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The transition from a greenhouse to an icehouse world at the Eocene-Oligocene Transition (EOT) coincided with a 
large decrease of pollen from the steppe-adapted genus Nitraria. This genus, now common along the Mediterranean 
coast, Asia and Australia, has a proposed coastal origin and a geographically widespread fossil record. Here we 
investigated the evolution, taxonomic diversity and morphological disparity of Nitraria throughout the Cenozoic 
by integrating extant taxa and fossil palynological morphotypes into a unified phylogenetic framework based on 
both DNA sequences and pollen morphological data. We present the oldest fossil pollen grain of Nitraria, at least 
53 Myr old. This fossil was found in Central Asian deposits, providing new evidence for its origin in this area. We 
found that the EOT is an evolutionary bottleneck for Nitraria, coinciding with retreat of the proto-Paratethys Sea, 
a major global cooling event and a turnover in Central Asian steppe vegetation. We infer the crown age of modern 
Nitraria spp. to be significantly younger (Miocene) than previously estimated (Palaeocene). The diversity trajectory 
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of Nitraria inferred from extant-only taxa differs markedly from one that also considers extinct taxa. Our study 
demonstrates it is therefore critical to apply an integrative approach to fully understand the plant evolutionary 
history of Nitrariaceae.

ADDITIONAL KEYWORDS: desert – Eurasian steppe – light microscopy – phylogeny – SEM – Tibetan Plateau.

INTRODUCTION

During the Eocene-Oligocene Transition (EOT), 
global temperatures declined driving the climate 
from greenhouse to icehouse conditions (DeConto & 
Pollard, 2003; Coxall et al., 2005; Zachos & Kump, 
2005). In Central Asia [including Mongolia, northern 
and western China, and central (geographic) Tibet], 
this climate change was intertwined with processes 
such as the retreat of the proto-Paratethys Sea, the 
India-Asia collision, Tibetan topographic growth and 
reduction of the monsoons and the hydrological cycle, 
all resulting in inland aridification (Dupont-Nivet 
et al., 2007; Dupont-Nivet et al., 2008; Bosboom et 
al., 2014; Bougeois et al., 2018; Li et al., 2018; Wang 
et al., 2020). Cenozoic aridification led the Central 
Asian vegetation into a regime shift at the EOT: the 
Eocene humid steppe vegetation disappeared almost 
completely and was replaced by a hyper-arid desert in 
the Oligocene (Barbolini et al., 2020).

One of the plant genera that was largely impacted 
by the transition from humid to hyper-arid desert was 
Nitraria L. (Fig. 1). Nitraria belongs to Nitrariaceae 
(Sapindales), which also includes the genera Peganum 
L. and Tetradiclis Steven ex M.Bieb. Peganum and 
Tetradiclis (four and two accepted species, respectively; 
WCVP, 2023) occur in arid to semi-arid regions in Africa, 
the Middle East, central Asia and North America 
(Abbott et al., 2007; Zhao et al., 2011). Nitraria (nine 
accepted species; WCVP, 2023) is an important proxy 
for aridity (Su et al., 2016; Yin et al., 2020) and it is 
also a halophyte (i.e. adapted to saline environments) 

commonly found in coastal settings. Nitraria retusa 
(Forssk.) Asch., for instance, can be found along 
the coasts of northern and western Africa and the 
Middle East, whereas Nitraria schoberi L. occurs in 
the coastal regions of Papua New Guinea and, with 
Nitraria billardierei DC., in southern Australia (Fig. 
2a; Woutersen et al., 2018). However, the genus also 
includes a number of species endemic to Central Asia 
(Nitraria sphaerocarpa Maxim., Nitraria pamirica 
L.I.Vassiljeva, Nitraria roborowskii Kom., Nitraria 
sibirica Pall., N. schoberi and Nitraria tangutorum 
Bobrov), of which some are part of the steppe-desert 
vegetation on the Tibetan Plateau, far from any coastal 
environment and/or influence (Woutersen et al., 2018).

Zhang et al. (2015) hypothesized an Early Palaeogene 
(65 Mya) origin of Nitraria based on molecular data 
and proposed the eastern Tethys (Central Asia; Fig. 2b) 
as the place of origin [for other taxonomical studies on 
Nitraria, see Pan et al. (1999); Temirbayeva & Zhang 
(2015)]. They explained the present distribution of 
Nitraria in Central Asia as a relic of former marine 
conditions and proposed that the diversity of Nitraria 
only increased from the Miocene onwards (Zhang 
et al., 2015). The fossil record, however, shows that 
Nitraripollis Xi Yizhen & Sun Mengrong, 1987/
Nitrariadites Zhu & Xi Ping, 1985 (fossil pollen with 
resemblance to Nitraria) flourished both in abundance 
and diversity during the Palaeogene (Wang et al., 
1990a; Hoorn et al., 2012), when the preferred habitat 
of Nitraria (humid steppe vegetation and coastal 
areas) was abundant (Barbolini et al., 2020). Contrary 

a) b)

Figure 1. A, Photograph of Nitrariaceae bush. Photo credit: Hong-Xiang Zhang. B, Photograph of Nitraria berry. Photo 
credit: Hong-Xiang Zhang. Both photos were taken on the southern margin of the Junggar Basin.
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Figure 2. A, Map showing the occurrences of extant Nitraria species and the range of fossil occurrences, based on core/
section locations. 1, Xining Basin, China (Hoorn et al., 2012); 2, Qaidam Basin, China (Miao et al., 2011, 2013 (Lanzhou), 
2016; Koutsodendris et al. 2019); 3, Tarim Basin, China (this study); 4, Turkey, Black Sea (Kaya et al., 2007; Ersoy et al., 
2014; Bouchal et al., 2016, 2017; Denk et al., 2019); 5, Spain, Algeria (Bessais & Cravatte, 1988; López-Martínez, 1985; de 
Bruijn et al., 1990; Cavagnetto & Anadón, 1996; Rodríquez-Fernández et al., 1999); 6, South-West Spain (Larrasoaña et al., 
2008). Square indicates the range of Figure 1b. B, Map showing the palaeo-reconfiguration of Central Asia, with the proto-
Paratethys Sea covering large areas. The Xining (1), Qaidam (2) and Tarim (3) basins and region of uplift on the Tibetan 
Plateau are indicated, as well as the outline of the future Paratethys Sea (dashed line).
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to the model of Zhang et al. (2015), Nitraria dwindled 
in the Oligocene, never regaining its Palaeogene level 
of abundance and species diversity (Miao et al., 2011, 
2016). Moreover, at present Nitraria forms a minor 
ecological component of the Tibetan steppe vegetation 
(Wang et al., 1990b; Hoorn et al., 2012; Han et al., 2016; 
Koutsodendris et al., 2018).

