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ABSTRACT

Aim Across angiosperm families, the area occupied by a family is strongly cor-
related with its richness. We explore the causes of this area-richness correlation
using the cosmopolitan family, Cyperaceae Juss., as a model. We test the
hypothesis that, despite a proposed tropical origin, temperate lineages in the
family diversified at elevated rates. We test the hypothesis that the area-richness
correlation is maintained within intrafamilial clades, and that this relationship
could be described as a function of niche space. We also test the hypothesis
that the partitioning of geographical and ecological space, not the extent of this
space, is the factor most closely associated with clade richness.

Location Cosmopolitan.

Methods We use molecular data from four genes sequenced in 384 taxa to
develop a chronogram of Cyperaceae. We then develop a model of ancestral
ranges and measure rates of diversification throughout the history of the fam-
ily. Integrating data from over 4,800,000 digitized herbarium records, we char-
acterize the range and niche of more than 4500 species and test for
correlations of the species richness maintained within clades with range size,
range partitioning, range overlap, niche, clade age and rate of diversification.

Results Cyperaceae originated in South America in the late Cretaceous and
subsequently dispersed throughout the globe. Of three increases in diversifica-
tion rate, two occurred in the temperate Northern Hemisphere. The variable
most closely associated with clade richness is the partitioning of geographical
space by species within each clade.

Main conclusions We show that species-rich clades in Cyperaceae are not
only more widespread, occupy more niche space, and diversify more quickly,
but also exhibit patterns that are consistent with the partitioning of geographi-
cal and ecological space as a major correlate to diversification.

Keywords
area-richness correlation, BAMM, BioGeoBEARS,

herbarium specimens, historical biogeography, Poales
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INTRODUCTION

of net diversification rate and clade age. In integrating
geography and ecology, however, both the physical location

Explaining why some clades are species rich and others are
species poor, and how these patterns of diversity are dis-
tributed throughout the globe, remain central tasks in biol-
ogy and require the multiple perspectives afforded by
evolution, geography, and ecology. From an evolutionary
perspective, in its simplest form species richness is a function
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and extent of clade ranges are also related to species richness.
For example, the tropics are the location of origination
(i.e. ‘museum’) and subsequent diversification (i.e. ‘cradle’)
in many clades owing to the climatic stability, high
productivity and large geographical extent of the tropics over
geological time-scales (Pianka, 1966; Chown & Gaston, 2000;
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Jablonski et al., 2006; Mittelbach et al., 2007). Some lineages
are actually more diverse in temperate than tropical regions
(Kindlmann et al., 2007; Sanchez-Ramirez et al, 2015),
however, despite the propensity of these temperate lineages
to be nested within tropical clades (i.e. tropical museum and
temperate cradle of diversification; Mittelbach et al., 2007).
Furthermore, clades that occupy both tropical and extratrop-
ical regions are more than five times more species rich than
strictly tropical clades (Ricklefs & Renner, 1994), and across
angiosperm families, the total area occupied by a family is
strongly correlated with its richness (Vamosi & Vamosi,
2011).

Although widespread families are generally species rich,
the causes of this area-richness correlation remain untested.
Speciation resulting from geographical barriers to gene flow
should be dominant in families lacking obvious mechanisms
for long-distance dispersal (Chown & Gaston, 2000; Givn-
ish, 2010), which we argue should lead to a positive rela-
tionship between clade range and species richness and
would be manifest in the partitioning of total clade range
by relatively narrowly distributed and largely allopatric spe-
cies. The diversification of widespread lineages could also
be ecologically driven, however, as differences in distribu-
tions among species within a clade might represent a form
of resource partitioning at regional scales, with greater
diversity expected the greater the overall range of geograph-
ically structured conditions being partitioned by a clade.
Given that environmental differences tend to increase with
geographical distance (e.g. Lichstein et al., 2002), and that
the rate of niche evolution is positively correlated with the
rate of diversification and overall richness (Kozak & Wiens,
2010; Gomez-Rodriguez et al, 2015; Spalink et al, 2016),
the area-richness correlation might just as rightly be called
the niche space-richness correlation. Were this moniker jus-
tified, we would expect to see that species-rich clades
occupy a broader niche space, and that this niche space
was more finely partitioned by the species it contains, than
species-poor clades.

