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The mid-Cenozoic decline of atmospheric CO2 levels that promoted global climate change was critical to shaping contempo-

rary arid ecosystems. Within angiosperms, two CO2-concentrating mechanisms (CCMs)—crassulacean acid metabolism (CAM) and

C4—evolved from the C3 photosynthetic pathway, enabling more efficient whole-plant function in such environments. Many an-

giosperm clades with CCMs are thought to have diversified rapidly due to Miocene aridification, but links between this climate

change, CCM evolution, and increased net diversification rates (r) remain to be further understood. Euphorbia (�2000 species) in-

cludes a diversity of CAM-using stem succulents, plus a single species-rich C4 subclade. We used ancestral state reconstructions with

a dated molecular phylogeny to reveal that CCMs independently evolved 17–22 times in Euphorbia, principally from the Miocene

onwards. Analyses assessing among-lineage variation in r identified eight Euphorbia subclades with significantly increased r, six

of which have a close temporal relationship with a lineage-corresponding CCM origin. Our trait-dependent diversification analysis

indicated that r of Euphorbia CCM lineages is approximately threefold greater than C3 lineages. Overall, these results suggest that

CCM evolution in Euphorbia was likely an adaptive strategy that enabled the occupation of increased arid niche space accompa-

nying Miocene expansion of arid ecosystems. These opportunities evidently facilitated recent, replicated bursts of diversification

in Euphorbia.

KEY WORDS: Ancestral state reconstruction, C4 photosynthesis, CAM photosynthesis, climate change, diversification, Miocene,

species selection, succulent.

It is becoming apparent that the success of angiosperms is

associated with increases in species net diversification (speci-

ation minus extinction) rates among numerous, highly nested

clades within the flowering plant tree-of-life (Smith et al. 2011).

Although the drivers of these evolutionary bursts are likely to

be stochastic in some cases, interpreting these events in terms

of interactions between intrinsic (key innovations) and extrinsic

factors (key opportunities) remains a viable framework for

explaining these patterns (de Queiroz 2002; Vamosi and Vamosi

2011; Givnish et al. 2014). The results of recent divergence time

estimates of land plants, when integrated with paleoclimatic

and paleoecological data, point to climate change as a “key
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opportunity” insofar as it creates novel niche space over time

(Ackerly 2009; Shaw et al. 2010; Bytebier et al. 2011; Pittermann

et al. 2012). A striking and increasingly well-studied example

of climate change creating novel ecological opportunity centers

on the mid-Miocene (�14 Ma), when cooling and aridifica-

tion (Zachos et al. 2001) coincided with sharply decreased

atmospheric CO2 concentrations (Beerling and Royer 2011).

Indeed, global CO2 levels may have reached a near record low

in the late Miocene (�8 Ma; Tripati et al. 2009), continuing

a trend that began in the early Oligocene (�30 Ma; Pagani

et al. 2005). Regional intensification of this aridification occurred

on all continents in the late Miocene through the Pliocene and

is thought to have advanced the relatively rapid development

of modern arid ecosystems and tropical grasslands (Cerling

et al. 1993, 1997; Arakaki et al. 2011; Pound et al. 2012), due

to a confluence of global atmospheric changes with regional

scale changes in oceanic currents and tectonic events (Suc 1984;

Partridge 1993; Ruddiman and Kutzbach 1989; Guo et al. 2004;

Jacobs 2004; Sepulchre et al. 2006; Eronen et al. 2012).

Alternative photosynthetic pathways (e.g., crassulacean acid

metabolism [CAM] and C4), here termed CO2-concentrating

mechanisms (CCMs), can be viewed as a putative “key innova-

tion” (Simpson 1953). In a low CO2 world, CCMs confer adaptive

benefits to plants in arid environments that enhance their compet-

itive ability relative to C3 plants (de Queiroz 2002; Herrera 2009),

suggesting a link between CCMs and increased net diversifica-

tion. We find this idea compelling to explain at least some of the

historical contingency that may account for more recent instances

of exceptional angiosperm diversification. The reasons for this

interpretation are that (1) CCMs confer increased photosynthetic

capacity and water-use efficiency (WUE) in arid environments

(Cushman 2001; Osborne and Beerling 2006; Kadereit et al. 2012;

Osborne and Sack 2012; Pau et al. 2013), (2) CCMs have numer-

ous, independent origins within angiosperms (Smith and Winter

1996; Silvera et al. 2010; Sage et al. 2011a; Edwards and Ogburn

2012), and (3) CCM plants exhibit a high degree of dominance

in contemporary dryland ecosystems (Lüttge 2004; Sage 2004;

Edwards and Smith 2010; Alvarado-Cárdenas et al. 2013). Fur-

thermore, divergence time estimates of major angiosperm clades

in which CCMs are present suggest that the timing of diversifica-

tion rate increases in these clades is consistent with the hypothe-

sis that Miocene/Pliocene aridification was an important extrinsic

driver of these events (Klak et al. 2004; Good-Avila et al. 2006;

Arakaki et al. 2011; Hernández-Hernández et al. 2014; Spriggs

et al. 2014).

An important aspect of CCM lineage evolution that is not well

understood is the relationship between the environmental drivers

of CCM origins and the arid biome expansion that is linked to

increased diversification in some CCM lineages. Because aridity

is implicated in both phenomena (Edwards and Ogburn 2012),

understanding the temporal relationship between them is critical

for discriminating among competing hypotheses of paleoenviron-

mental drivers, as Spriggs et al. (2014) demonstrate for C4 grasses.

To further illuminate the relationship between time, CCM origins,

and both among-lineage and trait-dependent diversification in a

lineage in which CCMs have a complex evolutionary history, we

present analyses addressing these evolutionary questions in the

large and globally distributed clade Euphorbia (Euphorbiaceae).

Euphorbia contains �2000 species and is a key component

of arid ecosystems worldwide, especially in the tropics (Horn

et al. 2012). Because of its unique flower-like inflorescence, the

cyathium, Euphorbia has been recognized as a natural group and

in its current broad circumscription is monophyletic. Euphorbia

species are components of most types of terrestrial biomes, but

are most abundant in warm, seasonally dry, and arid ecosystems

where they manifest an unusually large range of growth forms

(Fig. 1A, D, G). The genus is well known for its �850 xero-

phytic species, largely consisting of diverse stem succulents that

use CAM photosynthesis (Fig. 1G; McWilliams 1970; Bender

et al. 1973; Webster et al. 1975; Mooney et al. 1977; Winter

1979). Among these succulents are the famous African analogs to

the New World cacti and the many “pencil-stemmed” species, in-

cluding the familiar pencil tree, E. tirucalli. The principally New

World radiation of section Anisophyllum (formerly recognized as

the genus Chamaesyce) consists of �365 species and is also bio-

logically distinctive because they are commonly weedy C4 herbs

with strongly dorsiventral shoot symmetry (Fig. 1D; Yang and

Berry 2011; Horn et al. 2012).