To better understand the evolutionary history of 
a clade like Nitraria, multiple lines of evidence from 
living and extinct taxa must be integrated (Ricklefs, 
2007; Quental & Marshall, 2010). The modern 
distribution and species richness of clades is the result 
of long-term evolutionary and biogeographic processes 
and inferring those processes solely from living 
species can be deceiving. Fossil data are therefore 
used in, for example, geographical range analyses 
(e.g. Nauheimer et al., 2012), to calibrate phylogenetic 
trees (e.g. Barba-Montoya et al., 2018; Crisp et al., 
2019) and in the construction of phylogenetic trees 
in so-called total evidence analyses (e.g. Manos et al., 
2007; Yu et al., 2016). Other studies have also shown 
the relevance of integrating fossil data in evolutionary 
analyses, including the estimation of diversification 
rates (Mitchell et al., 2018; Silvestro et al., 2018; 
Warnock et al., 2020) and trait evolution (Slater, 
2015; Hunt & Slater, 2016; Silvestro et al., 2019). The 
complex evolutionary history of Nitraria (Fig. 1) could 
potentially be solved by applying such an integrative 
approach.

In 2018, Woutersen et al. (2018) showed that for 
modern Nitraria, combining pollen morphology and 
phylogenetic data proved a successful method when 
reconstructing the evolutionary history of species. 
Nitraria pollen morphology holds a clear phylogenetic 
structure and extant species can be separated based on 
their measured pollen morphological characters. This 
implied that pollen could be linked to major lineages in 
the phylogenetic tree (Woutersen et al., 2018). Applying 
this approach to the rich fossil palynological record of 
Nitraria should help in solving the differences between 
molecular records (suggesting a Palaeocene origin and 
a recent Miocene diversification; Zhang et al., 2015) 
and palynological records (suggesting high diversity in 
the Palaeocene and Eocene; Wang et al., 1990a; Hoorn 
et al., 2012; Han et al., 2016; Barbolini et al., 2020). 
Furthermore, it enables us to follow the evolutionary 
dynamics of Nitraria during the rapid climate and 
geological changes at the EOT.

In this study, we trace the evolutionary history 
of Nitraria by combining pollen morphological and 
molecular data from extant taxa and the fossil 
palynological record. We document the morphology 
of extant and fossil Nitraria pollen based on light 
microscopy (LM) and scanning electron microscopy 
(SEM), and combine these morphological data with 
a molecular phylogenetic tree in a total evidence 

phylogenetic tree (Ronquist et al., 2012; Heath et al., 
2014). We estimate taxonomic diversity through time 
and integrate the pollen morphological data and total 
evidence phylogeny to generate a phylomorphospace 
and calculate morphological disparity. Taken together, 
our data illustrate the evolutionary changes of Nitraria 
throughout periods of major climate and landscape 
changes.

MATERIAL AND METHODS

Palynological records of northern china and 
the northern tibetan Plateau

We used well-dated and high-resolution Palaeogene 
sections that comprise both terrestrial  and 
coastal deposits in Central Asia. We combined the 
Nitraripollis/Nitrariadites occurrences in Palaeogene 
records from the Xining Basin [Shuiwan, Tiefo and 
Sanhe sections, for age models see Dai et al. (2006); 
Dupont-Nivet et al. (2007); Abels et al. (2011); Bosboom 
et al. (2014); Meijer (2021)] and the Tarim Basin [Mine 
Section, for age model see Kaya et al. (2019)], with 
Neogene and Quaternary records. The latter consisted 
of Miocene, Pliocene and Pleistocene records from the 
SG-1 and SG-1b core from the Qaidam Basin [Fig. 2; 
for age models see Zhang et al. (2012, 2014); Herb et 
al. (2015)]. Palynological data on the Shuiwan, Tiefo, 
SG-1 and SG-1b sections were previously published 
by Hoorn et al. (2012), Bosboom et al. (2014) and 
Koutsodendris et al. (2018, 2019), respectively, and 
for these sections we report additional data here. 
Palynological data on the Mine and Sanhe sections are 
first published in this study. At present, the Xining, 
Qaidam and Tarim basins all belong to the desert/
steppe-desert ecoregion (Abels et al., 2011; Cai et al., 
2012; Hoorn et al., 2012; Bosboom et al., 2014; Han 
et al., 2016; Wang et al., 2021). For more information 
about the geological and climatological settings, see 
Supporting Information, Data S1.

Processing method

Palaeogene samples from the Shuiwan, Tiefo and Sanhe 
sections in the Xining Basin were previously processed 
at Vrije Universiteit Amsterdam, the Netherlands 
(Hoorn et al., 2012) and at Palynological Laboratory 
Services (PLS) PalyLab, UK (Sanhe). Preparation 
of the samples from the Mine Section (Tarim Basin) 
followed standardized techniques described in Houben 
et al. (2011). Miocene and Pleistocene samples from 
the SG-1 and SG-1b cores from the Qaidam Basin 
were processed at Heidelberg University following 
standard palynological techniques (Koutsodendris 
et al., 2018, 2019). Pliocene samples from the SG-1b 
core were processed at the University of Amsterdam. 
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Samples were treated with hydrochloric acid and 
sieved over a 212 μm mesh sieve. Samples were then 
soaked in sodium pyrophosphate (Na4P2O7·10H2O) in a 
20% solution with H2O, followed by acetolysis. Finally, 
density separation, to separate the inorganic fraction, 
was performed with bromoform (2.0 g/cm3)