The sedge family (Cyperaceae Juss.) presents an ideal
opportunity to explore the processes contributing to the
diversification and maintenance of biodiversity in relation to
clade age, diversification rate, area and niche space. Cyper-
aceae is cosmopolitan in distribution, composed of roughly
5500 species in ¢. 98 genera and 15 tribes, and the 10th most
species-rich family among the angiosperms (Govaerts et al.,
2015). The family is hyperdiverse in temperate regions
despite a proposed tropical origin for the clade (Givnish
et al., 1999; Bremer, 2002). Although the subsequent geo-
graphical diversification of Cyperaceae on a family-wide, glo-
bal scale remains unexplored, this suggests that the species
rich, temperate clades are derived from a tropical origin.
Thus, in a departure from the pattern observed among many
angiosperm lineages, the tropics may be the museum of
Cyperaceae origination while subsequent radiations occurred
in temperate cradles. Were this true, we would expect to see
ancestral area estimates place the Cyperaceae stem lineage in
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the tropics and significant increases in diversification rate
occurring in temperate regions.

Sedge genera vary considerably in richness and geographi-
cal extent, ranging from monotypic to containing over 2000
species, and from narrowly restricted to essentially cos-
mopolitan. Some genera (e.g. Eriophorum L.) are adapted to
long-distance wind dispersal, but the majority lack obvious
dispersal adaptations and are carried short distances by grav-
ity, wind, water or animals (Kern, 1974). As might be
expected in a lineage with poor dispersibility, diversification
rates are tightly correlated with rates of range and niche evo-
lution among the North American sedges (Spalink et al.,
2016). Given this pattern, the lack of dispersal mechanisms
in most clades, and the disparity in clade range and species
richness within the family, we expect that geographical diver-
gence and physiological adaptation at relatively small spatial
scales are key processes in the diversification within Cyper-
aceae on a global scale. If this is the case, diverse clades
should be more widespread and occupy a broader niche
space than species-poor clades, geographical and ecological
space should be more finely partitioned by species within
diverse clades, and net diversification rates should be greater
in clades where this partitioning occurs.

In this article, we explore the evolutionary, geographical
and ecological patterns that are manifest in the distribution
of sedge richness throughout the globe. We construct a fos-
sil-calibrated chronogram of Poales, estimate the historical
biogeographical divergence of Cyperaceae, and measure net
rates of diversification to test the tropical museum-temperate
cradle hypothesis for the family. We then integrate this
framework with millions of georeferenced herbarium records
to test the hypothesis that clades occurring over large geo-
graphical and ecological extents are more diverse than spa-
tially and ecologically restricted clades; that clade richness
and diversification rate increase with the ratio of the average
species range within a clade to the clade’s overall range; that
clade richness and diversification rate similarly increase with
the ratio of the average species niche space within a clade to
the clade’s overall niche space; and that clade richness is
more tightly correlated with these ratios than to clade age or
speciation rate.

MATERIALS AND METHODS

Molecular dating analysis

The fossil record is poor within Cyperaceae (Smith et al,
2010), so we designed our sampling to accommodate as
many fossils as possible from Poales rather than relying
entirely on a secondary Cyperaceae crown prior and the few
sedge fossils. Through de novo sequencing of the chloroplast
DNA genes matK, ndhF, rbcL and trnL-F, and downloading
supplemental data from GenBank, we included a total of 384
taxa, of which 295 taxa represent all tribes and 80 out of 98
genera in Cyperaceae (Govaerts et al, 2015). We utilized
placeholders for the orders Zingiberales, Commelinales and
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Arecales as outgroups. The remaining taxa were selected to
optimize the placement of fossil priors. Details regarding
sampling and laboratory procedures are provided in
Appendix S1.

Phylogenetic inference and divergence-time estimation
were conducted using a lognormal clock and Yule speciation
process in BEAST 1.8.0 (Drummond et al., 2012). We offset
the ages of 20 nodes throughout Poales and the stem nodes
of the four commelinid orders. The placement, offsets and
priors for all age constraints are listed in Table 1 and dis-
cussed in detail in Appendix S1. We conducted a second
BEAST analysis, sampling only from the priors, to assess
whether any priors were being overridden by the data. We
also tested an exponential clock and a birth-death process to
determine if these resulted in a reconstruction different than
that obtained using a lognormal clock and Yule process.

Ancestral area estimation

We estimated ancestral areas using the program BroGeo-
BEARS (Matzke, 2014), which incorporates a ‘jump dispersal’

Historical biogeography of Cyperaceae

(J) parameter that treats dispersal as a cladogenetic process
and has been shown through simulation and empirical stud-
ies to significantly improve model likelihoods (Matzke,
2014). Given the cosmopolitan distribution of Cyperaceae
and the disparate range sizes of individual clades and species
within the family, we chose the DEC (dispersal-extinction-
cladogenesis; Ree & Smith, 2008) and DEC+] models for
ancestral area estimations for their inclusion of parameters
allowing both sympatric and vicariant events that involve
descendants inheriting only a portion of their ancestral
range. We built these models using the maximum clade cred-
ibility tree from BEAST after pruning it to include only cyper-
ids (Cyperaceae, Juncaceae Juss., Thurniaceae Engl.), and
accounted for phylogenetic uncertainty by analysing an addi-
tional 100 pruned trees selected at random from the BEAsT
posterior. We then compared the likelihoods of our data
given the nested DEC and DEC+J models using likelihood
ratio tests. To measure the probability of dispersal given the
biogeographical models, distribution data and phylogeny, we
conducted 100 stochastic mapping replicates on the maxi-
mum clade credibility tree and averaged the occurrences of

