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Abstract

The debated vegetation response to climate change can be investigated through palynological
fossil records from past extreme climate conditions. In this context, the early Eocene (53.3 to
41.2 million years ago (Ma)) is often referred to as a model for a greenhouse Earth. In the
Xining Basin, situated on the North-eastern Tibetan Plateau (NETP), this time interval is
represented by an extensive and well-dated sedimentary sequence of evaporites and red
mudstones. Here we focus on the palynological record of the Early Eocene Climatic
Optimum (EECO; 53.3 to 49.1 Ma) and study the fossil gymnrzner ™ pollen composition in
these sediments. In addition, we also investigate the nearesc h.ing relatives (NLR) or
botanical affinity of these genera and the paleobiogeor+au:~ic implications of their occurrence
in the Eocene of the NETP. To reach our objective, v complemented transmitted light
microscopy with laser scanning- and electron 'ni.“n~scopy techniques, to produce high-
resolution images, and illustrate the mor, ho'ogical variation within fossil and extant
gymnosperm pollen. Furthermore, a mu:nhometric analysis was carried out to investigate the
infra- and intrageneric variation of the~< and related taxa. To place the data in context we
produced paleobiogeographic i.»aps for Phyllocladidites and for other Podocarpaceae, based
on data from a global fossil L2'en data base, and compare these with modern records from
GBIF. We also assesseu the climatic envelope of the NLR. Our analyses confirm the presence
of Phyllocladidites (NLR Phyllocladus, Podocarpaceae) and Podocarpidites (NLR
Podocarpus, Podocarpaceae) in the EECO deposits in the Xining Basin. In addition, a
comparative study based on literature suggests that Parcisporites is likely a younger synonym
of Phyllocladidites. Our findings further suggest that the Phyllocladidites specimens are
derived from a lineage that was much more diverse than previously thought, and which had a
much larger biogeographical distribution during the EECO than at present. Based on the

climatic envelope of the NLR, we suggest that the paleoclimatic conditions in the Xining



Basin were warmer and more humid during the EECO. We conclude that phylloclade-type
conifers typical of the southern-temperate podocarp forests, had a northward geographical

expansion during the EECO, followed by extirpation.

Keywords: Hyperthermal, Podocarpaceae, Phyllocladus, Palaeobiogeography,

Palaeoclimate, Morphometry



1. Introduction

To obtain a better understanding of the implications of climate warming for plant
composition and distribution (Kelly & Goulden, 2008; Moran et al., 2022), it is important to
learn from past greenhouse conditions (Huber et al., 2018; Inglis et al., 2020). In particular,
changes in paleobiogeographic distribution and turnover associated with the Early Eocene
Climatic Optimum (EECO), spanning 53.3 to 49.1 Ma (Westerhold et al., 2018), forms a
good analogue for extreme future warming scenarios, when global mean surface temperatures
were 10 to 16°C warmer than pre-industrial (Burke et al., 2018; 'ny'is et al., 2020), and
latitudinal temperature gradients were less pronounced (Cram inckel et al., 2018), even
during winter (Greenwood & Wing, 1995). Such rare evti_me conditions disappeared after
the EECO, that was followed by a gradual, long-terr gichal cooling trend, leading up to the
Eocene—Oligocene Transition (EOT; 33.9 Ma’. L 'r’ng the EOT, permanent Antarctic ice
sheets formed (Coxall et al., 2005; Mille. et 4l., 1991), that turned the global climate into an
icehouse state, while cooling continuea “'ntil the Quaternary (Cramwinckel et al., 2018;

Westerhold et al., 2018).

Despite its interest, the EFC.C rzmains understudied, especially in continental Asia where
rich sedimentary recoru. mnmcluding sporomorphs (i.e. pollen and spores), proved a useful
proxy to evaluate vegetation changes through time (Ejsmond et al., 2011). For example, Li et
al. (2022) reported major vegetation changes during the Eocene hyperthermal events in the
Fushun basin, in north-eastern China. These authors observed a marked increase in the
abundance of gymnosperm pollen, and a decrease in angiosperm pollen when compared to
background intervals between hyperthermal events. Such observations suggested different
vegetation groups have an affinity for different climatic conditions (Li et al., 2022; Xie et al.,

2022). Earlier studies in the sedimentary basins of the NETP reported the presence of



Pinaceae pollen, but also Podocarpaceae, the latter including Podocarpidites,
Phyllocladidites, and Parcisporites (Horton et al., 2004; Ma et al., 2012; Wang & Chang,
1990; Zhang & Zhan, 1991). However, these records did not have good age-control, nor did
they place their occurrences in a palaeobiogeographic context, hindering their potential in

resolving pending questions on the climate optima.

The interaction between climatic change and vegetation has been especially well-documented
in the fossil record of the Xining Basin (NETP), where a highl} div 2rse and abundant
xerophytic vegetation occurred throughout the Eocene, whicr 1eclined during the EOT while
the Pinaceae conifer pollen increased (Dupont-Nivet et a1., 2008; Hoorn et al., 2012; Wen et
al., 2014; Barbolini et al., 2020). However, until now, tr¢ fossil pollen record of the EECO
remained unexplored in the Xining Basin. A rcce.t!, reported sedimentary record and dating
of the EECO in the Xining Basin (Meije. at ~l., 2022) allows us here to provide new insights
into vegetation composition and change= during extreme global warming. The sporomorph
record in the EECO sediments of *e ,“i.1ing Basin (Meijer et al., 2022) includes many
gymnosperm pollen types, whi h are particularly distinct and recognisable by their sacci that
can vary in size, texture, ana 2ruportions across species (e.g. Erdtman, 1957; Traverse, 2007).
The occurrences of tne Mauucarpaceae, including Phyllocladidites (NLR Phyllocladus), in the
EECO strata of the Xining Basin are remarkable, as their current biogeographic range extends
across e.g. New Zealand, Tasmania and Malesia (Fig. 2; Table S1). In this study we
investigate the morphology of the Podocarpaceae pollen that were found in the palynological
assemblage of the Xining Basin with the aim to identify them at genus level. Furthermore, we
explore palynological databases and assess the Xining Basin occurrences and the global
palaeogeographic extent of Phyllocladidites, Podocarpidites, and Parcisporites during the

Palaeocene—Eocene warm periods.