lm and sem microPhotograPhy

Microphotographs were taken of selected specimens 
with a Zeiss Nomarski differential interference contrast 
(DIC) microscope (Bercovici et al., 2009). While taking 
the photographs, we recorded the varying z-axes and 
images were later combined through manual z-stacking 
in Adobe Photoshop. This stacking technique combines 
different layers to provide a sense of depth to the 
images, with a result comparable to three-dimensional 
photography. SEM images of pollen grains (different 
from those photographed with LM) were made at the 
Institute of Ecology and Geography, China Academy 
of Sciences, Urumqi, China, and at the Department of 
Paleontology, University of Vienna, Vienna, Austria. 
After the standard palynological processing described 
above, pollen grains were deposited on stubs with a 
carbon adhesive disc using the single-grain analysis 
method (Zetter, 1989; Halbritter et al., 2018), and 
coated with a mixture composed of Gold-Platinum 
(Au-Pt). The specimens were scanned with a Zeiss 
EVO SEM (kV ranging from 5 to 15) at Xinjiang 
University, and with a JEOL JSM·6400 SEM and Zeiss 
DSM 960 SEM at the University of Vienna. Similar 
microphotographs are available for the extant taxa in 
Woutersen et al. (2018).

Pollen morPhology

Fossil Nitraria pollen types (Nitrariadites or 
Nitraripollis) are tricolporate and have a characteristic 
thick, three-layered, striately patterned exine, with 
pores that are described as ‘cat’s eyes’ (Zunghao et 
al., 1985; Xi & Sun, 1987; Hoorn et al., 2012). A large 
number of fossil taxa have been previously described 
(mostly in Chinese; Supporting Information, Table S1), 
and many synonyms for fossil Nitraria spp. occur in the 
literature (Supporting Information, Table S1). Other 
fossil pollen that resemble Nitraria are Meliaceoidites 
Wang, 1980, Qinghaipollis Zhu, 1985 and Pokrovskaja 
Boltsova et al., 1979 (Duan et al., 2007; Dupont-Nivet 
et al., 2009; Miao et al., 2013). Much of the available 
literature is difficult to retrieve since papers are 
not available from European university and journal 
databases (Agababian & Tumanian, 1972; Xi & Sun, 
1987; Xi & Zhang, 1991) or it is in Chinese (Xi & Sun, 
1987; Xi & Zhang, 1991; Abdusalih & Xiaoling, 2003) 
and does not reach a broad readership. To avoid adding 
junior synonyms, we chose to use morphospecies. 

Although there often are discrepancies between 
morphospecies and biological species, in the case 
of Nitraria, the morphospecies represents a highly 
distinctive set of pollen which can be tracked through 
time (Woutersen et al., 2018).

We distinguished morphospecies based on LM 
photographs and a matrix comprising 14 morphological, 
discrete, multistate characters, including information 
about equatorial and polar shape, number, position and 
type of apertures, size of pores, and exine thickness, 
structure and sculpture [following Woutersen et al. 
(2018)]. Characters were scored for both the extant 
and fossil individual specimens (measurements and 
observations mainly obtained via LM using a Leitz 
microscope at 1000 × magnification; Supporting 
Data S3). We checked for consistent differences in 
variability within morphological characters between 
the fossil types and extant species. There were a few 
characters for which the extant species were more or 
less variable than the fossil types, but there were no 
clear and consistent differences across all taxa (see 
Supporting Information, Fig. 1). In total 49 grains 
were measured for the Pleistocene, 57 for the Pliocene, 
40 for the Miocene and 165 for the Eocene, and 20 
specimens were measured for each of the extant taxa 
(Woutersen et al., 2018). Throughout the Cenozoic, 
we identified a total of 32 different fossil Nitraria 
morphospecies. For detailed descriptions of all types 
and LM and SEM photographs, see the Supporting 
Information (Data S2; Figs S2, S3) and Figures 3 and 
4. An overview of the palynological diversity of extant 
Nitraria is available in previous publications (Perveen 
& Qaiser, 2006; Woutersen et al., 2018).

Phylogenetic analyses

We inferred the phylogeny of extinct and extant Nitraria 
spp. by combining the molecular data of extant taxa 
from Zhang et al. (2015), which included six nuclear 
and plastid markers, with the pollen morphological 
character matrix. To our knowledge, this is the first 
time such an analysis has been done using pollen 
morphological data. This extends the number of usable 
fossils that we can include in total evidence analyses 
(next to, e.g. leaf fossils), especially since pollen is often 
abundant. The final ‘total evidence’ dataset included 
46 lineages, of which 14 were extant species (including 
the sister group Peganum and outgroups). All species 
included morphological data, but molecular data were 
only available for the extant taxa. The alignments and 
all input files for phylogenetic analyses are available 
in Supporting Information, Data S3 and S4.

