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Abstract

The Burma Terrane has yielded some of the earliest pieces of evidence for monsoonal rainfall in
the Bay of Bengal. However, Burmese ecosystems and their potential monsoonal imprint remain
poorly studied. This study focuses on the late Eocene Yaw Formation (23° N) in central Myanmar,
which was located near the equator (c. 5° N) during the Eocene. We quantitatively assessed the
past vegetation, climate, and depositional environments with sporomorph diagrams, bioclimatic
analysis, and sequence biostratigraphy. We calculated the palynological diversity and drew
inferences with rarefaction analysis by comparing with four other middle to late Eocene tropical
palynofloras. Palynological results highlight a high floristic diversity for the palynoflora
throughout the section formed by six pollen zones characterized by different vegetation. They
indicate that lowland evergreen forests and swamps dominated in the Eocene Burmese deltaic
plains while terra firma areas were occupied by seasonal evergreen, seasonally dry, and
deciduous forests. This vegetation pattern is typical to what is found around the Bay of Bengal
today and supports a monsoon-like climate at the time of the Yaw Formation. Bioclimatic analysis
further suggests that in the late Eocene, the Yaw Formation was more seasonal, drier, and cooler
compared to modern-day climate at similar near-equatorial latitude. More seasonal and drier
conditions can be explained by a well-marked seasonal migration of the Intertropical Convergence
Zone (ITCZ), driver of proto-monsoonal rainfall. Cooler temperatures in the late Eocene of central
Myanmar may be due to the lack of adequate modern analogues for the Eocene monsoonal
climate, while those found at other three Eocene Asian paleobotanical sites (India and South
China) may be caused by the effect of canopy evapotranspirational cooling. Our data suggest that
paleoenvironmental change including two transgressive-regressive depositional sequences is
controlled by global sea level change, which may be driven by climate change and tectonics. The
high diversity of the Yaw Formation palynoflora, despite well-marked seasonality, is explained by
its cross-roads location for plant dispersals between India and Asia.

Keywords: Bioclimatic analysis; Diversity; Monsoon; Palynology; Sequence biostratigraphy;
Southeast Asia.



1. Introduction

The Asian monsoons, a term principally grouping the South Asian Monsoon (SAM) and the
East Asian Monsoon (EAM), are today the most intricate monsoon system around the globe
(Molnar et al., 2010; Spicer, 2017). The SAM affects India, the Indochina Peninsula, and the South
China Sea, while the EAM influences the precipitation patterns over China, the Korean Peninsula,
and Japan (e.g., Wang and Ho, 2002; Molnar et al., 2010). Monsoons are defined by annual surface
wind inversion (Ramage, 1971) and by annual reversals in heating and temperature gradients
between continents and oceans with the progression of the seasons (Trenberth et al., 2006).
Based on field observational evidence (i.e., non-modelling results), the initiation of the Asian
monsoons is thought to be as early as the early Miocene (e.g., Guo et al., 2002; Clift et al., 2008;
Morley, 2012) or the late Oligocene (Srivastava et al., 2012). More recently, quantitative
reconstructions of past precipitation based on stable isotopes and paleobotanical data have
suggested the existence of monsoonal rainfall during the middle to late Eocene of Asia (e.g., Licht
et al., 2014; Herman et al., 2017; Su et al., 2020). These Eocene “proto-monsoons” were possibly
driven by seasonal migrations of the Intertropical Convergence Zone (ITCZ) (Spicer, 2017), and
their existence has been corroborated by modelling results (e.g., Farnsworth et al., 2019).
However, the presence of a modern-like monsoonal circulation during the Eocene is debated
(Tardif et al., 2020), and the extant and climatic features of Eocene proto-monsoons remain to be
drawn.

Paleobotany has been an effective tool when quantifying monsoonal intensity. Climate-Leaf
Analysis Multivariate Program (CLAMP, http://clamp.ibcas.ac.cn), using fossil leaf morphological
traits, is the most common method, and has been applied to reconstruct monsoonal signals from
the Asian Paleogene, such as in the middle Eocene (c. 47 Ma) central Tibet (Su et al., 2020), India
(Shukla et al., 2014; Bhatia et al., 2021), the middle Eocene—early Oligocene of southern China
(Spicer etal., 2016; Herman et al., 2017) and even early to middle Eocene in the Antarctic (Jacques
etal., 2011).

In the Minbu Basin (southern part of the Central Myanmar Basins, CMB), a proto-monsoonal
climate, likely favored by Eocene greenhouse conditions, was suggested for the late middle
Eocene Pondaung Formation, based on low oxygen isotope values with strong seasonality in
gastropod shells and mammal teeth (Licht et al., 2014). Coexistence and wood anatomical
approaches that were applied on fossil wood specimens from the same formation also
corroborates the existence of a proto-monsoonal climate (Licht et al., 2015).

In the Chindwin Basin, northern part of the CMB, a long and well-exposed Cenozoic
stratigraphic record in Kalewa was recently dated using multiple proxies (U-Pb zircon dating, Licht
et al.,, 2019; magnetostratigraphy, U-Pb apatite dating, and apatite fission track dating,



Westerweel et al., 2020; and palynostratigraphy, Huang et al., 2020). The paleoenvironments of
the late middle to late Eocene Yaw Formation in Kalewa have been well documented from
sedimentological (Licht et al., 2019; Westerweel et al., 2020), and palynological studies (Huang et
al., 2020, 2021). The palynological composition of the Yaw Formation suggests a representation
of evergreen forests with drier vegetation away from the area of sedimentation, and a
predominance of palms, Sapotaceae, and mangrove elements (Huang et al.,, 2021). The
paleoenvironments and palynological composition of the Yaw Formation may be driven by a
proto-monsoonal climate similar to the Pondaung Formation together with tectonics. Therefore,
a gquantitative and comprehensive evaluation of the sporomorph composition is needed to
spatiotemporally investigate the early history of vegetation and proto-monsoonal climate in the
CMB.

Sequence biostratigraphy, which examines sporomorph distribution patterns and correlates
this to climate change and tectonics, is based on sporomorph compositional change and has been
a successful tool in analyzing the depositional environments in the Cenozoic of SE Asia (e.g.,
Vietnam, Morley et al., 2019, and Nguyen et al., 2021; Malaysia, Morley et al., 2021). Hence it is
significant to investigate the depositional environments in the CMB and correlate these to climate
change in a sequence biostratigraphic framework. Furthermore, past floristic diversity patterns,
which may be driven by climate and paleogeography (i.e., paleolocation affected by tectonics),
can also be attained by palynological analysis applying multiple methods, such as rarefaction
analysis, Simpson index, Bootstrap, and range-through method, and thus relate to possible drivers
(such as, paleoclimate and paleogeography) (e.g., Jaramillo and Dilcher, 2000; Jaramillo et al.,
2006, 2010).

In this study, we present the palynological data from the Yaw Formation with comprehensive
sporomorph diagrams to reconstruct vegetation changes throughout the late Eocene in the CMB
(Fig. 1a and b). We also evaluate the data in a sequence biostratigraphic framework to unravel
the dynamics of the depositional environments throughout the section. Additionally, we use
bioclimatic analysis to quantitatively reconstruct the climate based on the main climatic variables.
We apply the rarefaction method to analyze the sporomorph diversity in the Yaw Formation and
compare this with four other middle to late Eocene tropical sporomorph assemblages. This
enables us to estimate how climate change and tectonics stimulated plant diversity. Together,
these analyses allow us to understand the relation between vegetation, depositional
environments, and plant diversity with climate and geological driving factors in the late Eocene
CMB.

