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a b s t r a c t

The role of geography and ecology in speciation are often discussed in the context of phylogenetic niche
conservatism (PNC), the propensity of lineages to retain ancestral niche related traits. However, a recent
paradigm shift focuses instead on measuring divergence of these traits in conjunction with patterns of
speciation. Under this framework, we analyzed the diversification of North America’s third most diverse
family, Cyperaceae (‘‘sedges”), using a modified Parsimony Analysis of Endemicity approach to identify
floristic regions and ordination statistics to quantify species distribution in a continuous manner.
Utilizing over 200,000 georeferenced specimens, we characterized the geographical distribution and cli-
matic and edaphic niche space occupied by each species. We constructed a supermatrix phylogeny of the
North American sedge flora, aided in part by the sequencing of all sedges of Wisconsin, and employed a
multifaceted approach to assess the role of geographical and ecological divergence on lineage diversifi-
cation. In addition to measuring phylogenetic signal for these traits, we also measured pairwise phyloge-
netic distance of species within floristic regions, calculated rates of speciation, and tested for correlations
of speciation rate to tempo of geographical and ecological evolution. Our analyses consistently show that
evolutionarily related species tend to be geographically unrelated. Rates of geographical and ecological
diversification are closely linked to tempo of speciation, and exploration of geographical place coincides
with divergence in ecological niche space. We highlight the benefits of treating geography in a continuous
manner, and stress the importance of employing a diverse suite of analytical approaches in testing
hypotheses regarding the evolution of range and niche.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

The testing of explicit evolutionary hypotheses by integrating
molecular, morphological, genetic, geographical, and ecological
data has advanced our understanding of the process, timing, loca-
tion, tempo, and correlates of diversification across many lineages
(e.g., Slater et al., 2010; Rabosky et al., 2013; Givnish et al., 2014,
2015). Museum collections (Funk and Richardson, 2002; Pyke
and Ehrlich, 2010; Lavoie, 2013; Rocha et al., 2014) as well as
repositories of molecular (e.g., NCBI; Geer et al., 2010), geographi-
cal (e.g., GBIF; www.gbif.org), and climatic (e.g., BioClim; Hijmans
et al., 2005) data have made the acquisition of large amounts of

information for this purpose possible, corresponding with a
renewed interest in topics such as phylogenetic niche conser-
vatism (PNC) and the role of geography in lineage diversification
(Losos, 2008; Wiens et al., 2010; Araya et al., 2012; Crisp and
Cook, 2012; Loera et al., 2012). Phylogenetic niche conservatism,
the propensity of lineages to retain ancestral niche-related traits,
is a controversial topic (Ackerly, 2009; Crisp and Cook, 2012).
Whether PNC is an evolutionary process itself or instead a pattern
that can be observed as a result of other evolutionary forces (Crisp
and Cook, 2012), whether phylogenetic signal of niche traits and
deviation from a null Brownian model of trait evolution are evi-
dence of PNC (Ackerly, 2009; Boucher et al., 2014), and whether
climatic niches are even appropriate to analyze in a phylogenetic
context (Grandcolas et al., 2011), remain topics of debate in this
vibrant and important field of inquiry.

In an attempt to overcome some of these challenges, a recent
shift in paradigm instead focuses on measuring patterns of niche
divergence in relation to lineage diversification and speciation
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(Hua and Wiens, 2013; Boucher et al., 2014; Donoghue and
Edwards, 2014; Joly et al., 2014a). Under this framework, the role
of biogeography becomes increasingly important, particularly for
lineages with easily dispersed seeds where migration would facil-
itate exploration of niche space, serve as a means of reproductive
isolation, and ultimately result in lineage splitting. The evolution
of species’ geographical distributions could either occur in con-
junction with niche evolution, such that species disperse and adapt
to new places that are ecologically dissimilar from their ancestral
areas, or independently of niche divergence, such that species only
disperse to and survive in ecologically similar areas. In either sce-
nario, if geography historically served as a means of reproductive
isolation, we would expect to see closely related species occupying
geographically disparate regions and distantly related species con-
verging in geographically similar regions (i.e., phylogenetic
overdispersion; Villalobos et al., 2013). We would also expect to
see rates of speciation reflected in rates of range evolution, with
rapidly diversifying lineages exploring geographic locales at a fas-
ter rate than more slowly diversifying lineages (Ackerly, 2009).
However, if species’ distributions are independent of past specia-
tion events, we would expect to see closely related species inhab-
iting congruent, overlapping, or contiguous distributions, such that
range per se would exhibit a strong phylogenetic signal (i.e., phylo-
genetic clustering; Webb et al., 2002). Furthermore, we would
expect to find no correlation between speciation rate and rate of
geographical evolution in these lineages.

Incorporating biogeography into tests of PNC or niche evolution
is challenging, as multidimensional geographic space is difficult to
characterize in a continuous manner suitable for rigorous phyloge-
netic comparative analyses. For example, the presence or absence
of a taxon in a predefined region, such as a continent, biome, or
floristic region, is often utilized in a phylogenetic context for his-
torical biogeographical reconstructions (e.g., Givnish et al., 2014).
However, in reality there are few instances in which two species
exhibit perfectly congruent distributions, especially as would be
captured by this coarse characterization of geographic space.
Methods that do treat biogeography in a continuous fashion often
include convex-hull (Cornwell et al., 2006) or species distribution
modeling (e.g., Joly et al., 2014a) approaches. These approaches
can be useful, for example to measure the extent to which species’
ranges overlap, but the multidimensionality of such data are diffi-
cult to analyze phylogenetically. Although geography is a funda-
mental component of evolution, it remains a significant challenge
to characterize species distribution in a manner sufficient to test
a wide variety of evolutionary hypotheses.

Here, we propose two new approaches to utilize geographical
data within a phylogenetic context. In the first approach, we divide
the geographic region of interest into quadrats and score the pres-
ence and absence of species within each quadrat to form a binary
matrix. We then conduct correspondence analysis on this matrix
to create continuous variables that represent a portion of the vari-
ance associated with distribution. We use these variables in con-
junction with climatic and edaphic traits to conduct a suite of
analyses, including testing for phylogenetic signal (Blomberg
et al., 2003) and measuring rates of speciation and trait evolution
(Rabosky et al., 2013). In the second approach, we use the same
quadrat matrix but instead subject it to phylogenetic analysis
and identify ‘‘clades” of species that are geographically similar
(i.e., floristic regions). We then measure levels of phylogenetic
clustering or overdispersion within each of the floristic regions.