We performed a Bayesian phylogenetic analyses using 
BEAST v.2.6.3 (Bouckaert et al., 2014) with a fossilized 
birth-death prior on the node ages (Heath et al., 2014)  
and a gamma prior on the root age with 95% credible 
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Figure 3. LM micrographs of fossil Nitraria pollen. The sample reference code and England Finder reference follow the 
(morpho)species name, as follows: a 1-2. Nitraripollis/Nitrariadites sp., type 16 (MS-BS39; P50/Q50-4); b 1-2. Nitraripollis/
Nitrariadites sp., type 15 (MS-BS39; P48-3); c 1-2. Nitraripollis/Nitrariadites sp., type 6 (MS-BS39; P49/Q49-4); d 1-2. 
Nitraripollis/Nitrariadites sp., type 17 (MS-BS39; M47/N47-4); e 1-3. Nitraripollis/Nitrariadites sp., type 12 (Temple sectie 
2009-1; F61-3); f 1-2. Nitraripollis/Nitrariadites sp., type 5 (PSW02; G35/G36-4/3). Reproduced from Hoorn et al., 2012; g 1-2. 
Nitraripollis/Nitrariadites sp., type 11 (Temple sectie 2009-1; K43-3); h 1-2. Nitraripollis/Nitrariadites sp., type 2 (PFT02-
08; Q39-1); i 1-2. Nitraripollis/Nitrariadites sp., type 5 (PSW27b; S30/S31-4/3). Reproduced from Hoorn et al., 2012; j 1-2. 
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interval spanning from the Mid-Eocene, when the 
oldest Nitraria fossils were found, to the beginning of 
the Cretaceous (shape = 1.5, scale = 21, offset = 46.6). 
We used a relaxed clock model with uncorrelated 
log-normal rate heterogeneity and a GTR+gamma 
substitution model for molecular data partitioned 
between nuclear (ITS) and plastid markers (psbA-
trnH, psbBH, rbcL, rps16, rps16-trnK, trnL-F). For 
the morphological data we used a standard Mk 
(where the ‘M’ stands for ‘Markov’ and ‘k’ refers to the 
number of states observed; Lewis, 2001) model. For tip 
calibration, the age of fossil tips was set to the age of 
the oldest known occurrence of each morphospecies. 
We used an exponential prior on diversification rate 
and a uniform prior [0,1] on the turnover rate. We 
constrained the genera Nitraria and Peganum to 
be monophyletic and sister to each other. As we had 
point estimates of the fossil occurrence ages, we set 
the tip dates to fixed values. We ran two independent 
analyses for 100 million Markov chain Monte Carlo 
iterations with sampling frequency set at 50 000 and 
combined the posterior sampled trees after excluding 
the burn-in. We then plotted the number of lineages in 
Nitrariaceae (Nitraria, Peganum) through time after 
removing outgroup lineages (Tribulus L., Zygophyllum 
L.) and extending the temporal range of extinct species 
in the trees based on the youngest known fossil 
occurrences. The lineages-through-time (LTTs) were 
computed and summarized as a consensus tree across 
a sample of 3800 posterior trees. We preferred this type 
of visualization of lineage accumulation, instead of a 
formal estimation of speciation and extinction rates, 
given the recent findings of Louca & Pennell (2020) 
which indicate identifiability issues in these model 
estimates and the expected limited statistical power 
due to the relatively small size of the tree.

PhylomorPhosPace construction and 
quantification of morPhological disParity

We produced a phylomorphospace (Sidlauskas, 2008; 
Lloyd, 2018; Woutersen et al., 2018) by combining 
the pollen morphological character matrix and the 
total evidence phylogeny in an ordination framework. 
Specifically, we reconstructed the character states for 

the nodes of the phylogeny using maximum likelihood 
estimation (Lloyd, 2018) and then ordinated both 
the tips and the nodes of the phylogenetic tree using 
principal coordinates analysis (PCO) of a maximum 
observable rescaled distance (MORD) distance matrix 
(Lloyd, 2016, 2018). This corresponds to the ‘pre-
ordination ancestral character state estimation’ of 
Lloyd (2018: 88). The MORD distances were arcsine 
square root transformed prior to ordination (Lloyd, 
2016). The PCO was carried out with Cailliez correction 
to ensure that only non-negative eigenvalues were 
produced (Cailliez, 1983). Missing data were coded 
as ‘NA’, and were ignored in the pairwise distance 
calculations. Both the phylogenetic tree and the taxa 
were then plotted in the same morphospace (Lloyd, 
2018). We also produced a chronophylomorphospace 
(Sakamoto & Ruta, 2012) by plotting the first two 
PCO axis scores against a third time axis, using the 
estimated tip and node ages to plot the taxa and the 
phylogenetic tree.

Ordinations of discrete character data often suffer 
from spreading the variance in the data over many 
axes, rather than concentrating it on the first few 
(Lloyd, 2016, 2018). We therefore explored two other 
options for phylomorphospace construction. First, we 
carried out post-ordination ancestral state estimation 
(sensu Lloyd, 2018: 87), by ordinating just the tips of 
the phylogenetic tree and estimating ancestral states 
for the nodes using the ordination axis scores as new 
continuous characters. The axis scores for the tips 
and nodes were then used to plot the phylogeny in 
ordination space, with higher variance concentrated 
on the first few PCO axes relative to the pre-ordination 
ancestral state estimation phylomorphospace (see 
Results, Fig. 6a; Supporting Information, Fig. S4). 
Second, we repeated the PCO-based analyses using 
non-metric multidimensional scaling (NMDS), which 
reached an acceptable stress of 0.15 with a three-axis 
ordination (Supporting Information, Fig. S5).

Disparity through time was calculated using the 
time slicing method of Guillerme & Cooper (2018). 
Rather than considering sampled taxa in discrete time 
bins, this approach uses a time-calibrated phylogeny to 
estimate lineage presence through time (that is, using 
the branches of the phylogeny), allowing disparity to 