Previous ideas concerning the evolution of Euphorbia cen-

tered on the origin of the cyathium as a key innovation because of

its importance for enabling a putative switch from wind to insect

pollination, which, in turn, promoted increased speciation rates

(Webster 1967; Prenner and Rudall 2007). Contemporary phy-

logenetic and comparative studies of Euphorbia, however, reveal

strong asymmetries in species richness among sectional subclades

within each of the four subgeneric Euphorbia clades—a pattern

suggesting contrasted among-lineage diversification rates within

the genus (Steinmann and Porter 2002; Zimmerman et al. 2010;

Bruyns et al. 2011; Horn et al. 2012; Yang et al. 2012; Dorsey

et al. 2013; Peirson et al. 2013; Riina et al. 2013). Correspond-

ingly, divergence time estimates of Euphorbia indicate that many

large sectional subclades characterized by CCMs may be rela-

tively young (van Ee et al. 2008; Bruyns et al. 2011). A synthesis

of this information suggests that possible evolutionary bursts in

Euphorbia may be more closely linked to intrinsic drivers other

than the origin of the cyathium and, in particular, points to a link

between some of these apparent bursts of diversification and the

presence of CCMs in these lineages.

CAM and C4 photosynthesis (CCMs) separate the process

of initial, atmospheric CO2 fixation from the RuBisCO-mediated
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Figure 1. Structural and biochemical features of photosynthetic system type in Euphorbia. C3 species, Euphorbia myrsinites (subgenus

Esula, section Myrsiniteae). (A) Leafy shoot. (B) Leaf lamina in transverse section, showing large intercellular air spaces in spongy

mesophyll. (C) Schematic of (B) detailing typical C3 biochemistry in context of structure. C4 species, Euphorbia maculata (subgenus

Chamaesyce, section Anisophyllum). (D) Leafy shoot system. (E) Leaf lamina in transverse section. Note relatively enlarged bundle sheath

cells with densely packed organellar contents. (F) Schematic of (E) detailing typical C4 biochemistry in context of structure. CAM species,

Euphorbia platyclada (subgenus Chamaesyce, section Bosseriae). (G) Succulent shoots. (H) Succulent shoot in transverse section, showing

stem cortex with densely packed cells, minimizing intercellular air spaces. (I) Schematic of H detailing typical CAM biochemistry in context

of structure and time; note temporally inverted stomatal cycle.
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Calvin cycle—the reactions constituting C3 photosynthesis. To

do this, both CCMs rely on essentially the same biochemical

pathway, in which the enzyme phosphoenolpyruvate carboxylase

(PEPC) fixes atmospheric CO2 with PEP to form the four-carbon

acid oxaloacetate (OAA), which is then reduced to malate in

both CAM and C4 Euphorbia species (Gutierrez et al. 1974;

Sage et al. 2011b; or aspartate in some C4 lineages outside of

Euphorbia). Malate is then decarboxylated, releasing CO2 to be

fixed by the Calvin cycle, but in such a manner that it is con-

centrated around RuBisCO by either an intracellular, temporal

mechanism (CAM; Fig. 1H, I) or an intercellular, spatial mecha-

nism (typical C4; Fig. 1E, F). Hence, under both CCMs, RuBisCO

functions in a microenvironment enriched with CO2 substrate,

which limits its oxygenase activity and inhibits wasteful pho-

torespiration. CCMs can also increase WUE because PEPC has a

much higher affinity for CO2 than RuBisCO, enabling much lower

rates of stomatal conductance and concomitantly reducing water

loss from transpiration relative to C3 plants. In obligate CAM

plants, WUE is further enhanced by their inverted stomatal cy-

cle (Fig. 1I). These benefits are pronounced in high-temperature,

high-light, low-CO2 environments with limited or seasonal pre-

cipitation, where CCM plants have greatly increased photosyn-

thetic capacity and WUE relative to C3 plants (Winter et al. 2005;

Herrera 2009; Osborne and Sack 2012).

Although the differences between C4 and CAM are well

known (Keeley and Rundel 2003), recent hypotheses on the evo-

lution of both CCMs explore the similarities between them, em-

phasizing the shared biochemical pathway and suggesting that

structural and genomic features of a given lineage may ulti-

mately influence which CCM manifests (Sage 2002; Edwards and

Ogburn 2012). Indeed, Christin et al. (2014a) demonstrate a simi-

lar origin of the PEPC involved in both the C4 and CAM pathways

in Caryophyllales (a clade containing the C4 amaranths and CAM

cacti). Broad-scale phylogenetic evidence supports this hypoth-

esis to the extent that it demonstrates a complex evolutionary

history of both CCMs within five angiosperm clades of relatively

limited size, one of which is Euphorbia (Edwards and Ogburn

2012).

Research conducted by collaborators on the EuphORBia

Planetary Biodiversity Inventory (PBI) project (Esser et al. 2009;

Riina and Berry 2013) provides a wealth of new information on

Euphorbia phylogenetics, allowing the placement of virtually ev-

ery species to a sectional-level clade within the genus (Yang et al.

2012; Dorsey et al. 2013; Peirson et al. 2013; Riina et al. 2013).

Using a time-calibrated backbone phylogeny for Euphorbia (Horn

et al. 2012), combined with newly generated carbon isotope data

for nearly every species in this phylogeny and species diversity

data derived from specialist knowledge, we herein address the tim-

ing of CCM origins and their relationship to increases in species

diversification across the clade. To do this, we use a series of

ancestral state reconstruction analyses in addition to analyses us-

ing MEDUSA (Alfaro et al. 2009), a likelihood-based approach

for locating diversification rate shifts on a phylogenetic tree. These

results allow us to identify and temporally dissect lineage-specific

correspondences between these two phenomena, which enable us

to relate them to paleoclimatic information and to investigate a

link between CCM origins and increased net diversification. To

further test a link between CCMs and diversification, we also

conducted both likelihood and Bayesian implementations of the

BiSSE method (Maddison et al. 2007) and discuss these results

in the context of species selection.

Methods and Materials
TAXONOMIC AND MOLECULAR SAMPLING

Our molecular data matrix of 197 tips is based on the 10-marker

Euphorbia plus subfamily Euphorbioideae outgroups dataset of

Horn et al. (2012), with 23 additional Euphorbia taxa (Table S1)

selected to represent all but one of the major lineages (sections)

within the clade (Yang and Berry 2011; Yang et al. 2012; Dorsey

et al. 2013; Peirson et al. 2013; Riina et al. 2013). The monotypic

section Szovitsiae of Euphorbia subgenus Esula was excluded

because it was hypothesized to be a possible intersectional hybrid

(Riina et al. 2013). These additional sequences were inserted into

the existing alignment of Horn et al. (2012) without the addition

of new gaps; we also excluded the same gaps and regions of

ambiguous alignment as in Horn et al. (2012). Data matrices and

supporting files are available from the Dryad Digital Repository.

To determine the optimal partitioning scheme and associated

best-fit models of sequence evolution, we subdivided the data into

the largest number of partitions that could be determined a priori

(28 total). We then ran PartitionFinder version 1.0.1 (Lanfear

et al. 2012) using the “greedy” heuristic search algorithm,

linked branch lengths, and a starting tree topology from the

best-scoring ML tree of a GARLI version 2.0 (Zwickl 2006)

search in which each genetic marker of the concatenated dataset

was partitioned separately. We used the Bayesian information

criterion (Schwarz 1978) to select the best-fit model. The results

indicated an optimal partitioning scheme of 15 partitions with

associated models of evolution (Table S2), which was applied to

all subsequent sequence-based analyses.

CARBON ISOTOPE RATIO (δ13C) DETERMINATION

Carbon isotope values were determined for 192 of the 197

tips in the phylogeny, using tissue subsamples of the original

DNA sources or herbarium specimens (Table S3). Dried leaf or

photosynthetic stem tissue was analyzed with an isotope-ratio

mass spectrometer and reference standards of acetanilide and urea
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calibrated to L-glutamic acid (USGS40 and USGS41). See the

Methods section of Supporting Information for additional details.