2. Regional setting

2.1. Geological context



The Kalewa study area is situated in the CMB and comprises an almost continuous succession
of Cenozoic sedimentary rocks that were mostly deposited in fluvio-deltaic environments (Licht
etal,, 2013, 2019) (Fig. 1a and b). The study area is limited to the east by the Sino-Burman Ranges
(SBR) (Fig. 1b), comprising the Yunnan highlands, the Shan Plateau, and the Tenasserim Range
(Fig. 2b), all belonging to the local units of the Sibumasu Terrane (Metcalfe, 2013). On the western
side, the basin is separated from the Bay of Bengal by the Indo-Burman Ranges (IBR, Fig. 1b;
Maurin and Rangin, 2009). During the late middle Eocene, the BT was at a near-equatorial position
and situated along the Neotethyan margin (c. 5° N for our study site, see Fig. 1c; Westerweel et
al., 2019, 2020). The CMB was open to the Indian Ocean and was the locus of SW-directed deltas
(Licht et al., 2013, 2019), most probably sourced in eastern and northern Myanmar (Westerweel
et al., 2020). Incipient uplift of the IBR at the time of the Yaw Formation resulted in the set-up of
islands west of the Burmese coastlines, resulting in semi-enclosed estuarine conditions in the
CMB (Licht et al., 2019).

The Cenozoic sedimentary sequence exposed in Kalewa starts with the Pondaung Formation
followed by the Yaw Formation (Fig. 1a), both of Eocene age and deposited in fluvio-deltaic
environments. The Yaw Formation is mainly formed of sandstones, mudstones, and lignites all
rich in fossil leaf fragments. The sediments were deposited in an onshore fluvio-deltaic to deltaic
environment exiting in a wide barrier-bound estuarine system (Licht et al., 2019). The uppermost
horizon of the Yaw Formation is unconformably overlain by the fluvial sandstones of the Tonhe
Formation, formerly considered as part of the Miocene Letkat Formation but recently recognized
as an earlier Oligocene unit (Westerweel et al., 2020). The contact presents erosional features
characteristic of incised fluvial channels, and its base can be regarded as a sequence boundary
(Moe Zat and Day Wa Aung, 2018), and an erosional unconformity.

2.2. Modern-day climate in Myanmar

The India-Asia collision produced the highest mountains on Earth, including the Tibetan
Plateau, the Himalayas, and the SBR, which enhance monsoonal rainfall (Prell and Kutzbach, 1992;
Xie et al., 2006; Boos and Kuang, 2010; Ding et al., 2017; Bhatia et al., 2021). Myanmar climate is
also modulated by the El Nifio-Southern Oscillation and the Indian Ocean Dipole (Ashok et al.,
2010). The SAM is the predominant moisture conveyor in Myanmar and approximately 90% of
the annual precipitation occurs during the summer season, from mid-May to mid-October (Htway
and Matsumoto, 2011). The highest rainfall amount is reached along the Arakan and Tenasserim
coast (Fig. 2b). The IBR have a strong rain shadow effect on monsoonal precipitation (Fig. 2b) and
rainfall amount significantly decreases landward (de Terra, 1944).

In Myanmar there are three climatic regions: (1) the dry belt in central Myanmar with a mean
precipitation (MAP) of less than 1,000 mm given their sheltered location leeward of the IBR (Fig.
2b), which is insufficient to allow forest growth; (2) regions presenting 1,000 to 2,000 mm of MAP



hosting most of the monsoon forests; (3) regions presenting over 2,000 mm of MAP hosting
evergreen tropical forests (Stamp, 1925). Based on Képpen-Geiger climate classification maps
(Beck et al., 2018), Myanmar is characterized by tropical monsoon, tropical wet and dry or
savanna, hot semi-arid, and monsoon-influenced humid subtropical climate types (Fig. 2c). The
Kalewa area is situated in the foothills of the IBR and a transitional area between the dry belt and
moist deciduous forests (Fig. 2). It falls into the regions presenting 1,000—-2,000 mm (region 2) of
rainfall hosting a tropical wet and dry or monsoon-influenced humid subtropical climate and most
of the monsoon forests stated in Stamp (1925). The adjacent southeastern dry belt in central
Myanmar possesses a MAP of ~500-800 mm (Stamp, 1925; Lai Lai Aung et al., 2017). Based on
the climate data of five nearby climate stations (Kalewa, Kalamyo, Minkin, Mawlaik, and Varr),
the Kalewa study area has MAP values ranging from c¢. 900-1700 mm, with the Kalewa climate
station indicating 1641 mm (Lai Lai Aung et al., 2017).

3. Materials and methods

3.1. The studied section

The Kalewa section is a 627.5 m-thick sedimentary sequence that is exposed at the western
side of the Kalewa Township, Sagaing Region, NW Myanmar (23°14’ N, 94°15’ E) (Figs. 1 and 2). In
this study we included two additional samples situated below this section (23°15" N, 94°15’ E).
The Kalewa section is located at the southern edge of the Chindwin Basin, which belongs to the
CMB (Licht et al., 2019; Fig. 1). U-Pb dating of a tuff layer (Licht et al., 2019), magnetostratigraphy,
U—-Pb apatite dating and apatite fission track dating (Westerweel et al., 2020) provide an age of c.
38-37 Ma (Fig. 3), which is also supported by the palynological evidence discussed below and in
Huang et al. (2018, 2020). The lowest two samples show an age of c. 40-38 Ma (Licht et al., 2019).

3.2. Samples and palynological processing

In 2016 and 2017, 83 rock samples were collected in Kalewa area from fine-grained
sandstones and mudstones of the Yaw Formation. Of these, 81 samples belong to the 627.5 m-
thick Kalewa section, while two samples are respectively at ~250 m and ~500 m below the base
of this section, representing the base of Yaw Formation (Fig. 3).

Two palynological processing methods were performed to ensure maximum recovery. One
set of samples was processed for quantitative analysis. The processing was as follows: 1.3 grams
of sample was boiled in 10% sodium pyrophosphate, and then treated with 10% HCl, and sieved
with 5 um and 212 um meshes. The sample was then heated in acetolysis mixture to 100 °C.
Bromoform-treatment was applied to separate any remaining inorganic fraction to produce
residue. A second set of selected samples was processed mainly for microphotography. The



processing method was as follows: 30 grams of washed and dried sample was treated with 10%
HCl and 40% HF. Then a heavy liquid separation was used to separate the organic and remaining
inorganic fractions. All resulting residues were mounted on a slide in glycerin and sealed with
paraffin for light microscope (LM) observation. Residues were further used for analysis with LM
and scanning electron microscopy (SEM) at the Department of Palaeontology (DoP), University
of Vienna, Austria. Details on the two methods were presented in Huang et al. (2020).