(Figure 1, Figure 2 go here)

2. Regional setting

2.1. Geographic and geological setting

The Tibetan Plateau (TP) is the most extensive and highest plateau in the world, stretching
over 2.5 million km?, with an average elevation of over 4,500 m (e.g. Su et al., 2019; Wen et
al., 2014). The growth of the TP was driven by the continental collision between the Indian
and Asian tectonic plates since the Palaesocene (e.g. Kapp & D2"ew.zs, 2019), while the
inland proto-Paratethys Sea retreated westwards from Cen’rar Asia (e.g. Kaya et al., 2019). A
smaller proto-Tibetan Plateau probably already exister heare the Eocene due to terranes
accreted during the Mesozoic (e.g. Kapp & DeCelles, 2029; Spicer et al., 2021; Su et al.,
2019). After the India-Asia collision, the TP e:{p.nd towards the north and south
(Tapponnier et al, 2001; Wang et al., 20C%; 7J14a), yet the precise elevation and detailed
topographic pattern of the TP through u.me remains debated (e.g. Botsyun et al., 2019; Spicer
et al., 2021). The Xining Basin lo~~te.' *a NE Tibet (Fig. 3), likely formed at lower elevation
in a slowly subsiding extensio:.~l seiting during the Cretaceous and Eocene (Horton et al.,
2004; Yuan et al., 2013). Fxi. 'riation and the occurrence of conglomerates suggests that
some topography alreau  existed (Clark et al., 2010; Meijer et al., 2022), but most of the
deformation occurred later during the Neogene resulting in segmented sub-basins separated
by uplifting mountain ranges (Horton et al., 2004; Meijer et al., 2022). The Eocene
sedimentary strata consist of the Qijiachuan and Honggou Formations which are both
composed of mudrocks and evaporites deposited on a distal alluvial mudflat (e.g. Meijer et
al., 2022). The provenance of pollen found in this setting has been interpreted as coming from

local taxa of which the parent plant grew on the mudflats, but also from high-altitude tree



taxa that inhabited the peripheral mountains (Barbolini et al., 2020; Dupont-Nivet et al.,
2008; Hoorn et al., 2012; Page et al., 2019).

(Figure 3 goes here)

2.2. Regional vegetation and the palaeobotanical record

The TP forms part of the Central Asian steppe-desert biome (CASDB), and the flora of this
biome is dominated by xerophilous herbs including Poaceae, Chenopodioideae, and
Asteraceae (Barbolini et al., 2020; Wesche, 2016). The slopes ~f mi.ountain ranges, such as
the Tianshan and Altai, typically host steppe vegetation in (e hasin and forest on the slopes,
with the higher elevations primarily populated by Pina~2ac (Barbolini et al., 2020). This
botanical composition differs strongly from the vegetatic~ in the middle to late Eocene, when
the vegetation on the TP was characterised by hiy 2 <oundances of xerophytic steppe taxa
consisting of shrubs such as Ephedraceac an. Nitrariaceae (Barbolini et al., 2020; Hoorn et
al., 2012; Woutersen et al., 2023), comy.~ising as much as 80% of the pollen sum. For
comparison, in Holocene records ~ll.» percentages of the Ephedraceae are limited to ¢. 20%
(Wang et al., 2022), while the ; 'itrariaceae are absent or rare. The remaining of the pollen
sum was formed by temperawc Fcoad-leaved and conifer forest taxa from the peripheral

mountain slopes (Barbu:ini et al., 2020; Bosboom et al., 2014; Hoorn et al., 2012).

2.3. Past and present records of conifers in Central, East- and Southeast Asia

Conifers were abundant in Central Asia during the Cretaceous and early Palaeogene,
including Pinaceae and Podocarpaceae (Wang et al., 1990; Zhang & Zhan, 1991). However,
in the Eocene sediments of the Xining Basin, conifer pollen are rare and only (re)appear at ca.

37 Ma, with high altitude Pinaceae forming an important component of the regional flora



(Barbolini et al., 2020; Dupont-Nivet et al., 2008; Hoorn et al., 2012; Page et al., 2019). The
Pinaceae are a broad lineage that originated in Laurasia in the Early Jurassic, following the
continent’s separation from Gondwana, and since their diversification are primarily
distributed in the northern hemisphere (Gernandt et al., 2008; Gernandt et al., 2018; Leslie et
al., 2012). They are widely reported in Asia, including in the Xining Basin where they occur
in Cretaceous and Eocene sediments (Dupont-Nivet et al., 2008; Hoorn et al., 2012; Wang et
al., 1990; Zhang & Zhan, 1991). Nowadays, although distributed across the northern
hemisphere, they are particularly highly concentrated in North *mc+ica and southern China
(Leslie et al., 2012). The shift to Pinaceae dominance at th: Q1 (ca. 34 Ma) is likely a
response to cooling temperatures and higher seasonal 2viu,*v, which are tied to global cooling
and the retreat of the proto-Paratethys Sea (Barbolini at ' , 2020; Han et al., 2016; Hoorn et

al., 2012).

The Podocarpaceae, a primarily southe: »-hemisphere lineage, originated in Gondwana and
include extant genera such as Pod~~a.~us and Phyllocladus (Morley, 2011). Podocarpidites
(fossil Podocarpus pollen) is re~ognisable by large fan-like sacci, and Phyllocladidites (fossil
Phyllocladus pollen) by ite a,nutive sacci (Cookson, 1947; Couper, 1953). The latter is
thought to have diverge.' early from other Podocarpaceae and has such distinctly different
pollen morphology that some argue should be classified in its own family, the
Phyllocladaceae (Keng, 1973, 1978; Molloy & Markham, 1999; Page, 1990; Tomlinson et
al., 1997; Wagstaff, 2004; see Fig. 1 for features of Phyllocladus). The modern Podocarpus
species have a far broader range than Phyllocladus, with records in Central and South
America, Sub-Saharan Africa, East- and Southeast Asia, and Australia (Fig. 2; GBIF.org,

2022a). Meanwhile, the range of modern Phyllocladus is more restricted, with records in



New Zealand, Tasmania, Malaysia, Borneo, Sulawesi, New Guinea, and the Philippines (Fig.
2; GBIF.org, 2022b; Korasidis et al., 2019; Mildenhall, 1980; Morley, 2011; Pocknall, 1981).
The biogeographic range of Phyllocladus overlaps with Podocarpus in Southeast Asia and
Australasia (Fig. 2), where they co-occur as mixed podocarp forests. The overlap in range
between the two genera is characterised by mean annual temperatures ranging from 6.9°C
(New Zealand) to 25°C (Maluku and New Guinea) and mean annual precipitation from 1,438
mm/year (Tasmania and Australia) to 3,148 mm/year (New Guinea), with minimal annual
temperatures from -2.6°C (New Zealand) to 21°C (Maluku anr! Nle\ * Guinea) (Table S5 in
Biffin et al, 2012). There are also a small number of disperseu records in North America and
in Europe. However, explaining their low density and ~isi.cnce to the regular range of
Podocarpus and Phyllocladus, we find that these are eccrds belonging to museum or

botanical garden specimens (GBIF.org, 2022a z<?20).

