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Reconstructing evolutionary patterns of species and populations provides a framework for asking ques-
tions about the impacts of climate change. Here we use a multilocus dataset to estimate gene trees under
maximum likelihood and Bayesian models to obtain a robust estimate of relationships for a genus of
North American damselflies, Enallagma. Using a relaxed molecular clock, we estimate the divergence
times for this group. Furthermore, to account for the fact that gene tree analyses can overestimate ages
of population divergences, we use a multi-population coalescent model to gain a more accurate estimate
of divergence times. We also infer diversification rates using a method that allows for variation in diver-
sification rate through time and among lineages. Our results reveal a complex evolutionary history of
Enallagma, in which divergence events both predate and occur during Pleistocene climate fluctuations.
There is also evidence of diversification rate heterogeneity across the tree. These divergence time esti-
mates provide a foundation for addressing the relative significance of historical climatic events in the
diversification of this genus.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Accurate estimation of divergence times is essential to under-
standing many evolutionary processes. Time-calibrated phyloge-
nies are important for answering questions about a variety of
topics such as biogeography, estimation of diversification rates,
and phenotypic evolution. One particular area of interest is how
recent climatic changes have influenced the diversification of taxa.
The Earth’s climate has experienced fluctuations throughout its
history. The magnitude of these fluctuations on biological diversity
is of great interest as we move toward a better understanding of
anthropogenic climate change.

Previous research has demonstrated that climatic fluctuations
during the Quaternary have left distinct genetic signatures across
a variety of biota (Hewitt, 2000, 2004). While there were repeated
glacial advances and retreats, impacts from these Pleistocene fluc-
tuations should be more pronounced within the last 0.7 million
years, a period of more intense glacial cycles (Webb and Bartlein,
1992). These repeated cycles are thought to have promoted diver-
gence in many taxa (Knowles, 2001; Carstens and Knowles, 2006;
Mila et al., 2007; Shepard and Burbrink, 2009; Niemiller et al.,
2012). However, few studies have focused on obtaining accurate
divergence dates to verify that speciation events coincide with
major climatic events.

Estimating time-calibrated phylogenies is notoriously difficult,
but recent advances in ‘‘relaxed-clock” models have led to more
accurate estimates of divergence times (Thorne and Kishino,
2002; Sanderson, 2003; Drummond et al., 2006; Drummond and
Rambaut, 2007). Although it has been well known for decades that
a gene tree may be different from the species tree, most of these
divergence time methods were applied to a single gene tree, or
to a concatenated data matrix of multiple genes. Recent advances
allow joint estimation of a set of gene trees within a shared species
tree using a multispecies coalescent model. A commonly used
method, ⁄BEAST, uses a fully Bayesian framework to estimate the
species tree (Heled and Drummond, 2010). This method allows
for estimation of divergence times on the species tree and thus
more accurate estimates of divergence times can be obtained.

With 38 described species, Enallagma damselflies (Zygoptera:
Coenagrionidae) are one of the most diverse groups of Odonata
in North America (Westfall and May, 2006). Previous phylogenetic
analyses based on mitochondrial DNA and morphological data
have consistently separated this genus into two major clades, the
‘‘Northern” and ‘‘Southern” clades, indicating where the centers
of diversity for each is greatest (Northeastern U.S. versus
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Southeastern U.S., respectively) (Brown et al., 2000; Turgeon et al.,
2005). Using a strict molecular clock with a rate of sequence diver-
gence of 2.3% per million years based on Brower’s insect mtDNA
clock (Brower, 1994), the last common ancestor of these two major
clades was estimated to be approximately 15 million years ago
(Turgeon et al., 2005). The Northern clade is composed of three
recent radiations (<250,000 years) whereas the Southern clade is
composed of mostly older species. Additionally, the estimated
diversification rates increased in the last million years by �24x in
the Northern clade versus only �6� in the Southern clade
(Turgeon et al., 2005). These results suggest that the Pleistocene gla-
cial cycles had a profound effect on the diversification of this genus.

In this study we expand on the mtDNA dataset of Turgeon et al.
(2005) with nuclear loci and analyze these data with a multi-
species coalescent approach to gain more robust estimates of
divergence dates. Additionally, we infer species diversification
rates through time using the estimated time-calibrated species
tree. This will allow for a better understanding of the impact of
Quaternary climatic oscillations on the diversification of this genus
of damselflies in North America.
2. Materials and methods

2.1. Taxon sampling and DNA sequencing

We expanded the taxon sampling from Turgeon et al. (2005) for
20 of the 38 Enallagma species, using adult male individuals. Only
adult males were sampled because, unlike females, they are easily
identified to species based on the morphologies of their reproduc-
tive appendages (Westfall and May, 2006). We also added one spe-
cies, E. coecum. They were collected and preserved by ourselves or
collaborators during the summers of 2008–2010 (Table 1) using
either 99% ethanol or desiccation. Genomic DNA was extracted
from the thorax of each individual using either a standard phe-
nol–chloroform method or guanidine thiocyanate method
(Sambrook and Russell, 2001).

We collected DNA sequence data from one region of the mito-
chondrial genome and two nuclear genes. We used polymerase-
chain reaction (PCR) to amplify the targeted loci. After cleaning
the PCR products with ExoSAP-IT (Affymetrix, Santa Clara, CA),
we sequenced them using ABI cycle-sequencing chemistry
(Applied Biosystems, Foster City, CA), and purified the product
using either Performa DTR gel filtration columns (Edge Biosystems,
Gaithersburg, MD) or Sephadex G-50. We used an ABI 3100 genetic
analyzer (Applied Biosystems, Foster City, CA) to visualize the
sequences and Sequencher v5.0.1 (Gene Codes Corporation, Ann
Arbor, MI) to assemble contigs. For the nuclear loci, we inferred
the gene copies of individuals with multiple heterozygous sites
using the program PHASE v2.1.1 (Stephens et al., 2001).