3.3. Palynological analysis and microphotography

In total, 56 samples were productive for pollen analysis and with a pollen count of ¢. 100
specimens or more. The identification of specimens was carried out using the palynological
literature from the America, China, Thailand, India, and Vietnam, and particularly from regions in
the proximity of the Kalewa section, such as Assam (India) and Tibet (China) (e.g., Germeraad et
al., 1968; Sah and Dutta, 1966; Morley, 1998, 2013; Jaramillo and Dilcher, 2001; Saxena and
Trivedi, 2009; Jardine, 2011). All pollen grains from Kalewa were counted using a LEICA DM LB2
LM, and a Zeiss Axiophot Microscope at the Institute for Biodiversity and Ecosystem Dynamics
(IBED). Pollen count data are shown in Supplementary Data (Table S1). Pollen diagrams were
made in Tilia 2.1.1 (Grimm, 1991) with cluster analysis program CONISS (Grimm, 1987).

LM micrographs were produced with a FUJIFILM X-M1 digital camera (Fujifilm Holdings
Corporation, Tokyo, Japan) connected with a Zeiss Axiophot Microscope (Carl Zeiss, Oberkochen,
Germany) under the 630x magnification (with oil) at the IBED. We also investigated the
morphological details of the sporomorphs under a JEOL JSM-6400 SEM at the DoP, with the single-
grain analysis method (Zetter, 1989; Halbritter et al., 2018). The micrographs were then processed
in the software CorelDRAW 2019 (Corel Corporation, Ottawa, Canada). Each palynomorph under
LM/SEM in Figs. 4 and 5 was referenced with sample number, residue number, and the “England
Finder” coordinates if applicable (Supplementary Data, Table S2).

3.4. Sequence biostratigraphy

Depositional sequences can be identified from the examination of microfossil distribution
patterns, which is termed sequence biostratigraphy. This method was developed using
foraminifera and nannofossils by Armentrout (1991, 1996) and Shaffer (1987) and extended to
consider palynomorph distributions by Morley (1996) and Morley et al. (2021). In this study,
systems tracts were suggested based on palynomorph assemblages. They were then dated using
the magnetostratigraphy for the succession as established by Westerweel et al. (2020). The
succession of depositional sequences was then compared to the predicted succession for the late
Eocene from the ICS website (ICS, 2020) which is a modification of the scheme of Hardenbol et al.
(1998).



3.5. Bioclimatic analysis

We applied bioclimatic analysis (BA, e.g., Kershaw and Nix, 1988; Kershaw, 1997; Reichgelt
et al., 2013) to quantitatively derive the paleoclimatic information from Yaw Formation data. BA
is a method that compares the mutual climate range (MCR), using the climatic envelope of the
nearest living relatives (NLRs) from fossil taxa to derive the climate ranges in which the majority
of an assemblage could co-occur (e.g., Kershaw, 1997; Eldrett et al., 2009; Thompson et al., 2012;
Reichgelt et al., 2013). The method has been extensively used to reconstruct the climate in the
Eocene (e.g., Eldrett et al., 2009; Greenwood et al., 2010; Pross et al., 2012; Willard et al., 2019),
and even the Cretaceous (e.g., Klages et al., 2020). BA is slightly different from the coexistence
approach (CoA, Mosbrugger and Utescher, 1997) in terms of how climatic range of each taxon is
determined: BA defines the overlapping zone based on the 10th and 90th percentiles to exclude
climatic outliers (Greenwood et al., 2003, 2005). In our study, we identified the pollen types
(method refers to 3.3) and based on this suggested their NLRs (modern family, genus or species;
botanical affinities in Huang et al., 2021); we then obtained the climatic envelopes with the
occurrence data of these NLRs. The co-occurred mutual climate ranges of different climatic
variables of the NLRs thus can reflect the climatic conditions of the fossil pollen types observed
from the Yaw Formation.

Anemophilous taxa are mostly widely dispersed; including pollen types in low percentages
derived from anemophilous taxa, particularly those from the mountain areas, can mislead the
interpretation of the climate near the accumulation site. Therefore, they were removed in the BA
when their percentages were smaller than a threshold, as they were likely blown in from a distant
locality (e.g., Li et al., 2015; Tang et al., 2020). We followed Li et al. (2015) which referred to some
previous quantitative studies on the relationship between modern pollen in surface samples and
vegetation (e.g., Xu et al., 2007), to remove some anemophilous taxa. This procedure was applied
to Pinus and Betula pollen types, which are less than 25% and 4% respectively. We also excluded
Alnus, Carpinus, Juglans and Taxodium pollen types, while the former three were with
percentages less than 4%, and the latter one less than 2%. Local elements such as algae, aquatics
(Myriophyllum, Jussiaea and Liliaceae types) and xerophytic taxa (Ephedra types) were also
excluded from the analysis, as they may also confound the paleoclimatic interpretations.

Occurrence data of the NLRs were obtained from the Global Biodiversity Information Facility
(GBIF, www.gbif.org). These data were processed to delete duplicated and misplaced points
following the methods of Palazzesi et al. (2014) and Zizka et al. (2019). Corresponding climate
variables were extracted from the WorldClim Version 2 (https://worldclim.org/version2, 30
seconds in resolution). The modern climate variables in the study area were also derived from
WorldClim Version 2 with a resolution of 30 seconds. As currently Kalewa is located at a different
latitude (Fig. 1b; c. 23° N) from the Eocene (Fig. 1c; c. 5° N; Westerweel et al., 2020), the modern



climate variables were also derived from the Phiman area (Fig. 1b; 6°37' N, 100°4’ E) in Thailand
for comparison. Like for the Eocene Burma Terrane, the Phiman area is located on the eastern
shorelines of the broader Bengal Bay and is close to the equator. The Phiman area is located near
sea level, has a deltaic environment and a unique monsoonal rainy season in summer.

We estimated 11 quantitative climatic variables: (a) temperature (°C) including mean annual
temperature (MAT), maximum temperature of warmest month (MTWM), minimum temperature
of coldest month (MTCM), mean temperature of warmest quarter (MTWQ), and mean
temperature of coldest quarter (MTCQ); (b) precipitation (mm) including mean annual
precipitation (MAP), precipitation of wettest month (PWETM), precipitation of driest month
(PDRYM), precipitation of wettest quarter (PWETQ), and precipitation of driest quarter (PDRYQ);
and (c) monsoon intensity index (MSI). The MSI was calculated based on precipitation variables
with the equation of Li et al. (2015), a modified version of van Dam (2006) and Xing et al. (2012):
MSI = (PWETM—-PDRYM)/MAP x 100. Therefore, it indicates seasonality in precipitation, with high
PWETM usually indicating higher seasonality (van Dam, 2006). To our knowledge, this is the first
time that BA is applied on paleovegetation datasets from SE Asia.

3.6. Rarefaction on sporomorphs diversity

We compared the sporomorph diversity in the Yaw Formation with middle to late Eocene
palynofloras from four sites that were formed in depositional systems comparable to the studied
sediments in Kalewa (for the locations of the three Asian sites, see Fig. 2a). Sample information
and palynological data for the four sites and Kalewa site can be found in Supplementary Data
(Tables S3-S7).