3. Materials and Methods

3.1 Samples and age model

The organic residue studied we. obwained from sedimentary rocks from the following sections
within the Xining Basin (Fig. ?: Meijer et al., 2022): Bingling Shan (36° 27" 13" N, 101° 58’
51" E), Caija (36° 36’ 52" v, 101° 58' 03" E), East Xining (36° 34’ 50" N, 101° 53’ 42" E),
and Xiejia (36° 31’ 20" N, 101° 52" 20" E). Ages of the samples are derived from a Bayesian
age-depth model (Fig. S1; Haslett & Parnell, 2008; Trayler et al., 2019) using the preferred
magnetostratigraphic correlation in Meijer et al. (2022) with the astronomically tuned
geomagnetic polarity timescale of Gradstein et al. (2020). The studied samples range from
53.0 to 43.4 Ma (Table 1).

(Table 1 goes here)



3.2 Palynology

3.2.1. Preparation and Imaging

Samples from Bingling Shan, Caijia, and Xiejia were processed by Palynological Laboratory
Services in Anglesey, UK, applying standard palynological procedures using freeze drying,
acid treatment with 20% hydrochloric acid (HCI) and 40% hydrofluoric acid (HF), a 10 pm
sieve, and drying at <50 °C. Samples from East Xining were processed at the Institute for
Biodiversity and Ecosystem Dynamics (IBED), University of Amsterdam. The organic
residue was mounted on microscope slides using Kaiser’s glycz=inc gelatine and sealed with
paraffin. The methodology is further detailed in Huang et 7u. \2020). Additional material from
East Xining was mounted in fluorescent neutral Entell=n& Neu (Merck) at the Leibniz
University Hannover to facilitate both light and fluorzscent light imaging techniques.
Herbarium material was selected for comparis >n ~f .ne fossil sporomorphs with candidate
Nearest Living Relatives. We compared 1e “ossil Podocarpaceae pollen to modern
Podocarpaceae pollen samples, which v.=re on loan from Naturalis Biodiversity Center
(Leiden, The Netherlands; see Tak'a 2}

(Table 2 goes here)

Imaging was perfornieu 1sing a Leica DM700 light microscope (LM) mounted with a Leica
ICC50 HD camera (magnification 0.5x). Slides were screened at 20x magnification for
relevant specimens, which were documented through a 63x water objective, and processed
using the Leica Application Suite X software (LAS X, Leica Microsystems). A total of 318
fossil specimens and 41 modern specimens were imaged. The locations of each specimen are
recorded with England Finder (EF) references. Selected specimens were additionally

documented with a TCS SP8 STED confocal microscope (Leica Microsystems, Wetzlar,



Germany). Images were produced using a 63x oil objective and a white light laser set to 561

nm.

Additional examinations were made on an Olympus BX53 mounted with an 100x oil
objective and Olympus XC50 Camera. Selected specimens were imaged with an LSM 980
Airyscan (Carl Zeiss, Jena, Germany). This is a state-of-the-art laser scanning imaging
technique with 32 detectors instead of one photomultiplier detector used in standard confocal
methods (Huff, 2015; Huff et al., 2019; Romero et al., 2020b; <*vaguru et al., 2018). Images
were acquired with a 60x oil objective, 3 lasers (405, 488 ~.nu 561 nm), scan speed 7,
unidirectional scan repeating per line with 8x averagin? a.d slice thickness of 0.13 pm.
Depicted images were processed with super resolutica 1.ction and deconvolution at good
medium speed. Extended depth of focus was a:h. ».d with maximum projection.

Finally, SEM images were produced to ¢ *ot.re the surface texture of pollen grains in high
resolution. Samples were strew mounte.' on cover slips, dried on a heat plate, and sputter
coated with 4nm Palladium. These we e then imaged using a TESCAN CLARA.

The photographs are provided . Plates I-VII, and in Supplementary Plates A & B.

3.2.2. Sporomorph coniasiton

The sporomorph composition of three representative samples from the East Xining section
was established. The analysed samples were PEX 12-08 (P12), PEX 15-08 (P15) and PEX
17-08 (P17), ranging in age from 53.02 (52.81-53.52) to 52.36 (52.11-52.57) Ma (Meijer et
al., 2022). In total, 857 sporomorphs were counted in the corresponding microscope slides
and grouped into ecological groups following Hoorn et al. (2012). The original count did not
discriminate much between bisaccate types, so an additional count was performed based on

earlier imaging work, covering 53 specimens over the three samples, from which ratios were



calculated and combined with the data from the primary count, including non-bisaccate
Pinaceae (Tsugaepollenites and Laricoidites), to produce an estimation of the Pinaceae-
Podocarpaceae ratio of conifer types. The count data is presented in Table S2, with

percentages represented in a pie chart (Fig. 4).