Table 1 List of fossil and secondary priors utilized in BEAsT analysis. The systematic placement, crown and stem positions, prior
distributions and offsets (Ma = millions of years ago) are provided for each prior. Sources provide fossil descriptions and justifications
for prior distributions and offsets. PACMAD = Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae,

Danthonioideae. BEP = Bambusoideae, Ehrhartoideae, Pooideae.

Prior
Systematic affinity Position distribution Offset (Ma) Source
Cyperaceae
Cariceae Crown Lognormal 33.9 Smith et al. (2010)
Scleria Crown Lognormal 33.9 Smith et al. (2010)
Scirpus Crown Lognormal 284 Smith et al. (2010)
Cladium Crown Lognormal 25.7 Smith et al. (2010)
Fimbristylis, excluding F. variegata Crown Lognormal 25.7 Smith et al. (2010)
Mapanioideae Crown Lognormal 48 Smith et al. (2009)
Poacae
Setaria Crown Lognormal 7 Elias (1942)
Distichlis Stem Lognormal 14 Dugas & Retallack (1993)
Chloridoideae Crown Lognormal 19 Stromburg (2005)
Bambusoideae Crown Lognormal 35 Stromburg (2005)
PACMAD clade Crown Lognormal 40 Zucol et al. (2010)
Pooideae Crown Lognormal 40 Zucol et al. (2010)
BEP clade Crown Lognormal 67 Prasad et al. (2010)
Other Poales
Juncus, Distichia, Oxychloe, Patosia, Crown Lognormal 339 Collinson (1983);
Marsippospermum, and Rostkovia, Collinson & Cleal (2001)
but excluding J. capitatus and J. trifidus
Restionaceae Crown Lognormal 70 Knoblock & Mai (1986)
Typhaceae Crown Lognormal 70 Knoblock & Mai (1986)
Secondary Calibrations
Poales Crown Uniform 83-116 Janssen & Bremer (2004);
Merckx et al. (2008)
Commelinales+Zingiberales Crown Uniform 81-122 Wilkstrom et al. (2001);
Kress & Specht (2006)
Poales+Commelinales+Zingiberales Crown Uniform 84-123 Mennes et al. (2013);
Magallén & Castillo (2009)
Commelinidae Crown Uniform 93-128 Mennes et al. (2013);

Magallén & Castillo (2009)
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vicariance, sympatry and jump dispersal. To ensure the
robustness of the patterns observed in these models to the
assumptions inherent to DEC, we also estimated ancestral
areas using the DIVA (dispersal-vicariance analysis; Yu et al.,
2010) and BayArea (Landis et al., 2013) models as imple-
mented in BroGeoBEARS. Additional details regarding
model development, including the geographical regions
involved, species coding, temporal stratification, and disper-
sal probabilities among the geographical regions through
time are provided in Appendix S1.

Correlates of diversity

We estimated diversification rates using BAMM 2.0 (Rabosky
et al., 2014). To account for incomplete taxonomic sampling,
we assigned tips to the smallest clades for which species rich-
ness could confidently be calculated based on phylogenetic,
morphological and taxonomic data, and specified the pro-
portion of the total clade diversity sampled in the phylogeny
(Govaerts et al., 2015; see Table S3 in Appendix S2). We ini-
tiated two independent chains of 25,000,000 generations,
assessed convergence and effective sample sizes using CODA
(Plummer et al.,, 2006), and identified the model with the
highest Bayes factor score as the overall best model (Rabosky
et al., 2014). We then calculated the average net diversifica-
tion rate for each clade originally used to assign species rich-
ness. We repeated this analysis seven times by increasing the
Poisson rate prior from 0.7 to 1.3 by 0.1 increments to
determine the robustness of the results.