We included sequence data from GenBank for outgroups
(Table 2). We used a species from a closely related genus, Aciagrion
migratum, as an outgroup for the COI/COII and ITS gene tree anal-
yses as well as the species tree divergence time analysis. For the
EF1a gene tree, we used species from the closely related genus
Ischnura. For the concatenated gene tree and divergence time anal-
yses, we used Azuragrion nigridorsum as an outgroup since we were
lacking sequence data from EF1a for the Aciagrion species. A. nigri-
dorsum was previously considered E. nigridorsum but recent work
by May (2002) places it into its own genus, Azuragrion.
2.2. Mitochondrial DNA amplification

Using PCR, we amplified an 880 bp portion of the mitochondrial
genes cytochrome oxidase I and II and the intervening leucine
tRNA (COI/COII) using the conditions in Brown et al. (2000) and
the following modified primers: a3772: 50-GAGACCATTACTTGCTTT
CAGTCATCT-30 with either s288: 50-AGCAGGTATACCACGACGGT-30,
s465: 50-TTCCCCCTATTTACAGGAAC-30, s1859: 50-GGAACNGGAT
GAACWGTTTAYCCNCC-30 or s1751: 50-GGATCACCTGATATAG
CATTCCC-30.

2.3. Nuclear DNA amplification

We sequenced two nuclear loci; 959 bp of elongation factor I
alpha (EF1a), and a 1057 bp region spanning portions of the inter-
nal transcribed spacer units 1 and 2 and the intervening ribosomal
subunit, 5.8s (ITS). We amplified EF1a using two overlapping pri-
mer pairs, (1) 2361: 50-YGGACACAGRGATTTCATCAA-30 and 2765:
50-GGTCGRCTRGGHGGMAGAAT-30 with (2) 2652: 50-TTYGTRCC
CATCTCCGGCTGGCA-30 and 3093: 50-CCAGGRTGGTTRAGCA
CRATGA-30 and the following PCR conditions: 5 min at 95 �C, 35
cycles of 30 s at 92 �C, 1 min at 62 �C, 1 min at 72 �C and an exten-
sion of 7 min at 72 �C. To amplify the ITS region, we used primers
ITS-F: 50-TAGAGGAAGTAAAAGTCG-30 and ITS-R: 50-GCTTAAATT
CAGCGG-30 under the following conditions: 2 min at 95 �C, 30
cycles of 1 min at 95 �C, 1 min 30 s at 54 �C, 2 min at 72 �C and
an extension of 5 min at 72 �C.

2.4. Data analysis

2.4.1. Sequence alignments
To align the sequences, we used MUSCLE v3.8.31 (Edgar, 2004)

for COI/COII and SATé (Liu et al., 2011; Yu et al., 2013) for ITS and
EF1a. SATé is a program that iteratively estimates multiple
sequence alignments and phylogenetic trees using external pro-
grams. It performs hill-climbing searches of tree/alignment pairs
that are found using a divide-and-conquer strategy. It has been
shown to produce more accurate alignments for data sets with a
high number of indels and/or substitutions (Liu et al., 2009). ITS
has been noted to have a rapid rate of evolution, which has made
it an informative locus for examining patterns of variation among
closely related species and even among populations (Brown
et al., 1972; Furlong and Maden, 1983; Tautz et al., 1987). We con-
figured the SATé analysis to (1) estimate the initial alignment and
tree with MAFFT (Katoh and Toh, 2008) and FASTTREE (Price et al.,
2010), respectively, (2) decompose the estimated tree using the
longest-edge strategy into subsets no larger than 50% of the tips,
(3) align each subset with PRANK (Löytynoja and Goldman,
2005), (4) merge the PRANK sub-alignments with MUSCLE, (5) esti-
mate a new tree from the merged alignment using RAxML
(Stamatakis, 2006) under a GTRGAMMA model, and (6) repeat
steps 2–5 for 10 iterations. We used the alignment from the last
iteration of SATé for subsequent analyses.

We assembled a concatenated sequence matrix of all three
genes by matching the mtDNAwith one of the phased nuclear gene
copies chosen at random. We pruned the complete dataset to
include just one representative per species. This was necessary
for the divergence time estimation in particular, because the
birth–death tree prior assumes each tip is a species, and thus does
not account for the coalescent process, which can complicate rate
estimation (Ho et al., 2005). This concatenated matrix allowed us
to estimate relationships and divergence times for comparison
with our estimates under the coalescent-based species-tree model.

2.4.2. Gene tree analyses
For the concatenated sequence matrix, we estimated a phyloge-

netic tree using both maximum likelihood (ML) and Bayesian
methods. For ML analyses, we used a general time-reversible
(GTR) model of sequence evolution (Rodriguez et al., 1990) with
the Cmodel of across-site rate heterogeneity (GTRGAMMA model)
as implemented in RAxML v.7.0.4 (Stamatakis, 2006). We



Table 1
List of sampling locations with year collected and the collector(s) (if not an author) for all samples used in this paper.

Species Location North West Date Collector

Enallagma antennatum East Side Lake, Mower Co., Minnesota, USA 43.6703 �92.9519 2009
Gritzka Lake, Otoe Co., Nebraska, USA 40.5453 �96.1286 2009 F. Sibley
Pond 27 on Chapman Road, Schuyler Co., New York, USA 42.4003 �76.7003 2009 F. Sibley
Lake Somerset, Somerset Co., Pennsylvania, USA 40.0194 �79.0661 2009
Lake Butte des Morts, Winnebago Co., Wisconsin, USA 44.0511 �88.6637 2010 M. Gelhar and C. Gelhar

Enallagma aspersum Infirmary Mound Park, Licking Co., Ohio, USA 40.0283 �82.5211 2009
Pond north of Chesapeake and Delaware Canal, New Castle Co., Delaware, USA 39.5460 �75.6520 2009 H. White
Pond near Old Cedarbridge Rd and Old Halfway Rd, Ocean Co., New Jersey, USA 39.7836 �74.3608 2009
Grant Road, Larison field pond, Schuyler Co., New York, USA 42.4339 �76.9625 2009 F. Sibley