3.2.3. Morphometric analysis

Measurements were taken in ImageJ Fiji (Rueden et al., 2017: S~hi.~delin et al., 2012) based
on the defining characteristics of bisaccate pollen documer.teu in Traverse (2007; cf. Fig. 5).
This data was then subjected to a PCA analysis to idertity ~lusters based on the
measurements rather than visual observation alone. Miea.'rements of modern pollen were
included in the PCA as markers to help identify v.'e :iature of the clusters. A total of 111
fossil and 41 modern specimens were mcast'.ed. Polar view was the most widespread
orientation, accounting for 89 fossil spe>imens and 40 modern specimens. Due to constraints
in R, the final PCA contains only 2ai.>s in polar orientation for which all seven
measurements were available, . . excluding degraded grains. This resulted in a dataset of 63
fossil and 40 modern pollen s~ecimens (Phyllocladus hypophyllus (10), Phyllocladus
trichomanoides (10), a2 Fudocarpus macrophyllus (20)) being subjected to PCA analysis.
The PCA analysis was performed in RStudio version 1.4.1717 (RStudio Team, 2021),
running R version 4.1.1 (R Core Team, 2021) using the default statistics package, ggplot2,

and pca3d (R Core Team, 2021; Weiner, 2020; Wickham, 2016).

Clusters were identified based on their proximity to modern taxa and were further resolved
based on morphological characteristics not included in the PCA analysis, such as saccus

texture and shape, using as primary reference the original descriptions (Cookson, 1947;



Couper, 1953). Chinese reference literature was used to further refine our results (namely
Song et al., 1985, 1999; and Zhang & Zhan, 1991), which includes pollen descriptions from
the Cretaceous and Cenozoic in China, thus including the types we expect to find in the

EECO samples.

3.3. Biogeographical analysis

To study the biogeographic changes of the Podocarpaceae over the Cenozoic, our data was
compared to that of other palynological records. First, modern 2'isu ;hution data was
downloaded from GBIF for both Podocarpus and Phylloclaau=, restricting data as per
Woutersen et al. (2018) to records with coordinates, ard 1. which the basis of record was
listed as ‘Observation-only’, ‘Human observation’, a.d "reserved specimen’. Exported
occurrence data was cleaned with the software p..~k.ge CoordinateCleaner (Zizka et al.,
2019) to exclude misplaced occurrence in*s. Climate data covering six variables (mean
annual temperature, maximum tempera. 're of warmest month, minimum temperature of
coldest month, annual precipitatio~ p.=.ipitation of wettest month, and precipitation of driest
month) for both Podocarpus a..1 Phyllocladus was extracted from the WorldClim Version 2
(https://worldclim.org/versio,.?, 30s in resolution) for the grid-based cleaned-GBIF data,
which was used to unde.stand the drivers of the distribution shift of the studied taxa in their
biogeographical histories. As a supplement for discussion, MAT data was also referred to the
PALAEOFLORA database (http://www.palaeoflora.de): 5.8-26.8 °C for Phyllocladus sp.,
12.9-26.9 °C for Podocarpus macrophyllus, and 4.9-27.7 °C for Podocarpus sp.

To collect palaesobiogeographic data, we followed the methodology laid out in Lim et al.
(2022). Palaeocene and Eocene records of Phyllocladidites and Phyllocladus (which was
corrected to the accepted palynological name Phyllocladidites during analysis) were first

obtained from the Palynodata database (Palynodata Inc. & White, 2008). We additionally



included records of Parcisporites in the dataset, due to the remarkable overlap in morphology
between the taxa, which we elaborate further in this paper. Parcisporites corresponds to what
we label as Phyllocladidites in the Chinese palynological literature, including literature

relating to our area of interest (e.g. Zhang & Zhan, 1991).

The reports were all checked and sorted into three levels of confidence: 1) low, for
untraceable or inaccessible literature; 2) medium, for traceable literature but for which the
identification of the palynomorphs could not be assessed (e.g. **4iti.~ut pollen micrographs);
and 3) high, for literature for which we could assess the idnuication using provided
micrographs. As Palynodata only includes literature urtili 2006, we used Google Scholar to
augment the record with more recent reports as suggr ste.' by Gravendyck et al. (20223, b).
Palaeomaps on the Palaeocene and Eocene we e (7e:i constructed with medium- and high-
confidence occurrence data, and the Adv 'nc.d Plate Tectonic Reconstruction Service from

the ODSN (https://www.odsn.de/odsn/s2rvices/paleomap/adv_map.html) using an

Equidistant Cyclindrical projectio~ A <ratigraphic chart for visualising the ranges of each
form-species within Phylloclau dites and Parcisporites was also created according to

biogeographical realms.

4. Results

4.1. General comments

The Tibetan assemblages are well preserved and sporomorphs are abundant, especially in
samples from East Xining. As shown in Figure 4, the steppe-desert biome is by far the best
represented in the sporomorph assemblage, and mainly formed by Ephedraceae (Gnetales).
Temperate forests are fairly represented, with traces of both broadleaf and coniferous forests.

In the latter, we find primarily bisaccate pollen consisting of Pinaceae (Piceapollenites,



Tsugaepollenites, Pinuspollenites, etc.) and Podocarpaceae (Podocarpidites and
Phyllocladidites), with a ratio of roughly 64:36. Spores are very rare. A more detailed
palynological analysis of the assemblage is beyond the scope of this paper and will be
presented in a separate study. The colour and preservation of specimens is mostly uniform,
although some specimens of Ephedraceae (gymnosperms) and Nitrariaceae (angiosperms)
showed infraspecific colour variation.

(Figure 4 goes here)

4.2. Systematic Palynology

Phyllocladidites Cookson 1947 ex Couper 1953 eme 1.
Type Species: Phyllocladidites mawsonii Coo'su~ 2x Couper 1953
1947 Cookson, p. 133, PI. 14, figs 22-28.

Plates I-V, & VII

Original Diagnosis: Grains of m:diuni size, with two small air bladders, which, when
expanded, do not extend far be,and the equator of the grain; body of grain ellipsoidal, with a
wide clearly defined furiow. The exine is firm, finely granular and conspicuously thickened

at the proximal root of e2_h bladder. (Cookson, 1947, p. 133)

Description: Small to medium bisaccate palynomorphs with a circular to oval corpus, the
dimensions of which generally represent the overall dimensions of the pollen grain in polar
view. Their main distinguishing feature is a pair of diminutive sacci on either side of the
grain, aligning either with the major or minor axis (Plate I). The exact morphology is highly
variable and three types (1-3) can be tentatively differentiated based on the size and thickness

of the sacci (see comparison below). Overall, pollen size varies within each type and between



types (e.g. Plate I, 3 compared to Plate I, 17). Note that this effect can be elevated by
different embedding media, i.e. smaller specimens were documented from Entellan in
comparison to specimens from glycerine-jelly (Plate I, 11, 27 and 28). Apart from overall
size, saccus morphology is the most variable feature. Sacci can be almost absent (Plate I, 1
and 6), rather short (e.g. Plate 1, 3, 8, 11, Plate II, Plate VI, 1) to almost encircling the grain
(e.g. Plate I, 25, 27, 28) with intermediate forms of partially merged sacci (e.g. Plate I, 12, 13,
16-19, 25-28, Plate I11). The saccus itself can be straight (e.g. Plate I, 7) or folded (e.g. Plate

I, 23, 27, also in extant Phyllocladidites trichomanoides, Plate !, 2y}, but they are always very

thin relative to the overall grain size.