We utilize both approaches to determine the role of geography
and niche in the evolution of North America’s third most diverse
family, the Cyperaceae Juss. (‘‘sedges”). The North American sedge
flora is comprised of !843 species in !24 genera (Ball et al., 2003),
generally characterized by low statured, perennial, small-seeded,
and wind pollinated and dispersed herbs. Sedges are found, and

often dominant, in wetlands of all forms but also in savannas, tun-
dra, rocky outcrops, and forest understories. They are distributed
from coast to coast and from seashore to mountaintop, exhibit a
remarkable diversity of tolerance to both climate and soil types,
and include acidophytes, calciphytes, and halophytes. While some
species are widespread and weedy, many exhibit fidelity to partic-
ular ecological conditions and are narrowly restricted to small
ranges, limited to a single state or only a handful of populations.
The extent to which these patterns are the product of sympatric
speciation, resulting from either intrinsic or extrinsic barriers to
reproduction and fine-scale niche partitioning, or allopatric speci-
ation, resulting from geographical isolation and subsequent
genetic and ecological divergence, remains largely unexplored.
This former scenario has received some attention, as rates of evo-
lution in the genus Carex L., which comprises over half of the North
American sedge flora, are associated with chromosome evolution
(Escudero et al., 2012). Nevertheless, geographical causes of repro-
ductive isolation cannot be entirely ruled out, as several recent
studies have demonstrated the influence of dispersal on the diver-
sification of the sedges on a global scale (Escudero et al., 2009;
Viljoen et al., 2013; Villaverde et al., 2015).

To explore these issues, we present a supermatrix phylogeny of
the North American Cyperaceae, enabled in part by de novo
sequencing of all sedges of Wisconsin. We utilize this phylogeny
to address the role of geography in the evolution of the species rich
and ecologically important North American sedge flora. First, we
test the hypothesis that the diversification of sedges was facili-
tated, at least in part, by range evolution. Second, we assess the
extent to which speciation is associated with the evolution of
niche, here characterized by both climatic and edaphic variables.
Third, we determine if the exploration of geographic place (i.e.,
migration) coincides with adaptation to novel ecological space.

2. Methods

2.1. Taxonomic and molecular sampling

Through a combination of de novo sequencing and data mining
from GenBank, we constructed a phylogeny of the North American
sedge flora using a modified supermatrix approach (de Queiroz
and Gatesy, 2007; Hinchliff and Roalson, 2013). As part of an
ongoing effort to produce sequences for the entire vascular flora
of Wisconsin, we sequenced four chloroplast DNA gene regions
for all Wisconsin sedges (matK, ndhF, rbcL, and trnL-F), which is
comprised of 235 species and represents more than a quarter of
all North American sedges. We then augmented this core data set
by further sequencing for members of tribe Scirpeae the single
copy nuclear gene phyC, the ITS region of nuclear rDNA, and the
cpDNA rps16 gene. We used primers B49317 and A50272 from
Taberlet et al. (1991) for trnL-F, rbcLaF and rbcLaR from Kress and
Erickson (2007) for rbcL, ndhF primers from Gilmour et al. (2013),
rpsF and rps2R (Paton et al., 2004) for rps16, Leu1 (Andreasen
et al., 1999) and ITS4 (White et al., 1990) for ITS, and phyC 2F
and 2R (Jabaily and Sytsma, 2010) for phyC. We designed new
primers for matK. These include matK5Bf (50-CGT ACT GTA CTT
TTA TGT TTA C-30) and matK6Ar (50-ATC CTG TCC ATT TTG AAA
TCT TAG-30). DNA extraction, PCR, and Sanger sequencing followed
protocols as outlined in Drew and Sytsma (2012).

We subsequently mined GenBank for sequence data for all
North American sedges and Hypolytrum Pers., which we used as
an outgroup. In all molecular phylogenetic studies of Cyperaceae
to date, the genus Hypolytrum is placed in the subfamily Mapan-
ioideae, which does not contain any North American taxa and is
sister to subfamily Cyperoideae, which contains all North American
species (Muasya et al., 2009; Escudero and Hipp, 2013; Hinchliff
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and Roalson, 2013). We limited the search to gene regions for
which data were available for a minimum of 15 species. We gener-
ated phylogenetic trees for each region individually to identify
mislabeled sequences, which were eliminated from downstream
analyses. When two or more sequences of the same region of com-
parable quality were available for the same species, we chose the
longest sequence. Our final dataset consisted of data from 21 gene
regions and a single accession from each of 623 species, following
the nomenclature of Govaerts et al. (2007; SI Table 1). In our super-
matrix, 98.6% of species are represented, at minimum, by at least
one of the core gene regions or ITS, and 70% are represented by
at least 2 of these regions, following the ‘‘scaffolding” recommen-
dations of Hinchliff and Roalson (2013).

2.2. Phylogenetic analysis and molecular dating

We aligned sequences from each gene region using MUSCLE
(Edgar, 2004) and subsequently edited the sequences manually
in Geneious v.7.1.7 (Biomatters, available from http://www.
geneious.com). We identified the optimum partition scheme using
PartitionFinder v. 1.1.1 (Lanfear et al., 2012), and conducted Max-
imum Likelihood (ML) analysis on the partitioned dataset using
default settings in RAxML v 8.0.9 (Stamatakis, 2014) as imple-
mented in the CIPRES Science Gateway (Miller et al., 2010). This
included 400 rapid bootstrap replicates and ten fast ML searches
followed by ten thorough optimizations to identify the most likely
tree and associated nodal support.

The best tree from the ML search was transformed to ultramet-
ric using the penalized likelihood algorithm in treePL (Smith and
O’Meara, 2012), which is better suited for large phylogenetic trees
than BEAST (Drummond et al., 2012). We selected a smoothing
parameter of 10 following the cross-validation approach and v2

test as implemented in treePL, in which seven values from 0.001
to 1000 were tested. We offset the minimum ages of nine nodes
(Table 1) according to dates in a recent family-wide analysis
(Spalink et al., submitted for publication). In that analysis, Cyper-
aceae was placed in a Poales-wide context, calibrated using 15 fos-
sils and four secondary priors throughout Poales, and analyzed
using BEAST (Drummond et al., 2012). The resulting BEAST chrono-
gram was largely consistent with other dated phylogenies involv-
ing Cyperaceae (e.g., Escudero and Hipp, 2013; Viljoen et al.,
2013), but provides additional dates for nodes of interest in this
present study. Finally, we eliminated tips in the phylogeny for
which distribution, climate, or soil were unavailable. Throughout
this paper we will refer to this chronogram as the ‘‘species tree.”

