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The integrated contributions of climate and macroevolutionary processes to

global patterns of species diversity are still controversial in spite of a long his-

tory of studies. The niche conservatism hypothesis and the net diversification

rate hypothesis have gained wide attention in recent literature. Many studies

have tested these two hypotheses for woody species in humid forests; how-

ever, the determinants of species diversity patterns for arid-adapted plants

remain largely ignored. Here, using a molecular phylogeny and the global dis-

tributions of Zygophyllaceae, a typical arid-adapted plant family, we assessed

the effects of contemporary climate and net diversification rates on species

diversity patterns in drylands. We found the variables representing water

availability to be the best predictors for Zygophyllaceae diversity. Specifically,

Zygophyllaceae species diversity significantly decreased with the increase in

water availability, probably owing to phylogenetic conservatism of water-

related niches. The net diversification rates of Zygophyllaceae accelerated

sharply in the recent 10 Myr, coinciding roughly with the period of global ari-

dification. The species diversity of Zygophyllaceae significantly increased

with the increase in mean net diversification rates per geographical unit,

especially in the Old World, supporting the net diversification rate hypothesis.

Our study provides a case exploring climatic and evolutionary mechanisms of

dryland species diversity patterns, and suggests that the conservatism in

water-related niches and elevated net diversification rates in drylands may

have jointly determined the global patterns of dryland species diversity.
1. Introductions
Large-scale patterns of species diversity and the mechanisms that underlie them

have attracted ecologists and evolutionary biologists for centuries [1]. Previous

studies have mainly focused on the diversity–contemporary climate relation-

ships. Several climate-based hypotheses have been proposed to explain species

diversity patterns [2]. The contemporary climate hypotheses suggest that regions

with high energy (ambient energy hypothesis) [3,4], high water availability

(water–energy dynamic hypothesis) [5] or low daily range of temperature and

low climate seasonality (climatic variability hypothesis) [6], have high carrying
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capacities, and are able to sustain large population sizes and

thus accumulate more species.

The direct roles of evolutionary processes in shaping species

diversity patterns also have long been realized [7,8]. In the last

two decades, ecologists have refocused on and hence increas-

ingly explored the effects of macroevolutionary processes on

spatial patterns of species diversity [9]. In particular, the net

diversification rate hypothesis has attracted wide attention

from researchers. According to the net diversification rate

hypothesis, regions with high net diversification rates (i.e. high

speciation rates and/or low extinction rates) have high species

diversity [7,10]. However, few studies have quantitatively eval-

uated the importance of net diversification rates in regulating

species diversity patterns [11,12], even though net diversification

rates is one of the proximate determinants of species diversity in

a region [7,10]. Furthermore, it remains unclear whether the role

of net diversification rates in shaping species diversity differs

among biogeographic regions. With the increase in the avail-

ability of phylogenetic data and the improvement in analytical

methods, it is now possible to test the evolutionary hypotheses,

such as the net diversification rate hypothesis.

The relationships between geographical patterns in species

diversity and contemporary environment could reflect the

effects of evolutionary history on species diversity [13,14].

Recently, the proposed niche conservatism hypothesis [15–17]

states that most species tend to maintain their ancestral

niches and hence have difficulties evolving new physiological

tolerances. Therefore, in regions where environmental con-

ditions deviate from the ancestral niche of a clade, species

diversity of that clade tends to be low owing to limited coloni-

zation as a result of niche conservatism. By contrast, species

diversity of a clade tends to be high in regions where environ-

mental conditions are similar to its ancestral niche [15,16].

For example, several studies have shown that the diversity–

contemporary climate relationships differ between groups

with different evolutionary histories, which supports the

niche conservatism hypothesis [17–19]. However, previous

studies have mainly focused on animals and woody species,

and have paid more attention to the conservatism of thermal

niches, whereas relatively few studies have focused on the

conservatism of water-related niches.

Drylands cover approximately 40% of land surface on the

Earth and are inhabited by about one-third of the global

human population [20,21]. Drylands make a significant contri-

bution to the global economy. About 65% of the drylands are

used as rangelands, which support approximately 50% of the

world’s livestock [20]. Moreover, drylands harbour higher bio-

diversity than previously regarded [22]. Seven of 25 global

biodiversity hotspots [23] and almost 30% of the global centres

of plant diversity [24] are in drylands. Yet, previous studies

have paid less attention to the species diversity patterns in dry-

lands and the mechanisms underlying them, as compared to

tropical forests and other biodiversity hotspots in humid

regions [25]. In recent years, a growing number of studies

have explored the evolutionary history of arid-adapted plants

(e.g. Aizoaceae species in Africa [26]; Agave species in North

America [27]; succulent plants [28]), contributing greatly to

our understanding of the evolution of arid floras. However,

studies integrating evolutionary and ecological mechanisms

to explain the geographical patterns in species diversity of

arid-adapted plants are still scarce.