Some specimens summarised as Type 1 have a thin v;an 2nd small sacci and bleach easily
when observed with lasers (Plate I, 8, 13, 19, 72, 1= I, 2, 3). Specimens of Type 3 show
the opposite trend with thick wall and al: ~os”. no bleaching despite the same laser and
scanning settings (Plate 1V, 2, 3). The sc~cus size is also variable; small, diminutive sacci that
barely extend from the corpus are */0.~~ of Type 1 (Plate I), and sacci that extend past the
corpus are typical of Type 2 (F 'ate 1, Plate V) and are comparable to those in extant
Phyllocladidites trichomanail'e, (Plate I, 29). Saccus morphology is not only variable in
between specimens but >tten variable on the same grain with one saccus usually being

smaller and/or more folded than the other (Plate I, 4, 10, 11, 20, 30, typical of Type 3).

Dimensions: See Table 3.

Occurrence: These types occur in the Xining Basin in samples P12, P15, P17, and NB6,

therefore between 53.02 and 52.38 Ma. They were not found in the younger samples.



Remarks: The conspicuously smaller sacci are characteristic of Phyllocladidites and are also
the only discriminating characteristic of the two-year younger genus Parcisporites (Leschik,
1955) whose diagnosis reads: “Development of the sacci incomplete. Mostly two small wings;
these partially distributed along the zona with an irregular outline.” (translated from German
after Leschick, 1955, p. 55). Leschik describes four new species under his new genus. The
type for the genus Parcisporites annectus is also described as granular and possessing a
furrow, both features are also mentioned in the circumscription of Phyllocladidites. All in all,
the newly described taxa from Leschik could have been accom:aucted under

Phyllocladidites Cookson ex Couper.

Although citing both Cookson and Couper’s publicat’on. Leschik neither compared to or
distinguished Parcisporites from Phyllocladid'te. ' fact, Leschik only provides
descriptions, but no distinguishing chara.ter’stics, i.e., a diagnosis in the nomenclatural sense.
Unfortunately, the holotype material fo, !.eschik is unavailable for study. An attempt to
uncover the material in 2018 by J© he.~ been unsuccessful and the material is presumed to be
lost. Based on the only remain..»q evidence, i.e., the protologue the later erected genus

Parcisporites appears suparioJs.

Many taxa, that could have been probably better accommodated under Phyllocladidites were
described under Parcisporites from China and compare relatively well with the herein
described forms. Zhang & Zhan (1991; p.173-175) reported four new species:

(1) Parcisporites antiquus Zhang et Zhan, which has only slightly bigger/more inflated
sacci than Parcisporites parvisaccus Song et Zheng and which might represent forms that we

included in Type 3 with distinct sacci on either side (Plate 11, 15, 21), juxtaposed with those



thinner-walled forms of Type 1 (Plate II, 2, 7, 11) which might be more comparable to Song
and Zheng’s Parcisporites parvisaccus;

(2) Parcisporites tarimensis Zhang et Zhan, which we consider a variant of Parcisporites
apertus;

(3) Parcisporites apertus Zhang et Zhan, which looks very comparable to Parcisporites.
annulatus Wang and some of our specimens with merged sacci (Plate 11, 17, 25, 22, 27, 28);

(4) Parcisporites bellus Zhang et Zhan, with an additional central saccus, has no
equivalent in our material. The other forms reported by Zhano -na Zhan (1991) are however
comparable to our observed variation. For example, Parcicpo. ‘tes auriculatus Song et Cao
resembles a specimen from Type 2 (Plate I1, 20) and P~rc.~norites fushunensis Song et Cao

looks like our specimen from Plate V.

Podocarpidites Cookson 1947 ex Coupe. 1953
Type Species: Podocarpidites ellipticus ©ookson ex Couper 1953
1947 Cookson, pp. 131-132, P1.12, fig~ 5-7.

Plate VI & VI

Original Diagnosis: Thi. spc "otype is proposed for fossil pollen grains with two air bladders
of the type met with in Prdocarpus when it is not known whether they have been derived

from either Podocarpus, Dacrydium or some extinct member of the Podocarpaceae.

Description: Podocarpidites is distinguishable by its relatively large sacci, that are often
wider than the central body (Plate VI, 1, 2; Plate VII, 7). The sacci typically attach to a
significant part if not all the periphery of the central body are roughly fan-shaped and have a

fine reticulum (Plate VI, 3). Ornamentation on the corpus varies from granulose (e.g.



Podocarpidites wapellensis Pocock 1970) to highly sculptured/rugulate (e.g. Podocarpidites

rugulatus; Plate V1, 4, Plate VII, 7).

Dimensions: See Table 3.

Occurrence: These types occur in the Xining Basin in samples P12, P15, P17, and NB6,

therefore between 53.02 and 52.38 Ma, and were not found in younger samples.

Remarks: Distinctly rugulate forms can be distinguistea either on species level (e.g.,
Podocarpidites rugulatus Pocknall et Mildenhall 198/ ¢ on genus level (Rugubivesiculites
Pierce 1961). The genus level designation is more co.»monly used for Cretaceous fossils
(Falcon-Lang et al., 2003), but some use it ils: 1 the Cenozoic specimens (Berry, 2022;
Chen et al., 2019). The overall size of (e ",ollen varies but they retain distinctive common
shapes and proportions.