CALIBRATION

Fossil remains attributable to Euphorbia (Friis and Crepet 1987;

Anderson et al. 2009) lack sufficient detail to be used as credible

calibration points. Our approach to calibrating the divergence dat-

ing analysis was based on one fossil calibration point attributable

to the outgroup tribe Hippomaneae of Euphorbioideae (Hippo-

manoidea warmanensis, Crepet and Daghlian 1982) and two

secondary calibration points within the clade of Euphorbioideae

(based on Xi et al. 2012). See the Methods section of Supporting

Information for further details.

PHYLOGENETIC AND DIVERGENCE TIME

ESTIMATION

An analysis to assess conflict among the 15 partitions of our

dataset was not conducted because of its strong similarity with

the dataset of Horn et al. (2012), who demonstrated broad con-

gruence between individual partitions, each defined by one of the

10 molecular markers. Our dataset was, likewise, analyzed using

a “total evidence” approach (Kluge 1989).

Absolute divergence times and phylogeny for the sampled

species were simultaneously estimated using Bayesian Markov

Chain Monte Carlo (MCMC) methods with an uncorrelated log-

normal relaxed clock (UCLD) model in BEAST version 1.7.4

(Drummond et al. 2006, 2012). Substitution models (Table S2)

were unlinked, and clock and tree models were linked among par-

titions. We set useAmbiguities to “true” for each partition to have

BEAST treat ambiguity codes exactly as specified in the matrix.

A birth–death process with incomplete sampling (Stadler 2009)

and a user-defined starting tree were used for the tree prior. Our

starting tree was the optimal GARLI ML tree of the 15-partition

dataset transformed in TreeEdit version 1.0a10 (Rambaut and

Charleston 2002) to an ultrametric tree using the nonparametric

rate smoothing (Sanderson 1997) option, weighting the rate dif-

ferences at all nodes with the mean, and subsequently scaling

the height of the tree to 69.08. Four separate MCMC chains of

6 × 107 generations were initiated and sampled every 1000 gen-

erations. We used Tracer version 1.5 (Rambaut and Drummond

2007) to assess convergence between the chains and ensure an

effective sample size of >200 was obtained for all parameters. A

randomly selected subset of 1000 post burn-in trees was used in

all subsequent comparative analyses.

AMONG-LINEAGE DIVERSIFICATION RATE

ANALYSES

To assess among-lineage variation in net diversification rates

(r), we used MEDUSA (Alfaro et al. 2009; version 0.93-4-33,

J. W. Brown, pers. comm.). The MEDUSA method (Alfaro et al.

2009; Santini et al. 2009; Slater et al. 2010) extends an approach

developed by Rabosky et al. (2007) of estimating per-lineage

diversification rates using taxonomic (species richness) and

phylogenetic information by sequentially testing a series of rate

and model shifts to a diversity tree until there is no significant

improvement in AIC score (Akaike information criterion; Akaike

1974). Because uncertainties in divergence dating estimations

can confound estimates of diversification rates, we conducted

this analysis using the subset of 1000 chronograms. To do this,

we pruned the subset of chronograms to 104 tips of exemplar

species to create a set of diversity trees that would maximize

robustly supported phylogenetic information and also accurately

reflect clade diversity estimates for the total species diversity

of Euphorbioideae (excepting section Szovitsiae). Details of

diversity tree construction are further elaborated in Supporting

Information methods. We used an AICc threshold of 4.84, as

determined by the program given the size of the initial tree and

corresponding richness information, to infer the number of rate

shifts in each tree. We ran MEDUSA with starting parameters set

so that the choice of speciation model type (Yule or birth–death)

and values of r and relative extinction rate (ε) are allowed to

vary. The multiMEDUSA function enabled us to tabulate and

summarize the results of the 1000 MEDUSA analyses onto the

maximum clade credibility tree from the BEAST analysis, which

we pruned to 104 tips like the diversity trees. To be conservative

in our interpretation of these results, we consider shifts modeled

in >50% of the subset of 1000 diversity trees as significant.

ANCESTRAL STATES AND CORRELATES OF

DIVERSIFICATION

Using our δ13C isotope data, we examined the evolution of CCMs

and tested the hypothesis that the origin of this physiological

novelty is a correlate of increased net diversification rates in

Euphorbia.

Owing to the need for discrete, binary character data to im-

plement other analyses, we binned the δ13C values into two char-

acter states. We scored photosynthetic pathway with the following

states: (0) C3 (and C2) pathway(s), where atmospheric CO2 is di-

rectly fixed by RuBisCO; and (1) CCM (CAM and C4), where

atmospheric CO2 is fixed by PEPC. PEPC discriminates far less

against incorporating 13C in carboxylation reactions than does Ru-

BisCO because of differences in enzyme kinetics (Bender 1971;

Farquhar et al. 1989). The 13C/12C ratio in photosynthetic tissues

of terrestrial plants that fix atmospheric CO2 principally by PEPC

is, therefore, much closer to atmospheric levels, which have δ13C

values measured at about −8‰ (Keeling et al. 1979; O’Leary

1988). Signature δ13C values for typical C4 plants range from

−16‰ to −10‰ and CAM plants typically range from −20‰
to −10‰, whereas δ13C values for typical C3 plants range from

−33‰ to −22‰ (O’Leary 1988).
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PEPC always catalyzes the carboxylation reactions involving

atmospheric CO2 in the intercellular CO2-fixation mechanism

of typical C4 plants. Correspondingly, the range of δ13C values

recorded for C4 plants is both relatively narrow and distinct from

that of C3 plants. This is the case in Euphorbia, where expression

of the C4 pathway is almost certainly restricted to subsection

Hypericifoliae of section Anisophyllum (Webster et al. 1975; Yang

et al. 2012). There are no known reversals back to a putative C3

pathway in this clade, not even in Hawaiian endemic species that

grow in the understory of mesic forests or in high elevation bogs

(Pearcy and Troughton 1975).

In contrast, CAM expression is flexible (Winter et al. 2008;

Silvera et al. 2010; Borland et al. 2011), with net carbon gain

during daytime relative to nighttime having a linear relationship

with δ13C values (Winter and Holtum 2002). Values of δ13C for

plants with CAM cycling or facultative to weak CAM expres-

sion frequently lie within the range typical of C3 plants (Pierce

et al. 2002; Silvera et al. 2005); establishing CAM activity in

such plants entails more elaborate physiological experiments that

require living source material (Silvera et al. 2005; Herrera 2013).

Although these weaker modes of CAM expression are likely im-

portant for a nuanced understanding of CAM evolution, we were

interested in investigating origins of strong to obligate CAM ex-

pression in Euphorbia.

To account for the inherent subjectivity in using a cutoff value

to bin the δ13C data into discrete character states to distinguish

CCM function from a C3 state, we used three binning schemes

defined by cutoff values of −21‰, −20‰, −19‰. This range of

δ13C values corresponds to a range of �35–50% of net carbon gain

during the night for CAM plants (71–77% of net carbon uptake

in “typical” CAM plants occurs at night; Winter and Holtum

2002, their Fig. 6A). These cutoff values are consistent with those

of other studies employing binning schemes of δ13C to explore

the evolution of CCMs (e.g., Bromeliaceae, −20‰: Crayn et al.

2004).