The depositional environments and vegetation types of the four sites can be summarized as
follows: (a) The late Eocene Kopili Formation in North Cachar Hills, Assam, India, was deposited
in coastal and freshwater swamps and ponds (Saxena and Trivedi, 2009). The flora is characterized
by a tropical-subtropical, warm-humid climate with heavy precipitation. Pteridophytes,
mangroves and other coastal elements such as palms, predominate in these sediments; (b) The
middle to late Eocene Nanggulan Formation from the Watupuru River, central Java, Indonesia,
was deposited in a transgressive succession and containing rich and diverse sporomorphs (Lelono,
2000); (c) The Zhenjiang section in Maoming Basin, Guangdong, China includes the Youganwo and
Huangniuling formations (Aleksandrova et al., 2015). The late Bartonian Youganwo Formation was
deposited in swampy floodplains and freshwater lakes, favoring the development of unseasonal
wet subtropical forests with evergreen taxa. The Priabonian Huangniuling Formation was
deposited in a broad floodplain bearing seasonal tropical forests; (d) The selected sites in
Colombia are situated in the Catatumbo and eastern Cordillera-Llanos foothill basins, where
sediments accumulated in a fluvial or coastal plain setting (with samples from ¢. 38—36 Ma time
interval) (Jaramillo et al., 2006).



For application of the rarefaction method (e.g., Birks and Line, 1992) to determine
sporomorph diversity, we refer to Jardine et al. (2018). We included all the sporomorphs we
identified from the section (including the anemophilous taxa and local elements which were
excluded in bioclimatic analysis), following previous studies (e.g., Jaramillo et al., 2006, 2010;
Jardine et al., 2018). Taxonomic richness (number of sporomorphs) was standardized on both
coverage and sample size by unified interpolation and extrapolation (Chao and Jost, 2012; Colwell
et al., 2012). Expected richness was calculated using abundance data within samples and using
incidence data from pooled samples within geologic ages (Gotelli and Colwell, 2001). For within-
sample richness, a coverage level of 0.8 was calculated to include most samples in the sections.
Expected richness at the coverage level of 0.9 and sample sizes of 160 and 220 was also applied
to explore the impact of coverage versus sample size. For within-age richness, we pooled within-
sampling localities without the impact of the different geographic extent. We assessed within-
sample evenness (a parameter indicating relative abundances of the various sporomorphs in a
sample) through the time series with the E,,. evenness metric of Smith and Wilson (1996). The
Chaol richness estimator was used to estimate total richness (Chao and Jost, 2012). Rv.3.6.1 (R
Core team, 2019) was used to perform diversity rarefaction (sampling standardization and Chaol
metric calculation) with the iINEXT package (Hsieh et al., 2014).

4. Results and interpretation

4.1. Age of the Yaw Formation and correction of age of palynological zonation

The age of our section is 38.4—37 Ma obtained by magnetostratigraphy and geochronology
(Licht et al., 2019; Westerweel et al., 2020). However, the presence of Proxapertites operculatus
and Meyeripollis naharkotensis and the absence of Magnastriatites howardi throughout the
succession is indicative of palynological zone E8, when using the SE Asian palynological zonation
scheme presented in van Gorsel et al. (2014) and recently updated in Morley (2020). The E8 zone
was interpreted to be of late Eocene age and ranging from 36 Ma to 35 Ma, based on long-ranging
larger foraminifera and regional correlation (Pieters et al., 1987). This suggests that the age of
zone E8 needs to be adjusted and extended deeper into the late Eocene.

4.2. Vegetation dynamics reconstructed from quantitative palynological analysis

The late Eocene Kalewa sedimentary record yielded more than 141 sporomorph types
(Huang et al., 2021). Characteristic sporomorphs are shown in Figs. 4 and 5, with numbers of
sample/residue and England Finder positions shown in Supplementary Data (Table S2). From the
spatial perspective, the 141 sporomorph types were derived from plant taxa growing in
mangroves/back-mangroves and coastal forests in the lower deltaic plain; swamp forests along



rivers, with herbaceous swamps and marshes, possibly associated with floodplain lakes, and
gallery forests in the upper deltaic plain; perhumid/wet, evergreen, seasonally dry forests, and
piedmont and montane forests, from a swampy coastal setting to dry terra firma (i.e., the range
of habitats of well-drained, non-swamp soils that constitute the hinterland) forests in the
upstream area (Huang et al., 2021). Pollen diagrams are presented in Figs. 6 and 7 and are divided
into the following six pollen zones (K1-6) (Table 1) which are thought to reflect vegetation
changes based on visual observation coupled with cluster analysis.

4.3. Bioclimatic analysis of the sporomorph assemblage

The results from bioclimatic analysis are based on 11 climatic variables of the Kalewa section
and are shown in Table 2 and Supplementary Data (Figs. S1-S10), including the present climate
variables in Kalewa and Phiman areas. MAT is higher than the modern-day level of Kalewa area
and lower than that of Phiman area, while MAP is similar to that of Kalewa area and lower than
that of Phiman area. Compared with the modern-day Kalewa area, maximum temperature of
warmest month, mean temperature of warmest quarter, precipitation of wettest month,
precipitation of wettest quarter, and monsoon intensity index are lower, while minimum
temperature of coldest month, mean temperature of coldest quarter, precipitation of driest
month, and precipitation of driest quarter are higher; compared with the modern-day Phiman
area, maximum temperature of warmest month, minimum temperature of coldest month, mean
temperature of coldest quarter, mean temperature of warmest quarter, precipitation of wettest
month, and precipitation of wettest quarter are lower, while precipitation of driest month,
precipitation of driest quarter, and monsoon intensity index are higher.

Bioclimatic analysis results for each sample were shown in Supplementary Data (Table S8)
and Fig. 8, suggesting three ‘dry-wet’ climatic cycles from the bottom to the top of the section.
These cycles are also clearly displayed from the examination of groupings within the terra firma
pollen component, which shows that intervals with a drier climate are indicated by maxima of
‘seasonally dry trees and shrubs’ which correspond to maxima of deciduous montane trees (Fig.
7).

4.4. Palynological diversity in the middle to late Eocene tropics

Within-sample richness (Fig. 9) in the Nanggulan Formation (central Java, Indonesia) is
highest, while that in Yaw Formation (central Myanmar) is the second highest and similar to the
sediments in the Catatumbo and eastern Cordillera-Llanos foothill basins (Colombia). Within-
sample richness in the three aforementioned geological units are higher than that in the Kopili
Formation (Assam, India), and Zhenjiang section (Guangdong, China). The four geological units
except the sediments in the Catatumbo and eastern Cordillera-Llanos foothill basins (Colombia),



have a positive correlation between richness and evenness, while the sediments in Colombia has
a very low and non-richness-correlated evenness.

In the Yaw Formation (central Myanmar), there is a positive correlation between evenness
and expected richness. Yet this is less pronounced with Chaol estimated richness. In the Kopili
Formation (Assam, India) and Nanggulan Formation (central Java, Indonesia), evenness correlates
also with expected richness and Chaol estimated richness, though they do not show any
noticeable change throughout the section. In the Zhenjiang section (Guangdong, China), expected
richness is higher at the bottom; Evenness correlates more with Chaol estimated richness than
with expected richness, and does not show any clear change throughout the section. In the
sediments in Colombia, richness and evenness do not correlate; evenness in all samples is low
and almost has no variation.

Within-sample diversity results are provided in Supplementary Data (Figs. $11-S25 and
Tables S9-S13) and Fig. 9. Some of the confidence intervals on the Chaol estimated richness are
very large and not displayed in Fig. 9, and included in Supplementary Data (Figs. S11, S14, S17,
S$20 and S23) that shows the large confidence intervals are tied to count size. When the count size
increases, Chaol estimated richness increases and the confidence intervals become larger. When
constructing the richness and evenness at different levels, both for coverage and for the sample-
size based richness, they show similar results (Supplementary Data, Figs. S12, S15, S18 and S21).