Enallagma basidens Westover city park pond, Clearfield Co., West Virgina, USA 39.6286 �79.9806 2009
Rotary Arboretum, Douglas Co., Kansas, USA 38.9365 �95.3109 2010 J. Oaks
Waddill Wildlife Refuge, East Baton Rouge Parish, Louisiana, USA 30.4895 �91.0336 2011
Evans Lake, Haskell Co., Oklahoma, USA 35.1503 �94.9802 2011
Ponds south of Stratton, Hitchcock Co., Nebraska, USA 40.2533 �101.2394 2009 F. Sibley
Commerce Watershed Park, Jackson Co., Georgia, USA 34.2722 �83.4981 2009
Davis Pond on Dawes Arboretum, Licking Co., Ohio, USA 39.9700 �82.4164 2009
McDuffie Public Fishing Area, McDuffie Co., Georgia, USA 33.3847 �82.3817 2010
Northside Park pond, Neshoba Co., Mississippi, USA 32.8011 �89.1136 2010
Pond by Sule Lake, Ogle Co., Illinois, USA 41.9089 �89.0294 2009
Odessa, Carpenter Pond W, Schuyler Co., New York, USA 42.3333 �76.7839 2009 F. Sibley
Fountain Lake, St. Charles Co., Missouri, USA 38.8197 �90.5303 2009
Haleyville City Lake, Winston Co., Alabama, USA 34.2244 �86.3994 2010

Enallagma carunculatum Tomah Lake, Monroe Co., Wisconsin, USA 43.9803 �90.5167 2009
Enallagma civile Smith Lake, Cullman Co., Alabama, USA 34.0831 �86.9578 2009

Evans Lake, Haskell Co., Oklahoma, USA 35.1503 �94.9802 2011
Ridenour Memorial Park Lake, Kanawha Co., West Virginia, USA 38.4164 �81.8294 2009
Infirmary Mound Park, Licking Co., Ohio, USA 40.0283 �82.5211 2009
Northside Park pond, Neshoba Co., Mississippi, USA 32.8011 �89.1136 2010
Lums Pond State Park, New Castle Co., Delaware, USA 39.5570 �75.7170 2009 H. White
Sule Lake, Ogle Co., Illinois, USA 41.9094 �89.0294 2009
Mike Higbee State Wildlife Area, Prowers Co., Colorado, USA 38.0930 �102.5320 2009 J. Oaks
Grant Road, Larison field pond, Schuyler Co., New York, USA 42.4339 �76.9625 2009 F. Sibley
Reflection Pond, Vanderburgh Co., Indiana, USA 37.9606 �87.6794 2009
Reedy Creek Fish Lake, Wake Co., North Carolina, USA 35.8108 �78.7228 2009

Enallagma concisum Campbell Lake, Chesterfield Co., South Carolina, USA 34.5953 �79.9828 2008 C. Hill
Lake Kerr, Marion Co., Florida, USA 29.3806 �81.5675 2010
Pond on Wire Road, Stone Co., Mississippi, USA 30.8192 �89.1206 2009 S. Krotzer
Pond on Hopkins Road, Ware Co., Georgia, USA 31.3856 �82.2317 2010

Enallagma daeckii Edgar A. Brown Lake, Barnwell Co., South Carolina, USA 33.2544 �81.3703 2010
Beaver Swamp, Bibb Co., Alabama, USA 33.0344 �86.4753 2009 S. Krotzer
Fort AP Hill Military Pond, Caroline Co., Virginia, USA 38.0611 �77.3469 2009
Idylwild WMA pond, Caroline Co., Maryland, USA 38.7540 �75.7370 2009 H. White
Lake Rim, Cumberland Co., North Carolina, USA 35.0311 �79.0425 2010
powerline cut in Jones Big Swamp, Horry Co., South Carolina, USA 33.8789 �78.8667 2007 C. Hill
Trout Pond, Leon Co., Florida, USA 30.3338 �84.3868 2011 JJ Daigle
Lake Bill Waller, Marion Co., Mississippi, USA 31.1919 �89.7208 2011
Duffies Pond, Richland Co., South Carolina, USA 33.8419 �80.8525 2010
Pond on Hopkins Road, Ware Co., Georgia, USA 31.1272 �82.3486 2010

Enallagma divagans Choptank River at Christian Park, Caroline Co., Maryland, USA 38.9975 �75.7777 2009 H. White
Pond on Hwy 76, Rabun Co., Georgia, USA 34.8590 �83.3676 2011 JJ Daigle
Little River at Hwy 96, Wake Co., North Carolina, USA 35.9198 �78.3903 2009 C. Rothfels

Enallagma dubium Pond on Crowley Road, Brooks Co., Georgia, USA 30.9126 �83.9293 2010
Idylwild WMA pond, Caroline Co., Maryland, USA 38.7540 �75.7370 2009 H. White
Lake Chinnabee, Clay Co., Alabama, USA 33.6089 �84.0081 2009 S. Krotzer
Lake Rim, Cumberland Co., North Carolina, USA 35.0311 �79.0425 2010
Harmon Park Ponds, Emanuel Co., Georgia, USA 32.5803 �82.3211 2010
Trout Pond, Leon Co., Florida, USA 30.3338 �84.3868 2011 JJ Daigle
Valentine Lake, Rapides Parish, Louisiana, USA 31.2429 �92.6811 2011

Enallagma durum Lums Pond State Park, New Castle Co., Delaware, USA 39.5570 �75.7170 2009 H. White
Enallagma exsulans Coldwater Creek at US-78, Calhoun Co., Alabama, USA 33.8078 �83.9694 2009 S. Krotzer

Choptank River at Christian Park, Caroline Co., Maryland, USA 38.9975 �75.7777 2009 H. White
Rotary Arboretum, Douglas Co., Kansas, USA 38.9365 �95.3109 2010 J. Oaks
Small pond on Walker Mtn Road SW, Floyd Co., Georgia, USA 34.1964 �85.2097 2009
Detroit River, Monroe Co., Michigan, USA 42.0682 �83.2551 2009 J. Craves and D. O’Brien
East Side Lake, Mower Co., Minnesota, USA 43.6703 �92.9519 2009
Sule Lake, Ogle Co., Illinois, USA 41.9094 �89.0294 2009
University Lake, Rowan Co., Kentucky, USA 38.1894 �83.4347 2009
Poultney River, Rutland Co., Vermont, USA 43.5782 �73.2812 2009
Lindenwood University Pond, St. Charles Co., Missouri, USA 38.7894 �90.5053 2009
Bronx River Park at Burke Bridge, Bronx Co., New York, USA 40.8718 �73.8722 2009 S. Stanley and E. Pehek
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Table 1 (continued)