2.3. Distribution data

We mined the Global Biodiversity Information Facility (GBIF;
www.gbif.org) for distribution data for Cyperaceae species in

Mexico, Canada, and the United States, and downloaded all
georeferenced samples recorded as having no known coordinate
ambiguities. To supplement this dataset, we searched for online
herbarium databases in North America that have not contributed
to GBIF and obtained their specimen information. We also obtained
specimen data by directly contacting curators at herbaria which
have been databased but whose data are not available online.
Using these approaches, we obtained additional data from the Con-
sortium of Northeastern Herbaria (neherbaria.org), the Intermoun-
tain Regional Herbarium Network (intermountainbiota.org), KSC,
SASK, USCH, and WIS. Once assembled, we culled the distribution
database to remove duplicate records, accessions that were clearly
outside of known species ranges, accessions with ambiguous tax-
onomy, and taxa that were not represented in the species tree.

2.4. Transforming distribution into a continuous variable

To transform species distribution into a continuous variable, we
first created a map of North America composed of 100 quadrats,
each 6" " 6", in QGIS 2.0.1-Dufour (Quantum GIS Development
Team, 2014). We then overlaid the species’ distributions onto this
map to create a binary (presence and absence) matrix for each spe-
cies in each quadrat using the R package maptools (Bivend and
Lewin-Kof, 2014). We subsequently eliminated quadrats that con-
tained no specimen records, which were almost exclusively in the
northern portions of Nunavut and the Northwest Territories of
Canada, and retained a total of 90 quadrats. Finally, we conducted
correspondence analysis, an ordination technique similar to princi-
pal component analysis but better suited for discrete characters
(Hirschfeld, 1935; Hill, 1974; Greenacre and Vrba, 1984;
Greenacre, 2007), and retained the first five canonical axes for
comparative phylogenetic analyses. Hereafter, we will refer to
these traits as ‘‘continuous species distribution”, or ‘‘CSD”, in order
to distinguish them from general discussions of species distribu-
tion in the traditional sense. Correspondence analysis was con-
ducted using the dudi.coa function in the ade4 package (Dray
and Dufour, 2007) in R (R Development Core Team, 2013).

2.5. Geography cladogram and community phylogenetics

To test the extent to which evolutionarily related species are
geographically related, we utilized an approach conceptually sim-
ilar to that commonly implemented in Parsimony Analysis of
Endemicity (PAE; Morrone, 2014), which is used to identify geo-
graphic regions composed of congruently endemic species. In
PAE, all molecular data are omitted, geographic areas are treated
as tips, and the presence/absence of the species within the areas
are treated as the characters used to build the cladogram. In this
study, however, we are more interested in the relatedness of spe-
cies based on their distributions than in the relatedness of areas
based on their species compositions. For this reason, we instead
treated the species as tips and geographic quadrats as characters;
the presence or absence within each quadrat was treated as the
character state for each species. In this context, species ‘‘relation-
ships” are based on the similarity of their geographical distribu-
tions rather than shared evolutionary history. To construct a
quadrat matrix for this analysis, we used the same approach as
described in Section 2.4 but increased the resolution by using
quadrats 1.68" x 1.68". After overlaying species’ distributions onto
these quadrats and removing empty regions, 997 quadrats were
retained. We then subjected this binary matrix of species’ presence
and absence to phylogenetic analysis to construct what we will
refer to as the ‘geography tree’. Comparing the species tree with
the geography tree is a useful means to visualize the extent to
which evolutionarily related species (i.e., species within a clade

Table 1
Age offsets for penalized likelihood dating. Minimum and maximum offsets are based
on ages recovered in the worldwide Cyperaceae analysis of Spalink et al. (submitted
for publication).

Node Minimum offset (Ma) Maximum offset (Ma)

Root 77 88
Cladium crown 26 36
Scleria crown 38 48
Eleocharis crown 31 41
Fimbristylis crown 25.7 35.7
Cyperus crown 23 33
Scirpus crown 28.7 38.7
Carex crown 20 30
Caricoid Carex crown 15 17
Core Carex crown 14 18
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in the species tree) are also geographically related (i.e., occurring
within the same ‘‘clade” in the geography tree).

The geography tree was constructed using FastTree v2.1 (Price
et al., 2010) as implemented in Geneious, following Lewis’s
(2003) recommendations for the use of a likelihood optimality cri-
terion in the phylogenetic analysis of discrete characters. FastTree
approximates a maximum likelihood tree, estimates branch
lengths based on a simple Jukes–Cantor model, and calculates
nodal support based on Shimodaira–Hasegawa tests of 1000
resampled datasets. In the context of this analysis, the tree topol-
ogy reflects the geographical similarity of species, and branch
lengths are proportional to the number of quadrats shared among
taxa. We utilized an ‘‘empty” area, in which all taxa were coded as
absent, as the outgroup. Using this geography tree, we identified
‘‘clades” composed of a minimum of five taxa and with nodal sup-
port of at least 70%, and characterized the distributions of the spe-
cies within to define geographic regions united by floristic
similarity (i.e., floristic regions). We will hereafter refer to these
‘‘clades” as ‘‘geoclades” to distinguish them from discussions of
clades in the true phylogenetic sense.

We subsequently analyzed each of these floristic regions using
our species tree under a community phylogenetic framework fol-
lowing Webb et al. (2002). We calculated the mean pairwise phy-
logenetic distance between all species residing in each floristic
region, and compared the extent of phylogenetic clustering mea-
sured to that expected if the species were randomly distributed
among the communities. We tested for significant departure from
the null model of random distribution by simulating and measur-
ing pairwise distance in 1000 permuted datasets, thereby deter-
mining whether species within a given geographic region are
more closely related to each other than would be expected by
chance. These analyses were conducted using the ses.mpd function
in the R package picante (Kembel et al., 2010).

2.6. Characterizing climatic and edaphic niche

To characterize climatic and soil preferences for each species,
we first downloaded raster layers at 3000 resolution for 19 biocli-
matic variables from WorldClim (Hijmans et al., 2005). To charac-
terize soil, we downloaded six continuous variables at the same
spatial resolution from the Harmonized World Soils Database
1.21 (HWSD; FAO, 2012). These included: % topsoil clay, % topsoil
gravel, % topsoil sand, % topsoil silt, % topsoil organic carbon, and
topsoil pH. We then overlaid the species distribution data on each
raster layer to obtain the values for each specimen accession using
the extract function in the R package raster (Hijmans, 2014). We
tested for autocorrelation among the 26 variables, and identified
those that were over 70% correlated. We then eliminated the vari-
ables that were autocorrelated with at least two other variables.
Using this approach, we were able to remove all instances of corre-
lation greater than 70%. We retained Bio1, Bio 2, Bio 4, Bio 4, Bio 5,
Bio 8, Bio 13, Bio 14, Bio 18, Bio 19, and all soil variables, and com-
puted the median value and variance of each variable for each spe-
cies, following Joly et al. (2014a).