(Tables 3 and Plates I-VI1I go here}

4.3. Morphometry

There is little apparent L'isiering other than possible broad groups in the produced plot, even
though the PCA axes account for a total of 81.03% of the variance between types (Fig. 5). To
see whether any important information was missing from the two-dimensional PCA, we also
plotted the results in three dimensions, which shows that when plotted together, the overall
clustering is roughly identical (Fig. S2). This suggests that bisaccate pollen types can be quite
difficult to accurately distinguish, as there is significant overlap in morphology and
dimensions between bisaccate pollen. Formal descriptions of bisaccate gymnosperm

palynomorphs are rarely mutually exclusive (e.g., see Jansonius & Hills, 1976). Many



micrographs and additional descriptions in Song et al. (1985), Song et al. (1999), and Zhang
& Zhan (1991) were used to refine our results. The modern Podocarpus and Phyllocladus
pollen also helped to highlight where the fossil Podocarpaceae are positioned in the PCA
chart. Whilst the modern Phyllocladus hypophyllus and P. trichomanoides cluster closely
together and form a distinct group within the graph, fossil Phyllocladidites is sufficiently
distinct and arguably does not require the modern pollen markers to define a cluster. We note
that different groups of fossil taxa tend to cluster along PC2 (30.86%) whilst occupying a
large range on PC1. This suggests that whilst saccus morpholez:/. ecpecially distance
between sacci and saccus height, is very important in disti"igu.shing types, the total width is
the least relevant. This largely concurs with our discus<ioi. in section 4.2. The modern and
fossil Phyllocladus-type pollen form a rough ‘layer’ -t ti.> top of the graph. Similarly, the
Podocarpidites form a layer at the bottom of t'ie _v2ph, and the presence of the modern
Podocarpus macrophyllus dispersed in t.'is ) tyer would suggest our identification to be
largely correct, although the margins oi *he Podocarpidites layer are far less distinct. Note
however that the boundary betwee~ F>ocarpidites and Pinaceae pollen is less clear due to
morphological similarities.

(Figure 5 goes here)

4.4. Palaeobiogeography and palaeoclimate

Once filtered, we obtained 44,585 modern occurrences of Podocarpus and 19,148 of
Phyllocladus. Based on palaeobiogeographical data, there were 29 high- and 40 medium-
confidence reports in the Eocene, and 8 high- and 13 medium-confidence reports for the
Palaeocene (Figures 6, 7; Tables S3 and S4). Low-confidence records in the Palaeocene (40)
and Eocene (57) were excluded from the map. However, we note that our sampling location

lies outside the range of modern Podocarpus, and far out of the range of modern



Phyllocladus by several thousands of km (nearest occurrence at 2,891 km), but within the
palaeogeographic range of Phyllocladidites. In the Eocene, the palaeogeographic extent of
Phyllocladidites was much broader than at present, extending from Antarctica and South
America to Central Asia. The geographical extent of the Palaeocene record is like that of the

Eocene, but the data is sparser.

Extracted climatic envelopes for the six climate variables suggest that Podocarpus has a
broader niche than Phyllocladus (Fig. 8; Table S5), which can 2~cu.nt for the differences
between their distribution ranges (cf. Fig. 2). Furthermore co.pared with Phyllocladus,
Podocarpus preferably grows in a warmer and more arid i.~bitat (Fig. 8). Nevertheless, both
genera favour warm and humid settings with a MAT 2t v~ > 10 °C (75%), and a MAP of >
1000 mm (75%) (Fig. 8). The MAT values (5.3-26 5 °C for Phyllocladus sp., 12.9-26.9 °C
for Podocarpus macrophyllus, and 4.9-27.7 C for Podocarpus sp.) from the
PALAEOFLORA database (http://wwv. nalaeoflora.de) also indicate their thermophilous
character.

(Figure 6, Figure 7, and Figure R go nhere)

In the samples from the Xini,.> 3asin, the presence of gymnosperm pollen is observed in
samples of 52.4 Ma anu Nluer, with Podocarpidites and Phyllocladidites only found at or
before 52.4 Ma. The disappearance of the podocarps and other bisaccate pollen from our
samples very roughly coincides with the decline of the EECO, ending around 49 Ma

(Westerhold et al., 2018).

4.5. Limitations
A limitation of this study —and the pollen record in general— was the difficulty in

accurately distinguishing between pollen types, even with a morphometric analysis (e.g.



Bogota-Angel et al., 2021). This is especially true with regards to Podocarpidites,
Podocarpus, and Pinaceae. However, this could be resolved by having a more comprehensive
morphometric analysis, including traits such as the texture of the sacs and corpus, exine
thickness at the equator, or angles of sac attachment, which were not quantified in this study.
Furthermore, additional measurements of other modern pollen from more taxa could be used
to create more points of reference in the PCA plot. Additionally, we could reduce bias by
employing machine deep learning, especially in combination with super-resolution imaging
(Romero et al., 2020a), and complementing the morphological Z'ata ‘vith chemical data, see

for example Woutersen et al. (2018).

We also considered the possibility of reworking from oic~r sediments. We observed variation
in colour in some angiosperm pollen of the sarie 2von, however, not in the pollen that were
the subject of this study. Although a dar! =r rolour alone is normally interpreted as a result of
thermal maturation (Goodhue & Clayto.> 2010; Staplin, 1969), the combined occurrence of
darker and non-dark taxa (especia''v i.» “ne same taxon) can indicate reworking (Traverse,
2007). Nevertheless, there are .~verdl environmental factors during deposition that are
hypothesised to also create su-t colour variation (e.g. acidification) (e.g. Pienkowski et al.,
2012; van de Schootorugae et al., 2009). Another tentative sign of reworking could be a
single find of a Eucommiidites grain in PEX 15-08, a taxon that ranges from the Triassic to
Cretaceous, but also the presence of Classopollis in PEX 15-08. Given the abundance and
perfect preservation of palynomorphs in the studied material, singular occurrences of these
poorly preserved grains are, however, only weak palynological evidence of possible

reworking.

5. Discussion



5.1. Taxonomy and nomenclature

The genus Phyllocladidites has previously been considered as an extinct taxon belonging to
the Podocarpaceae, with a preference for tropical to sub-tropical temperate and humid
environments (Cui et al., 2015; Schrank, 2010; Wang et al., 2014b). Phyllocladidites was first
described from the Palaeogene of Australasia and is characterised by small sacci that do not
extend beyond the corpus (Cookson, 1947; Couper, 1953). The same minute sacci are
considered indicative of Parcisporites which was first described from the Triassic of
Switzerland (Leschik, 1955). Based on the circumscription of *= 1, '0 taxa they seem

indistinguishable.