Species Location North West Date Collector

Enallagma geminatum Smithville Community Lake, Caroline Co., Maryland, USA 38.7780 �75.7290 2009 H. White
golf course on north side of Carrellton Pike, Carroll Co., Virginia, USA 36.7127 84.7360 2009 C. Rothfels
Fremont SRA, Dodge Co., Nebraska, USA 41.4347 �96.5514 2009 F. Sibley
Perch Lake, Monroe Co., Wisconsin, USA 43.9419 �90.8025 2009
Reedy Creek Fish Lake, Wake Co., North Carolina, USA 35.8108 �78.7228 2009 A. Carper

Enallagma pallidum Bethesda Fish Management Area, Duval Co., Florida, USA 30.4317 �81.7242 2010
Martins Fishing Pond, Horry Co., South Carolina, USA 33.7884 �79.1729 2010
Silver Lake, Leon Co., Florida, USA 30.4040 �84.4050 2011 JJ Daigle
Lake Alapaha, Lowndes Co., Georgia, USA 30.9103 �83.0375 2010

Enallagma pictum Rye Pond, Chesire Co., New Hampshire, USA 43.0161 �72.0583 2008
Pond near Old Cedarbridge Rd and Old Halfway Rd, Ocean Co., New Jersey, USA 39.7836 �74.3608 2009

Enallagma pollutum Tradewinds Park, Broward Co., Florida, USA 26.2792 �80.1906 2010
Pond in Target shopping plaza, Broward Co., Florida, USA 26.2822 �80.2036 2010
Irwin Mill Pond, Houston Co., Alabama, USA 31.0258 �84.7267 2009 S. Krotzer
Wacissa River, Jefferson Co., Florida, USA 30.3497 �83.9409 2011 JJ Daigle
Grasshopper Lake, Lake Co., Florida, USA 29.1344 �81.6200 2010
Palestine Lake, Union Co., Florida, USA 30.1172 �82.3975 2010

Enallagma signatum Charles and Marie Hamel Memorial Park, Caddo Perish, Louisiana, USA 32.4686 �93.6840 2011
Oxford Lake, Calhoun Co., Alabama, USA 33.6089 �84.1822 2009
Idylwild WMA pond, Caroline Co., Maryland, USA 38.7540 �75.7370 2009 H. White
McCrea Point of the Chautauqua Lake, Chautauqua Co., New York, USA 42.0989 �79.2533 2009
Choctaw Lake, Choctaw Co., Mississippi, USA 33.1667 �87.5248 2011
Lake Herrick, Clarke Co., Georgia, USA 33.9319 �83.3703 2009
Rotary Arboretum, Douglas Co., Kansas, USA 38.9365 �95.3109 2010 J. Oaks
Lake Wetumka, Hughes Co., Oklahoma, USA 35.2838 �96.2488 2011
Fort Kearney SRA, Kearney Co., Nebraska, USA 40.6506 �98.9839 2009 F. Sibley

Enallagma signatum Corney Lake, La Salle Co., Louisiana, USA 32.9085 �92.7460 2009
Dawes Lake, Licking Co., Ohio, USA 39.9706 �82.4150 2009
Chewalla Lake, Marshall Co., Mississippi, USA 34.9189 �89.3375 2010
McDuffie Public Fishing Area, McDuffie Co., Georgia, USA 33.3847 �82.3817 2010
Perch Lake, Monroe Co., Wisconsin, USA 43.9419 �90.8025 2009
Carol Ann Park, Sebastian Co., Arkansas, USA 35.3655 �94.3482 2011
Lake Somerset, Somerset Co., Pennsylvania, USA 40.0194 �79.0661 2009
Lake Okahumpka, Sumter Co., Florida, USA 28.8331 �82.0053 2009
Reedy Creek Fish Lake, Wake Co., North Carolina, USA 35.8108 �78.7228 2009 A. Carper
Lake Erie Metropark, Wayne Co., Michigan, USA 42.0650 �83.1967 2009 J. Craves and D. O’Brien

Enallagma sulcatum Blue Lake, Covington Co., Alabama, USA 31.3475 �85.3975 2009 S. Krotzer
Camel Pond, Liberty Co., Florida, USA 30.2740 �84.9810 2011 JJ Daigle
Camel Pond, Liberty Co., Florida, USA 30.2740 �84.9810 2011 JJ Daigle
Lake Kerr, Marion Co., Florida, USA 29.3806 �81.5675 2010
Palestine Lake, Union Co., Florida, USA 30.1172 �82.3975 2010
Palestine Lake, Union Co., Florida, USA 30.1172 �82.3975 2010

Enallagma traviatum Lake Olmstead Park, Augusta-Richmond Co., Georgia, USA 33.4925 �82.0047 2010
Idylwild WMA pond, Caroline Co., Maryland, USA 38.7540 �75.7370 2009 H. White
Choctaw Lake, Choctaw Co., Mississippi, USA 33.1667 �87.5248 2011
Westover city park pond, Clearfield Co., West Virgina, USA 39.6286 �79.9806 2009
Fremont SRA, Dodge Co., Nebraska, USA 41.4347 �96.5514 2009 F. Sibley
Lake Wetumka, Hughes Co., Oklahoma, USA 35.2838 �96.2488 2011
Lake Lamar Bruce, Lee Co., Mississippi, USA 34.3906 �88.6694 2010
Lake Tuskegee, Macon Co., Alabama, USA 32.5056 �84.2042 2009 S. Krotzer
Lake Orange, Orange Co., Virginia, USA 38.2253 �78.0200 2009
River Park North, Pitt Co., North Carolina, USA 35.6242 �77.3603 2009
Unicorn Lake, Queen Anne’s Co., Maryland, USA 39.2490 �75.8680 2009 H. White
University Lake, Rowan Co., Kentucky, USA 38.1894 �83.4347 2009
Cayuta Lake, Schuyler Co., New York, USA 42.3356 �76.7344 2009 F. Sibley
College Lake, Shelby Co., Alabama, USA 33.1044 �85.1247 2010
Reflection Pond, Vanderburgh Co., Indiana, USA 37.9606 �87.6794 2009
Ola Lake, Yell Co., Arkansas, USA 35.0291 �93.2342 2011