We used the BiSSE model (Maddison et al. 2007), imple-

mented in the R package diversitree (FitzJohn 2012), to jointly

estimate character state transition rates and state-dependent spe-

ciation and extinction rates. To account for incomplete sampling,

we used the terminally unresolved clades function (FitzJohn

et al. 2009) with the same subset of 1000 diversity trees and

corresponding tip diversity information as the MEDUSA analy-

ses. Because we were unable to obtain δ13C data for all species

modeled at each tip, we scored CCM type for unassayed species

by extrapolating our δ13C results from assayed species at each tip

to closely related, unassayed species based on structural similar-

ity and, particularly, stem or leaf succulence. As described above,

C4 photosynthesis has a single origin within Euphorbia, with

probably no transitions back to a C3 pathway, so our estimates fo-

cused on distinguishing species with predominantly C3 or C3-like

activity from those with strong CAM expression. Hence, succulent

relatives of succulent species we determined by carbon isotope

analysis as having strong CAM expression were scored as state 1.

We could apply this criterion across all study taxa with little

ambiguity. Of the 2256 species we modeled in the BiSSE analy-

ses, 51.4% were scored as state 0 and 47.7% were scored as state

1; the remaining 20 species were not scored because of question-

able character state assignment and were treated by the program

as having missing trait information (Table S4).

The unconstrained BiSSE model consists of six parameters

subdivided into three pairs of rate categories: speciation (λ0, λ1),

extinction (μ0, μ1), and character state transition (q01, q10). Seven

further submodels may be derived from this model by constrain-

ing the values of one or more of the three rate categories as equal,

enabling a framework for hypothesis testing or model selection.

We conducted ML searches using the subplex optimization pro-

cedure for each of the eight possible BiSSE submodels across the

1000 diversity trees to obtain estimates for these parameters. To

obtain reasonable estimates of starting values for λ and μ for each

tree, we fit a constant rate birth–death model to each tree with un-

resolved clade information. We also provided starting values of

q01 and q10 for each diversity tree based on estimated transition

rates from a two-parameter ML optimization in Mesquite version

2.75 (Maddison and Maddison 2011) of the corresponding 197-

tip tree, using −20‰ as a cutoff value to provide a binary coding

for the δ13C data. Models were compared using AIC scores and

Akaike weights (Burnham and Anderson 2002).

To examine the uncertainty in the BiSSE parameter esti-

mates, we further analyzed the two models in the confidence set

from the ML BiSSE analysis using Bayesian MCMC methods in

diversitree. We modeled the prior for each model with an expo-

nential distribution and a rate of 1/2r and a step size that was the

range of the observed samples from a preliminary MCMC run of

100 generations. We ran a chain of 15,000 generations for each

model using the maximum clade credibility tree from the BEAST

analysis, pruned to the same 104 tips as the set of diversity trees,

with unresolved clade information. We examined the output of

each run to estimate burn-in, ensure convergence, and check for

autocorrelation among samples.

We conducted the ancestral state estimations of CCM evo-

lution using ML optimizations (Schluter et al. 1997; Pagel 1999)

in Mesquite. To avoid inaccurate transition rate estimates in

Mesquite because of incomplete sampling (Goldberg and Igić

2008) and account for transition rate model uncertainty in the re-

sults of our ML BiSSE analysis, we used the median rate estimates

inferred for the confidence set of models of the ML BiSSE anal-

ysis (Table 6) for a two-rate model (asymmetrical two-parameter

Markov-k) and a single-rate model (Mk1; Lewis 2001) in con-

junction with the three binary coding schemes of the δ13C data

described above. Hence, we conducted separate analyses for each
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of the six different transition rate model/binning combinations. To

accommodate for phylogenetic and branch length uncertainty, we

conducted each of these optimizations using the subset of 1000

197-tip chronograms. A given ancestral state was assigned to a

node if its raw likelihood was >2 log units better than the likeli-

hood value of the other state (i.e., default in Mesquite). We then

summarized the results onto the 95% majority-rule consensus

topology of all post burn-in trees of the BEAST analysis.

Results
PHYLOGENETIC INFERENCE AND DIVERGENCE TIME

ESTIMATION

Phylogenetic relationships and branch support values of the

Bayesian MCMC analyses for the 197-tip dataset (see Supporting

Information Methods and Fig. S1) are similar to those obtained by

Horn et al. (2012). Placements of the 23 Euphorbia species added

to the Horn et al. (2012) matrix are generally congruent with the

results of studies using denser taxon sampling that focus on major

clades within Euphorbia (i.e., Yang and Berry 2011; Yang et al.

2012; Dorsey et al. 2013; Peirson et al. 2013; Riina et al. 2013).

We recovered a median age estimate of 47.8 Ma (95% high-

est posterior density [HPD]: 41.0–54.7 Ma) for the crown clade

of Euphorbia. Median and 95% HPD age estimates of the four,

successively sister, subgeneric clades that comprise Euphorbia—

Esula, Athymalus, Chamaesyce, and Euphorbia—and also

significant clades within the subgenera are given in Table 1 and

further depicted in Figures 2 and S2. Compared with the ages

recovered by Bruyns et al. (2011) in a genus-wide study that

focused on Old World succulent species, our estimate of the age of

Euphorbia is �10 Ma older. The age estimates we recovered for

the four subgeneric clades and sectional clades within Euphorbia

are only broadly congruent with those recovered by Bruyns

et al. (2011), with some differing by ±10 Ma relative to our esti-

mates. We suggest our dating results are more accurate than those

of Bruyns et al. because of our (1) synoptic taxon sampling; (2)

use of improved external calibration point information specific

to nodes within Euphorbioideae; (3) use of methods that assume

uncorrelated substitution rate variation among adjacent branches,

which is critical for reliable dating estimates within clades,

such as Euphorbioideae, where substitution-rate heterogeneity

is pronounced; and (4) use of several markers with low rate

variation (see Horn et al. 2012; Christin et al. 2014b for 3 and 4).

CARBON ISOTOPE RATIO DATA AND ANCESTRAL

STATE ESTIMATION OF CCM

Results of the δ13C analyses (Table S3) reveal a strongly bi-

modal distribution of values, with the two peaks centered at about

−27.5‰ and −16‰ (Fig. S3).

The character histories we obtained using the six different

parameter combinations, based on the three δ13C cutoff values

and the two transition model types, were generally congruent

(Figs. S4 and S5). They demonstrate that CO2 fixation

principally by the C3 pathway is the ancestral condition in Eu-

phorbia and other Euphorbioideae. Significant CO2 fixation by

CCMs evolved independently within each of the four subgeneric

clades of Euphorbia (Fig. 2), and a total of 17–22 CCM ori-

gins may be inferred using the two-parameter rate model, tak-

ing into account the modest variation among the three charac-

ter histories along with alternative interpretations of character

state optimization at nodes with an ambiguous reconstruction

(Fig. S4; 13–20 transitions under the one-parameter rate model,

Fig. S5). Nodes reconstructed with equivocal states are the great-

est source of uncertainty in estimating the number of CCM origins.

Ages of transitions to CAM for Euphorbia subclades (i.e., exclud-

ing transitions in stem lineages of tip species) are predominantly

early Miocene to late Pliocene/early Quaternary in age ([34.3–]

22.1–2.2 Ma; [34.3–] 22.1–1.3 Ma, including 95% HPD; Table 2;

Fig. 2). The single origin of a fully optimized C4 pathway in the

stem lineage of section Anisophyllum subsection Hypericifoliae

(subgenus Chamaesyce) occurred slightly earlier than most CAM

origins (Tables 1 and 2; Fig. 2).