2.7. Analysis of phylogenetic signal in range and niche traits

To determine if species’ ranges and niches exhibit a phyloge-
netic signal comparable to what would be expected under a Brow-
nian model of evolution, we calculated Blomberg’s K (Blomberg
et al., 2003) for the five CSD axes, median elevation, and the biocli-
matic and edaphic variables. To further partition phylogenetic sig-
nal associated with species distribution, we also calculated K
values for species’ median latitudes and longitudes. We used
1000 datasets simulated under BM to test the hypothesis that
the observed K value obtained for each trait is different than the

expected value if the trait followed a Brownian pattern. We also
tested the null hypothesis that these traits exhibit no more phylo-
genetic signal than would be expected if the values were randomly
assigned to tips by comparing observed K values to the expected K
values of 1,000 randomly permuted datasets. Using this approach,
if traits exhibited less phylogenetic signal than would be expected
under BM, we were able to detect if there was still more signal than
if these traits were randomly distributed (Harmon-Threatt and
Ackerly, 2013). All analyses were conducted using the R package
phytools 0.4-31 (Revell, 2012).

2.8. Rates of speciation and evolution of range and niche

We measured rates of speciation as well as rates of evolution in
range (CSD 1-5, mean latitude, mean longitude, and elevation),
mean annual temperature (Bioclim 1), mean temperature season-
ality, (Bioclim 4), mean precipitation during the warmest and cold-
est quarters (Bioclim 18 and 19, respectively), and soil (soil
composition and pH variables) using BAMM v2.0 (Rabosky et al.,
2014a, 2014b). For each analysis, we initiated two chains of
50,000,000 generations each, and assessed effective sampling and
convergence using the R package CODA (Plummer et al., 2006),
identifying the best-fitting models using Bayes factors.

In this study, we are exclusively interested in the dynamics of
the North American sedge flora. Because the North American
sedges are not monophyletic in the context of Cyperaceae world-
wide, we do not make any claims about the net rates of speciation,
range, and niche evolution of the family as a whole. Rather, we are
interested in how these rates vary relative to each other within the
context of the North American sedge flora. Therefore, to account
for missing species in our phylogeny, we assigned all tips to genera
and specified the proportion of each genus, from the North Amer-
ican flora only, that was sampled. In the genus Carex, we assigned
tips to lower taxonomic levels to which we could confidently
assign richness values. These included Carex subgenus Vignea, the
Caricoid clade, and the Core Carex clade. Using this approach, all
tips were assigned to a total of 21 clades. Clade assignments and
associated species richness are reported in SI Table 2. Ultimately,
we believe that the results from these analyses are conservative.
Because these lineages have dispersed into and out of North
America throughout their diversification, we would expect even
greater rates of range and niche evolution than would be captured
in these analyses.

2.9. Phylogenetic generalized least squares (PGLS) regressions

To determine which factors may be associated with rates of spe-
ciation, to explore correlations to species richness, and to identify
geographic patterns of diversity, we conducted a series of phyloge-
netic generalized least squares (PGLS) regressions. These analyses
were conducted on a phylogeny that was pruned to include one
tip per clade, using the 21 clades identified in the BAMM analysis
(SI Table 2) but with the inclusion of the monotypic genus Amphis-
cirpus Oteng-Yeb in the Scirpus L. clade. In a pairwise fashion, we
regressed the following traits: species richness, range size (defined
as the average number of quadrats inhabited by species in a clade),
clade stem age, median and variance of latitude, longitude, eleva-
tion, mean annual temperature (Bioclim 1), temperature seasonal-
ity (Bioclim 4), precipitation during the warmest and coldest
quarters (Bioclim 18 and 19, respectively), mean rates of specia-
tion, rates of evolution of all geographic variables (including
CSD), and rates of evolution of the soil and four bioclimatic vari-
ables listed above. Analyses were conducted twice, such that each
trait was treated both as response and predictor for every pairwise
comparison. All variables were log-transformed prior to regression.
Variances were treated as the average of the variances found
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among accessions of each species in the clade, as opposed to the
total variance of all accessions of all species within the clade. All
regressions were conducted using the pgls function in the R pack-
age caper (Orme et al., 2013).

3. Results

3.1. Supermatrix analysis

Our final supermatrix was composed of 623 species, 21 gene
regions, a total concatenated alignment length of 20,595 base pairs,
and ca. 80% missing data. Because nearly all taxa were represented
by at least one of five primary gene regions, this level of missing
data is substantially lower than many supermatrix analyses and
should not lead to significant topological inaccuracies (Wiens and
Morrill, 2011; Wiens and Tiu, 2012; Hinchliff and Roalson, 2013;
Deng et al., 2015). The ML phylogeny (SI Fig. 1) exhibits a topology
largely consistent with previous analyses, with most deviations
involving clades that are poorly supported in all family-wide anal-
yses to date (e.g., Muasya et al., 2009; Hinchliff and Roalson, 2013).
One exception is in tribe Abildgaardieae, where we did not recover
either Fimbristylis Vahl or Bulbostylis Kunth as monophyletic gen-
era. Rather, Bulbostylis formed a grade sister to Fimbristylis.

The penalized likelihood chronogram (SI Fig. 2) places the
crown age of the North American Cyperaceae at about 82.5 million
years ago (Mya), the Eleocharis crown at 25 Mya, Cyperus crown at
22 Mya, and the Carex crown at 21 Mya, which is consistent with
all previous studies to date (Escudero and Hipp, 2013; Viljoen
et al., 2013).

3.2. Species distribution and correspondence analysis

We compiled a dataset of 310,166 georeferenced samples of
North American sedges. We removed over 35% of the records
because they were listed with outdated and ambiguous taxonomy,
were clearly outside of known species ranges, or were duplicate
records. Our culled distribution dataset consisted of 201,104

unique records (Fig. 1). Our final comparative dataset, which
included species represented in the phylogeny and which also
had distribution, climate, and soil data, was comprised of 547
species.

Mapping the georeferenced samples onto a map of the 997
quadrats, we found that the most diverse quadrat contained 243
species of Cyperaceae (Fig. 1A). This quadrat encompassed an area
including the eastern portion of Long Island, NY and southern Con-
necticut. There appear to be six geographic regions within North
America with exceptional species richness, loosely defined here
as five or more contiguous quadrats each with 75 or more species.
The first constitutes most of the northern Mid-Atlantic and New
England, ranging from New Jersey in the South to Nova Scotia in
the north, and extending west until eastern Ohio (Fig. 1A, outlined
in red). A second area of richness is centered in the north Midwest,
encompassing Wisconsin and Michigan in the north, and northern
Illinois in the south (outlined in blue). This area is separated from
the third area of species richness, which includes much of Missouri,
northern Arkansas, and southern Illinois (outlined in green).
Fourth, sedges appear concentrated along the north coast of the
Gulf of Mexico, including much of Alabama (outlined in purple).
A fifth area of species richness encompasses much of Colorado,
northern New Mexico, eastern Utah, and southern Wyoming (out-
lined in yellow). Finally, a sixth area of concentrated sedge richness
includes much of California, Oregon, Washington, western Idaho,
and southern Alberta. The Cyperaceae generally appear to have less
diversity in Nevada, Texas, Baja California, and much of Nunavut
and northern Quebec. Although these patterns of richness tend to
exhibit close proximity to major universities and herbaria, suggest-
ing the potential of collection biases, these centers of sedge diver-
sity are well documented in many regional and national floristic
treatments (e.g., Gleason and Cronquist, 2003; Voss and
Reznicek, 2012; Kartesz, 2013).