4.5. Sequence biostratigraphic evaluation

A simple landscape model for the Yaw Formation was proposed by Huang et al. (2021) based
on the presence of palynomorph indicators of the major biomes for the late Eocene CMB. Here
we look at evidence for vertical changes in sporomorph assemblages and determine whether
these may be interpreted in terms of temporal changes in vegetation, and discuss the possibility
that these changes may relate to changing sea level and climate. The Yaw palynological succession
suggests varying vegetation changes, with periods of increased perhumid taxa during
warmer/wetter periods and increased seasonally dry and montane taxa during cooler/drier
intervals. There is also a close relationship between the abundance of mangrove/back-mangrove
elements, the features of the swamp vegetation, and periods of warmer/wetter climate. For
instance, the warmer/wetter period of zone K2 coincides with mangrove pollen maximum and a
maximum of Dicolpopollis spp., whereas zone K6, which was similarly warm and wet, exhibits a
maximum of Dicolpopollis spp. without mangroves elements, probably due to a more proximal
depositional setting, although it does contain rare chitinous foraminiferal test linings, indicating
marine influence. The synchronicity of a period of warmer climate coupled with a mangrove
pollen maximum suggests that eustasy may be driving the recorded vegetation changes and that
the assemblages may be reflecting systems tracts (Morley, 1996; Morley et al., 2021). However,
the Yaw succession is characterized by extremely high sediment accumulation rates and high



subsidence (c. 1 km/Myr), and since facies throughout the succession are all contained within a
narrow range in a coastal plain setting (Licht et al., 2019), it is possible that slight variations in
relative sea level were driven by changes in the rate of subsidence or sediment supply.

The Mahakam Delta, within the Kutei Basin on the east coast of Borneo (Fig. 1b) in Indonesia
provides an excellent analogue for examining the architecture of systems tracts and their
biostratigraphic response in an area of similarly very high rates of subsidence and sediment supply
(Morley et al., 2004; Saller et al., 2004; Morley and Morley, 2010). There, depositional cycles are
dominated by progradational packages deposited during highstands and falling eustatic sea level
separated by repeated thin carbonate beds. Thus, both highstand and lowstand sediments may
be sequestered on the shelf, but a carbonate bed formed at times of rapid sea level rise and
comprises the transgressive systems tract. The Kutei Basin sequence follows the “Galloway”
sequence model (Galloway, 1989), and despite the rapid subsidence, phases of eustatic sea level
rise are clearly reflected in the sedimentary succession, in line with the suggestion of Miller et al.
(2011) who emphasized that eustatic and tectonic processes occur at different timescales. In the
Kutei Basin, periods of rapid sea level rise are reflected by maxima of mangrove pollen, with
warmer and/or wetter climates during the highstand (Morley et al., 2004; Morley and Morley,
2010). It is therefore justified to examine the Yaw succession for mangrove pollen maxima
coinciding with phases of ameliorating climate to differentiate sedimentary packages that may
reflect systems tracts following the model of Morley et al. (2021).

The succession represented by zone K1, where assemblages suggest a seasonally dry climate,
and cooler temperatures, are consistent with late highstand (HST) or lowstand (LST) deposition.
For zone K2, assemblages suggest a wetter and warmer climate, and increased mangrove pollen
indicates increased marine influence, which is consistent with deposition in a more aggradational
setting within the transgressive systems tract (TST). For the succession spanning zones K3, K4 and
K5, most assemblages suggest a slightly drier and cooler climate, and mangrove pollen reaches a
minimum, which is consistent with deposition in a prograding HST setting. The youngest interval,
represented by zone K6, yielded assemblages suggesting a warmer and wetter climate, and
common Dicolpopollis kalewensis, and shows similarities with zone K2. It does not contain
common mangrove pollen but does include rare chitinous foraminiferal test linings. This interval
is consistent with a facies and climatic setting similar to K2, but in a more proximal setting due to
the reduced mangrove pollen recovery. This package is therefore consistent with proximal
deposition within the TST. The systems tract succession is summarized in Fig. 10.

The age of the Yaw succession has been accurately determined from U-Pb zircon dating
(Licht et al., 2019), magnetostratigraphy, U-Pb apatite dating and apatite fission track dating
(Westerweel et al., 2020). The magnetostratigraphic dating can be used to provide approximate
dates in Ma for each of the pollen zone boundaries, and the age of systems tract boundaries. The
age of the succession of systems tracts has been compared with the age of late Eocene sequences



using the ExxonMobil model (Hardenbol et al., 1998), taken from the ICS TimeScale Creator
website (ICS, 2020) in Fig. 11.

Remarkably, there is a close relationship between the timing of the proposed transgressive
systems tracts, and stratal surfaces shown in two of the late Eocene sequences by Hardenbol et
al. (1998). Firstly, the upper boundary of zone K2, suggested to reflect a TST, would form the
maximum flooding surface, or MFS, of its contained sequence, and is dated at 38.05 Ma based on
magnetostratigraphy, and compares favorably with the maximum flood of Sequence PaBart-1 of
Hardenbol et al. (1998), dated at 38.2 Ma. Secondly, the upper boundary of zone K6, also
interpreted as a TST, is dated at 37.1 Ma based on magnetostratigraphy, and ties closely with the
MFS of Sequence PaPr-1 of Hardenbol et al. (1998), also dated at 37.1 Ma. The latter, however,
must be considered a minimum date, as the upper boundary of zone 6 corresponds to the top of
the Yaw Formation, which is an erosional surface, and some of the interval may have been
removed by erosion.

The pattern of climate and relative sea level changes seen in the Yaw succession and their
magnetostratigraphic framework are consistent with a correlation to sequences PaBart-1 and
PaPr-1 (Fig. 11). Zone K1, reflecting a period of drier climate, is correlated with the PaBart-1
lowstand, the two TSTs relate to periods of wetter climate, and zone K5 is correlated the lowstand
(LST) of Sequence PaPr-1.

5. Discussion

5.1. Landscape model and temporal vegetation change

By evaluating the palynological record within the framework of the succession of systems
tracts, the vegetation on the deltaic plain and in the hinterland can be more easily visualized (Figs.
10 and 12). The pollen zones K1-6 (i.e., temporal trends) are discussed below.

The lowstand deposits represented by zone K1, in a seaward position on a prograding delta
plain explaining the presence of just limited mangroves, together with swamp forest, with
Alchornea and herbaceous fern swamps, and the climate at the time would have been the driest
of the whole formation, with lowland terra firma vegetation including Pinus, suggestive of some
vegetation types in central Thailand today (Ratnam et al., 2016). Myrtaceae pollen is common in
this interval and could have been derived from either terra firma or swamp trees.

Then, with rising sea levels reflected by pollen zone K2, mangroves would have been well
represented, and with a change to a wetter climate, rattan swamps, reflected by a maximum of
Dicolpopollis kalewensis, would have been extensive on the aggrading coastal plain. The swamp
vegetation would also have included common Campnosperma and Mischocarpus, together with
the parent plant of Longapertites spp. (possibly Eugeissona), the parent plant of Palmaepollenites
kutchensis and the climbing fern Stenochlaena palustris, and also hornworts, such as Phaeoceros.