SHIFTS IN DIVERSIFICATION RATES

Across the 1000 diversity trees we examined, the MEDUSA anal-

ysis modeled a minimum of six rate shifts and maximum of 15

rate shifts, with a mean of 10.54 shifts and median of 10 shifts

(Fig. S6). Eight, non-nested rate shifts were modeled in >50%

of the diversity trees, all of which represent increases in the net

diversification rate (r) relative to background values of r (Tables 3

and 4; Fig. 3). Nine other rate shifts were modeled, with rapidly

diminishing frequency, in 10–50% of the diversity trees (Table

S5). A birth–death model was initially selected as the best fit for

the entire tree in all of the 1000 diversity trees, with the clades

associated with the top eight rate shifts subsequently fit with a

Yule (pure birth) model. These eight clades are distributed across

all four subgeneric clades and collectively contain 1235 of the

�2000 species of Euphorbia (Fig. 3). Mapped increases in r for

these clades are generally mid-Miocene (�15 Ma) or younger in

age (Table 1; Fig. 3), and six of the eight clades wholly or largely

consist of species with CCMs (Tables 1, 2, and S4; Fig. 2). CCMs

originated prior to three of these six rate shifts (shifts 1, 3, and 6)

and just after the position of the other three rate shifts (shifts 4, 7,

and 8; Table 2; Fig. 2).

A ranking based on �AIC and Akaike weights of the eight

BiSSE submodels that we tested across the 1000 diversity trees

indicates that the two best-fit submodels are those with free spe-

ciation and extinction parameters (i.e., the full six-parameter and

five-parameter, transition rate constrained submodels; Table 5).
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EVOLUTIONARY BURSTS IN EUPHORBIA

Table 2. Divergence times for CCM origins within Euphorbia.

CCM type and clade Median 95% HPD Median 95% HPD Area of Position of CCM origin
(or tip) of origin crown age crown age stem age stem age origin relative to shift in r

C4 (subgenus Chamaesyce
only)

Anisophyllum subsection
Hypericifoliae

15.3 10.5–20.2 23.6 18.1–29.3 North America Before Shift 6 (crown of this
clade)

Strong CAM (all four
subgeneric clades)

Subgenus Esula (section
Aphyllis only)

E. mauritanica Tip Tip 3.5 1.7–5.6 Africa No shift
E. schimperi Tip Tip 3.4 1.7–5.2 Africa No shift
E. lateriflora Tip Tip 2.7 1.1–4.3 Africa No shift
Subgenus Athymalus
Balsamis: E. larica Tip Tip 6.7 3.0–10.5 SW Asia No shift
§Anthacanthae: E. heptagona

to E. fimbriata
5.2 3.5–7.0 6.8 4.7–9.1 Africa After Shift 8 (stem of

Anthacanthae)
∗Anthacanthae: E. heptagona

+ E. pseudoglobosa
3.2 1.3–5.2 5.2 3.5–7.0 Africa After Shift 8 (stem of

Anthacanthae)
∗Anthacanthae: E. aggregata Tip Tip 1.2 0.4–2.3 Africa After Shift 8 (stem of

Anthacanthae)
∗Anthacanthae: E.

jansenvillensis to E.
fimbriata

2.2 1.3–3.2 3.6 2.3–5.0 Africa After Shift 8 (stem of
Anthacanthae)

Anthacanthae: E.
pedemontana to E. bergeri

5.8 4.0–7.7 7.6 5.4–10.0 Africa After Shift 8 (stem of
Anthacanthae)

Subgenus Chamaesyce
Madagascar clade: E.

platyclada
Tip Tip 23.6 13.7–32.7 Madagascar No shift

Articulofruticosae 7.1 2.1–12.9 34.3 — Africa No shift
Alectoroctonum: E. ceroderma Tip Tip 11.9 — North America No shift
Subgenus Euphorbia
Tirucalli 3.2 1.7–4.9 5.6 2.7–8.9 Madagascar After Shift 7 (crown of

Pervilleanae + Tirucalli)
New World: E. weberbaueri Tip Tip 10.5 5.2–16.0 South America No shift
New World: E. lomelii Tip Tip 6.5 2.7–10.4 North America No shift
New World: E. sipolisii Tip Tip 12.8 7.1–18.2 South America No shift
Deuterocalli: E. alluaudii Tip Tip 9.4 6.2–13.1 Madagascar No shift
Goniostema: E. francoisii to

E. decaryi
3.7 1.9–5.7 5.9 3.5–8.6 Madagascar After Shift 4 (stem of

Goniostema II +
Denisophorbia)

Monadenium 5.7 2.5–9.3 22.1 — Africa Before Shift 3 (crown of this
clade)

Euphorbia 14.0 10.5–17.8 20.5 — Africa Before Shift 1 (stem of
Euphorbia IX + X)

Information based on ML ancestral state reconstructions using the set of 1000 197-tip chronograms (Figs. 2 and S4) and temporally interpreted using the

results of the BEAST analysis. The ages given are for the optimizations using a two-rate model (q01 >> q10). Transition rate values were set to the median

parameter values from the ML BiSSE analysis (six-parameter model; Table 6), and the δ13C values binned using a cutoff value of −20‰. Each CCM origin

occurs along the stem lineage subtending the crown clade or tip species given below. CCM origins related to shifts in net diversification rates (r) identified

by the MEDUSA analysis are indicated in boldface type. Shifts are numbered with Arabic numerals following Tables 1 and 4 and Figures 2 and 3. A dash

under stem age indicates that the node subtending the stem lineage of a given clade was not recovered with sufficient frequency to calculate its 95%

highest posterior density (HPD) interval. Ages are in millions of years before present (Ma). Alternative hypotheses of CAM origin for a clade within section

Anthacanthae are indicated by § for single origin and asterisk (∗) for multiple origin interpretations. Not shown is a possible common origin of CAM in

sections Euphorbia and Monadenium because poor phylogenetic resolution precludes adequate ancestral state and dating estimation.
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Figure 2. Dated chronogram (maximum clade credibility tree) inferred from the BEAST analysis of the 197-tip dataset of Euphorbia and

outgroups. Tip labels within Euphorbia are names of sectional clades (see Table S4 for further information). Ancestral state reconstruction

of photosynthetic system type: C3-like, with atmospheric CO2 predominantly fixed by RuBisCO, or CCM with CO2 principally fixed by

PEPC using a −20‰ cutoff of the δ13C values under the two-rate transition model indicated by colored branches (see legend in figure

and also Table 2). Lineages in which a significant shift in the net diversification rate (r) was modeled in >50% of the 1000 diversity trees

in the MEDUSA analysis are mapped with numbered circles and further detailed in Table 4.

Table 3. Background net diversification rate (r) and tree model type for the root of the clade of Euphorbioideae and stem lineage of

Euphorbia estimated using the MEDUSA method.

Lineage for background value of r Mean value of r Median value of r Standard deviation of r Tree model

Euphorbioideae 0.0764 0.0771 0.0131 Birth–death
Euphorbia 0.0796 0.0778 0.0159 Birth–death

Estimates are based upon an analysis of 1000 diversity trees. Values of r are interpreted as net speciation events per million years.

We interpret these two submodels as constituting a confidence

set because Akaike weights, based on median �AIC values, indi-

cate that they have a combined, conditional probability of �0.997.

