUSIONS

We re‐examined the phylogenetic relationships among six
species in the historically overexploited neotropical tree
genus Cedrela. Our data are best represented by a species
delimitation model that (1) recognizes Mesoamerican C.
odorata s.s. and the previously proposed cryptic taxon
containing C. odorata from South America as separate
entities, (2) regards C. angustifolia and C. montana as a
single species, and (3) combines C. nebulosa and C. saltensis
into South American C. odorata. We suggest that Cedrela
taxonomy be modified to reflect this simplified scheme,
perhaps by the application of infrataxa to distinguish
morphological and/or geographic distinctness of some
nominal species. Our findings suggest that South American
Cedrela is a young group and that it diversified in the last
19Myr, potentially following long‐distance dispersal from
Mesoamerica into South America. The divergence of C.
odorata s.s. from the other South American species
occurred within the last 10 Myr. We found that South
American C. odorata and C. fissilis diverged within the last
4–6Myr, suggesting that these lineages derived from a
common ancestor with C. odorata s.s. and represent an
immigrant group of species that successfully radiated across
much of South America in the recent past. Our findings
provide a framework for the assessment of newly described
Cedrela species that were not included here. Our study joins
others in a growing area of research that utilizes natural
history collections and genomics to re‐examine phyloge-
netic relationships among closely related neotropical tree
species.
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