To identify correlations between clade richness, age, diver-
sification rate, area and niche, we characterized the distribu-
tions of every sedge species for which specimen data were
available. We mined the Global Biodiversity Information
Facility (GBIF; www.gbif.org) and downloaded all georefer-
enced samples recorded as having no known coordinate
ambiguities (accessed 3 November 2015). We supplemented
this data set using the online databases of herbaria that have
not contributed their data to GBIF, and also contacted cura-
tors directly from herbaria that have been digitized but
whose data are not publically available. As public databases
are useful but prone to error (Maldonado et al., 2015; Spa-
link er al., 2016), we subjected our waypoint data set to a
series of rigorous filtering steps. First, to ensure that each
record matched a correct taxon name, we used TAXONSTAND
(Cayuela & Oksanen, 2014) to validate and update names as
necessary. We eliminated all records with ambiguous names.
We then plotted the specimen records for each species indi-
vidually, eliminated records that were clearly outside of their
species’ ranges, and ensured that the remaining waypoints
captured the species ranges as characterized in the eMonocot
portal (www.emonocot.org; accessed 10 November 2015).
Finally, we eliminated all duplicate records. After filtering
the waypoint data, we assigned each species to one of the
clades identified in the BAMM analysis using Sedges of the
World (eMonocot Team Cyperaceae, 2015; see Table S3) as a
guide.
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To measure the range sizes of species and clades, we
developed a world-wide 7 arc-degree grid map under the
WGS84 coordinate system. These cell dimensions were
selected after a series of trials to determine the optimum
size that sufficiently captured species’ ranges based on avail-
able data without unnecessarily sacrificing resolution. We
then calculated the total area of each grid cell, overlaid the
waypoint data onto the map, and summed the total area of
the cells in which the waypoints occurred for each species.
To measure the degree to which geographical space is parti-
tioned among species within a clade, we calculated the range
size of each species relative to the total range of the clade in
which it is contained. We also measured the average range
overlap among species within each clade by dividing the
number of cells shared by any two species by their total
collective range. To calculate the niche space occupied by
each species and clade, we overlaid the waypoint data on 18
bioclimatic raster layers downloaded from WorldClim
(Hijmans et al., 2005) at 5 arc-minutes resolution. We cal-
culated the total range of values for every variable and clade,
and the average of the range of values of the species within
the clades. We then calculated the size of the climatic niche
space for every clade and the relative sizes of the species
within the clades.

Using these data (see Appendix S2, Table S4), we tested a
series of hypotheses to identify which factors are most signif-
icantly associated with clade richness using phylogenetic gen-
eralized least squares (PGLS) regressions. We used a skeleton
tree derived from the BEAsT maximum clade credibility tree,
with clades reduced to single tips as identified in the BAMM
analysis (n = 36), and repeated the analyses using 100 trees
randomly selected from the BEAST posterior. We regressed
clade richness against crown and stem ages, net rate of diver-
sification, clade range, mean latitude, relative range of species
within the clades, average range overlap of species within the
clades, clade niche breadth, and the relative niche breadth of
species within the clades. We similarly regressed average
clade range and diversification rate against these variables.
We log-transformed all variables prior to regression, and
conducted PGLS analyses using caper (Orme et al., 2013).

RESULTS

Phylogenetic analysis and divergence-time estimates

The final data set consisted of matK data for 232 taxa, ndhF
data for 265 taxa, rbcL data for 359 taxa, and trnL-F data for
303 taxa and in total was comprised of 384 taxa and 4953
aligned base pairs (see Table S5 in Appendix S2). Our
chronogram provides moderate to strong support for most
familial relationships in Poales and is consistent with previ-
ous analyses (Fig. 1; see Figure S1 in Appendix S3). A com-
parison of posterior marginal probability distributions
between the analyses with and without nucleotide sequence
data indicates that the Juncus vectensis Collinson prior is
overridden when molecular data are included, suggesting that
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Figure 1 Beast chronogram, DEC+] model for the estimated historical biogeographical areas occupied, and BAMM rates of
diversification of the cyperids. Node labels represent the relative probabilities of the ancestral area occupied by each inferred ancestor
based on the DEC+] model. All possible ancestral areas with at least 15% likelihood are represented, with grey bars representing the
sum of all estimated areas with lower than 15% likelihood. Node colours correspond to the areas on the maps, with diagonals
representing widespread ancestral areas that include more than a single region. The ranges of extant taxa are indicated by tip labels.
World maps show geographical areas defined for ancestral area estimation and their estimated locations throughout geological time. In
these maps, grey areas represent uncertainty regarding the extent of exposed continental shelf and are based on the reconstructions of
Blakely (© Ron Blakey, Colorado Plateau Geosystems). Inset diversification-through-time plot shows the background net diversification
rate of the cyperids as a grey line, while the three black lines represent the three numbered clades involved in diversification rate shifts.
Numerical labels correspond to numerical node labels on the chronogram, which indicate the location of the rate shifts. Diversification
rate units are in species species ' million years™ .

its use as an offset on the crown of Juncus s.l. is inappropri-
ate and it should be placed on a more internal node. Subse-
quent results are based on analyses conducted with this prior
omitted. Differences between the analyses with the lognormal
and exponential clock prior and between the Yule and birth-
death processes were trivial, and all node ages were within
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each other’s 95% confidence intervals. Within Cyperaceae,
subfamilies Mapanioideae and Cyperoideae are both sup-
ported as monophyletic and relationships within subfamilies
are in agreement with previous analyses. Our analysis dates
the Poales crown to 116 Ma [95% confidence interval
(CI) = 112-127 Ma], the divergence of Cyperaceae and
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Juncaceae to 96 Ma (95% CI = 88-100 Ma), and the Cyper-
aceae crown to 85 Ma (95% CI = 77-89 Ma).