Zygophyllaceae, including 22 genera and ca 280 species, is

a typical arid-adapted plant family and is distributed in
drylands of Africa, Eurasia, Australia, North America and

South America with a few species extending to mesic regions

[29] (figure 1a). Most Zygophyllaceae species are annuals, per-

ennial herbs or small shrubs, but 26 species (belonging to

Larrea, Bulnesia, Porliera and Guaiacum) that are mainly distrib-

uted in the New World are shrubs or trees with hard wood.

These hardwood species have very slow growth rates and a

long lifespan [29]. Zygophyllaceae plants are important com-

ponents or in some cases, dominant species of the vegetation

in drylands (e.g. Larrea tridentata in North American deserts)

[30]. Moreover, Zygophyllaceae species also include many

rare and endangered species (e.g. Tetraena mongolica in western

Inner Mongolia, China [31] and Guaiacum species in the

New World [32]). Therefore, studying the global pattern of

Zygophyllaceae species diversity and its evolutionary mechan-

isms could be useful in understanding the role of global

drylands on the evolution of arid floras.

In this study, we aimed to assess the importance of contem-

porary climate (through niche conservatism) and evolutionary

processes (through net diversification rates) in shaping the pre-

sent-day diversity patterns of Zygophyllaceae species across

the world and across different biogeographic regions. Firstly,

we evaluated the effects of net diversification rates on diversity

patterns of Zygophyllaceae species. We tested whether there is

a positive diversity–net diversification rates relationship

as predicted by the net diversification rate hypothesis.

Secondly, we evaluated the effects of niche conservatism on

Zygophyllaceae diversity. We tested whether there are

negative diversity–water availability relationships, positive

diversity–energy relationships and positive diversity–climate

variability relationships as predicted by the niche conservatism

hypothesis [15]. Thirdly, we explored the differences in the pri-

mary determinants (net diversification rates and contemporary

climate) of species diversity patterns of Zygophyllaceae across

different biogeographic regions.
2. Data and methods
(a) Species distribution data
The occurrence data of Zygophyllaceae species were compiled

from available published floras, checklists, databases and

peer-reviewed journal articles on this family (see the electronic

supplementary material, appendix S1 for a complete list of

references). Most of the species occurrence data were recorded

at the level of administrative divisions (e.g. provinces, states

and countries). We geo-referenced these records based on the

Global Administrative Areas database (http://www.gadm.

org/) by retaining the same geopolitical boundaries (e.g.

countries, counties, states, provinces). In order to reduce the

effect of area on the estimation of species diversity, we

merged small adjacent regions into larger regions so that the

areas of different geographical units are close to each other.

Finally, the entire land area of the world excluding the Antarc-

tic was divided into 480 geographical units and the average

size of these units was ca 270 000 km2 (ca 48 longitude � 48 lati-

tude). This scheme of geographical units has been used

in previous studies on the species distributions and species

diversity patterns of other groups [19,33]. We combined and

standardized the species names from different data sources fol-

lowing The Plant List (http://www.theplantlist.org/, updated

to 31 May 2017) which provides accepted Latin names and

synonyms for vascular plants and bryophytes. The final
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Figure 1. The global pattern of species diversity (a) and the net diversification rate per geographical unit (b) of Zygophyllaceae species. The dashed lines in (a)
represent the boundaries of the five biogeographic regions. See Methods for the division of these biogeographic regions. The black lines in (b) represent the extent of
global drylands, which is defined as regions with aridity index less than 0.65.
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distributional database included 3175 occurrence records for

285 Zygophyllaceae species.
(b) Climate data
Climate variables used in this study included three categories,

which represent environmental energy (mean annual tempera-

ture, MAT; mean annual temperature of coldest quarter, MTCQ;

annual potential evapotranspiration, PET), water availability

(mean annual precipitation, MAP; water deficit, WD; aridity

index, AI) and climate variability (mean diurnal range, MDR;

temperature seasonality, TS; precipitation seasonality, PS). See

the electronic supplementary material, appendix S2 for more

details on the calculation of the climatic variables. In this

study, we defined areas with AI of less than 0.65 as drylands

following the criterion of World Atlas drylands [34].