Nitraripollis/Nitrariadites sp., type 5 (PSW32; J58-2/4). Polar view, reproduced from Hoorn et al., 2012; k 1-2. Nitraripollis/
Nitrariadites sp., type 18 (PSW08-08a; Q43-3); l 1-2. Nitraripollis/Nitrariadites sp., type 14 (PSW08-08a; Q38/Q39-2); m 1-2. 
Nitraripollis/Nitrariadites sp., type 10 (Temple sectie 2009-1; E53/E54/F53/F54); n 1-2. Nitraripollis/Nitrariadites sp., type 
9 (PSW26-08; H36-3); o 1-2. Nitraripollis/Nitrariadites sp., type 3 (PSW02-08; O32-2). Reproduced from Hoorn et al., 2012; 
p 1-2. Nitraripollis/Nitrariadites sp., type 7 (PSW26-08; J33-1). Reproduced from Hoorn et al., 2012; q 1-2. Nitraripollis/
Nitrariadites sp., type 13 (PFT02-08; T37-1); r 1-2. Nitraripollis/Nitrariadites sp., type 19 (Temple sectie 2009-1; N53); s 1-3. 
Nitraripollis/Nitrariadites sp., type 1 (P385; J33-4) Reproduced from Hoorn et al., 2012; t 1-2. Nitraripollis/Nitrariadites 
sp., type 8 (PSW27b; P33-4/3). Reproduced from Hoorn et al., 2012; u 1-2. Nitraripollis/Nitrariadites sp., type 4 (PSW27b; 
S49-3). Reproduced from Hoorn et al., 2012.
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Figure 4. LM micrographs of fossil Nitraria pollen. The sample reference code and England Finder reference follow the 
(morpho)species name, as follows: a 1-2. Nitraripollis/Nitrariadites sp., type 22 (SG-1b 699; K57) Miocene; b 1-2. Nitraripollis/
Nitrariadites sp., type 20 (SG-1b 715; V52-3) Miocene; c 1-2. Nitraripollis/Nitrariadites sp., type 21 (SG-1b 715; K41-2) 
Miocene; d 1-2. Nitraripollis/Nitrariadites sp., type 24 (SG-1b 599; F28-4) Miocene; e 1-2. Nitraripollis/Nitrariadites sp., 
type 25 (SG-1b 671 m; U56/V56) Miocene; f 1-2. Nitraripollis/Nitrariadites sp., type 23 (SG-1b 599; G49-4) Miocene; g 1-2. 
Nitraripollis/Nitrariadites sp., type 23 (SG-1b 325 m; G61-2) Pliocene; h 1-2. Nitraripollis/Nitrariadites sp., type 20 (SG-
1b 220 m; V45-1) Pliocene; i 1-3. Nitraripollis/Nitrariadites sp., type 24 (SG-1b 145 m; G51-1) Pliocene; j 1-2. Nitraripollis/
Nitrariadites sp., type 27 (SG-1b 310 m; S43-4) Pliocene; k 1-2. Nitraripollis/Nitrariadites sp., type 28 (SG-1b 310 m; Q51) 
Pliocene; l 1-2. Nitraripollis/Nitrariadites sp., type 26 (SG-1b 355 m; G48-2) Pliocene; m 1-2. Nitraripollis/Nitrariadites sp., 
type 30 (SG-1b 160.03 m; U56-1) Pliocene; n 1-2. Nitraripollis/Nitrariadites sp., type 29 (SG-1b 310 m; S57/T57) Pliocene; 
o 1-2. Nitraripollis/Nitrariadites sp., type 24 (SG1 202.92 m; S52/S53-4) Pleistocene; p 1-2. Nitraripollis/Nitrariadites sp., 
type 31 (SG1 454.44 m; O59-1) Pleistocene; q 1-2. Nitraripollis/Nitrariadites sp., type 32 (SG1 454.44 m; R52) Pleistocene.
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be calculated at equidistant time slices. We measured 
disparity by calculating the sums of the variances of 
the ordination axis scores at intervals of 2 Myr. When 
branches of a phylogenetic tree are used for calculating 
disparity, it is necessary to use the ordination scores 
of either the ancestral node or the descendent node/
tip, which are selected according to a pre-determined 
model of character evolution (Guillerme & Cooper, 
2018). We used the ‘proximity’ model (Guillerme & 
Cooper, 2018), which selects either the ancestor or the 
descendent according to whether the time slice occurs 
in the first or second half of the branch, respectively. 
We calculated disparity across a sample of 1600 
posterior trees and then computed the median, 2.5%, 
25%, 75% and 97.5% percentiles for each time slice to 
give a disparity estimate and associated 95% and 50% 
confidence intervals.

Morphospace and disparity analyses were performed 
on Nitraria and Nitraripollis/Nitrariadites types only, 
that is, excluding Peganum, Tribulus and Zygophyllum. 
We carried out the morphological analyses in R v.4.0.4 
(R Core Team, 2021) using the packages ape v.5.4-1 
(Paradis & Schliep, 2019), Claddis v.0.6.3 (Lloyd, 
2016), dispRity v.1.5.0 (Guillerme, 2018), gtools v.3.8.2 
(Warnes et al., 2020), plot3D v.1.3 (Soetaert, 2019), 
vegan v.2.5-7 (Oksanen et al., 2020) and viridis v.0.6.1 
(Garnier et al., 2021).

RESULTS

the first aPPearance of fossil Nitraria Pollen 
in our records

The oldest Nitraria fossil (Nitraripollis/Nitrariadites; 
Fig. 5) in our records was found in the Xining Basin 
and, based on magnetostratigraphy, is dated as Early 
Eocene (>53 Myr, Meijer et al., 2022). This date is in 

general agreement with previous findings of fossils 
assigned a Palaeogene age by Xi & Sun (1987). The 
oldest documented Nitraria pollen type is elliptic and 
has one slightly pointed and one rounded polar area 
(Fig. 5). It is more prolate in shape compared to pollen 
of extant taxa but shares the striate pattern on the 
outer pollen wall. The pattern is tightly packed, without 
any perforations of the pollen wall, comparable to the 
extant N. sphaerocarpa. A more detailed description of 
the oldest documented type can be found in Supporting 
Information, Data S2. The fossil Nitraria grains 
displayed some of the characteristic morphological 
variability previously observed in the extant species, 
such as a perforated vs. non- or poorly-perforated exine 
(Woutersen et al., 2018). These characteristics can thus 
be traced throughout the fossil record and stem back 
to the Palaeogene, directly linking the extant Nitraria 
spp. to the oldest fossils.

total evidence Phylogenetic analysis and 
lineages through time (ltt)

The total evidence phylogenetic analysis included 32 
fossil (extinct) morphospecies, nine extant Nitraria 
spp., three lineages of the sister genus Peganum 
and the outgroup with Zygophyllum xanthoxylum 
(Bunge) Maxim. and Tribulus terrestris L. (Fig. 6). 
Although the relatively low number of morphological 
traits available for fossil taxa resulted in limited 
support for fossil nodes in the tree (an expected 
pattern in total evidence analyses; Ronquist et al., 
2012), phylogenetic relationships among extant taxa 
received high posterior support (Fig. 6), including 0.99 
posterior probability supporting the clade including all 
Nitraria and Nitraripollis lineages as one clade. LTT 
plots based on extinct and extant species show that 
Nitraria reached its highest diversity in the Eocene 

Figure 5. SEM micrographs of Nitraria pollen. A, Nitraripollis/Nitrariadites sp. Age ≤53 Mya (17SH-NB-(-3.5)). Tight 
striae without perforations on the exine surface. B, Nitraripollis/Nitriadites sp. Age 36,37 Mya (3_37XJ_P1). Wide striae 
with perforations on the exine surface. C, Nitraripollis/Nitriadites sp. Age 36,37 Mya (3_37XJ_P1). Striae on the exine 
surface. D, Nitraria sphaerocarpa. Tight striae on the exine surface. Reproduced from Woutersen et al., 2018. For more 
detailed photos of B-D see Supplementary Information, Fig. 3 (photo C2/C3) and 4 (photo E2 and B2).
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followed by a collapse at the EOT, when all but two 
of the sampled lineages went extinct (Fig. 7). This 
coincided with a severe cooling event, which formed the 
culmination of a long-term global cooling trend (Fig. 
7). At the same time, atmospheric CO2 decreased and 

the proto-Paratethys Sea fully retreated from Central 
Asia (Fig. 7). Due to a lack of pollen morphological data 
from Mid- and Late Oligocene deposits, diversification 
dynamics remain unknown for this epoch. The collapse 
in diversity might therefore be an over-estimation, 