Enallagma vesperum Lawson Lake, Albany Co., New York, USA 42.5475 �73.9435 2010 P. Novak
Oxford Lake, Calhoun Co., Alabama, USA 33.6089 �84.1822 2009
Pond on Zeigler Road, Mobile Co., Alabama, USA 30.7065 �88.1551 2011
Cayuta Lake, Schuyler Co., New York, USA 42.3681 �76.7333 2009 F. Sibley
Crooked Pond, Merrimack Co., New Hampshire, USA 43.2943 �71.4254 2009

Enallagma weewa Idylwild WMA pond, Caroline Co., Maryland, USA 38.7540 �75.7370 2009 H. White
Burnt Mill Creek, Jefferson Co., Florida, USA 30.4159 �84.0035 2011 JJ Daigle
South Branch Metedeconk River, Ocean Co., New Jersey, USA 40.0850 �74.1850 2009
Unicorn Branch of the Chester River, Queen Anne’s Co., Maryland, USA 39.2497 �75.8611 2010 H. White
Cedar Creek, Richland Co., South Carolina, USA 33.9706 �81.0405 2011 C. Hill
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Table 2
Genbank accession numbers for outgroups used in this paper.

Species COI/COII EF1 ITS

Aciagrion migratum AB445459.1 AB706565.1
AB446398.1 AB706563.1

AB706564.1

Ischnura abyssinica FN356098.1
Ischnura asiatica AB446399.1

AB446400.1
AB446401.1

Ischnura aurora EU219876.1 AB706607.1
EU219877.1 AB706605.1
AB708498.1 AB706603.1
AB708499.1 AB706608.1
AB708501.1 AB706606.1
AB708503.1 AB706604.1

Ischnura barberi EU055333.1
Ischnura cervula GU812247.1 FN356101.1
Ischnura denticollis GU812261.1

GU812259.1
GU812257.1
GU812255.1
GU812260.1
GU812258.1

Ischnura elegans GQ256052.1 Q911510.1
GQ256067.1 AB706611.1
HQ834803.1 AB706609.1
HQ834805.1 FN356103.1
AB708504.1 AB706610.1
AB708505.1
AB708506.1

Ischnura ezoin AB708467.1 AB706575.1
AB708468.1 AB706573.1
AB708469.1 AB706576.1
AB708470.1 AB706574.1
AB708471.1 AB706572.1

Ischnura forcipata FN356104.1
Ischnura gemina GU812253.1

GU812251.1
GU812249.1
GU812254.1
GU812250.1

Ischnura graellsii HQ834804.1
HQ834806.1

Ischnura hastata JN578202.1 JN578188.1
JN578204.1 JN578186.1
JN578206.1 JN578184.1
JN578208.1 JN578178.1
JN578210.1 JN578176.1
JN578212.1 JN578166.1
JN578214.1 JN578164.1
JN578216.1 JN578156.1

Ischnura heterosticta AY179098.1
Ischnura kellicotti AF067675.1
Ischnura perparva GU812248.1
Ischnura ramburii AF064989.1 FN356108.1
Ischnura senegalensis AB446405.1 AB706615.1

AB446403.1 AB706616.1
AB446404.1 AB706614.1
AB446405.1 FN356109.1
AB708509.1
AB708510.1
AB708511.1

Ischnura verticalis AF067682.1 GQ886701.1
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partitioned EF1a and ITS by codon and gene, respectively, and used
1000 bootstrap replicates to assess support. For Bayesian estima-
tion of gene trees, we used MrBayes v.3.2 (Ronquist et al., 2012).
For COI/COII and ITS, we partitioned the data by gene (e.g., COI,
tRNA, COII and ITS1, 5.8s, ITS2), and for EF1a we partitioned by
codon. We used the Akaike information criterion (AIC) to select
the best-fit substitution model for each partition as implemented
in MRMODELTEST v2.3 (Nylander, 2004). For the ML analysis we
used the GTRGAMMA model and 1000 bootstrap replicates to
assess support. For the Bayesian analysis, we ran four independent
chains for 50 million generations. We sampled every 10,000
generations, assessed stationarity from each independent run in
Tracer v1.5 (Rambaut and Drummond, 2007), and conservatively
discarded the first 25% of samples as burn-in.

For individual genes, we estimated the phylogeny using RAxML
and MrBayes as described above using the same partitioning
schemes as in the concatenated analyses. For COI/COII, we ran four
independent Markov chains for 22 million generations. For EF1a
and ITS, we ran four independent Markov chains for 50 million
generations. For all 12 analyses, we sampled every 10,000 genera-
tions and assessed stationarity from each independent run using
Tracer v1.5. We conservatively discarded the first 25% of samples
as burn-in.

2.4.3. Divergence time estimation of gene trees
To estimate a time-calibrated phylogeny from the concatenated

alignment, we used a relaxed-molecular clock implemented in
BEAST v1.7.5 (Drummond et al., 2006) calibrated with a molecular
clock estimated for insect mitochondrial data at a sequence diver-
gence rate of 2.3% per million year (Brower, 1994). We partitioned
the alignment by region (COI/COII, EF1a and ITS) and used the GTR
+ G substitution model with six rate categories for each subset. We
applied an uncorrelated, lognormal relaxed clock to each region.
For the mean of the relaxed clock for COI/COII, we used a lognormal
prior Rð0:0115;0:5Þ, and for the mean of the relaxed clock for EF1a
and ITS we used a broader lognormal prior Rð0:0115;1:0Þ. This cen-
ters the mean rate of all three relaxed clocks around 1.15% per mil-
lion years, with the central 95% prior density of the mean rate
falling between 0.43% and 3.06% for COI/COII and 0.16% and
8.16% for EF1a and ITS. This expresses much greater prior uncer-
tainty regarding the rates of EF1a and ITS, because we lack infor-
mation on the rates at which these genes evolve. For each clock,
we used exponentially distributed priors on the standard deviation
of the lognormal distribution on branch-specific rates of evolution
with a mean of 0.1. For the tree prior, we used a birth–death model
with an exponential prior (mean = 0.031) on the birth rate and
uniform prior (Uð0;1Þ) on the relative death rate. We left all
remaining priors at default values. We ran four independent chains
of 20 million generations each, sampling every 2000 generations.
To assess stationarity and convergence, we used Tracer v1.5 to
monitor the effective sample sizes (ESS). For all analyses, we ran
an empty data set with just the priors for 20 million generations
to determine the extent to which the data were affecting the
results (Drummond et al., 2006). The first 25% of samples were
conservatively discarded as burn-in. Additionally, we compared
split frequencies among independent runs using Are We There
Yet? (AWTY; (Wilgenbusch et al., 2004)) (See Fig. S2). Samples
showed patterns consistent with stationarity after 2 million gener-
ations (i.e. the first 10%), but we conservatively discarded the first
20% as burn-in. The maximum clade credibility (MCC) tree was
summarized using TreeAnnotator v1.7.5 and viewed in FigTree
v1.4.0 (Rambaut, 2013).