According to citations referenced in Palynodata (Paly nodta Inc. & White, 2008; Gravendyck
et al., 2022a, b), 31 species of Parcisporites hi.ve heen described; 8 from Triassic sediments
and 23 from Cretaceous to the Palaeoger.~ rc cks exclusively from China by Chinese authors.
Phyllocladidites not only has more ove, 21l references (396 in contrast to 114 for
Parcisporites), but also has Chine~= a. * vell as non-Chinese references and a worldwide
distribution. Nevertheless, mo:t reterences (ca. 70%) for the Palaeogene are from
Australasia. This differenra 1, rame usage poses the question whether it encodes a biological
or rather a metaphysica. <iynal, e.g. the conventions of different palynological schools or

conventional use of names in specific time intervals.

In literature, Phyllocladidites and Parcisporites are rarely mentioned together with an
exception in Li et al. (2019) who identified Parcisporites and specifically commented on the
absence of Phyllocladidites. Song et al. (1999) suggested that Phyllocladidites inchoatus and
Parcisporites minutus should be considered synonymous. The otherwise very rare use or

commentary on Phyllocladidites in Chinese literature suggests that this is simply a



conventional, rather than a biological cause. Such separation of taxa based on different
languages, geography or palynological schools has been exemplified for other taxa before
(Gravendyck, 2021; Gravendyck et al., 2022b; Gravendyck et al. 2023 ) and might also

explain the disjunct use of Parcisporites and Phyllocladidites.

Comparing some species described for Parcisporites (e.g., Wang & Chang (1990; 8 species),
and Zhang & Zhan (1991; 4 species)) with our observed morphological variation, there is a
large morphological overlap between the described forms of P2-cishorites with the herein
observed diversity (see systematic palynology section for riew’ls). It should be noted that the
often-poor visual documentation and hard to understarA c.-cumscriptions make final
judgement as to potential synonyms or distinctions of di.“arent species difficult. In general,
the immense diversity of forms and inconsiste'ic, of morphologies (especially the saccus)
seems to be the most consistent characte. of °hyllocladidites/Parcisporites. This is

exemplified in Types 1-3 described in u>is paper.

The protologues for both Phylicclauidites and Parcisporites are described rather broadly. The
circumscription of the latter .2 be accommodated under the former. Unfortunately, there is
little to no possibility tu “envestigate the presumably lost holotype material. If not
considering the two taxa as heterotypic synonyms, then Phyllocladidites should take priority.
Even if not considering the two taxa synonymous, the poorly defined and thus ambiguous
name Parcisporites should at least be limited to the type to avoid future taxonomic confusion,
which is common practice for example when revising dinoflagellate taxonomy (Fensome et

al., 2019).

5.2. Morphometry



In our study we noted considerable size variation not only between mounting media but also
within species. Most specimens of Phyllocladidites are larger than Phyllocladus (Fig. 5).
Some of the size differences are the result of swelling due to the glycerine jelly mounting
medium. This phenomenon has been well documented (e.g. Praglowski, 1970; Sluyter, 1997;
Wei et al., 2023) with significant swelling occurring in the first 3 years of storage. Apart from
the secondary preparation effect, the observed size variation might be a biological signal as it

was observed also in material of the same type of preparation.

One influencing factor of pollen size variation might be ve.yi 9 ploidy levels in different
parent plant individuals or populations. Although not 2w ‘s a consistent measure, ploidy
levels in some taxa have been shown to correlate wit". pu'len size (Altmann et al., 1994; De
Storme et al., 2013; Srisuwan et al., 2019). Va ia: o in ploidy can come in many forms like
polyploidy (duplication of chromosome . =ts*, aneuploidy or dysploidy (gain or loss of single
chromosomes) (de Wet, 1971; Escuderc ot al., 2014). Modern Podocarpaceae are known to
exhibit dysploidy, and additionally* ha = wide differences in monoploid karyotypes within the
genera Dacrydium and Podoca:nus (Khoshoo, 1961). Although modern Phyllocladus have a
karyotype of n =9, modern 1.~ are also very closely related, unlike its fossil counterparts,
which may have been 1..” miore diverse (Khoshoo, 1961; Wagstaff, 2004). Therefore, it is
possible that strongly varying pollen sizes observed in Phyllocladidites and Podocarpidites
pollen material might attest to different palaeoploidy levels in the observed taxa. The fact that
dysploidy generally persists longer over time than polyploidy (Escudero et al., 2014), in
combination with present day dysploidy in the few remaining podocarps might further

support this interpretation.



Alternatively, the highly variable overall morphology (i.e. saccus variations in size and
morphology, overall size) could also be the result of natural variation which can be higher in
some taxa as opposed to others and can be shaped and selected for to maximise adaptation to
different reproductive strategies, environments, or pollination success (Fatmi et al., 2020;

Maciejewska-Rutkowska et al., 2021).

5.3. Palaeobiogeographic and palaeoclimatic implications and evolution

The occurrence of Podocarpidites, Phyllocladidites, and Pinacz~e vuring the EECO points to
the existence of a diverse conifer forest in the periphery of the Xining Basin. The presence of
pollen of Podocarpaceae in this region is well outside ~f u.~ current range of extant
Phyllocladus and Podocarpus. As bisaccate pollen c7n L2 transported over longer distances
due to the buoyancy effect (Leslie, 2010; Schv/ei.4e:nann et al., 2007), the presence of pollen
alone is not conclusive proof for the prec  nc of the parent plant in this exact location.
However, dispersal varies between spevias, and evidence from pollen spectra in New Zealand
suggests that Phyllocladus pollen “ne. r.ot disperse very far from the parent plants (Pocknall,
1982). Given the strong simila: ties oetween fossil and modern pollen morphology, we
assume that the Phyllocladia, =, specimens originated from plants in close proximity. Our
findings thus extend the nresence of both pollen genera in Central Asia from the Cretaceous

(Zhang and Zhan, 1991; Wang et al., 1990) to the Eocene.