Similar to Beaulieu and Donoghue (2013), we noted an issue with

correlated (and compensatory) speciation (λ) and extinction rates

(μ) in the results of our ML BiSSE analyses, perhaps due to diffi-

culties in estimating extinction rates from molecular phylogenetic

information (Rabosky 2010), and we present estimates of these

parameters as the net diversification rate (r = λ − μ). Median

values of r associated with strongly expressed CCM fixation (state
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Figure 3. Plot of a diversity tree chronogram obtained by pruning the maximum clade credibility tree inferred from the BEAST analysis

to 104 tips. All sectional clades recognized within Euphorbia are included here, except the monotypic section Szovitsiae of subgenus

Esula. Raw tip diversity values are listed in purple Arabic numerals to the left of the bars displaying log-transformed tip diversities.

Branches of the diversity tree are shaded according the corresponding median value of the net diversification rate (r) obtained from

MEDUSA optimizations across 1000 diversity trees (see legend). Plotted rate shifts were present in >50% of the diversity trees (see

legend). Black Arabic numerals next to the plotted rate shifts correspond with those in Fig. 2 and Tables 1, 2, and 4. Different font colors

for the tip clade names indicate the characteristic photosynthetic pathway type for the lineage: C3 = black; C4 = green; predominantly

strong CAM = red; strong CAM present in some species = brown. The “NW” preceding several sectional names in subgenus Euphorbia

indicates membership within the New World clade, as shown in Figure 2. Arabic numerals in parentheses next to the seven subclades

of section Alectoroctonum correspond with subclades recognized in Yang et al. (2012; see their Fig. 3b). See Tables 3 and 4 for further

information on values of r obtained and Table S4 for further information on tip labels and diversities.
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Table 5. Median likelihood statistics ± estimated interquartile range from analyses of the 1000 diversity trees for the eight BiSSE

submodels, sorted from best-fitting model at the top (confidence set indicated in boldface type) to the worst at the bottom.

Model specification

Speciation rate Extinction rate Transition rate Number of parameters Log likelihood �AIC Akaike weight

Free Free Free 6 −826.88 ± 5.73 0 0.666
Free Free Constrained 5 −828.58 ± 5.74 1.43 ± 0.89 0.331
Free Constrained Constrained 4 −834.79 ± 6.05 12.05 ± 4.21 1.80 × 10−3

Free Constrained Free 5 −834.20 ± 5.95 12.78 ± 3.99 1.12 × 10−3

Constrained Free Free 5 −838.28 ± 6.12 20.71 ± 5.48 2.03 × 10−5

Constrained Free Constrained 4 −839.94 ± 6.24 22.07 ± 5.66 1.04 × 10−5

Constrained Constrained Constrained 3 −867.30 ± 5.85 75.41 ± 6.83 3.74 × 10−17

Constrained Constrained Free 4 −867.27 ± 5.84 77.29 ± 6.86 1.42 × 10−17

Model fit is determined by �AIC, which is the AIC value relative to that of the best-fitting model (�AIC = 0). The weight of evidence for each model from

the set of models used is given by the Akaike weight. Parameter values for the BiSSE submodels are given in Table 6.

Table 6. Median net diversification (r) and character state transition rates ± estimated interquartile range from analyses of the 1000

diversity trees for the eight BiSSE submodels, sorted from best-fitting model at the top (confidence set indicated in boldface type) to the

worst at the bottom, in parallel with model ranking given in Table 5.

Model specification Net diversification rate Transition rate

Speciation Extinction Transition Number of
rate rate rate parameters r0 (C3) r1 (CCM) q01 (C3 → CCM) q10 (CCM → C3)

Free Free Free 6 0.062 ± 0.012 0.177 ± 0.045 0.009 ± 0.003 0.002 ± 0.001
Free Free Constrained 5 0.065 ± 0.010 0.218 ± 0.048 0.005 ± 0.001 0.005 ± 0.001
Free Constrained Constrained 4 0.062 ± 0.011 0.353 ± 0.068 0.002 ± 0.000 0.002 ± 0.000
Free Constrained Free 5 0.061 ± 0.011 0.353 ± 0.067 0.002 ± 0.000 0.004 ± 0.001
Constrained Free Free 5 0.057 ± 0.004 0.387 ± 0.090 0.002 ± 0.000 0.005 ± 0.001
Constrained Free Constrained 4 0.057 ± 0.001 0.379 ± 0.086 0.002 ± 0.000 0.002 ± 0.000
Constrained Constrained Constrained 3 0.053 ± 0.008 0.053 ± 0.008 0.005 ± 0.001 0.005 ± 0.001
Constrained Constrained Free 4 0.053 ± 0.008 0.053 ± 0.008 0.005 ± 0.001 0.005 ± 0.001

1) were about three times greater than those associated with C3-

like carbon fixation (state 0) for the two submodels of the confi-

dence set (Tables 5 and 6). Estimates of r from Bayesian analy-

ses of the confidence set submodels corroborate the ML results

(Fig. 4). Estimates of the values of each of the BiSSE model

parameters from these analyses also suggest that trait-based dif-

ferences in r are due to relatively lower extinction rates in CCM

lineages, with CCM and C3 speciation rates being about equal

(Fig. S7).

Discussion
Rapid regional aridification in the low-CO2 world of the mid- to

late-Miocene would have likely changed the abiotic parameters

of areas into which dryland ecosystems expanded. Heightened

environmental stress from increasingly limited precipitation

and seasonal drought would have introduced a correspondingly

strong mode of directional selection favoring increased drought

tolerance or avoidance. Responses by affected biota were likely

complex, involving range shifts, local extirpation, and species

extinction, in addition to in situ persistence coupled with local

adaptation through phenotypic change (Davis et al. 2005).

Evidence of the latter is supported from studies of arid-adapted

plants, which demonstrate accelerated net diversification in some

CCM lineages, such as cacti and iceplants, approximately coin-

ciding with the Miocene expansion of arid ecosystems (Verboom

et al. 2009; Arakaki et al. 2011; Valente et al. 2014). Euphorbia

is also a rich system for understanding plant evolution and

diversification in arid ecosystems because Euphorbia lineages

were present in four geographically distinct areas in which these

ecosystems progressively expanded in the mid-Miocene (i.e.,

southern and eastern Africa, Madagascar, southwestern North

America, and southern Eurasia; Table 1 [biogeographic hypothe-

ses from: Zimmerman et al. 2010; Yang and Berry 2011; Yang

et al. 2012; Dorsey et al. 2013; Peirson et al. 2013; Riina et al.

2013; temporally interpreted using our Figs. 2 and S2]). These
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Figure 4. Density plots of posterior probability distributions for values of the net diversification rate r (r = λ − μ) for Euphorbia and

outgroups. These values were estimated from a Bayesian MCMC analysis of the confidence set of BiSSE submodels (see Tables 5 and 6)

using a diversity tree based on the maximum clade credibility tree from the BEAST analysis. The full distributions are indicated within the

outline of each curve; the shaded area within each curve is the 95% HPD interval, which is further indicated by the bar beneath the curve.

(A) Distribution of estimated values of r0 (C3) and r1 (CCM: C4 and CAM) from the full, six-parameter BiSSE submodel. (B) Distribution of

estimated values of r0 (C3) and r1 (CCM: C4 and CAM) from the five-parameter BiSSE submodel in which forward and reverse transition

rates are constrained (q01 = q10).

phylogenetically and geographically independent replicates in our

results indicate that both the timing of CCM physiology origins

and lineage-specific shifts in net diversification rate (r) largely

coincide with the advent of novel ecological opportunity resulting

from expanding aridification in the Miocene through the Pliocene.