The data for MAT, MTCQ, MAP, MDR, TS and PS

were obtained from the WorldClim website (www.world-

clim.org). The data for PET, AET and AI were obtained from

CGIAR-CSI Global PET (www.cgiar-csi.org/data/global-arid-

ity-and-pet-database) and Global Soil Water databases (www.

cgiar-csi.org/data/global-high-resolution-soil-water-balance).

The spatial resolutions of all these data layers are 30 � 30 arc

seconds (ca 1 � 1 km2 at the equator). The value of each climate
variable within each geographical unit was calculated as the

average of all 1 � 1 km2 grid cells within that unit.
(c) Time calibrated phylogeny
A total of 174 Zygophyllaceae species representing all five sub-

families and 21 out of 22 genera (excepting one monotypic

genus Metharme), and two outgroups from Krameriaceae

(sister lineage to Zygophyllaceae) were sampled. At the species

level, approximately 58% of the currently 285 recognized Zygo-

phyllaceae species were included. We sequenced three

chloroplast (rbcL, trnL intron and trnL-F intergenic spacer)

and one nuclear (ITS) loci, accounting for a total of 7080 bp of

the matrix. Sixteen sequences of the four markers for four

species were newly generated in this study, and other sequences

are from GenBank (www.ncbi.nlm.nih.gov) (electronic sup-

plementary material, appendix S3). Laboratory procedures,

sequence handling and alignments followed Wu et al. [35].

Dated phylogeny of Zygophyllaceae was generated using the

Bayesian clock method implemented in BEAST v. 1.8.0 [36].

The best-fit model of nucleotide substitutions for each DNA

region was determined by the Akaike information criterion

(AIC) in jMODELTEST v. 2.1.4 [37]: GTR þ G for ITS and GTR þ
I þ G for rbcL, trnL, and trnL-F. Because no appropriate

http://www.worldclim.org
http://www.worldclim.org
http://www.cgiar-csi.org/data/global-aridity-and-pet-database
http://www.cgiar-csi.org/data/global-aridity-and-pet-database
http://www.cgiar-csi.org/data/global-high-resolution-soil-water-balance
http://www.cgiar-csi.org/data/global-high-resolution-soil-water-balance
http://www.ncbi.nlm.nih.gov
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Zygophyllaceae fossil can be used for the calibration of diver-

gence time [38], we adopted the age for the split of

Zygophyllaceae and Krameriaceae estimated in broader angios-

perm studies as a calibration point. In this study, we used 70 Ma

(95% highest posterior density (HPD): 49–88 Ma) estimated by

Bell et al. [39] to constrain the stem node of Zygophyllaceae. An

uncorrected lognormal relaxed clock model and a birth–death

speciation process were used. The Markov chain Monte Carlo

(MCMC) searches were run for 50 million generations,

sampling every 1000 generations. Effective sample size (ESS)

values (greater than 200) were assessed in TRACER v. 1.6

(http://tree.bio.ed.ac.uk/software/tracer). The maximum

clade credibility (MCC) tree with mean ages and 95% HPD

intervals on nodes was generated using TREEANNOTATOR v1.8.0.

(d) Estimation of evolutionary rates
Based on the divisions of the global biogeographically realms

[40,41] as well as distributions of Zygophyllaceae species, we

defined five biogeographic regions: Afrotropics, Australasia,

Nearctic, Neotropics, and Palaearctic (including Indo-

Malaya) (see figure 1 for the boundaries of these regions). We

used the Bayesian Analysis of Macroevolutionary Mixtures

(BAMM v. 2.5) [42] to assess the diversification pattern of

Zygophyllaceae through time. The parameter globalSampling-
Fraction was set to be 0.58 following the sampling coverage in

the current phylogeny to account for incomplete sampling.

This parameter could generate unbiased estimates of evol-

utionary rates under the assumption that species are missing

at random from the phylogeny (BAMM documentation).

Total MCMC runs were set to be 10 million generations and

parameters were sampled every 1000 generations. The results

were analysed using the R package, BAMMtools [42]. ESSs

were computed in R package CODA, and the results indicated

that all ESS values were greater than 200. In total, 154 Zygo-

phyllaceae species had both distribution information and

phylogenetic data. We first plotted the diversification rates

through time for all species and for species living in drylands

and humid regions separately at the global scale and in the

five biogeographic regions. We then extracted the diversifica-

tion rates of these 154 species and calculated the mean

diversification rates within each geographical unit.