Ancestral area estimations

The inclusion of the I’ parameter in the DEC+] model pro-
duced significantly more likely ancestral estimations than the
DEC model alone as indicated by likelihood ratio tests (DEC
LnL = —1095; DEC+] LnL = —1048, P-value = 1.61 x
107%%). We found no instances where the most likely area
estimated for nodes of interest in the maximum clade credi-
bility tree differed from the most commonly estimated area
among the 100 trees from the BEasT posterior. We therefore
base all subsequent discussions on the DEC+] model con-
structed on the maximum clade credibility tree. Given the
parameters of this model, 63% of cladogenetic events involve
sympatry, 14% involve vicariance and 23% involve jump dis-
persals.

Our estimations place the crown of the cyperids, the most
recent common ancestor (MRCA) of Cyperaceae and Jun-
caceae, and the Cyperaceae crown in South America in the
Late Cretaceous (Fig. 1). Within Cyperaceae, our model sug-
gests two independent Cretaceous migrations to Australia
from South America, first along the stem of subfamily
Mapanioideae and second along the stem of tribe Schoeneae.
Most diversification within subfamily Mapanioideae occurred
within Australia and South America, while migrations to
India, Southeast Asia and Africa occurred from an Australian
source in tribe Schoeneae. Tribes Trilepideae, Bisboechel-
ereae, Sclerieae, Rhynchosporeae, and the genus Cladium
P.Browne originated within South America and migrated
throughout the Southern Hemisphere with only occasional
introductions to the Northern Hemisphere.

Our model places the first arrival of Cyperaceae in the
Northern Hemisphere in the beginning of the Palaeocene
(c. 63 Ma) following a dispersal event from South America to
North America along the stem of the MRCA of the Dulicheae-
Scirpeae-Cariceae (DSC) and Eleocharideae-Abildgaardieae-
Fuireneae-Cypereae (EAFC) clades. All DSC backbone clado-
genetic events are estimated to have occurred in North Amer-
ica, from which migrations to Eurasia and the Southern
Hemisphere are suggested. Tribe Cariceae originated in eastern
Eurasia, with migration to North America occurring along the
stem of the hyperdiverse, non-Siderostictae clade of Carex.
Within the EAFC clade, the Northern Hemisphere remained
the primary site of cladogenesis in Eleocharideae. A return to
tropical Africa from a Eurasian source coincided with the
diversification of tribes Fuireneae, Abildgaardieae and Cyper-
eae. While the Cypereae 1 clade diversified in South Africa,
tropical Africa hosted the radiation of the Cypereae 2 clade.

These patterns were all recovered in the DIVA and
BayArea models when the J parameter was included, which
also resulted in significantly better models than when
this parameter was omitted (P-value <1 x 10715 see
Appendix S3, Figures S2 and S3). All analyses placed the ori-
gin of Cyperaceae within South America, the diversification
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of the EAFC clade within the Northern Hemisphere (with
the inclusion of Australia in the BayArea model), the DSC
clade within North America and Eurasia, and the Cypereae 2
clade within tropical Africa.

Dynamics of diversification

BAMM analyses converged and achieved sufficient effective
samples sizes after 25,000,000 generations. The best fitting
model favoured three shifts in speciation rate to explain
levels of diversity in Cyperaceae (Fig. 1), and these shifts
were robust to changes to the priors. The earliest shift in net
diversification rate occurred ¢. 52 Ma on the stem leading to
the EAFC clade, increasing net diversification rates to
0.075 sp sp ' myr '. The second shift occurred ¢. 20 Ma on
the stem leading to the non-Siderostictae Carex, increasing
net diversification rates to 0.4 sp sp_ ' myr . The final shift
occurred ¢. 15 Ma within the Cypereae 2 clade, increasing
net diversification rates to 0.29 sp sp~ ' myr .

We obtained a total of 4,834,838 specimen records repre-
senting 4511 taxa from GBIF, the Consortium of Northeast-
ern Herbaria (neherbaria.org), the Intermountain Regional
Herbarium Network (intermountainbiota.org), AAU, ALA,
AVH, HUH, IFP, JAQC, KSC, NHN, RM, SASK, USCH and
WIS. Following our filtering steps, our final data set con-
sisted of 2,678,553 records for 4290 species.