Figure 6. Total evidence phylogeny based on molecular data of the extant species and morphological data of the modern 
and fossil (morpho)species. Fossil ages are based on pollen occurrences in the fossil record. The phylogeny shows 32 
fossil (extinct) morphospecies, 9 extant Nitraria species, 3 lineages of its sister genus Peganum and the outgroup with 
Zygophyllum xanthoxylum and Tribulus terrestris. Thick lines are used for branches with a posterior probability of >0.95. 
The highest diversity of Nitraria was reached in the Eocene, followed by a collapse at the Eocene-Oligocene Transition 
(EOT). Diversification occurred from the mid-Miocene onwards and extant species originate during the Late Miocene.
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but Central Asian pollen records show that Nitraria 
remains virtually absent during the Oligocene  
(Fig. 7). Such a large drawback in abundance is likely 

to have also negatively impacted the diversity. Nitraria 
appears again in the pollen records in the Miocene, 
and according to the LTT plots, Nitraria diversity 

Figure 7. Nitraria diversity [number of (morpho)species] plotted through time and linked to climatic events, showing the 
collapse in diversity at the Eocene-Oligocene Transition (EOT). The graph shows deep-sea temperature, based on δ18O values 
(Zachos et al., 2008); atmospheric CO2 (pCO2; Foster et al., 2017); the India-Asia collision (Hu et al., 2016); the retreat of the 
Paratethys Sea (Bosboom et al., 2011); and uplift of the Tian Shan. Nitraria diversity drastically decreased simultaneously 
with temperature and pCO2 at the EOT, and just before the Paratethys Sea makes its final retreat west of Central Asia.
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increases again from the Mid-Miocene onwards, 
eventually leading to the origination of extant species. 
In contrast, the LTT plot based on the extant taxa 
shows the diversification event in the Miocene, but 
lacks any information on the older diversification of 
Nitraria. Thus, there is a stark difference between 
the diversity trajectory based on the full dataset and 
the trajectory based on extant taxa only, indicating 
contrasting representations of the evolutionary history 
of Nitraria.

morPhological disParity and the 
PhylomorPhosPace

The first two axes of the phylomorphospace account for 
just over c. 7% of the variance in the data (Fig. 8a), with 
the remaining variance being spread over a further 
71 axes. PCO1 corresponds to pollen size (smaller to 
larger along the axis), whereas PCO2 corresponds 
to pollen shape (more elongated at the lower end of 
the axis to more spherical at the upper end). The size 
gradient on PCO1 matches with a temporal gradient, 
with the Palaeogene taxa mostly occurring at the 
lower end of the axis and the extant taxa concentrated 
at the upper end of the axis, demonstrating a general 
increase in Nitraria pollen size over time. Adding 
on a third time axis (Fig. 8b) shows the loss of taxa 
from the record at the EOT, and the persistence of 
two lineages throughout the Oligocene, from which 
the morphospace is repopulated in the Miocene. The 
variance explained on the first two PCO axes is low, 
whereas higher ordination axes do not contain easily 
explainable signals (Supporting Information, Fig. 
S6), and alternative phylomorphospace construction 
approaches reveal a similar pattern to that presented 

here (cf. Fig. 8a; Supporting Information, Figs S4, S5), 
suggesting that this is the main morphological pattern 
present in the data.

The morphological disparity reconstruction has 
wide confidence intervals, reflecting the uncertainty 
in the phylogenetic estimation that is propagated 
through to the disparity calculation (Fig. 8c). 
Despite these uncertainties, this time series 
indicates that disparity rose quickly following the 
first appearance of Nitraria, and then remained 
broadly stable through to the present, with a 
possible slight decline at the Eocene-Oligocene 
boundary at c. 34 Mya.

DISCUSSION

evolutionary history of Nitraria

The first appearance of Nitraria is thought to have 
occurred between the Cretaceous and the Early 
Palaeocene (Zhang et al., 2015). Zhang et al. (2015) 
proposed a Palaeocene split between N. sphaerocarpa 
and the other lineages. However, in our study the oldest 
fossil had a minimum age of the Early Eocene (>53 
Myr). Notably, the inclusion of fossil data in our study 
prompts us to challenge previous divergence time 
estimates, as the total evidence approach suggests the 
split between N. sphaerocarpa and the other lineages 
did not happen before the Miocene. The integration 
of the fossil record thus leads to a substantial 
reassessment of the origin and divergence times of 
the clade, as well as a complete reinterpretation of its 
diversification pattern.

Our results support the existing hypothesis that 
states that the area of origin of Nitraria is situated in 

Figure 8. Phylomorphospace and morphological disparity of extant and fossil Nitraria pollen. A, Phylomorphospace (first 
two axes of a principal coordinates analysis), with points coloured by time period. Names of extant taxa are given for 
reference. B, Chronophylomorphospace, showing the morphological evolution of Nitraria through time. C, Morphological 
disparity through time, measured as the sums of variances of the ordination axes. The solid green line shows the median 
disparity calculated from a sample of 1600 posterior trees, the dark and light shaded regions show 50% and 95% confidence 
intervals, respectively.
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Central Asia (Zhang et al., 2015). Zhang et al. (2015) 
specifically proposed the coastal eastern Tethys area 
as the place of origin, where the oldest fossil found in 
our study occurred in non-coastal deposits. This does 
not contradict the original hypothesis of an eastern 
Tethys origin, as coastal deposits from the Tarim Basin 
(41–37 Mya) did also contain fossil Nitraria pollen. 
Future investigation of older samples from the eastern 
Tethys region should demonstrate whether Nitraria 
pollen are also present in older marine deposits.