At the current stage, it is difficult to sample all Zygophylla-

ceae species from all over the world. However, such incomplete

sampling in the phylogeny may have a weak influence on the

temporal and spatial patterns of the mean diversification rates

and the subsequent conclusions. Firstly, changes in diversifica-

tion rates along branches were inferred by BAMM which

statistically adds missing species, and to some extent can

account for non-random species sampling [43]. Secondly,

we also calculated the diversity pattern of the 154 Zygophylla-

ceae species with phylogenetic information and explored

the relationships of the diversity pattern of this reduced

dataset with environmental variables and mean net diversifica-

tion rates per geographical unit. The general trends are

consistent with the results based on the full dataset (electronic

supplementary material, appendix S4).

(e) Ancestral niche reconstruction and phylogenetic
signals of climatic niches

We selected the following dimensions of the climatic niches of

Zygophyllaceae species: MAT, MTCQ, PET, MAP, AI, WD,
MDR, TS and PS in this study. We used the average value of

each climatic variable across all geographical units where a

species occurred to represent the climatic niches of this species.

We used Blomberg’s K [44] to evaluate the phylogenetic signals

of the climate niches of Zygophyllaceae species. K values close

to zero indicate phylogenetic independence in the evolution of

climatic niches. We conducted these analyses using ‘phylosig’

function in the ‘phytools’ package of R [45].

We reconstructed the ancestral climatic niches of Zygo-

phyllaceae species using phylogenetic independent contrast

(PIC) and residual maximum likelihood (REML) methods.

Both REML and PIC methods are Brownian-motion based

estimators. We conducted these analyses using the ‘ace’

function in the ‘ape’ package of R [46].

As the frequency distribution of species diversity per

grid cell normally follows Poisson distribution, generalized

linear models (GLM) with Poisson residuals were used to test

the effects of contemporary climate and evolutionary factors

on species diversity pattern of Zygophyllaceae. The proportion

of deviance explained by a predictor was used as the R2 of this

model and was calculated as: R2¼ 1 2 residual variance/null

variance. We used a modified t-test to test the significance

of the GLM coefficients to handle spatial autocorrelations

in species diversity which could inflate type I errors and

subsequently the significance levels in model tests.
3. Results
(a) Patterns of Zygophyllaceae species diversity
The species diversity of Zygophyllaceae per geographical unit

ranged from 1 to 58, with an average of seven species

(figure 1a). The Zygophyllaceae species diversity was mark-

edly higher in drylands than in humid regions. The diversity

centres were mostly located in the drylands of South Africa

and Namibia, eastern and northern Africa, Australia, and

Central and Western Asia. By contrast, the species diversity

was very low in humid regions such as central Africa, northern

America, Europe and the humid parts of South America and

Asia (figure 1a). The average species diversity per geographical

unit varied significantly among the five biogeographic regions,

ranging from 5 to 14. Specifically, Australasia (14 species per

unit on average) and the Afrotropics (8) had the highest species

diversity per geographical unit on average, followed by the

Nearctic (6), while the Neotropics (5) and Palaearctic (5) had

the lowest species diversity (figure 1a).

(b) Relationship between Zygophyllaceae diversity and
mean net diversification rates

Phylogenetic relationships and divergence times obtained in

this study based on four markers (electronic supplementary

material, appendix S5) are highly congruent with previous

studies [35,47]. The mean net diversification rates per geo-

graphical unit significantly varied across the world. The

regions with high mean net diversification rates were generally

located in drylands (figure 1b). Species diversity per geo-

graphical unit significantly increased with the mean net

diversification rates at the global scale and in three biogeo-

graphic regions (i.e. Palaearctic, Australasia and Afrotropics)