Based on phylogenetic generalized least squares regressions
(Table 2), clade species richness increased with net diversifi-
cation rate (* = 0.41), clade range (r* = 0.56) and niche
space as measured by all bioclimatic variables (average
7 =0.31), and increased as the relative species ranges
(* = 0.81), the proportion of sympatric species (> = 0.47),
and the relative size of species niche space (r* = 0.66)
decreased. Clade range increased with diversification rate
(* = 0.34), average clade niche space (* = 0.62), and the
average range of individual species (* = 0.32), and increased
as clade age (* = 0.21 for crown ages and r* = 0.16 for stem
ages), the relative species ranges (r* = 0.61), and the propor-
tion of sympatric species (r* = 0.47) decreased. Net diversifi-
cation rate increased with clade range (¥ = 0.34) and clade
niche space (r* = 0.14), and increased as the relative species
range (r* = 0.40), proportion of sympatric species
(* =0.23), and relative species niche space (r* = 0.23)
decreased. All significant regressions in the maximum clade
credibility tree were robust to topological uncertainty as
assessed using 100 trees from the BEAST posterior (Table 2).

DISCUSSION

Divergence-time estimations are improved with
additional fossils

Our data set, which includes the largest BEasT chronogram of
Cyperaceae in terms of number of taxa, loci and fossil calibra-
tions included, corroborates recent hypotheses regarding the
timing of Cyperaceae diversification (Escudero et al., 2012;
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Table 2 Phylogenetic generalized least squares (PGLS) regressions. Values in parentheses represent the average and standard deviation
of the values obtained from analyses conducted on 100 trees randomly selected from the BEAsT posterior. Only significant relationships
are shown. (a) PGLS regressions with clade richness as the response variable. (b) PGLS regressions with clade range as the response
variable. (c) PGLS regressions with diversification rate as the response variable.

Predictor variable R?

Slope P-value

(a) Response variable: clade richness
Diversification rate
Clade range
Relative species range
Species range overlap
Average clade niche space
Relative species niche space

(b) Response variable: clade range

0.41 (0.43, 0.02)
0.56 (0.57, 0.02)
0.82 (0.82, 0.01)
0.47 (0.49, 0.02)
0.31 (0.32, 0.02)
0.66 (0.65, 0.02)

Crown age 0.21 (0.21, 0.03
Stem age 0.16 (0.19, 0.03
Diversification rate 0.34 (0.38, 0.03

0.56 (0.57, 0.02

)

)

)

Clade richness )
0.32 (0.32, 0.02)
)

)

)

)

Average species range
Relative species range
Species range overlap
Average clade niche space
Relative species niche space
(c) Response variable: diversification rate
Clade range
Relative species range
Species range overlap
Average clade niche space
Relative species niche space

0.61 (0.64, 0.02
0.51 (0.54, 0.03
0.62 (0.62, 0.01
0.47 (0.47, 0.03

0.34 (0.38, 0.03)
0.40 (0.43, 0.02)
0.23 (0.25, 0.02)
0.14 (0.16, 0.01)
0.23 (0.22, 0.02)

2.66 (2.56, 0.11)
1.08 (1.11, 0.02)
—1.78 (—1.61, 0.02)
—1.04 (—=1.07, 0.03)
1.19 (1.26, 0.05)
—2.91 (—2.93, 0.08)

2.42E-5 (1.45E-5, 8.49E-6)
1.74E-7 (1.18E-7, 9.8E-8)
8.37E-14 (6.7E-14, 1.84E-13)
4.56E-6 (2.14E-6, 1.56E-6)
2.50E-3 (1.09E-3, 4.10E-4)
1.13E-5 (1.89E-6, 3.98E-6)

—1.08 (—1.09, 0.05) 4.7E-3 (6.52E-3, 4.39E-3)
—1.22 (—1.35,0.11) 1.50E-2 (9.09E-3, 6.58E-3)
1.62 (1.63, 0.03) 1.89E-4 (8.79E-5, 7.52E-5)
0.50 (0.52, 0.01) 1.74E-7 (1.18E-7, 9.8E-8)
0.93 (0.97, 0.01) 5.78E-5 (3.53E-4, 2.07E-4)
—1.03 (—0.97, 0.02) 1.72E-8 (8.59E-9, 9.88E-9)

—0.74 (=0.77, 0.03) 8.84E-7 (5.45E-7, 6.39E-7)
1.13 (1.16, 0.03) 1.45E-6 (2.04E-6, 7.49E-7)
—1.64 (—1.69, 0.06) 1.13E-5 (1.69E-5, 1.55E-5)

0.21 (0.23, 0.02)
—0.27 (—0.30, 0.03)
—0.29 (—0.20, 0.02)
0.19 (0.23, 0.02)
—0.41 (—0.44, 0.03)

1.89E-4 (8.79E-5, 7.52E-5)
3.56E-5 (1.75E-5, 1.51E-5)
3.13E-3 (2.04E-3, 1.07E-3)
2.80E-2 (1.76E-2, 4.53E-3)
4.39E-3 (5.71E-3, 2.11E-3)