Quadrats that intersect the 44"N parallel exhibit the highest
species richness with an average of 80.4 species per quadrat
(Fig. 1B). This is followed by quadrats that intersect the 42"N and
46"N parallels, which have on average 79.9 and 74.5 species,
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Fig. 1. Quadrat map of North America. The locations of georeferenced specimens were overlaid onto 997 quadrats in order to characterize species distributions of all sedges of
North America, and to construct the geography tree in Fig. 2. (A) Species richness per quadrat. The shade of the quadrat represents the number of species within, as defined by
the inset key. Regions with colored outlines consist of five or more contiguous quadrats containing at least 75 species. (B) Boxplot of latitudinal richness, defined as the mean
number of species in each quadrat that are bisected by the lines of latitude in (A). 44"N bisects quadrats with the highest average species richness. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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respectively. Species richness drops substantially north of 50"N,
with most quadrats having an average of 12–27 species between
50"N and 70"N, and fewer than 10 species between 72"N and 82"N.

The first five canonical axes accounted for nearly 50% of the
variance associated with distribution (as compared to 8%, when
the higher resolution matrix of 997 quadrats was utilized). Each
axis captures different aspects of this variance, including both
range size and region of distribution. Along the first axis species
with low scores are endemic to the southeastern United States
and those with high scores are widespread throughout the high
latitudes, while along the second axis species with low scores are
endemic to the northeast United States, those with medium scores
are mostly western, and those with high scores are mostly south-
eastern. Along the third axis, species with low scores exhibit
mostly small ranges and are eastern while those with high scores
are mostly western endemics. The fourth axis ranges from south-
ern endemics to western endemics, and the final axis ranges from
Texas endemics to species largely restricted to the southeast
United States.

3.3. Geography cladogram and community phylogenetics

Phylogenetic analysis of the quadrat matrix resulted in a geog-
raphy tree with strong support for many species relationships
based on their geographic similarity (Fig. 2A). Topological support
along the backbone of this tree was weak, particularly among the
three first diverging geographical lineages. We divided this clado-
gram into ten non-overlapping geoclades, each composed of a min-
imum of five species and with at least 70% nodal support, and
characterized the distributions of the species within them. These
geoclades differ not only in the geographic centers of distribution,
but also in the number of quadrats that the species inhabit (Fig. 2C)

When treating the 10 geoclades as floristic regions in a commu-
nity phylogenetic framework, six exhibited greater phylogenetic
distance among co-occurring species than would be expected by
chance (i.e., phylogenetic overdispersion) and four exhibited smal-
ler phylogenetic distance among co-occurring species than would
be exhibited by chance (i.e., phylogenetic clustering; Table 2).
Regions exhibiting stronger phylogenetic clustering involved Cali-
fornia, the Rocky Mountains, and high latitudes while regions with
phylogenetic overdispersion generally involved the more eastern
and southern areas (Table 2, Fig. 2). The two most overdispersed
regions occur in the subtropical southeastern United States and
Mexico (Fig. 2C vii) and in the arid southwest United States (Fig. 2C
i).

3.4. Phylogenetic signal in range and niche variables

In all instances, observed K values were significantly lower than
expected if these variables had evolved in a manner consistent
with Brownian motion (K < 1; p < 0.001; Table 3). Topsoil % clay,
% gravel, and % organic carbon exhibited no phylogenetic conser-
vatism, while all other variables exhibited greater levels of conser-
vatism than would be expected if they were randomly distributed
throughout the phylogeny (Table 3). Species latitude was the most
phylogenetically conserved trait, with K values over three times
greater than species longitude, and the precipitation variables (Bio-
clim 12–19) were typically less conserved than the temperature
variables (Bioclim 1–11).

3.5. Rates of speciation and evolution of range and niche

In our BAMM analyses, convergence of independent chains and
effective sample sizes were achieved in excess of 200 after
50,000,000 generations for each variable. We uncovered five signif-
icant increases in speciation rate, all within the past 20 million

years (Fig. 4A). These occurred within Eleocharis, Cyperus, the Core
Carex clade, along the stem lineage of Carex subgenus Vignea, and
the stem lineage of Carex sect. Ovales within subgenus Vignea.
Comparable significant shifts in speciation rate involving the same
clades have been identified in previous globally sampled analyses
of Cyperaceae (Escudero et al., 2012; Escudero and Hipp, 2013).
In general, our analyses recover these shifts as having occurred
on more internal, recent nodes, as would be expected in our explic-
itly North American community based sampling where many ear-
lier diverging lineages, found outside North America, are omitted.
Ultimately, we suspect that a completely sampled, worldwide phy-
logeny of Cyperaceae would place significant shifts in diversifica-
tion rate somewhere between those recovered in previous
analyses and this current study. However, because of our sampling
bias we limit discussion of these rates only as they pertain to rates
of geographical and niche evolution.

For the species distribution and niche variables, we recovered
multiple significant shifts in evolutionary rates (Fig. 4B–X). Most
of these occurred within or including the same clades involved in
shifts in speciation rate. We additionally uncovered significant
increases in evolution rates of Bioclim 2 and 5 (mean diurnal tem-
perature range and maximum temperature of warmest month,
respectively) within the mostly boreal/arctic Eriophorum, of longi-
tude at the most recent common ancestor of Trichophorum, Scirpus,
and Carex, and of CSD Axes 1 and 4 in the Caricoid clade of Carex.