CCM ORIGINS AND INCREASED SPECIES

DIVERSIFICATION ARE BROADLY

CONTEMPORANOUS IN EUPHORBIA

Euphorbia is the only known subclade of Euphorbiaceae to ex-

hibit CCMs. Our ancestral state reconstructions, coupled with

divergence dating information, indicate that strong CCM expres-

sion evolved 17–22 times within the four subgeneric clades. All

but one of these transitions are to strong CAM expression, and

they occurred mostly from the mid-Miocene through the Pliocene

(Table 2; Figs. 2, S3, S4). The numerous strong CAM origins

are replicated within each of the subgeneric clades, and, like-

wise, geographically replicated (Table 2). The C4 pathway has a

single, North American origin within Euphorbia along the stem

lineage of section Anisophyllum subsection Hypericifoliae (Yang

and Berry 2011). This clade is the largest C4 eudicot clade (365

spp.; Yang et al. 2012) and, perhaps, the oldest of the �36 C4 ori-

gins in eudicots, given its mid-Oligocene to early-Miocene stem

age and early- to mid-Miocene crown age (Table 2; Christin et al.

2011; Sage et al. 2011a).

Strong CAM expression in Euphorbia is characteristic of or-

gans exhibiting succulence—typically stems (Fig. 1G; Webster

et al. 1975; Dorsey 2013)—that sustain photosynthetic function

through repeated episodes of seasonal drought. It is clear that evo-

lutionary access to strong CAM expression in Euphorbia is much

greater than the ability of CAM lineages to successfully disperse

away from their continent of origin (the major exception being

a dispersal event to southeast Asia in section Euphorbia; Bruyns

et al. 2011; Dorsey 2013). Hence, the continental distribution of

most strong CAM lineages in Euphorbia is a function of their evo-

lution in situ. If some degree of phenotypic plasticity with regard

to nascent CAM expression was ancestral in Euphorbia—as its

multiple origins within each of the four subgeneric clades might

suggest—then CAM origins may ultimately be linked to its in-

ducibility as a stress response to scavenge respiratory CO2 during

periods of acute water stress when stomata are closed (Ehleringer

and Monson 1993; West-Eberhard 2003). The apparent ease of

evolutionary transitions to strong CAM expression in Euphorbia

was likely enabled by preexisting facultative modes of CAM, as

has been hypothesized in other angiosperm clades (Dodd et al.

2002; Edwards and Ogburn 2012). Facultative CAM expression

does occur in Euphorbia, although knowledge of its overall dis-

tribution remains limited (see Figs. S4 and S5).

In terrestrial plants with facultative CAM, CAM expression

is strongly environmentally mediated, typically in response to

drought stress (Winter and Holtum 2011). The inherent plasticity

of CAM expression is, correspondingly, thought to enable a flex-

ible evolutionary trajectory that parallels adaptive evolution into

a diversity of arid niches (Lüttge 2004, 2007), including obligate
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CAM expression in particularly arid environments (Dodd et al.

2002). In our results, the narrow time-frame bracketing most

of these transitions in Euphorbia is coincident with the mid-

Miocene/Pliocene expansion of arid ecosystems. The increased

availability, and perhaps diversity, of arid niche space during

this period may have provided greater opportunity for CAM

specialization, facilitating the numerous strong CAM origins in

this clade.

Perhaps similar to the few oldest transitions to CAM, the

transition to a fully optimized C4 pathway in section Anisophyl-

lum subsection Hypericifoliae likely predates mid-Miocene arid-

ification (Table 2), suggesting that its environmental drivers were

distinct from the expansion of dryland ecosystems. As Spriggs

et al. (2014) suggest for C4 grasses, pockets of open, season-

ally dry habitat were likely present at mid-latitudes in the more

mesic environment of the early- to mid-Miocene, where C4 plants

would have had an adaptive advantage. Members of section Anis-

ophyllum may have occupied such habitats in southwestern North

America as far back as the early Oligocene, where the origin

of the C2 pathway (a C3-C4 intermediate), present in two of the

three species of subsection Acutae, sister to subsection Hyperici-

foliae (Table 1; Sage et al. 2011b; Yang and Berry 2011), would

have enabled scavenging of photorespiratory CO2 in the newly

CO2-impoverished atmosphere of this period. Section Anisophyl-

lum is the only ancestrally herbaceous Euphorbia clade in which

CCMs evolved; CAM Euphorbia lineages were ancestrally woody

(Horn et al. 2012). We hypothesize that this was an important fac-

tor in establishing an evolutionary trajectory toward the unique

C4 origin within the genus.

The results of our MEDUSA analyses also provide strong ev-

idence that eight exceptional bursts of diversification in Euphor-

bia are clustered within a narrow time frame from the Miocene

through the Pliocene (15.3–5.6 Ma; 20.2–2.5 Ma with 95% HPD;

Table 1; Fig. 2). Our estimates of the background values of r

for Euphorbioideae are comparable to those of major lineages

of flowering plants (Table 3; Magallón and Castillo 2009), but

the values of r we obtained for these eight Euphorbia lineages

(Table 4) are substantially higher and comparable with some well-

known examples of explosive angiosperm radiations (Baldwin

and Sanderson 1998). These eight Euphorbia radiations occur in

the four areas in which dryland ecosystems expanded in the mid-

Miocene/Pliocene (Table 1), and, therefore, experienced similar

ecological opportunity in these distinct regions. Six of the eight

lineages associated with increases in r predominantly contain

species with CCMs and include �51% of all Euphorbia species.

CCMs (both CAM and C4) evolved prior to three rate shifts

(Table 1: 1, 3, 6), with a transition from C3 to CCM occurring

along the stem lineage antecedent to a rate shift at the crown in

two of these clades, strongly supporting the idea that CCMs can

be a key innovation. CAM originated 5.7–0 Ma (13.2–0 Ma with

95% HPD) after the three other shifts (4, 7, 8). Here, new arid

ecological opportunity appears to have initially promoted a di-

versity of adaptive strategies (especially shift 4; see Evans et al.

2014), possibly including weak or facultative modes of CAM

(weak CAM in E. milii, Herrera 2013), with the transition(s) to

strong CAM expression the most successful of these in terms of

current species diversity. The remaining two lineages not associ-

ated with CCMs are both predominantly leafy, herbaceous clades

within subgenus Esula that occur in temperate zones of Eurasia.

CCMs LINKED TO INCRESASED NET

DIVERSIFICATION RATES IN EUPHORBIA: A CASE FOR

SPECIES SELECTION?

Two lines of evolutionary evidence from our results support the

idea that the evolution of strong CCM expression in Euphorbia

is a key innovation in relation to the key opportunity provided

by climate change. As just argued, a synthesis of the results of

our ancestral state reconstructions and MEDUSA analysis is con-

gruent with this hypothesis. The results of our BiSSE analyses

additionally support the idea that CCMs are a key innovation.

The confidence set contains two models in which speciation and

extinction rates associated with CCM type are distinct, with values

of r associated with CCM lineages �3× greater that C3 lineages

(Table 6; Fig. 4). In this way, our results reflect those of recent

studies that demonstrated a link between replicate CAM origins

and increased r in bromeliads (Silvestro et al. 2014) and repli-

cate C4 origins and increased r in grasses (Bouchenak-Khelladi et

al. 2014; Spriggs et al. 2014). Collectively, these results strongly

suggest CCMs promote increases in r.

If this is true, then what explains the disparate diversification

histories among stem succulent CAM lineages in Euphorbia?