The LTT plots suggest a temporal correlation 
between the retreat of the Paratethys Sea out of 
Central Asia (Kaya et al., 2019), simultaneous global 
cooling and inland aridification (Dupont-Nivet et al., 
2007), and a large reduction in the abundance and 
diversity of Nitraria. This large decrease in diversity 
just after the EOT is also concurrent with the 
disappearance of Central Asian salt deposits (Dupont-
Nivet et al., 2007; Ao et al., 2020; Wang et al., 2021) 
and part of a turnover in steppe vegetation in Central 
Asia (shown in Early Oligocene records; Barbolini et 
al., 2020). Although the magnitude of the decline in 
diversity of Nitraria needs to be further examined 
(by filling in the missing gaps in pollen morphological 
measurements in the Oligocene), the timing of events 
is striking. Furthermore, its central role in this 
turnover makes Nitraria crucial in understanding the 
evolution of the Central Asian steppe biome. However, 
it remains difficult to determine the contribution of 
climatic drivers such as temperature, aridification and 
sea retreat to the major evolutionary bottleneck of 
Nitraria. Aridification leading to a hyper-arid, desert 
environment might have diminished suitable habitats 
(Barbolini et al., 2020), the geographical extension 
and the fluctuations of the Paratethys Sea probably 
influenced dispersal patterns (Rögl, 1997; Manafzadeh 
et al., 2017), and the opening and closing of the Turgai 
Strait (Akhmetsev & Beniamovski, 2006; Kaya et al., 
2019) could have promoted allopatric speciation. The 
records studied here are not sufficient to answer these 
questions, but future research could provide a first step 
by, for example, analysing niche evolution of Nitraria 
through time [as was done for Potentilla L. in Töpel et 
al. (2012)] in response to Palaeogene climate dynamics.

In the Miocene, renewed diversification gave rise 
to the modern species of Nitraria. This more recent 
origination of the extant Nitraria spp. would suggest 
that the Palaeogene fossils from this study belonged to 
now-extinct sister lineages, a pattern also observed for 
another Tibetan steppe taxon, Ephedra Tourn. ex L. 
(Rydin et al., 2004). Although morphological disparity 
remained stable, Nitraria never regained its Eocene 
level of diversity, and we now know that the modern 
species reflect only a fraction of the diversity that once 
was (Figs 6, 7). Taxonomic diversity and morphological 
disparity tend to be decoupled (Foote, 1991), and this 

is exhibited in our data both in the rapid increase in 
disparity relative to the gradual rise in diversity early 
in Nitraria evolutionary history, and the apparent 
stability in disparity across the EOT and through 
to the present (although the high uncertainty in our 
disparity reconstruction makes this challenging to 
assess; Fig. 8c). Similarly, taxonomic diversification in 
the Miocene did not lead to morphological innovation, 
at least in pollen which might be more morphologically 
conserved than other plant traits (Fig. 8c). Our results 
also suggest that phylogenetic error propagation 
leads to higher uncertainty in morphological disparity 
estimates compared to taxonomic diversity (compare 
the 95% confidence intervals in Figs 7, 8c).

We should stress that extinct clades can have a 
different climatic envelope when compared to the 
modern species (as is the case for fossil Mauritiidites 
van Hoeken-Klinkenberg, 1964 taxa compared to the 
extant Mauritia L.f.; Bogota-Angel et al., 2021). However, 
in the case of Nitraria the geological evidence suggests 
that both fossil and modern species preferred similar 
climatic and environmental conditions. The extant 
species occur in arid, saline areas near lake, coastal or 
playa environments (Perveen & Qaiser, 2006; Woutersen 
et al., 2018), and, as explained above, these are conditions 
that resemble the settings in which fossil species 
thrived. Nevertheless, it remains unknown if these 
environmental preferences are linked to any of the pollen 
morphological features. Correlations between climate 
and pollen morphology have been found before (Ejsmond 
et al., 2011; Lechowicz et al., 2020), and Ephedra forms 
a striking example for the Central Asian region (Han et 
al., 2016). Han et al. (2016) documented Ephedra pollen 
morphology through LM and SEM and suggest that the 
development of branched pseudosulci in Ephedra pollen 
occurred in response to aridification at the EOT. This is 
morphological innovation that might be associated with a 
change in pollination syndrome (Bolinder et al., 2015). As 
for Ephedra, there could be specific pollen features (e.g. 
the perforated or non-perforated exine observed in both 
fossil and modern pollen) in Nitraria that might be linked 
to climatic circumstances, and could elucidate if extinction 
was random (acting on all species) or systematic (acting 
on species with specific morphological features). To find 
the link between pollen morphology and climate and to 
explain the evolutionary success of surviving lineages, 
more fossil pollen grains of Nitraria should be documented 
through high-quality imaging, such as SEM.

limitations of the fossil record and 
Phylogenetic analyses

Studying the pollen morphology of extant species 
is essential for resolving phylogenetic issues and 
characterizing species (Via do Pico & Dematteis, 
2013; Tuler et al., 2017). For Nitraria, studying pollen 
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morphology is an excellent way to differentiate modern 
species, since the morphological characteristics follow 
the phylogeny and thus reflect the genetic diversity 
within the genus (Woutersen et al., 2018). However, 
with no phylogenetic context available, separating 
‘species’ in the fossil record is challenging. The 
methodology used in this study focused on key pollen 
morphological characters, and assigned pollen grains 
to specific morphospecies based on the measurement 
or presence/absence of these characters, following the 
example of e.g. Oswald et al. (2011) and Tuler et al. 
(2017). Clear morphospecies can be distinguished, but 
with the morphological variation in the fossil pollen 
grains of Nitraria being gradual (particularly in the 
Eocene), morphospecies are connected by a range 
of transitions and a high taxonomic resolution is 
difficult to obtain. This might be improved in future 
work by closely documenting specific morphological 
features (e.g. the exine; Mander & Punyasena, 2014), 
through the use of new imaging techniques (e.g. high-
resolution imaging such as SEM and  Airyscan confocal 
microscopy) and methodological advances in machine 
learning (e.g. computational image analysis; Mander 
& Punyasena, 2014; Astolfi et al., 2020; Romero et al., 
2020).