3.6. PGLS regressions among niche variables, range, and evolutionary
rates

Phylogenetic generalized least squares regressions resulted in
multiple significant correlations between the variables examined
(Fig. 4). Of the 21 clades defined on the species tree (SI Table 2),
those that are widespread are associated with lower temperatures,
less precipitation in colder months (Bioclim 19), more temperature
seasonality (Bioclim 4), and are more likely to occur in eastern
North America. Clades that require more summer precipitation
(Bioclim 18) are generally more species rich, more eastern in distri-
bution, tend to have narrow ranges, and and occur at lower eleva-
tions. Clades that require more winter precipitation (Bioclim 19)
are more western in distribution, occur over smaller latitudinal
and longitudinal gradients, in areas with less temperature season-
ality, and require warmer annual temperatures. Clades that occur
in higher elevations also exhibit more variance in elevation and
less summer precipitation. The only bioclimatic variable associated
with clade richness is summer precipitation, which was positively
correlated. However, clade richness was very strongly correlated to
rates of speciation and rates of range (including CSD, latitude, lon-
gitude, and elevation), climate, and soil evolution. The evolutionary
rates of most range parameters were also correlated with rates of
niche evolution, and both range and niche parameters were
strongly correlated to rate of speciation.

4. Discussion

The evolution of geographical ‘‘place” and climatic and edaphic
niche ‘‘space” is fundamental to lineage diversification (Vamosi
and Vamosi, 2011; Loera et al., 2012), but is difficult to both quan-
tify and analyze in a phylogenetically rigorous fashion. In this
paper we have proposed two methods for characterizing geogra-
phy that are conducive to phylogenetic analysis in a continuous
framework. We use these methods to test key hypotheses
regarding the evolution of North American Cyperaceae, namely
that the diversification of the North American sedges is associated
with both range and niche evolution and that geographical
diversification involves adaptation to new ecological conditions.
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Fig. 2. Topological comparison of geography tree and species tree of North American sedges. (A) Geography tree, constructed using a phylogenetic analysis of distribution
data of all North American sedges. Tip labels correspond to geoclades consisting of at least five species and support values of at least 70%. The distributions of species within
these geoclades are characterized by the maps in (C), with the tip label color corresponding to the map outline color. (B) Species tree constructed using a phylogenetic analysis
of supermatrix molecular data for the same species as in (A). Tip labels on the species tree match the colors of the label in the geography tree corresponding to the same
species, the location of which is indicated by the lines connecting the two trees. (C). Distribution of species within each of the geoclades in the geography tree. Within each
map, species richness is indicated by the shade of the highlighted quadrats, with darker colors indicating higher relative diversity. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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We incorporate data from over 200,000 specimens and over 20,000
base pairs of molecular sequence data, which to our knowledge
is the largest study of its kind. Our analyses consistently support
the hypotheses that the diversification of the North American
sedge flora is associated, at least in part, with the evolution of
species distributions and climatic and edaphic niches, and that
the exploration of geographic ‘‘place” is correlated to that of niche
‘‘space”. Comparisons of the species tree and geography tree
demonstrate substantial incongruence between the two, which
are confirmed with community phylogenetic metrics. Tests of
phylogenetic signal indicate that geography and niche are more
divergent than if they had evolved in a Brownian fashion, that
shifts in distribution occur more commonly along a longitudinal
than latitudinal gradient, and that temperature tolerance is more
limiting than precipitation or soil tolerance. Lastly, measurements

of evolutionary rates imply that geographical diversification and
speciation are very strongly correlated and that the evolution of
geographical place corresponds strongly with exploration of niche
space.

4.1. Evolution of range and niche is associated with species
diversification

On a global scale, geography has played a critical role in the
diversification of Cyperaceae, with both long-distance dispersal
and sympatric speciation commonly invoked when geography is
coded as broad, discrete regions (Escudero et al., 2009; Viljoen
et al., 2013; Villaverde et al., 2015). Our analyses of the North
American sedge flora, however, reveal very few instances of sym-
patric speciation as would be recovered through ancestral range
estimations of discretized space in programs such as Lagrange
(Ree and Smith, 2008) or BioGeoBEARS (Matzke, 2013, 2014).
Instead, treating distribution in a continuous manner reveals that
a majority of the sympatric speciation events uncovered in such
previous analyses may in fact be allopatric, resulting either from
dispersal or vicariance within a single land mass.

This is perhaps most apparent visually when comparing the
geographic (Fig. 2A) and phylogenetic relationships of the sedges
(Fig. 2B), as species composing the various clades in the species
tree appear to be widely distributed among geoclades in the geog-
raphy tree. When treating the geoclades as floristic regions in a
community ecology sense and explicitly measuring their phyloge-
netic structure, we find that 60% of these regions are significantly
phylogenetically overdispersed (Fig. 2C, Table 2; Webb et al.,
2002). Thus, closely related species tend to be geographically unre-
lated, and distantly related species appear to have converged geo-
graphically onto these areas. This pattern is not found, however, in
either mountainous or high latitude regions of North America
(Fig. 2c vi, v, xii, ix), which instead exhibit significant phylogenetic
clustering. Transitions into cold regions, such as those at high lat-
itudes and elevations, are relatively rare among the ‘‘major ecolog-
ical transitions” (Edwards and Donoghue, 2013), and thus we
might expect greater levels of niche conservatism and phyloge-
netic clustering in these areas. Our measurements of phylogenetic
signal confirm these patterns of community of assemblage. Indeed,
species’ latitude was the single most conserved variable that we
analyzed (Table 3), with a K value over three times greater than
species’ longitude. Similarly, the temperature variables exhibit
more conservatism than either precipitation or soil (Table 3). Thus,
lineage splitting is more commonly associated with longitudinal
(east–west) than latitudinal (north–south) movement, and far
more commonly associated with shifts in precipitation and soil
regimes than in temperature regimes.

Measuring rates of speciation and range and niche evolution
further clarify these patterns. In all cases, significant shifts in spe-
ciation rate occur at the same time as, or soon after, significant
shifts in rate of range, elevation, temperature, precipitation, or soil
evolution, providing strong evidence in support of the hypothesis
that the diversification of the North American sedge flora is associ-
ated with ecological and geographical divergence (Ackerly, 2009).
In some instances, these shifts in rate of evolution occur at the
same moment, as with the accelerations in speciation and CSD Axis
4 in Carex sect. Ovales, or in speciation and winter precipitation in
Carex subgenus Vignea. In other instances, significant shifts occur
at different times within the same clade. For example, within Eleo-
charis, increases in rates of evolution of elevation, longitude, CSD
Axis 4, and summer temperature occur prior to shifts in speciation
rates. Furthermore, in nearly all cases significant shifts in rate of
species distribution evolution are associated with significant shifts
in rate of niche evolution, suggesting that the exploration of geo-
graphic place corresponds very closely to exploration of niche space.

Table 2
Mean phylogenetic pairwise distance among floristic regions. The floristic regions
correspond to those identified in Fig. 2. The Richness column depicts the number of
species occurring in each of the floristic regions. Observed mean pairwise distances
(MPD), and those calculated from 1000 permuted datasets, are presented. Significant
p-values (p < 0.05) suggest that the species within the floristic region are more closely
related to each other than would be expected by chance.