Phyllocladus and Parcisporites are of presumed Gondwanan origin, and possibly first
reached Central Asia — including NE Tibet — during the successive accretions of the
Qiangtang Terrane and of the Lhasa Terrane during the early Jurassic and earliest Cretaceous
respectively (Kapp & Decelles, 2019; Tian et al., 2022). According to Morley (2011) and

Wagstaff (2004), the Podocarpaceae were more diverse and widespread during the Jurassic,



including the Northern hemisphere, but were mainly distributed in Gondwana from the Early
Cretaceous to the present day. Morley (2011) also placed the wider distribution and diversity
of Podocarpaceae before the speciation of modern Phyllocladus, which would have appeared
during the Palaeogene in Australia and Patagonia, dispersing northwards to Borneo by the
Pleistocene. Based on genetic evidence, Wagstaff (2004) suggested that whilst the genus was
more diverse and widespread during the Palaeogene, the ancestor of the five extant species of
Phyllocladus would have radiated only recently during the Neogene (ca. 6.3 Ma). However, a
recent molecular study of the Podocarpaceae by Chen et al. (22?) ~laces the origination of
the Prumnopityoid group of podocarps (including Phylloc’aaws), and the subsequent
speciation of Phyllocladus and its nearest relative Lepidou>amnus in the Late Jurassic (over
150 Ma). Therefore, it is likely that the Phyllocladidizes .~ the Xining Basin corresponds to a
close relative of modern Phyllocladus. Widest re. 4 ~xtinctions of Phyllocladus and
Podocarpus species throughout the Cenc o, could explain the disparity between past and

modern ranges and diversity (Crisp & Cnok, 2011; Wagstaff, 2004).

The start of the EECO was ma. “ed vy a decrease of gymnosperms in favour of increasing
angiosperm pollen, a pattern (h=.¢ was observed both in our Tibetan section and in New
Zealand, where Podoca.n1uites, and gymnosperms in general, were highly abundant prior to
the EECO (Crouch et al., 2020; Pocknall, 1990). For New Zealand, Crouch et al. (2020)
reported a slight increase in Podocarpidites during the EECO, which then decreased to its
lowest point by the end of the EECO but continued to linger on thereafter. This contrasts with
our findings from Tibet where Podocarpidites nearly disappeared after the EECO, indicating
the genus is less suited to post-EECO climatic conditions in Tibet as opposed to those in New
Zealand. Similarly, in Patagonia, Phyllocladidites reportedly became extinct after the

Miocene Climatic Optimum (MCO), possibly due to increasingly cool and arid conditions,



whilst Podocarpidites remained, although it was very reduced in range (Barreda & Palazzesi,
2007). Additional evidence from Patagonia suggests that an ancient relative of Phyllocladus,
Huncocladus, was present prior to the Eocene, and subsequently went extinct during the post-
Eocene trend of cooling and aridification due to the genus’s low tolerance for aridity
(Andruchow-Colombo et al., 2019). Podocarpidites populations are also reported to have
increased in Antarctica during the MCO, indicating that temperatures at the poles were at the
time still sufficiently high, possibly with a low of roughly 10°C during winter (Warny et al.,
2009), which falls within the range of lowest temperatures of P2docarpus (cf. Fig. 8).
Evidence from East Asia points towards rapid climatic cheage in the later part of the early
Eocene, including a decline in temperature and precipi*aticn (Zhang et al., 2022).
Additionally, a reason the New Zealand podocarp for2si.. may have fared better than Tibetan
populations is that the former experienced rele:iv " milder climatic conditions due to the
ocean acting as a buffer (Coomes & Bel! ngr.am, 2011). This would have likely impacted
podocarp distributions, as modern poduarps are known to not tolerate extreme cold or

drought conditions (Coomes & Be'lingkam, 2011).

The presence of the Phyllncic i Jites and Podocarpidites in the periphery of the Xining Basin
leads us to suspect that .~mperatures warmer than present and precipitation higher than
present favoured podocarp forest presence during the EECO. Given the co-occurrence of
Phyllocladus and Podocarpus and their similar climatic preferences, fossil Podocarpidites
likely occurred throughout and beyond the range of Phyllocladidites, and would have had a
much broader distribution. The increasingly cool and arid conditions throughout the
Cenozoic may have resulted in the retreat of their distribution ranges and reduction of their

diversification rate.



6. Conclusion

Our palynological study of sediments of early Eocene age from the NE Tibetan Plateau
confirms the presence of Phyllocladidites and Podocarpidites pollen, and we note the strong
similarity of the former with Parcisporites. The botanical affinity of Phyllocladidites is
Phyllocladus, a conifer that is nowadays restricted to southern hemisphere, warm-temperate
forests. Based on the presence of this taxon, together with other Podocarpaceae, we conclude
that climate conditions in this area were relatively warmer and more humid than present,
which is in line with what is known of climatic conditions duri=~u.2 EECO in Tibet. This
implies that Podocarpaceae distribution was much broader au. ‘ng the EECO than it is today.
Such wide differences in geographic distribution may he ¢.-nlained through possible
widespread extinction of these podocarps as a result ~.f coaling after the EECO, especially in
the case of taxa related to the extant genus Phyilc ~1=.dus. Our data supports that climatic
optima stand out as periods linked to imjy 2rtr.nt vegetational changes and are likely connected
to the range expansions and extirpation ~f tropical and sub-tropical species, including our
southern gymnosperms, at the enc ~f "~ EECO when cooling was initiated. Our findings on
Phyllocladidites contribute to ¢ 'r uriderstanding of their biogeographical history and invite

further work to untangle tha .*~'y of tropical gymnosperms through time.
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Northward expansion of the southern-temperate podocarp forest during the Early Eocene
Climatic Optimum: Palynological evidence from the NE Tibetan Plateau (China)
Robin-Champigneul, Faez *; Gravendyck, Julia ™; Huang, Huasheng®; Woutersen, Amber ®;
Pocknall, David "; Meijer, Niels % Dupont-Nivet, G. ": Erkens, Roy H. J. ®": Hoorn, C. ¢

Highlights
e We studied gymnosperm pollen of early Eocene sediments in NE Tibet
e Phyllocladidites (affinity Phyllocladus) and Podocarpidites were common
e Now, Phyllocladus is restricted to temperate forests in the southern hemisphere
e Their extent into Tibet can be explained by the Early Eocene Climate Optimum
e Global cooling and continental aridification likely drove paleobiogeographic change
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