The presence of undifferentiated palm (i.e., “Other palms’ in Fig. 6) pollen suggest that Arecaceae
would also have been prominent elements of the vegetation. Moreover, the very little pollen from
seasonally dry vegetation indicates that this zone was the period of wettest climate in the section.
In this succession, montane pollen is at a minimum, and this would be consistent with warmer
climates, with montane vegetation occurring at higher altitudes in upland areas and with reduced
areal representation.

Highstand delta progradation reflected by the zone K3 succession, with stabilized sea levels
and a change to a slightly drier climate resulted in the reduction of mangrove swamps (although
locally tidal channels could have intermittently brought mangrove pollen into the delta plain) and
a change to fern-dominated swamps on the delta plain, which were later replaced by swamps
dominated by the parent plant of Meyeripollis naharkotensis. The initial stage of swamp
development with abundant fern swamps also saw a return of Alchornea, and Palaquium could
also have been a significant component of swamp vegetation. In the hinterland, drier climates
resulted in the expansion of taxa from seasonally dry forests such as Caesalpinioideae, indicated
by the presence of Margocolporites spp., and also Berlinia. Montane pollen shows a distinct
increase in abundance, and mainly consists of evergreen elements, with Engelhardia and
Magnoliaceae, and this could reflect the expansion of montane vegetation, with cooler climates
with montane forests occurring at lower altitudes.

The subsequent stage of development of the succession, reflected by assemblages within
zones K4-5, included widespread swamps with the parent plant of Meyeripollis naharkotensis,
which also bore common Campnosperma and Mischocarpus and herbaceous swamps with
hornworts, such as Phaeoceros. In zone K5, Terra firma vegetation was characterized by
evergreen forests with widespread Sapotaceae, and a slight increase in seasonally dry climate
elements such as Austrobuxus, Caesalpinioideae, Berlinia and Pinus suggesting a drier climate,
possibly reflect a ‘lowstand’ phase. With respect to montane vegetation, this interval is
characterized by regular pollen of deciduous angiosperms, such as Juglans and Carpinus.

The final stage of development of the Yaw succession was a further change to more
transgressive conditions and a wetter climate with the TST reflected by palynomorph assemblages
within zone K6. This again resulted in the widespread establishment of rattan swamps on the
delta plain, indicated by a further maximum of Dicolpopollis kalewensis. However, the delta had
prograded sufficiently that by this time deposition was beyond the reach of brackish influence,
and so there were no mangrove swamps at the sampled locality, although rare chitinous
foraminiferal test linings were noted. Swamp vegetation also included Palaquium and the parent
plant of Meyeripollis naharkotensis, as well as an Areceae (Arecaceae) taxon, which produced
Palmaepollenites kutchensis. The climate would have been wet, since dry climate elements are
missing, and pollen of montane taxa is rare, suggesting that montane vegetation may have been
of reduced extent compared to the cooler and drier periods of the earlier possible LST and HST
successions. It is of interest that despite the perhumid climate, fern spores are less frequent than



within the underlying succession. This may indicate that swamps during this period were relatively
closed, and that the niche available for fern swamps was reduced.

5.2. A unique proto-monsoonal climate in the late Eocene CMB

The abundance of terra firma taxa such as the parent plants of Anacolosidites, Meyeripollis
naharkotensis, Palmaepollenites kutchensis and diverse Sapotaceae, suggest a seasonally
wet/perhumid climate (Huang et al., 2021). The parent plants of Malvacidites ?diversus and Pinus
occur in seasonally dry climatic conditions, away from riparian areas. Therefore, we propose that
seasonal evergreen forests dominated the terra firma areas with perhumid vegetation in areas of
alluvial swamps, and with drier areas supporting seasonally dry, semi-evergreen and deciduous
forests. This vegetation pattern is typical to what is found around the Bay of Bengal today and
support a monsoon-like climate at the time of the Yaw Formation, supporting the existence of
proto-monsoons in the middle to late Eocene of Asia (e.g., Licht et al., 2014; Su et al., 2020). When
compared with the Phiman area (at the same latitude today), the late Eocene CMB is drier, with
at least 400 mm less annual rainfall. The late Eocene monsoon intensity index (14—15) is higher
than today at the same latitude (13 in Phiman), but lower than at its present-day location (20 in
Kalewa). The lower rainfall and higher monsoonal index in the Eocene compared to today, at the
same latitude near the equator, corroborate a well-marked seasonal migration of the Intertropical
Convergence Zone (ITCZ; Spicer et al., 2017). Our data thus confirm the existence of wide ITCZ
migrations during the Eocene that provide a mechanism for proto-monsoonal rainfall (Farnsworth
et al., 2019; Tardif et al., 2021).

The late Eocene CMB had a cooler (at least 2 °C lower) climate than today as a similar
latitude, as suggested by the reconstructed MAT (Table 2; Supplementary Data, Fig. S1). Cool
(near-)equatorial temperatures in the Eocene have also reported from India (e.g., early Eocene;
Shukla et al., 2014; Bhatia et al., 2021) and Asian mid-tropics (e.g., middle Eocene; Spicer et al.,
2014). Previous authors have suggested that these cooler temperatures reflect a significant
poleward heat transport during the Eocene greenhouse world (Shukla et al., 2014; Spicer et al.,
2014). Warmer temperatures are found in the middle Eocene of central Myanmar, in the earlier
Pondaung Formation, via the study of fossil wood anatomy (MAT =30 °C (+ 2 to 5 °C); Licht et al.,
2015) and body size of fossil squamates (MAT >27 °C, Head et al., 2013). The Pondaung Formation
was deposited at the end of the Middle Eocene Climatic Optimum (MECO; Licht et al., 2015), the
most noticeable short-lived warming event in the middle Eocene (Bohaty and Zachos, 2003),
potentially explaining warmer temperatures. However, geochemical proxies yield warmer, not
cooler near-equatorial surface temperatures globally (e.g., Peason et al., 2001; Keating-Bitonti et
al., 2011; van Dijk et al., 2020), raising doubts about the accuracy of paleobotanical temperature
estimates.



We see four possible explanations in the Eocene cooler temperatures found in the
monsoonal domain: (1) Mis-identification of the NLRs of fossil taxa can introduce errors in climate
reconstructions; this mechanism could explain our results, obtained with BA, but does not explain
cooler temperatures found with morphological methods that do not rely on the NLRs (e.g.,
CLAMP; Shukla et al., 2014; Spicer et al., 2014; Bhatia et al., 2021); (2) The botanical database on
which climatic parameters are extracted is incomplete (GBIF database for BA), and do not contain
enough occurrences to fully cover the entire monsoonal domain; this explanation stands for the
GBIF database but not for CLAMP approaches, that have been calibrated with many monsoonal
stations (e.g., Spicer et al.,, 2014); (3) Extant taxa adapted to monsoonal climates are
fundamentally different to fossil ones, and there is no modern botanical analogues to Eocene
monsoonal climates; this explanation is particularly justified as warm equatorial temperatures
such as seen in Eocene climate simulations (e.g., Zhu et al., 2019) and benthic data (Westerhold
et al., 2020) have not been reached since the fall into the Oligocene coolhouse; (4) As previous
study (Spicer et al., 2011) suggests, effects of evapotranspirational cooling of canopy can lead to
comparatively cooler climates for CLAMP analysis. We thus postulate that the unique monsoonal
climate and ecosystems of the Eocene Bengal Bay, driven by warm temperatures and ITCZ
migration, have no good modern analogue, which result in poor paleo-temperature
reconstructions.