Escudero & Hipp, 2013; Bouchenak-Khelladi et al., 2014).
We see three benefits of placing Cyperaceae within a broad
Poales framework. First, increasing outgroup sampling
allowed us to avoid depending on secondary priors on key
nodes of interest — in this instance, the crown and stem nodes
of Cyperaceae. While we acknowledge the importance of sec-
ondary priors (Magallon et al., 2013; Sytsma et al., 2014),
placing key nodes of interest in a more fossil-rich context
lowers the probability of introducing bias in divergence-time
estimates by constraining these nodes themselves. Second, by
increasing sampling of both taxa and fossils we were able to
demonstrate that the use of Juncus vectensis as a Juncus crown
fossil prior is not appropriate. Although this is the oldest
known Juncus fossil, dated to the Eocene-Oligocene boundary
(33.9 Ma), our results indicate that the Juncus s.I. crown is
much older. Third, despite placing priors under lognormal
distributions with larger standard deviations than previous
analyses (e.g. Escudero & Hipp, 2013), the 95% confidence
intervals surrounding node ages are smaller in our analysis.
This relationship between the number of fossil priors and the
precision of divergence-time estimates has been demonstrated
with both empirical and simulated data sets (Battistuzzi et al.,
2010; Bibi, 2013; Magallon et al., 2013).

Ancestral area estimations suggest a tropical
museum but multiple cradles

Our ancestral area estimation is the first to examine the
global geographical diversification of Cyperaceae. The model
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we present is consistent with trends emerging from studies
of similarly distributed clades that postdate the initial
breakup of Gondwana (180-150 Ma; White et al., 2013), and
we highlight three major patterns here. First, we find that an
interplay of migration and extinction events between South
America and Australia in the Cretaceous, at the exclusion of
Africa, account for geographical divergence of early sedge
lineages in the Southern Hemisphere. Most recent models
suggest that Patagonia and the Antarctic Peninsula were con-
nected until ¢. 57 Ma (Reguero et al., 2014) and that Aus-
tralia and Eastern Antarctica separated only c. 45 Ma (White
et al., 2013). South America and Australia were therefore a
nearly continuous landmass until at least the Palaeocene.
While we lack the fossil evidence to confirm that Antarctica
facilitated the Southern Hemispheric patterns observed dur-
ing the Cretaceous, our model serves as one more example
of a vicariant pattern between South America and Australia
following the breakup of Gondwana (e.g. Nothofagaceae
Kuprian, Swenson et al., 2001; Fuchsia L., Berry et al., 2004;
Proteaceae Juss., Milner et al., 2015; Brassicales Brom., Car-
dinal-McTeague et al., 2016).

Second, our model suggests that dispersal between South
America and Africa and between Africa and Australia, pat-
terns observed in several other Southern Hemispheric lin-
eages (e.g. Givnish & Renner, 2004; Sytsma et al., 2004;
Viljoen et al., 2013; Berger et al., 2015), coincided with the
diversification of tribes Schoeneae, Bisboechelereae, Trilepi-
deae, Rhynchosporeae, Fuireneae and Abildgaardieae. Inter-
estingly, our model indicates that all direct dispersal events
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between Australia and Africa occurred prior to the end of
the Eocene (c. 34 Ma). We propose that the Indian subconti-
nent, which commenced its rapid journey from the southern
Indian Ocean in the Palaeocene and began to collide with
Asia by the middle Eocene (DeCelles et al., 2014), may have
facilitated these early dispersals between Australia and Africa
at the exclusion of Asia (Conti et al., 2002; Cardinal-McTea-
gue et al., 2016). This was a unique moment in history,
where the Indian Ocean contained a large landmass that
could have served as an intermediary dispersal point. As a
point of contrast, all instances in our model of Southern
Hemispheric migrations involving both Africa and Australia
since the Eocene also involve distributions that include
Southeast Asia and/or Eurasia. These results are consistent
with the independent analysis of tribe Schoeneae as presented
by Viljoen et al. (2013), and are not biased by our temporal
partitioning of the model, which maintains constant dispersal
probabilities between Australia and Africa since the end of
the Cretaceous.

Third, while the South American tropics appear to have
been the site of origin for the family, the temperate Northern
Hemisphere is the primary cradle of diversification. The
migration of the sedges into the Northern Hemisphere in the
Eocene appears to be an important event for the diversification
of Cyperaceae, as the descendants of this ancestor account for
over 76% of the total diversity in the family. This migration
was followed almost immediately by the first increase in diver-
sification rate that we observe in our data along the stem of
the EAFC clade (Fig. 1, #1). The second increase in diversifica-
tion rate, which occurred along the stem of the non-Siderostic-
tae Carex (Fig. 1, #2), was also a Northern Hemispheric event
occurring in the more temperate Miocene. Tropical Africa,
however, hosted the third major increase in diversification rate
and is the cradle for the genus Cyperus L. (Fig. 1, #3).