2.4.4. Divergence time estimation of species tree
Because our estimate of the time-calibrated, concatenated gene

tree will overestimate species divergence dates (Edwards and
Beerli, 2000), we analyzed our three-locus dataset under a multi-
species coalescent (i.e., species-tree) model using ⁄BEAST. Across
the three loci, we had an average of 13.7 gene copies per species
(ranging from 2 to 20). While our complete dataset was much
larger than this, due to limited computational resources, we
randomly subsampled each locus to have a maximum of 20 gene
copies per species. We placed a Yule prior on the species tree with
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a piecewise constant population-size model. Similar to the con-
catenated analysis, we applied an uncorrelated, lognormal relaxed
clock to each locus. We used the same lognormal and exponential
priors on the mean and standard deviation of the relaxed clocks
as in the analysis of the concatenated matrix. We ran four indepen-
Table 3
The prior settings used for each BAMM analysis to estimate diversification rates from
the time-calibrated species tree. The prior distributions on speciation (lambda),
extinction (mu) and Poisson-process rates are exponentially distributed with the rate
of the exponential prior given (mean = 1/rate). The shift parameters are normally
distributed with a mean of zero and the standard deviations given.

Analysis 1 Analysis 2 Analysis 3

Poisson rate prior 1.0 1.0 1.0
Lambda initial prior 1.0 0.6212 2.0
Lambda shift prior 0.05 0.1270 0.1270
Mu initial prior 1.0 0.6212 2.0
Lambda initial root prior 5.0 3.1062 3.1062
Lambda shift root prior 0.05 0.1270 0.1270
Mu initial root prior 5.0 3.1062 3.1062

Fig. 1. Maximum likelihood estimate of the phylogenetic relationships of Enallagma, b
bootstrap support and Bayesian posterior probabilities are indicated with shaded circles
dent chains for 500 million generations, sampling parameters
every 50,000 generations. We used Tracer v1.5 to assess chain
stationarity and convergence and the effective sample sizes for
each parameter of the model. Additionally, we compared split
frequencies among independent runs using Are We There Yet?
(AWTY; (Wilgenbusch et al., 2004)) (See Fig. S3). Samples showed
patterns consistent with stationarity after 50 million generations
(i.e. the first 10%), but we conservatively discarded the first 20%
as burn-in.The maximum clade credibility (MCC) tree was summa-
rized using TreeAnnotator v1.7.5 and viewed in FigTree v1.4.0
(Rambaut, 2013).

2.4.5. Diversification rates
We estimated diversification rates for Enallagma using the

program BAMM v1.0.0 (Rabosky, 2014). This novel approach is
the first that accounts for both rate variation through time and
among lineages. It allows for identifying the number and location
of rate shifts, and differs from MEDUSA (Alfaro et al., 2009) in
that it relaxes the assumption of constant diversification rates
ased on a concatenated data matrix of all three loci (COI/COII, EF1a and ITS). ML
.
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within rate classes. Using the time-calibrated species tree, we
estimated diversification rates using three different prior settings
to assess prior sensitivity (Table 3). Analysis 1 used the default
prior values and was run for 1� 106 generations, logging
values every 1000 generations. Analysis 2 used the function,
setBAMMpriors, in the associated BAMMtools v1.0.1 package to
choose appropriate priors. This function scales the distributions
of a set of priors based on the root depth of the time-calibrated
tree. This analysis took longer to converge and was thus run
Fig. 2. Maximum likelihood estimates of gene trees for COI/COII and EF1a with the five
probabilities are indicated with shaded circles. The COI/COII tree is continued in Fig. 3. (Fo
to the web version of this article.)
for 1� 109 generations, logging values every 1� 106. Analysis 3
used most of the same priors as Analysis 2, with the excep-
tion of the lambda and mu initial priors. We changed both
to 2.0, which may be more appropriate for our dataset. We
ran this analysis for 5� 107 generations, logging values every
1� 105.

We used BAMMtools v1.0.1 to analyze and visualize the output
for each analysis. We first assessed convergence and the effective
sample sizes for each run and discarded the first 10% of samples
major Enallagma clades color coded. ML bootstrap support and Bayesian posterior
r interpretation of the references to color in this figure legend, the reader is referred
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as burn in. We then plotted speciation and extinction rates through
time, the best shift configuration, and calculated clade specific
diversification rates.

3. Results

We collected sequences from 421, 279, and 303 individuals
from 42, 41, and 42 species for locus COI/COII, EF1a, and ITS,
Fig. 3. Maximum likelihood estimates of gene trees for COI/COII and ITS with the five
probabilities are indicated with shaded circles. The COI/COII tree is continued from Fig.
referred to the web version of this article.)
respectively. Our results support the following relationships within
Enallagma: (1) four recent radiations (green-A, blue-B, orange-C
and red-E) and (2) a monophyletic group of older species
(purple-D) (Fig. 1). Previous analyses of mtDNA and morphological
characters have revealed strong support for the red-E and purple-D
clades to be sister to each other (Brown et al., 2000; May, 2002;
Turgeon et al., 2005). Our multi-locus results do not refute that
relationship, but they do not strongly support it.
major Enallagma clades color coded. ML bootstrap support and Bayesian posterior
2. (For interpretation of the references to color in this figure legend, the reader is



Fig. 4. Time-calibrated MCC tree with posterior mean node ages for Enallagma based on the results of BEAST analyses of the concatenated data matrix of all three loci (COI/
COII, EF1a and ITS). The numbers at the internal nodes correspond to Table 4. Clades with Bayesian posterior probabilities greater than 0.95 are indicated with filled circles.
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3.1. Gene tree analyses