5.3. Plant diversity in the late Eocene tropics

The five localities of middle to late Eocene age that we compared in this study were all
situated in the tropics, with deposition in fluvial or coastal plain settings. In terms of forest
composition and depositional environments, the Yaw Formation (central Myanmar) best
resembles the Kopili Formation (Assam, India), as they are both dominated by seasonal evergreen
forest elements, bear the same conifers (e.g., Pinuspollenites) and show a dominance of
pteridophytic spores (Saxena and Trivedi, 2009; Huang et al., 2020, 2021). Both geological units
were deposited in coastal settings, and were likely just a few hundreds of kilometers apart along
the shorelines of the Bengal Bay.

Our results suggest that the within-sample richness in the Watupuru section (central Java,
Indonesia) is the highest among the five sites, though the richness of the Kopili Formation (Assam,
India), the Zhenjiang section (Guangdong, China), and the sediments in the Catatumbo and
eastern Cordillera-Llanos foothill basins (Colombia) may be biased due to limited sampling
(Supplementary Data, Figs. S16, S19 and S22). The rarefaction curve in the Yaw Formation (central
Myanmar) indicates that overall, the sampling is complete enough (Supplementary Data, Fig. S13),
which means adding more samples would not add significantly more species.

The highest species richness of the Nanggulan Formation in the Watupuru section (central
Java, Indonesia) is attributed to its near-equatorial position and perhumid (perennially wet)



climate at that time (Morley, 2000). The species richness of the Yaw Formation comes second;
this lower diversity might be explained by slightly higher latitudes for the Eocene Burma Terrane
than the for the Watupuru section (Westerweel et al., 2019), or by the more pronounced
monsoonal climate with well-marked seasonality on the Burma Terrane. The difference in species
richness between the Kopili Formation and the Yaw Formation, despite similar paleolatitudes,
might reflect the higher connectivity of the Burma Terrane during the Eocene. The Burma Terrane,
located at the edge of India and Asia at that time, acted as a crossroads for plant dispersals (Huang
et al., 2021), and this crossroads may have persisted until the present day, and makes Myanmar
range among the most important biodiversity hotspots at a global scale (Myers et al., 2000) with
¢. 12,340 species of spermatophytes (based on Kress et al., 2003; Yang et al., 2020).

6. Conclusions

In this study, we investigated the vegetation and climate history of the late Eocene Yaw
Formation in the Central Myanmar Basins, by quantitatively analyzing changes in sporomorph
composition. We also evaluated the change of depositional environments in a sequence
biostratigraphic framework and floristic diversity with rarefaction analysis. We conclude that:

(1) Changes of vegetation and depositional environments are evaluated within the
framework of two transgressive-regressive depositional successions, and three wet-dry climate
cycles. The late Eocene Kalewa region was characterized by lowland evergreen forests, due to its
near-equatorial and coastal plain position. The vegetation was evaluated within a framework of,
six pollen zones, which were characterized by fern and Alchornea swamps, Proxapertites
mangroves and rattan swamps, fern swamps, Meyeripollis swamps, and rattan swamps from the
bottom to the top of the section. The succession was evaluated from a sequence biostratigraphic
perspective that allowed vegetation change to be visualized within the dynamic perspective of
transgressions and regressions driven by sea level change. During times of rising sea levels, the
climate was wetter, and coastal vegetation communities extended further landward, whereas
during periods of sea level stillstand, and subsequent fall, the climate was drier and deltas
prograded seaward, resulting in the presence of more fluvial facies at the depositional locality.

(2) Bioclimatic analysis indicates that in the late Eocene, the CMB was drier (mean annual
precipitation = 1635-1637 mm), and cooler (mean annual temperature = 25.4-25.6 °C), with
similar seasonality (monsoon intensity index = 14-15) than/as in the present day at the same
near-equatorial latitude (c. 6° N; mean annual precipitation = 2053 mm, mean annual
temperature = 27.6 °C, monsoon intensity index = 13). Presence and abundance of diagnostic taxa
indicate a seasonally dry, monsoonal climate, though with more evenly distributed rainfall than
today. These results corroborate the presence of Eocene proto-monsoons driven by a seasonal
ITCZ migration; we suggest that cooler temperatures may be due to the lack of adequate modern
analogues for the Eocene monsoonal climate of the Bengal Bay.



(3) Rarefaction analysis performed on five Eocene tropical sites in terms of within-sample
richness, evenness, and coverage and sample size-based interpolation and extrapolation suggests
high species richness for the Yaw Formation compared to other sites, though lower than the near-
equatorial Nanggulan Formation in central Java, with a wetter climate. The high floristic diversity
of the Yaw Formation is likely enhanced by its near-equatorial location, at the crossroads for plant
dispersals between India and Asia.

Taken together, we suggested that the proto-monsoonal climate and tectonics (e.g., the
plate collision and paleogeography) had shaped the vegetation, depositional environments, and
floristic diversity in the late Eocene of central Myanmar.
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Figure and Table Captions

Fig. 1. Maps showing the sampled sub-sections of the Yaw Formation in the Kalewa section near
Kalewa Township in the Chindwin Basin (a), the position of the Kalewa section in SE Asia and
Myanmar with related geographic areas and tectonic units (b), and paleogeography of the Burma
Terrane at 40 Ma (c). (a) and (c) were modified after Westerweel et al. (2020), while the base map
in (b) is from https://mapswire.com/. In (b) and (c), the red square shows the Kalewa section; in
(b), the red circle indicates the Phiman area in Thailand for climate comparison, which the red
triangle shows the Mahakam Delta, within the Kutei Basin discussed in Section 4.5. Abbreviations:
BB = Bay of Bengal, BT = Burma Terrane, CB = Chindwin Basin, EAB = Eastern Andaman Basins,
Fm(s). = Formation(s), GA = Gangdese Arc, GB = Greater Burma, IAT = India-Australia Transform,
IBR = Indo-Burman Ranges, LT = Lhasa Terrane, MB = Minbu Basin, SB = Sibumasu, SF = Sagaing
Fault, SL = Sundaland, WPA = Wuntho-Popa Arc.

Fig. 2. Maps showing modern vegetation, topography, and climate in Myanmar, with a red square
showing the Kalewa area (Fig. 1). (a) Modern vegetation in India and SE Asia, from Morley (2018),
which simplified from Ashton (2014). Ranges of SAM (left shaded area) and TA (right shaded area)
were obtained from Spicer et al. (2017), which refers to Wang and Ho (2002). The three red circles
indicate the three Asian sites (1 — the late Eocene Kopili Formation in North Cachar Hills, Assam,
India; 2 — the middle to late Eocene Nanggulan Formation, central Java, Indonesia; 3 — the
Zhenjiang section, Guangdong, China), plant diversity of which were compared in this study, with
details in section 3.6; (b) Topography of Myanmar with the base map was modified from Hel-
hama (2013); (c) Koppen-Geiger climate in Myanmar, after Beck et al. (2018). Abbreviations: Am
= Tropical monsoon climate, Aw = Tropical savanna climate with dry-winter characteristics, Bsh =
Hot semi-arid climate, Cwa = Dry-winter humid subtropical climate, Cwb = Dry-winter subtropical
highland climate, Dwb = Monsoon-influenced warm-summer humid continental climate, Dwc =
Monsoon-influenced subarctic climate, Et = Tundra climate (in very small mountainous regions of
northern Myanmar), SAM = South Asia Monsoon, TA = Transitional area influenced by South Asia,
East Asia and Western North Pacific monsoons.