Range and niche partitioning are strongly associated
with sedge diversity

The results from our biogeographical stochastic mapping
indicate that 23% of the cladogenetic events in our model
involved dispersal. To our knowledge, this is the highest rate
of cladogenetic dispersal observed in any study of this kind
to date (e.g. Matzke, 2014; Berger et al, 2015; T. Givnish,
unpublished data). Clearly, reproductive isolation resulting
from long-distance dispersal has contributed to the diversifi-
cation of the sedges. And yet, 63% of cladogenetic events in
our model were characterized as sympatric given our dis-
cretization of space in this model. In reality, any discretiza-
tion of geographical space is a subjective imposition on the
continuous dynamics of species’ ranges. By increasing the
resolution of this discretization in our grid analyses, we
uncovered several patterns suggesting that sympatric specia-
tion in the strict sense is likely not a common event in
Cyperaceae.

First, our analyses confirm that the total range of a clade
is correlated with its richness (> = 0.56, Table 2A). This
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pattern has been uncovered many times, but almost always
as an interfamilial phenomenon (Vamosi & Vamosi, 2011),
and very rarely as an intrafamilial pattern (Ricklefs & Ren-
ner, 1994). Second, we find that the ratio of average species
range to clade range is the trait most strongly correlated with
clade richness (+* = 0.82). Furthermore, although clade range
increases with average species range within that clade
(* = 0.32), it also increases with allopatry among those spe-
cies (r* = 0.61) and decreases as species occupy a larger pro-
portion of the total clade range (r* = 0.51). Thus, the
partitioning of geographical space — as would be expected
under a model of geographical speciation involving limited
dispersal, and possible specialization on local conditions and
partitioning of environmental resources at regional scales — is
reflected in the diversification of the species-rich clades in
Cyperaceae.

Third, our results suggest that the niche space occupied by
a clade (¥ = 0.31) is a good predictor of clade richness, and
the partitioning of this niche space (r* = 0.66) is the second
best predictor of richness following the partitioning of geo-
graphical space (Table 2B). It remains challenging to deter-
mine whether niche occupancy is an artefact of range
exploration or a causative agent in diversification. We sug-
gest, however, that the area-richness correlation observed
among angiosperm families (Vamosi & Vamosi, 2011)
should be revisited from this ecological perspective. Fourth,
consistent with our expectations under a model of geograph-
ical speciation, we find that clades that are more widespread,
occupy more niche space, and exhibit more finely partitioned
geographical and ecological space have diversified more
quickly than more geographically and ecologically restricted
clades (Table 2C). While these results would be strengthened
by sister-species comparisons of range and niche on a global
scale, they corroborate a recent analysis of the North Ameri-
can sedge flora, which had over 75% complete sampling and
found very close correlations of speciation rate with the rates
of range and climatic niche evolution (Spalink et al., 2016).
Fifth, we find that clade range, range partitioning, species
allopatry, and niche partitioning are all better predictors of
clade richness than net diversification rates, highlighting the
importance of geography in the diversification of Cyperaceae.
Lastly, we found no correlation between clade richness and
age, a relationship that was supported in previous studies
when the operational taxonomic unit was restricted to the
sedge tribes (n = 28, compared to our n = 36; Escudero &
Hipp, 2013).

Our integration of fossil, molecular, climatic, biogeograph-
ical and herbarium data allowed us to tackle two of the most
persistent questions in biogeography: Why are some clades
more diverse in temperate regions than the tropics, and what
are the underlying patterns explaining the area-richness cor-
relation across angiosperms? We established South America
as the museum of sedge diversification, present an ancestral
area estimation that invokes dispersal as the mechanism by
which the sedges have covered the globe, and demonstrate
that high temperate diversity is explained by two non-
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tropical cradles. Lastly, we show that species-rich clades are
not only more widespread, occupy more niche space, and
diversify more quickly, but also exhibit patterns that are
consistent with the partitioning of geographical and eco-
logical space as a major contributor to diversification.
However, diversification of any lineage is a complex and
non-linear process. While we have focused on the extrinsic
variables associated with the diversification of Cyperaceae,
and the key role of resource partitioning and clade range
versus individual species range, we recognize that they
form only a part of the story. The chromosomal lability
of Carex, the multiple origins of C; photosynthesis in
tribes Abildgaardicae and Cypereae, and the invasion of
high latitudes by the DSC clades are also surely involved
(Escudero et al., 2012; Bouchenak-Khelladi et al, 2014;
Spalink et al., 2016).
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