For the mitochondrial region spanning COI/COII, MRMODELT-
EST selected GTR +I +G as the best-fit model of substitution for
COI, K80+G for the tRNA, and GTR +I +G for COII. For EF1a, MRMO-
DELTEST identified GTR +I+G as the best-fit model of substitution
for the non-coding region, GTR+I for codon position 1, HKY+I for
codon position 2 and GTR+G for codon position 3. For ITS, MRMO-
DELTEST identified GTR+I+G as the best-fit model of substitution
for ITS1, JC for 5.8s, and GTR+G for ITS2. The concatenated analysis
has strong support for the monophyly of four of the five major
clades (denoted with green-A, orange-C, purple-D and red-E col-
ors1) (Fig. 1). The red-E clade is basal to the group, which is different
from previously published analyses (Brown et al., 2000; May, 2002;
Turgeon et al., 2005), however there is a lack of support for that
relationship. Additionally, the placement of E. novaehispanae is
different from previously published analyses in that it is basal to
all of Enallagma instead of basal to the green-A, blue-B and orange-
C clades (Brown et al., 2000; May, 2002; Turgeon et al., 2005), but
again with a lack of support.

For the COI/COII gene tree, both ML and Bayesian analyses pro-
duced similar topologies, both of which were concordant with the
previously published phylogeny (Brown et al., 2000; May, 2002).
The genus is split into two major lineages with one composed of
the three radiations (green-A, blue-B and orange-C, Figs. 2 and
3). The other is composed of the red-E and purple-D groups and
differs from previously published analyses due to the red-E group
being nested within the purple-D instead of them being separate
monophyletic groups. There is strong phylogenetic structuring
among these groups with only 8 of the 69 individuals from the
1 For interpretation of color in Figs. 1, 4 and 5, the reader is referred to the web
version of this article.
orange-C radiation species falling out within the blue-B group
(Figs. 2 and 3). However, there is a large amount of shared genetic
variation among the species within each of these radiations.

For EF1a, the overall topology for both ML and Bayesian analy-
ses are congruent and similar to the mitochondrial tree. However,
the gene copies of the green-A and orange-C groups are estimated
to be polyphyletic and are nested within the blue-B group (Fig. 2).
For ITS, the overall topology for the ML and Bayesian analyses are
congruent. The gene copies of the species from the green-A radia-
tion form a clade that is nested within the blue group-B, and the
gene copies of the orange-C group species fall out in multiple
places within the blue-B group (Fig. 3).

3.2. Divergence time estimation

Effective sample sizes (ESS) for all parameters were above 200,
the recommended threshold, and the plots for each parameter for
all the independent runs had patterns consistent with reaching sta-
tionarity and converging. The MCC tree for the concatenated anal-
ysis was similar in topology to the concatenated tree estimated
using Bayesian and ML analyses (Fig. 4). The estimated posterior
mean divergence times support diversification of four clades (i.e.,
the green-A, blue-B, orange-C and red-E clade) during the Pleis-
tocene. The MCC tree for the ⁄BEAST species tree analysis was sim-
ilar in topology and the posterior mean divergence times support
diversification of the same four clades during the Pleistocene
(Fig. 5). The node ages are younger than the concatenated analysis
and place a majority of the diversification events in the last
500,000 years (Table 4).

Both analyses date the MRCA of all extant Enallagma species to
the Miocene, 8–9 MYA. The 95% highest posterior density intervals
(95HPD) are large, especially near the root of the tree. However, for
the four clades mentioned above, they do not extend beyond the
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Pleistocene with the exception of the basal node of the red-E clade
(Table 4). Additionally, many of these divergence events date
within the last 0.7 million years suggesting that the period of more
intense glacial cycles did promote diversification in this genus.

We estimated divergence dates using a fossil calibration from
the closely related genus, Ischnura, and the results were similar
to these results using the molecular clock (Figs. S6 and S7). The
estimated ages are older, but fall within the 95% HPD intervals.

3.3. Diversification rates

Our estimates of diversification rates for Enallagma were largely
sensitive to the prior settings. Table 5 shows the mean, time-
averaged clade-specific speciation and extinction rates for each of
the three analyses. The overall rates for the entire tree varies
among the three analyses with the extinction rate higher than
Fig. 5. Time-calibrated MCC tree with posterior mean node ages for Enallagma based
correspond to Table 4. Clades with Bayesian posterior probabilities greater than 0.95 ar
the speciation rate in analysis 3. The speciation rates for clade 1
are more similar among analysis 1 and 2 with the speciation rate
higher than the extinction rate in both cases. The extinction rates
for clade 1 are more similar among analysis 1 and 3 and is higher
than the speciation rate in analysis 3. For clades 2 and 3, the rates
are fairly similar among all three analyses.

Graphs of speciation and extinction rates through time for each
analysis are in Fig. 6. In analysis 1 and 2, the speciation rates have a
sharp increase in the last two million years whereas in analysis 3,
the speciation rate gradually decreases from five million years to
present. The extinction rates increase in the last two million years
in all three analyses. The maximum a posteriori probability rate
shift configurations are similar in analysis 1 and 2 but show a dif-
ferent rate regime in analysis 3 (Fig. S1). In analysis 1 and 2, the
rate shift occurs on the branch leading to the recent radiations
(i.e., the green-A, blue-B and orange-C) species in Fig. 5). In analysis
on the species tree estimation from ⁄BEAST. The numbers at the internal nodes
e indicated with filled circles.
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3, the rate shift occurs on the branch leading to the clade with
older divergence events (i.e., the purple group-D in Fig. 5).
Table 5
The mean speciation (k) and extinction (l) rates for (a) the entire tree, (b) clade 1
(contains the green, blue and orange species in Fig. 5), (c) clade 2 (contains the red
and purple groups in Fig. 5), and (d) clade 3 (the purple group in Fig. 5).

Analysis 1 Analysis 2 Analysis 3

(a)
Speciation rate (k) 0.464 0.544 0.317
Extinction rate (l) 0.328 0.474 0.419

(b)
Speciation rate (k) for clade 1 1.444 1.671 0.455
Extinction rate (l) for clade 1 0.679 1.146 0.692

(c)
Speciation rate (k) for clade 2 0.316 0.369 0.305
Extinction rate (l) for clade 2 0.238 0.313 0.316

(d)
Speciation rate (k) for clade 3 0.288 0.358 0.306
Extinction rate (l) for clade 3 0.156 0.231 0.169
4. Discussion

This is the first multi-locus estimate of a species tree with diver-
gence dates for a group of damselflies. Our results highlight the
importance of Pleistocene glacial cycles on the diversification of
this genus of damselflies. This study sheds light on key factors that
promote diversification within a group of organisms that can serve
as models for important ecological and evolutionary processes.
Odonata have been well-studied in terms of ecology and behavior
and have been implicated as important biological indicators of
aquatic ecosystem health (Acquah-Lamptey et al., 2013). Under-
standing their evolutionary history and how past climatic changes
have influenced their success will allow us to understand the
potential effects of future climate change on aquatic ecosystems.