(table 1 and figure 2b). Mean net diversification rates per geo-

graphical unit explained 19.3–64.6% of the variance in

species diversity (table 1 and figure 2a). In the Palaearctic

http://tree.bio.ed.ac.uk/software/tracer
http://tree.bio.ed.ac.uk/software/tracer
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Table 1. Explanatory power (R2) of the predictors for the species diversity patterns of Zygophyllaceae evaluated by generalized linear models (GLM) with
Poisson residuals. (Regressions were conducted for the world and the five biogeographic regions separately. Symbols in brackets indicate that the relationship
between species diversity and the predictor is positive (þ) or negative (2). Italics represent the best predictor of species diversity in each region. Asterisks
indicate the significance levels of these models. *p , 0.05; **p , 0.01; ***p , 0.001. Variable abbreviations: MAT, mean annual temperature; MTCQ, mean
temperature of the coldest quarter; PET, potential evapotranspiration; MAP, mean annual precipitation; WD, water deficit; AI, aridity index; MDR, mean diurnal
range of temperature; TS, temperature seasonality; PS, precipitation seasonality; DIV, mean net diversification rate per geographical unit; AGE, mean species age
per geographical unit.)

world Afrotropics Australasia Palaearctic Nearctic Neotropics

MAT (8C) 3.12 (þ) 16.7 (þ) 0.7 (þ) 1.2 (þ) 33.9 (þ) 14.6 (þ)

MTCQ (8C) 1.49 (þ) 33.2 (þ)* 2.7 (þ) 0.0 (þ) 36.1 (þ) 16.8 (þ)

PET (mm) 13.6 (þ)** 0.7 (þ) 30.7 (þ) 12.6 (þ)* 59.8 (þ)* 1.4 (þ)

MAP (mm) 29.6 (2)*** 42.7 (2)** 63.2 (2)* 46.3 (2)*** 22.2 (2) 14.0 (2)

WD (mm) 36.9 (þ)*** 18.7 (þ) 56.8 (þ) 38.1 (þ)*** 67.4 (þ)* 18.9 (þ)

AI 42.3 (2)*** 38.0 (2)* 73.2 (2) 50.2 (2)*** 49.1 (2) 16.3 (2)

MDR (8C) 29.3 (þ)*** 10.5 (þ) 65.4 (þ) 38.7 (þ)*** 40.7 (þ) 32.4 (þ)

TS 1.1 (þ) 12.9 (þ) 61.4 (þ) 8.8 (þ) 13.5 (2) 20.5 (þ)

PS 3.7 (þ) 0.1 (2) 8.1 (þ) 3.3 (þ) 49.9 (þ)* 13.2 (þ)

area of geographical units 7.1 (þ)** 11.3 (þ) 32.4 (þ) 8.2 (þ)* 0.4 (þ) 2.2 (þ)

DIV 26.0 (þ)*** 57.0 (þ)*** 39.6 (þ) 61.7 (þ)*** 1.6 (2) 0.4 (þ)

AGE 1.3 (þ) 0.1 (þ) 2.9 (þ) 13.5 (þ)** 37.5 (þ)* 0.9 (þ)
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and Afrotropics, mean net diversification rates was the best

single predictor of species diversity and its explanatory

power was much stronger than that of any contemporary

climate variables (table 1).

At the global scale and in Australasia and the Afrotropics,

the net diversification rates of species living in both drylands
and humid regions increased with time. Interestingly, the net

diversification rates of dryland species increased abruptly

since ca 10–12 Ma, while such increase was not observed

for species living in humid regions (figure 3a–c). This led

to increasingly higher net diversification rates towards the

present for dryland species than for humid-region species.
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Figure 3. The temporal patterns in the net diversification rate of Zygophyllaceae species living in drylands (red lines) and humid regions (blue lines). The shaded
areas surrounding the solid lines represent the 95% confidence intervals of net diversification rate estimations. The inset bar plots show the differences of mean net
diversification rate between drylands (red bars) and humid regions (blue bars). The asterisks represent the significance levels of the comparisons: *p , 0.10;
***p , 0.01. (a) World; (b) Afrotropics; (c) Australasia; (d ) Palaearctic; (e) Nearctic; ( f ) Neotropics.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20181742

6

However, in the Palaearctic, Nearctic and Neotropics, the net

diversification rates of dryland species was comparable to

those in humid regions (figure 3d–f ).

(c) Relationship between Zygophyllaceae diversity
and climate

Water-related variables (MAP, WD or AI) were the major cli-

matic determinants of species diversity patterns at the global

scale and in four biogeographic regions (except the Neotro-

pics), accounting for 26–77% of the variance in species

diversity (table 1). In particular, AI was the primary determi-

nant of Zygophyllaceae species diversity across the world

and accounted for 42.3% of the variance in species diversity.