Unexceptional net diversification in the four, New World CAM

succulent lineages may be related to competition from cacti,

whose origins predate those of the New World Euphorbia CAM

lineages by at least 10 Ma (Table 2; Arakaki et al. 2011). However,

in CAM lineages from Africa and Madagascar, a correlation be-

tween shoot architecture and inflorescence position is potentially

important to explaining differences in diversification histories.

Horn et al. (2012) hypothesized that irreversible transitions from

terminal to lateral inflorescences in Euphorbia xerophytes may

enhance the survivorship of mature plants through a release from

biomechanical and anatomical limitations. Correspondingly,

the five bursts in net diversification associated with Old World

CAM clades identified in the MEDUSA analysis (Figs. 2 and 3;

Tables 1, 2, and 4) are confined to lineages in which the transition

to lateral inflorescences occurred, whereas the Old World CAM

lineages characterized by uniformly terminal inflorescences

experienced unexceptional net diversification that is explicable

by background rates. The weight of evidence suggests that

although the relationship between CCM origins and exceptional
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lineage diversification may indeed be a causal one in Euphorbia,

it is likely also contingent upon other lineage-specific factors

(Donoghue 2005).

Nevertheless, how can CCMs increase net species diversi-

fication? The fitness advantages conferred by CCMs in warm,

water-limited, contemporary ecosystems are well known, but

these benefits are typically conceptualized as enhancing survivor-

ship of mature individuals. Yet our results provide compelling

evidence to suggest that CCMs confer fitness advantages that

are emergent at the species level in Euphorbia. The advantages

to survivorship and differential reproductive success conferred

by CCMs at the level of individual organisms may cascade up-

ward to promote increased r, thus mediating species selection in

the broad sense (Gould 2002; see also, Vrba 1984). We suggest

two hypotheses, which need not be mutually exclusive, that ex-

plain our results in the context of species selection (Rabosky and

McCune 2010).

The hypothesis most readily supported by our results is that

CCM lineages have lower extinction rates relative to C3 lineages

in Euphorbia. In the results of our MEDUSA analysis, each of the

eight lineages in which increases in r were frequently recovered is

also accompanied by a change in tree model type from birth–death

to pure birth (Yule model; Table 4), indicating that a model without

extinction better fits the overall observed data for these lineages.

This does not exclude the possibility that extinction occurred but

does suggest that decreased extinction rates are key to explaining

increases in r. The results of the Bayesian analysis of parameter

values of the two BiSSE submodels in our confidence set further

emphasize this point, indicating that although speciation rates for

CCM and C3 lineages are nearly equivalent, extinction rates of

CCM lineages are generally lower than those of C3 lineages

(Fig. S7).

How might CCMs lower extinction rates? In arid and semi-

arid ecosystems, where more than a decade may pass between

growing seasons that can sustain rainfall adequate to promote es-

tablishment (Jordan and Nobel 1979), plants are perhaps most

vulnerable to the effects of drought during seedling and juve-

nile phases of growth. Because of this, a very low percentage

of seedlings survive to maturity. In lineages such as Euphorbia

that have a sizeable proportion of finely adapted endemic species

with few populations, these endemics will be inherently at risk of

extinction from the combined effects of demographic stochastic-

ity, genetic drift, and environmental variation, which are thought

to promote an extinction vortex in small populations (Gilpin and

Soulé 1986). Adaptive traits that might increase WUE in juveniles

or enhance fecundity may, therefore, have significantly increased

the chance of recruitment of enough individuals to sustain pop-

ulation sizes large enough to be robust to these effects. Exper-

imental studies comparing the survivorship of seedling C3 and

CCM Euphorbia species under drought conditions are lacking.

However, with respect to CAM, the results of such studies in

other lineages support our idea that CAM confers high WUE in

seedlings (Hernández-González and Villarreal 2007), which can

translate into markedly increased drought tolerance compared

with seedlings of sympatric C3 species (Esler and Phillips 1994).

The coupling of form and C4 physiology in section Anisophyllum

likely facilitates high rate of seed production per unit time (Horn

et al. 2012), in addition to facilitating remarkably short generation

times such that multiple, overlapping generations can be estab-

lished within a growing season in the many annual species of this

clade (Suzuki and Teranishi 2005).

A second hypothesis to explain how CCMs might increase net

diversification rates is that they may increase speciation rates. The

potential capability of CCMs in Euphorbia to enhance seedling

survivorship and establishment of populations in arid ecosys-

tems suggests a mechanism that might have facilitated ecological

release and range expansion into emerging dryland ecosystems

(Yoder et al. 2010). In addition, Euphorbia seeds are chiefly ant

dispersed (following ballistic capsule dehiscence), a syndrome

that strongly limits dispersal distances and promotes geographic

isolation (Lengyel et al. 2009). Generally limited dispersal, cou-

pled with the possible benefits to establishment that CCMs con-

fer, may have increased the rate of formation of peripheral isolate

populations subsequent to rare seed dispersal events over longer

distances, which, in turn, may have promoted increased specia-

tion rates in some CCM Euphorbia lineages. Our results do not

unequivocally indicate that CCMs promoted increased speciation

rates in Euphorbia, but the high values of r estimated for sev-

eral of the CCM lineages in our MEDUSA analysis (Table 4) are

consistent with a combination of decreased extinction rates and

increased speciation rates. If CCMs did promote higher specia-

tion rates in this manner, then the capacity for rapid phenotypic

change within Euphorbia was likely critical to enabling differen-

tiation and local adaptation among such populations, engendering

this spectacular angiosperm radiation.
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Supplemental Methods
Figure S1. Ninety-five percent majority-rule consensus tree of pool of all post burn-in trees from Bayesian MCMC analysis using MrBayes version 3.2.1
with the 197-tip dataset (15-partiton scheme; see Table S2); posterior probability values (PP) � 0.95 are indicated above branches.
Figure S2. Chronogram (maximum clade credibility tree) inferred from the BEAST analysis of the 197-tip dataset of Euphorbia and outgroups (15-partition
scheme; see Table S2).
Figure S3. Histogram plot of δ13C values for Euphorbia and outgroups.
Figure S4. Ancestral state reconstructions of photosynthetic pathway type (C3-like, with atmospheric CO2 predominantly fixed by RuBisCO, or CCM
with CO2 principally fixed by PEPCase).
Figure S5. Ancestral state reconstructions of photosynthetic pathway type (C3-like, with atmospheric CO2 predominantly fixed by RuBisCO, or CCM
with CO2 principally fixed by PEPCase).
Figure S6. Density plot of the number of piecewise models fit to the 1000, 104-tip diversity trees in the MEDUSA analysis of Euphorbia and outgroups.
Figure S7. Posterior probability distributions of the net diversification rate of speciation rate (λ), extinction rate (μ), and character state transition rate (q)
for Euphorbia and outgroups estimated from a Bayesian MCMC analysis the confidence set of BiSSE submodels.
Table S1. GenBank accession numbers for DNA sequences of the 23 Euphorbia species added to the matrix of Horn et al. (2012).
Table S2. Best-fit, 15-partition scheme and corresponding models of evolution for the 10-marker, 197-tip dataset of Euphorbia and outgroups selected
using BIC from analysis with the “greedy” heuristic search algorithm in PartitionFinder version 1.0.1.
Table S3. Values of δ13C and associated voucher information for taxa of Euphorbia and outgroups included in the 197-tip dataset.
Table S4. Clade tip diversity estimates used in the 104-tip MEDUSA and BiSSE analyses, and character state codings used in BiSSE analyses.
Table S5. Clades in which a significant shift in the net diversification rate (r) was modeled in 10–50% of the 1000 diversity trees using the MEDUSA
method.
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