Despite the importance of damselflies for understanding aqua-
tic habitat health and evolutionary responses to climate change,
there has been relatively little research on their systematics and
biogeography. The suborder Zygoptera, which includes all dam-
selflies, is taxonomically unresolved. It includes 21 families of
damselflies, with the most speciose being Coenagrionidae
(Westfall and May, 2006). Recent studies have found this family
to be paraphyletic and many of the relationships between genera
remain unresolved (O’Grady and May, 2003; Bybee et al., 2008).
Within Coenagrionidae, limited biogeographic and systematic
research has been conducted. This is the first multi-locus study
that estimates divergence dates in this family. Consistent with
the previously published results by Turgeon et al. (2005), our
results clearly support a varied evolutionary history involving
many recent divergence events during the Pleistocene as well as
older events dating in the Miocene. The four clades that recently
diverged include 28 of the 38 North American species in this genus,
indicative that the Pleistocene had a profound influence on the
diversification of this genus as a whole. The remainder of diver-
gence events date to the Miocene, also a time of climatic and veg-
etative change (Zachos et al., 2001).
Table 4
Divergence time analyses node statistics. Node numbers correspond to Figs. 4 and 5. The no
the concatenated BEAST analysis and the species tree ⁄BEAST analysis. Node support is gi

Node Node Ages

Concatenation (BEAST) Specie

Mean 95% HPD Mean

1 0.33 0.07–0.81 0.22
2 1.16 0.34–2.56 0.87
3 0.73 0.21–1.68 –
4 0.16 0.03–0.41 0.02
5 1.94 0.6–4.13 –
6 2.9 0.88–6.35 1.57
7 0.42 0.11–1.05 –
8 1.11 0.31–2.48 –
9 0.45 0.12–1.11 –

10 0.87 0.17–2.14 0.24
11 3.1 0.96–6.71 3.2
12 4.53 1.44–9.74 3.66
13 2.71 0.86–6.17 2.62
14 6.1 1.95–13.07 5.35
15 6.65 2.31–14.24 4.68
16 0.37 0.06–1.01 0.14
17 0.75 0.15–1.82 –
18 2.9 0.9–6.35 1.35
19 1.64 0.49–3.77 –
20 0.34 0.05–1.02 0.09
21 0.58 0.11–1.5 0.34
22 8.41 2.82–17.61 9.06
There have been many detailed studies on the climatic and geo-
logic processes associated with Pleistocene glacial cycles in North
America. While many of the studies focus on identifying putative
refugia during interglacial periods and the effects on genetic diver-
sity (Haney et al., 2007; Lee-Yaw et al., 2007; Godbout et al., 2010),
few have linked divergence events to major climatic events using
relaxed-clock phylogenetics. With the recent advances in relaxed
molecular clock dating methods, we can obtain an evolutionary
framework for testing phylogeographic hypotheses.

Our results highlight that differences between gene tree and
species tree divergence dating approaches can have consequences
when interpreting results. As expected, the dates obtained from
our gene tree analysis are older. It should be noted that available
species tree estimation methods assume no gene flow and that
the discord between gene and species trees is due to incomplete
lineage sorting (Eckert and Carstens, 2008; Heled and
Drummond, 2010). Thus any observed topological or dating differ-
ences may be due to gene flow. For Enallagma, AFLP analyses have
shown that with a few exceptions, there is genome-wide differen-
tiation among species within each radiation (Turgeon et al., 2005).
A more detailed study of two young species within one of the
de ages (in units of million years) and 95% highest posterior densities (HPD) are from
ven for both analyses.

Node Support

s Tree (⁄BEAST) Posterior probability

95% HPD’ BEAST ⁄BEAST
0.06–0.51 1 1
0.24–1.97 1 0.73
– 0.99 –
0.00–0.06 0.98 –
– 1 –
0.34–3.64 1 0.99
– 0.98 –
– 1 –
– 0.96 –
0.02–0.89 1 1
1.08–6.99 1 0.53
1.26–7.8 1 0.91
0.67–5.92 1 0.93
1.62–11.13 0.97 0.98
1.56–9.95 0.96 0.74
0.01–0.49 0.98 0.97
– 1 –
0.31–3.2 1 0.99
– 1 –
0.01–0.25 1 1
0.04–1.12 1 0.99
2.57–20.21 0.64 1



Fig. 6. Plots of speciation and extinction rates through time estimated from BAMM with density shading on confidence regions for (A) analysis 1 using default prior settings
(B) analysis 2 using priors scaled to the root age of the tree and (C) analysis 3 using 2.0 for k and l initial priors.
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radiations demonstrate that there is little gene flow occurring
(Bourret et al., 2012). Thus we feel that the dating differences
observed in our results are most likely not explained by gene flow.

It is difficult to make biological interpretations of the estimates
of diversification rates using the method implemented in BAMM
due to the extreme sensitivity of the results to priors. However,
the results do suggest a large amount of heterogeneity in diversifi-
cation rates across the tree. They also show a general pattern of a
speciation rate increase in the last two million years, similar to
estimates of Turgeon et al. (2005). Two of the analyses show a
much larger speciation rate for the ‘‘Northern” clade than the
‘‘Southern clade”, also similar to results from Turgeon et al.
(2005). Extinction rate estimates increased in the same time period
as the speciation rates and, in some cases, exceed the speciation
rate. Our results demonstrate the importance of exploring the prior
sensitivity of the results obtained from diversification models such
as those implemented in BAMM.

This paper has demonstrated how more robust estimates of
divergence times are necessary to determine the impact of climatic
events on the diversification history of a group of organisms. These
dates provide an evolutionary framework upon which to test speci-
fic hypotheses about how taxa respond to climatic changes.
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