The species diversity generally decreased with the increase in

water availability at the global scale and in different biogeo-

graphic regions (table 1 and figure 2a). By contrast, species

diversity increased with the increase in the magnitude of

energy-related variables, indicating that the diversity of Zygo-

phyllaceae species is higher in warmer than colder regions.
However, the explanatory power of energy-related variables

was generally very low except in the Nearctic. The variables

representing climate variability (i.e. MDR, TS and PS) were

also positively associated with species diversity, indicating

that the diversity of Zygophyllaceae species is higher in regions

with strong climate variability. MDR explained 10.5–65.4% of

the variance in species diversity at the global scale and in the

five biogeographic regions. Particularly, MDR was the best

single predictor of Zygophyllaceae species diversity in the

Neotropics (table 1).

(d) Ancestral climatic niches and niche conservatisms of
Zygophyllaceae

The Blomberg’s K of three energy related variables (MAT,

MTCQ and PET), three water-availability variables (MAP, AI

and WD) and three climate variability variables (MDR, TS

and PS) ranged between 0.124 and 0.606 and were significantly

different from zero ( p , 0.001) (table 2), which indicates the

presence of significant phylogenetic signals in the climatic



Table 2. The reconstructed ancestral climatic niches and the phylogenetic signals in the climatic niches of Zygophyllaceae species. (The ancestral climatic niches
were reconstructed by residual maximum likelihood (REML) and phylogenetic independent contrast (PIC) methods, and the phylogenetic signals were evaluated
by Blomberg’s K [44]. Variable abbreviations: MAT, mean annual temperature; MTCQ, mean temperature of the coldest quarter; PET, potential evapotranspiration;
MAP, mean annual precipitation; WD, water deficit; AI, aridity index; MDR, mean diurnal range of temperature; TS, temperature seasonality; PS, precipitation
seasonality.)

ancestral niche phylogenetic signal

REML PIC K p

MAT (8C) 12.4 [29.6, 34.5] 12.4 [10.9, 13.9] 0.462 1 � 1024

MTCQ (8C) 1.8 [221.7, 25.3] 1.8 [0.3, 3.3] 0.606 1 � 1024

PET (mm) 1268 [1048, 1488] 1268 [1253, 1283] 0.471 1 � 1024

MAP (mm) 326 [106, 546] 326 [311, 541] 0.329 3 � 1024

AI 0.283 [0.006, 0.503] 0.284 [0.268, 0.298] 0.243 6 � 1024

WD (mm) 1192 [979, 1406] 1192 [1178, 1207] 0.248 1 � 1024

MDR (8C) 13.4 [11.1, 15.6] 13.4 [13.2, 13.5] 0.233 1 � 1024

TS 35.8 [13.8, 57.8] 35.8 [34.3, 37.3] 0.524 1 � 1024

PS 0.764 [0.543, 0.984] 0.764 [0.749, 0.779] 0.124 0.0018
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niches of extant Zygophyllaceae species. In other words, the

phylogenetically more related species tend to have more

similar climatic niches.

The two different methods (i.e. REML and PIC) recon-

structed highly consistent ancestral niches of Zygophyllaceae

species (table 2). The ancestral thermal niches of Zygophylla-

ceae reconstructed for MAT, MTCQ, PET, MDR and TS were

12.48C, 1.88C, 1268 mm, 13.48C and 35.88C, respectively

(table 2), which suggest that Zygophyllaceae probably origi-

nated in a warm area with a high daily range of temperature

and temperature seasonality. The ancestral water-related

niches reconstructed for MAP, AI, WD and PS were 326 mm,

0.283, 1192 mm and 0.764 (table 2), respectively, suggesting

that Zygophyllaceae probably originated in drylands with

high precipitation seasonality. Overall, such climatic condition

is closest to the modern ‘hot semi-arid climate’ (BSh) according

to the Köppen–Geiger climate classification [48].
4. Discussion
(a) Effects of net diversification rates on spatio-

temporal diversity of Zygophyllaceae species
Our analyses showed that net diversification rates of

Zygophyllaceae species elevated dramatically after the

Mid-Miocene Climatic Optimum (MMCO) (ca 18–14 Ma)

[49] when the global climate changed from the MMCO towards

cooler temperature [49,50] and higher aridity [51]. The aridifi-

cation of climate and the expansion of drylands during this

period probably facilitated the rapid diversification of Zygo-

phyllaceae (S. D. Wu et al. 2018, unpublished). The expansion

of dryland habitats probably provided novel niche space for

the colonization and differentiation of Zygophyllaceae species.