Richness Observed MPD Simulated MPD P value

Region 1 21 94.46 75.40 0.95
Region 2 14 69.77 74.20 0.36
Region 3 47 77.38 74.67 0.65
Region 4 8 30.80 74.64 0.01
Region 5 106 50.08 74.83 0.00
Region 6 76 74.63 74.74 0.49
Region 7 111 97.96 74.43 1.00
Region 8 52 31.51 74.17 0.00
Region 9 40 60.74 74.70 0.03
Region 10 72 78.10 74.74 0.74

Table 3
Measures of phylogenetic signal and tests of significance. Observed values of
Blomberg’s K for the continuous species distribution (CSD) axes, mean latitude,
longitude, and the climatic and edaphic variables. pr{Brownian} and pr{Random}
columns depict the probability that the observed K values fit expected values under a
Brownian model of evolution or are randomly distributed. In all instances, significant
p values (p < 0.05) indicate ‘‘less phylogenetic signal than Brownian Motion” and
‘‘more phylogenetic signal than random.” Abbreviations: Bioclim 1 = mean average
temperature; Bioclim 2 = mean diurnal range; Bioclim 4 = temperature seasonality;
Bioclim 5 = max temperature of warmest quarter; Bioclim 8 = mean temperature of
wettest quarter; Bioclim 13 = precipitation of wettest month; Bioclim 14 = precipi-
tation of driest month; Bioclim 18 = precipitation of warmest quarter; Bioclim
19 = precipitation of coldest quarter.

Variable K pr{Random} pr{Brownian}

CSD Axis 1 0.068 0.001 0.001
CSD Axis 2 0.079 0.001 0.001
CSD Axis 3 0.060 0.001 0.001
CSD Axis 4 0.029 0.002 0.001
CSD Axis 5 0.030 0.022 0.001
Latitude 0.101 0.001 0.001
Longitude 0.031 0.002 0.001
Elevation 0.039 0.001 0.001
Bioclim 1 0.093 0.001 0.001
Bioclim 2 0.034 0.002 0.001
Bioclim 4 0.051 0.001 0.001
Bioclim 5 0.088 0.001 0.001
Bioclim 8 0.045 0.001 0.001
Bioclim 13 0.033 0.001 0.001
Bioclim 14 0.023 0.013 0.001
Bioclim 18 0.041 0.001 0.001
Bioclim 19 0.023 0.024 0.001
% Clay 0.020 0.077 0.001
% Gravel 0.015 0.509 0.001
% Sand 0.031 0.003 0.001
% Silt 0.022 0.016 0.001
% Organic carbon 0.014 0.75 0.001
Soil pH 0.031 0.001 0.001
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Contrary to theoretical expectations (Givnish, 2010; Vamosi
and Vamosi, 2011), our analyses found no correlation between
range size and richness (Fig. 4). In a study of angiosperm families,
Vamosi and Vamosi (2011) found that the area available to a lin-
eage (characterized as the sum of the area of ecoregions, on a glo-
bal scale, in which the family resides) is the single greatest
predictor of that families’ species richness. The sedges, however,
do not fit that trend, as widespread clades can be either hyper-
diverse (e.g., Carex) or relatively species poor (e.g., Scirpus). We also
did not find any association between clade age and cold tolerance
or between most of the climate traits and clade richness, which are
both patterns identified in North American tree lineages (Hawkins
et al., 2014; Qian et al., 2014). Rather, with the exception of a weak
positive correlation to the amount of summer precipitation, the
only traits related to clade richness in the North American Cyper-
aceae are rates of speciation and rates of geographical and ecolog-
ical diversification. That is to say, species rich clades are diverse
primarily because they underwent rapid speciation and rapid geo-
graphical and ecological evolution. Finally, geographic and ecolog-
ical rates of evolution are strongly and positively correlated with
each other. Rates of geographic and edaphic evolution are more
strongly correlated with rates of speciation than any other trait.
These results lend strong support to the hypotheses that species
rich sedge clades have exhibited rapid rates of speciation, have
experienced rapid geographical diversification, and have rapidly
explored new niche space in the process.

4.2. Latitudinal patterns of diversity within Cyperaceae

The Cyperaceae is one of the few angiosperm families that exhi-
bits higher species richness in temperate vs. tropical regions
(Escudero et al., 2012; Kerkhoff et al., 2014; Tang et al., 2014).
Escudero et al. (2012) suggest that the inverse latitudinal richness
gradient in Carex may have been driven in part by significant cool-
ing beginning in the Oligocene (!33.9 Ma) and again in the Plio-
cene (!2.6 Ma). During these times, higher latitudes would have
experienced pronounced cooling, increasing the presence of boreal
niche space available for colonization in these lineages (Graham,
1999, 2011, 2012; Zachos et al., 2001.). We further suggest that
these patterns of latitudinal species richness may be the result of
events during the Last Glacial Maximum (LGM), where areas of
highest diversity correspond to the southernmost extent of the
ice sheets (Fig. 1; Jackson et al., 2000; Clark and Mix, 2002;
Marshall et al., 2002; Clark et al., 2009). These areas are now rich
in both open wetlands and forested uplands, habitats where sedges
exhibit peak diversity. On the other hand, areas north of 50"N were
entirely glaciated during the LGM and colonization of these areas is
necessarily a much more recent phenomenon.

Adaptation to boreal and arctic climes appears to be uncommon
among sedge lineages, and lineages that do adapt to these biomes
tend to exhibit niche conservatism and lower rates of diversifica-
tion (Table 3, Fig. 4; Escudero et al., 2012; Gebauer et al., 2014).
These patterns are reflected in other boreal or arctic lineages as
well. For example, Tkach et al. (2014) found that arctic lineages
of Pedicularis L. (Orobanchaceae) mostly evolved from high eleva-
tion ancestors, and that these exhibit high levels of niche conser-
vatism. Similarly, Hawkins et al. (2014) found that adaptation to
cold tolerance is a trait significantly associated with phylogenetic
niche conservatism among North American forest trees. Generally,
transitions to higher latitudes and colder climates are difficult to
achieve (Smith and Donoghue, 2010; Edwards and Donoghue,
2013). Our results are consistent with these patterns, which sug-
gest that the traits most closely associated with cold tolerance
(i.e., latitude and temperature) are more conserved than precipita-
tion, soil, and longitude (Table 3), that the most phylogenetically
clustered sedge communities occur at high latitudes and elevations

(Table 2, Fig. 2C), and that the diversification of high latitude sedge
lineages (e.g., Eriophorum, Carex sections Phacocystis and Vesicaria)
is closely associated with significant shifts in rate of temperature,
precipitation, and soil evolution.