Other, more common difficulties in studying 
evolutionary histories are biased data (Raia et al., 
2013), lack of statistical power (Silvestro et al., 2014), 
failure to meet the underlying model assumptions 
(Liow et al., 2010; Coiro et al., 2019), dating errors and 
taxonomic inconsistencies (Silvestro et al., 2018), and 
the incompleteness of the fossil record (Lieberman, 
2002). These issues are all possible causes for the 
disagreement between fossil and phylogenetic analyses. 
However, a main benefit of the approach taken here is 
that not only can evolutionary relationships using both 
extant and fossil taxa be analysed, and values derived 
from the phylogeny calculated (e.g. lineages through 
time, diversification rates), but the information can 
also be used for further downstream analyses to 
measure derived quantities such as morphological 
disparity through a continuous time series, including 
full propagation of phylogenetic uncertainty via a 
sample of posterior trees. Their joint inclusion leads, 
despite the natural limitations of the fossil record and 
phylogenetic analyses, to evolutionary studies with a 
higher accuracy (Donoghue et al., 1989; Lieberman, 
2002; Fritz et al., 2013; Hopkins et al., 2018; Fraser et 
al., 2020).

imPortance of total evidence aPProach in 
reconstructing evolutionary history

The combination of fossil and molecular data has 
often been used, usually to constrain the timing 
of origin or divergence time estimates (Ronquist  

et al., 2012; Gavryushkina et al., 2016), to document 
character evolution within species (Eklund et al., 
2004), and to reconstruct past biogeography (Cook 
& Crisp, 2005; Wood et al., 2013). Fossil data are 
essential for the calibration of molecular datasets 
and provide fundamental evidence for timescales 
of origins and divergences (Donoghue et al., 1989; 
Quental & Marshall, 2010; Coiro et al., 2019). 
However, the fossil and molecular record do not 
always agree, and an extensive debate about the 
discrepancy between the two exists (Lieberman, 
2002; Quental & Marshall, 2010; Silvestro et al., 
2018, 2021; Coiro et al., 2019).

This study is a striking example of such a discrepancy 
(Fig. 7) and showcases the importance of including 
fossils in plant evolutionary studies. This holds for 
many other plant taxa and has been demonstrated, for 
example, for Ephedra (Rydin et al., 2004), tree ferns 
(Soltis et al., 2002), Betulaceae (Forest et al., 2005), 
and Annonaceae and Myristicaceae (Doyle et al., 2004). 
However, the problem has also been reported for non-
plant species (e.g. Quental & Marshall, 2010; Ronquist 
et al., 2012; Gavryushkina et al., 2016; Herrera, 2017; 
Silvestro et al., 2019), indicating that the discontinuity 
between the molecular and fossil record is widely 
spread amongst evolutionary studies from all fields.

The new historical perspective presented here adds 
to the current understanding of the evolution of the 
plant Nitraria. The inclusion of multiple fossil lineages 
in the analyses using the integrated framework 
provided by the fossilized birth-death model shows 
that the Palaeogene (Paratethys) sea retreat, 
aridification, climatic cooling and the disappearance 
of high-salinity environments were likely determinant 
in the evolutionary history of the genus. Our analyses 
lead to a reassessment of the diversification pattern of 
Nitraria and show that modern diversity is the result 
of a long evolutionary history. We view this as an 
exemplar case for the need and power of integrating 
fossil, morphometric and molecular data into total 
evidence phylogenies to fully understand plant 
evolution.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article on the publisher's website.

Data S1. Geographical and climatic background.
Data S2. Descriptions of Nitraria and fossil Nitraripollis/Nitrariadites pollen.
Data S3. Morphological character data.
Data S4. Alignments for phylogenetic analysis from Zhang et al. (2015).
Figure S1. Boxplots showing the variability within the scored morphological characters for fossil types and 
extant species of Nitraria. There are no clear and consistent differences in the variability between fossil and 
extant taxa. Fossil taxa for which N = 1 were omitted from the analysis (Type 7, 18 and 29).
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Figure S2. SEM micrographs of fossil Nitraria pollen, Plate 1. A 1-3, Nitraripollis/Nitrariadites sp. Age 37.28 
Mya (3-37XJ_P2). Loose striae with perforations on the exine surface. B 1-3, Nitraripollis/Nitrariadites sp. Age 
36.37 Mya (3_37XJ_P1). Wide striae with perforations on the exine surface. C 1-3, Nitraripollis/Nitrariadites sp. 
Age 36.37 Mya (3_37XJ_P1). Wide striae with perforations on the exine surface.
Figure S3. SEM micrographs of fossil and modern Nitraria pollen, Plate 2. A 1-2, Nitraria retusa. Note the 
perforations on the exine surface. Reproduced from Woutersen et al. (2018). B 1-2, Nitraria sphaerocarpa. ‘Tight’ 
striae on the exine surface. Reproduced from Woutersen et al. (2018). C 1-2, Nitraripollis/Nitrariadites sp., type 
4? ‘Tight’ striae on the exine surface. Reproduced from Hoorn et al. (2012). D 1-2, Nitraripollis/Nitrariadites sp. 
Age 36.37 Mya (3_37XJ_P1). Striae on the exine surface. E 1-2, Nitraripollis/Nitrariadites sp. Age 36.37 Mya 
(3_37XJ_P1). Striae on the exine surface. F 1-2, Nitraripollis/Nitrariadites sp. Age 36.37 Mya (3_37XJ_P1). Polar 
view, loose striae with perforations on the exine surface. G 1-3, Nitraripollis/Nitrariadites sp. Age 37.28 Mya 
(3-37XJ_P2). Loose striae with perforations on the exine surface.
Figure S4. Phylomorphospace derived from post-ordination ancestral state estimation. The first two axes account 
for 31% of the variance in the data, and contain a similar signal to the pre-ordination ancestral state estimation 
phylomorphospace shown in Figure 5a, b.
Figure S5. Phylomorphospace generated using NMDS. A three-axis solution gave a stress value of 0.14. The 
distribution of taxa on the first two axes is highly similar to the phylomorphospace shown in Figure 5a, b.
Figure S6. Higher axes of the phylomorphospace shown in Figure 5a. (a) PCO axes 3 and 4; (b) 5 and 6.
Table S1. Previous records and identifications of Nitraria in the literature.
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