Ancestral niche reconstruction indicated that the most recent

common ancestor of Zygophyllaceae species probably inhab-

ited the semi-arid environment, suggesting that the members

of this family were inherently the arid-adapted species. Zygo-

phyllaceae may have already acquired arid-adapted genetic

materials before differentiation, which helped them to better
survive and adapt to global climatic changes towards more

arid climate in the late Miocene.

The fact that dryland species have higher net diversification

rates than species living in humid regions could also reflect

greater ecological success of Zygophyllaceae species in dry

environments. First, Zygophyllaceae species have evolved

several functional and morphological traits for adaption to dry-

lands. For example, they usually have: (i) a shallow root system,

especially a large number of side roots, which facilitate fast

absorption of unpredictable precipitation in drylands [52];

and (ii) small leaves and thick cuticles which reduce the loss

of water (e.g. Larrea) [30]. These adaptive traits may facilitate

better survival of Zygophyllaceae species in drylands than in

humid regions. Beatley [53] found that L. tridentata had lower

population density in humid areas than in drylands owing

to differences in growing strategies in these two different habi-

tats. Second, the reproduction of Zygophyllaceae species has

been found to be significantly limited by water availability.

In particular, too much water may be insalubrious to the germi-

nation of Zygophyllaceae species. Studies conducted in

Northern America [54] and western Erdos, China [55] found

that the seed germination rates of L. tridentata and Zygophyllum
xanthoxylon peaked at the precipitation of 80–150 mm and at a

soil moisture content of 5%, respectively. Moreover, some

Zygophyllaceae species (e.g. Z. simplex) are C4 species and

succulent species which have large amounts of water storage

tissues [56,57]. All these morphological, reproductive and

physiological adaptations of Zygophyllaceae species to

drought help them better survive the dryland environment,

which may lead to increased speciation and/or decreased

extinction in drylands.

Geographically, the net diversification rates per geographi-

cal unit was higher in drylands than in humid regions

(especially in the Afrotropics, the Palaearctic and Australasia).

This result differs from previous findings for other groups that

net diversification rates is high in humid regions (e.g. the

Amazon region [11]; continental margin of Australia [58]; East-

ern Asia [33]). More interestingly, we found a positive

relationship between the geographical pattern of Zygophylla-

ceae species diversity and net diversification rates per
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geographical unit, suggesting that regions with high species

diversity are dominated by species with high net diversifica-

tion rates. This finding is consistent with the prediction of the

net diversification rate hypothesis. Similar findings have also

been reported for other plant groups (e.g. Arecaceae in the

New World [11] and global Rhododendron [33]). Moreover,

recent study [12] showed that net diversification rate is also

positively correlated with species diversity across clades of sal-

amanders and such relationships are not a statistical artefact.

Our results together with previous findings indicate that

such positive relationships between species diversity and net

diversification rates are consistent across different clades, and

provide support for the net diversification rate hypothesis.

(b) The effects of niche conservatism on Zygophyllaceae
species diversity

Variables representing water availability were the best predic-

tors for Zygophyllaceae species diversity at the global scale and

in most biogeographic regions (except in the Neotropics).

Particularly, Zygophyllaceae species diversity significantly

decreased with the increase in water availability. A strong

negative effect of water availability on Zygophyllaceae species

diversity may have been mediated by the evolutionary history

of this family. In particular, our results together with previous

findings suggest that the negative relationship between species

diversity and water availability may be partially owing to

the phylogenetic conservatism in the climatic niches of

Zygophyllaceae species, especially the water-related niches.

Ancestral niche reconstruction suggests that Zygophylla-

ceae may have originated in a semi-arid climate (ancestral

mean annual precipitation was about 520 mm and AI 0.35).

This finding is also supported by previous studies on the

origin of Zygophyllaceae. For example, recent biogeographic

analyses indicate that Zygophyllaceae may have originated

in southern Africa in the early Palaeocene [38]. Moreover,

recent palaeoclimate reconstructions showed that the climate

in southern Africa was semi-arid during the early Palaeocene

and also during the Palaeocene–Eocene thermal maximum

when global climate was warm and humid [59]. These findings

further support that Zygophyllaceae may have originated in a

semi-arid climate.