Ultimately, we believe that these patterns merit additional
investigation, particularly regarding the timing of adaptation to
higher elevations and latitudes, the lineages involved, and poten-
tial key innovations or functional traits that may have facilitated
these transitions (Escudero et al., 2012; Gebauer et al., 2014).
Ancestral state reconstructions of climate and soil preferences as
well as ancestral range estimations would likely prove to be a very
useful contribution to this field of inquiry, but would either require
more thorough taxonomic sampling on a global scale or a nar-
rowed focus on particular clades within the North American flora.

4.3. CSD or latitude and longitude?

In this paper we suggest the use of correspondence analysis to
reduce a large binary matrix of species presences and absences
to construct a continuous trait for comparative phylogenetic anal-
ysis. We complement this approach by subjecting the centroid
latitudes and longitudes to the same suite of analyses. Both
approaches have obvious advantages and disadvantages. For exam-
ple, in the CSD approach, only a portion of the variance associated
with species distribution is captured in the canonical axes. The
same is arguably true in the centroid approach, however, for which
measures of range shape and extent are entirely unaccounted. One
clear advantage of the centroid approach is that latitudes and lon-
gitudes are inherently easier to visualize and discuss than axes
constructed from dimension reduction approaches such as corre-
spondence or principal component analyses.

We maintain that both approaches are useful, though, particu-
larly when integrated with each other. Indeed, the information
used in the centroid approach was captured in the CSD approach,
as the rate of latitudinal evolution is correlated with rate of evolu-
tion of CSD Axes 1, 4, and 5 and the rate of longitudinal evolution is
correlated with rate of evolution of CSD Axes 1 and 3 (Fig. 4). Fur-
thermore, all of the traits associated with rates of latitudinal or lon-
gitudinal evolution are similarly associated with those of the CSD
axes. The CSD axes, however, recovered information not captured
by the centroids alone. For example, CSD Axis 2 was not correlated
to either latitude or longitude. In addition, rates of CSD evolution
were correlated with rates of evolution of Bioclim 1, 4, and 19,
which the centroids were not. Finally, while a significant shift in
diversification rate was recovered in the genus Cyperus, the only
geographical traits with corresponding shifts in evolutionary rate
were CSD Axes 4 and 5 (Fig. 3). We therefore suggest that the
CSD approach captures more information than centroids alone;
however, interpretation of these data are more challenging.

4.4. Conclusions and final remarks

Despite the importance of geography and niche to the diversifi-
cation of the North American Cyperaceae as demonstrated by our
analyses, these results would be strengthened by the inclusion of
additional data. First, species sampling should be broadened to
incorporate a truly monophyletic group of organisms. While global
sampling of all 5000+ species of Cyperaceae, including both molec-
ular data as well as complete distribution data, is unlikely to be
accomplished in the near future, this would obviously be a superior
dataset. In the meantime, additional sampling outside of North
America would be useful to determine the role of transcontinental
dispersal in diversification and to determine if patterns revealed in
these analyses are reflected elsewhere. The work currently being
conducted by the Global Carex Group (Pedro et al., 2014) to form
a worldwide phylogeny of Carex will be a major step forward in

D. Spalink et al. /Molecular Phylogenetics and Evolution 95 (2016) 183–195 191



Fig. 3. Rates of evolution of North American sedges. In A–X, warm colors correspond to fast rates of evolution and cool colors to slow rates of evolution. All changes in branch
color are significant shifts in rate of evolution. (A) Net rate of speciation. Chronogram of North American Cyperaceae, with branching times indicated by time-scale and branch
colors reflecting net rates of speciation. Major clades specifically referred to in the text are labeled. B–X. Rates of evolution of continuous species distribution (CSD) axes, mean
latitude, mean longitude, elevation, and temperature, precipitation, and soil parameters. Black/gray bars along the tips correspond to the labeled clades in Fig. 4A.
Abbreviations: Eleo = Eleocharis; Cyp = Cyperus; Erio = Eriophorum; Phaco = Carex section Phacocystis; Ves = Carex section Vesicaria; CSD = continuous species distribution;
Bioclim 1 = mean average temperature; Bioclim 2 = mean diurnal range; Bioclim 4 = temperature seasonality; Bioclim 5 = max temperature of warmest quarter; Bioclim
8 = mean temperature of wettest quarter; Bioclim 13 = precipitation of wettest month; Bioclim 14 = precipitation of driest month; Bioclim 18 = precipitation of warmest
quarter; Bioclim 19 = precipitation of coldest quarter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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this regard. Ecological niche modeling (e.g., Maxent; Philips and
Dudík, 2008) could also prove a useful tool, particularly to predict
distributions that may not currently be represented by available
specimen data and to measure the extent of range overlap among
species. We also suggest the inclusion of variables that may be con-
tributing to reproductive isolation (e.g., chromosomal structure in
the highly heterogeneous, agmatoploid Carex; Escudero et al.,
2012), characters that may be related to dispersibility (e.g., fruit
and seed morphology), that would facilitate exploration of niche
space (e.g., photosynthetic pathway, adaptive traits facilitating lat-
itudinal transitions), or are otherwise important functional traits.
Projections of all of these traits into the past (i.e., through ancestral
state reconstructions) would allow a more thorough exploration of
how paleoclimates may have facilitated adaptation to temperature
and precipitation regimes, particularly in relation to patterns of
speciation (Töpel et al., 2012). This historical context may also be
foundational to present conservation efforts, for example in aiding
our ability to assess risk, predict future distributions, and identify
suitable habitats as the global climate continues to change
(Johnson et al., 2014; Lawing and Matzke, 2014). Finally, ongoing
regional floristic barcoding projects, such as those currently ongo-
ing in Wisconsin (Cameron et al., 2014), will continue to increase
our ability to construct densely populated phylogenies in order
to investigate geographical and ecological patterns of diversifica-
tion across a broad spectrum of lineages, to identify common
trends among these lineages, and to assess risks to long-term sur-
vival in a rigorous fashion (Davis et al., 2014; Joly et al., 2014b).

These analyses rely heavily upon data that are publicly and
freely available in online repositories. We advise caution, however,

in utilizing these data without first assessing their quality. In this
paper, we omitted more than a third of all georeferenced samples
from GBIF due to a variety of issues. Furthermore, data in online
repositories are often incomplete (e.g., Drew, 2013; Drew et al.,
2013; Hinchliff and Smith, 2014). While many herbaria and muse-
ums have contributed to repositories such as GBIF, the databasing
of specimens in many collections is still in progress. This is partic-
ularly true for smaller, more local, regional collections, including
teaching collections. We believe that these additional collections
will be an invaluable resource for the development of more fine-
scale, high resolution distribution datasets, and we encourage
efforts to make these records available (Funk and Richardson,
2002; Pyke and Ehrlich, 2010; Lavoie, 2013; Rocha et al., 2014).
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