According to the niche conservatism hypothesis [15,16],

species tend to retain their ancestral niche owing to their dif-

ficulties in evolving new ecological niches, and hence species

diversity would be low in conditions where climate deviates

from their ancestral ecological niches. Owing to its orig-

ination in a semi-arid climate, Zygophyllaceae species may

have evolved fairly strong drought tolerance. The majority

of species are, therefore, incapable of surviving in humid

regions (e.g. southeast Asia and the Amazon region) where

water availability deviates too far from their ancestral dry cli-

mate. This may explain why water availability was the best

climatic predictor of Zygophyllaceae species diversity. Con-

sistent with our finding, the integrated effects of ancestral

niches and niche conservatism on species diversity patterns

have also been demonstrated for other plant groups (e.g.

Quercus [19]).

MDR explained about 30% (10–65% in different biogeo-

graphic regions) of the variance in Zygophyllaceae species

diversity (table 1). By contrast, temperature seasonality contrib-

uted little to Zygophyllaceae diversity pattern (except in

Australasia where temperature seasonality correlated strongly
with water availability and MDR). The positive species diver-

sity-MDR relationship may also reflect the effect of niche

conservatism. Ancestral climate niche reconstruction showed

that Zygophyllaceae species originated in a climate with high

MDR (table 2). According to the phenotypic optimality model

[60,61], regions with large short-term variations but small

long-term variation in temperature favour specialists with

narrow thermal ranges. As the diversity pattern of Zygophylla-

ceae species were more influenced by MDR than by

temperature seasonality, we expect Zygophyllaceae species to

be thermal specialists. This inference is supported by the find-

ings of the current study, which show that energy-related

variables have considerable explanatory power on the variation

of Zygophyllaceae species diversity in the Nearctic, the

Afrotropics, and Australasia (table 1). The thermal niche of

Zygophyllaceae species also showed significant phylogenetic

conservatism (table 2), which indicates that the diversity–

climate relationships are rooted in their evolutionary histories.

(c) Regional difference in the determinants of species
diversity

The relative contributions of net diversification rates and con-

temporary climate in shaping the species diversity pattern of

Zygophyllaceae varied in different biogeographic regions.

The mean net diversification rates per geographical unit

accounted for more than one third of the variance in the species

diversity in the Palaearctic, the Afrotropics and Australasia.

Moreover, in the former two regions, the explanatory power

of mean net diversification rates was higher than any other con-

temporary climate variables (table 1). By contrast, the mean net

diversification rates did not well explain the variation of

Zygophyllaceae species diversity in the New World (i.e. the

Nearctic and Neotropics) where contemporary climate

dominated the species diversity patterns.

Two reasons may explain the relatively weaker effects of net

diversification rates on the New World species diversity than

contemporary climate. First, the Nearctic and Neotropics have

much less dryland and hence many fewer habitats for Zygo-

phyllaceae species than the Old World. Second, many native

Zygophyllaceae species in the New World (e.g. Guaiacum and

Larrea species) are slow-growing and long-lived shrubs [62]

and have much lower net diversification rates than species in

other regions. The low growth rate and long lifespan indicate

very low metabolic function and long effective generation

time, which may have a depressive effect on both rates of

mutation and nucleotide substitution and hence on diversifica-

tion rates [63,64]. Compared to the species in the New World,

most Zygophyllaceae species in the Palaearctic and Afrotropics

are herbaceous species with relatively shorter lifespan and tend

to have higher speciation and diversification rates. These

findings suggest that large areas of drylands and faster diversi-

fication in the Old World may have led to stronger effects of net

diversification rates on species diversity in these regions.
5. Conclusion
We evaluated the influences of contemporary climate and

macroevolutionary processes on the global species diversity

pattern of a typical dryland family, Zygophyllaceae. We

found that Zygophyllaceae probably originated in a semi-

arid climate and the diversification rates of dryland species
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have accelerated since the mid-Miocene probably owing to

global aridification. Owing to the strong phylogenetic conser-

vatism in their water-related niches, water availability

dominates the diversity patterns of Zygophyllaceae species

at the global scale and in the New World and Australasia.

Compared with contemporary climate, net diversification

rates dominated the species diversity in the Afrotropics and

Palaearctic, supporting the net diversification rate hypothesis.

Together these results suggest that the global diversity pat-

tern of Zygophyllaceae species is determined by the

integrated effects of both contemporary climate through

niche conservatism and macroevolutionary processes. As an

important characteristic component of dryland vegetation,

the eco-evolutionary mechanisms that underlie the diversity

pattern of Zygophyllaceae may, to a large extent, improve

our understanding of the effects of global dryland emergence

on the evolution of arid floras. Nevertheless, the generality of
the conclusions drawn based on this group should be tested

using other dryland groups.
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