Fig. 3. Magnetostratigraphy and lithologic log of the late Eocene Kalewa section, Central Myanmar
Basins, and their correlation to the geomagnetic time scale. (a) Geomagnetic polarity timescale
(GTS16) (Ogg et al., 2016); (b) Magnetostratigraphy indicates from Westerweel et al. (2020), and
lithologic log showing lithology and the 56 pollen-productive sampling layers modified after Licht
et al. (2019), with FAs 1-4 reflecting a barrier-bound, quasi-closed estuary. The Histosols are
indicated as black lines in the paleosol column. Abbreviations: Vfs = very fine sand, fs = fine sand,
ms = medium sand, cs = coarse sand, B = boulder. The star indicates the location of two additional



samples taken at the base of the Yaw Formation, i.e., ~¥250 and ~500 m below the base of the
Kalewa section.

Fig. 4. Light microscopy (LM) micrographs of characteristic sporomorphs from the Kalewa section,
Central Myanmar Basins. 1 and 2, Margocolporites spp.; 3 and 4, Sapotaceae; 5, Meyeripollis
naharkotensis; 6, Proxapertites operculatus; 7, Gothanipollis sp.; 8, Palmaepollenites kutchensis;
9, Dicolpopollis kalewensis; 10, Longapertites retipilatus; 11, Verrucatosporites usmensis; 12,
Cupanieidites flaccidiformis; 13, monolete spore; 14, trilete spore. 1, 3-5, 7, and 12 are from
Huang et al. (2021), and 8 and 10 are from Huang et al. (2020).

Fig. 5. Scanning electron microscopy (SEM) micrographs of selected sporomorphs from the
Kalewa section, Central Myanmar Basin. 1, Proxapertites operculatus; 2, Spinizonocolpites
prominatus; 3, Dicolpopollis kalewensis; 4, Longapertites retipilatus; 5, Margocolporites sp.; 6,
Lanagiopollis emarginatus; 7, Discoidites sp.; 8, Anacolosidites reticulatus; 9, Euphobiaceae type;
10, Sapotaceae type; 11, Verrucatosporites usmensis; 12, Striatricolpites catatumbus; 13,
Dandotiaspora sp.; 14, Cicatricosisporites dorogensis. 2—4 are from Huang et al. (2020), and 5-6,
8, and 12-13 are from Huang et al. (2021).

Fig. 6. Pollen diagram with terra firma taxa from the late Eocene Kalewa section, Central Myanmar
Basins. (a) GTS16, magnetostratigraphy, and lithology, with details referring to Fig. 3; (b) Pollen
diagram with total pollen sum excluding indeterminate pollen and pollen taxa with unknown
affinity, algae, and spores. The pollen sum is formed by the total count of all taxa shown here.
Percentage curves are displayed with a 5 x exaggeration. Pollen zone boundaries were positioned
using cluster analysis with CONISS program.

Fig. 7. Sporomorph diagram for the late Eocene Kalewa section, Central Myanmar Basin with data
grouped according to vegetation type and based on the total terra firma sum (left) and total
sporomorph sum (right) but excluding algae. (a) GTS16, magnetostratigraphy, and lithology, with
details referring to Fig. 3; (b) Groups are arranged from mangrove/back-mangrove area, coastal
to inland settings. Spores are displayed to the right of the terra firma cumulative diagram, and
divided into hornworts, terrestrial wet, terrestrial dry, climbing, monolete smooth, trilete smooth,
trilete ornamented, undifferentiated verrucate, and other spores. The representation of
indeterminate (including poorly preserved) pollen is also shown. Percentages of Acrostichum,
mangroves/back-mangroves and spores are presented outside the terra firma pollen sum and are
thus shown as ratios of their counts to the pollen sum in the terra firma cumulative diagram.
Percentages of taxa with unknown affinity and indeterminate pollen are the ratios of their counts
to the pollen sum of that in the terra firma cumulative diagram plus themselves. Pollen zone
boundaries were positioned through cluster analysis with CONISS program.



Fig. 8. Climate reconstruction with bioclimatic analysis of the late Eocene Kalewa section, Central
Myanmar Basins. (a) GTS16, magnetostratigraphy, and lithology, with details referring to Fig. 3;
(b) Cumulative diagram of terra firma taxa and pollen zones, with details referring to Fig. 7; (c)
Mean annual precipitation (MAP), mean annual temperature (MAT), and monsoon intensity index
(MSI) of each sample. In (c), red and black dotted lines indicate the modern-day levels of the
Phiman area in Thailand, and the mean value of each pollen zone. Note that MAPs display three
‘dry-wet’ climatic cycles from the bottom to the top, corresponding well with the six pollen zones.

Fig. 9. Within-sample diversity (richness and evenness) of the middle to late Eocene samples from
the five localities. (a) Red dots indicate the localities of the Yaw Formation (central Myanmar), the
Kopili Formation (Assam, India), the Nanggulan Formation (central Java, Indonesia), the Zhenjiang
section in the Maoming Basin (Guangdong, China), and the sediments in the Catatumbo and
eastern Cordillera-Llanos foothill basins (Colombia); (b) Plots of expected richness (c = 0.8),
Evenness (E,,), and Chaol estimated richness of the five localities. Horizontal in expected
richness are bootstrapped 95% confidence intervals.

Fig. 10. Schematic dip cross-section through the prograding delta of the Yaw Formation. Position
of the transect (A to B) is shown in Fig. 12. The dominant swamp vegetation on the deltaic plain
for each systems tract is indicated.

Fig. 11. Sequence biostratigraphic evaluation of the late Eocene Kalewa section, Central Myanmar
Basins. (a) GTS16, magnetostratigraphy, and lithology, with details referring to Fig. 3; (b)
Depositional sequences and corresponding systems tracts; (c) Sporomorph diagrams showing the
dynamics of selected environment-indicated taxa throughout the section; (d) Geomagnetic
polarity timescale (GTS16) (Ogg et al., 2016) and corresponding epoch and age; (e) Succession of
late Eocene depositional sequences according to Hardenbol et al. (1998) and the coastal onlap
curve of ICS (2020). Abbreviations: TST = transgressive systems tract, LST = lowstand systems tract,
HST = highstand systems tract, PF = planktonic foraminifer, N = calcareous nannofossil.

Fig. 12. Catchment landscape model of the Chindwin Basin in the late Eocene Central Myanmar
Basins, modified from the block diagram of Licht et al. (2019), with a yellow arrow suggesting that
the IBR was still taking uplift, and a blue arrow showing the drainage system coming from
northeast as in Westerweel et al. (2020). At the time the volcanoes in the Wuntho-Popa Arc were
inactive and often buried (Westerweel et al., 2020). Proportions of different vegetation types are
also reflected in the reconstruction. Details of the transect (A to B) are shown in Fig. 10.
Abbreviations: tr. = trees, shr. = shrubs.



Table 1. Summary of pollen zones.

Table 2. Bioclimatic analysis of sporomorphs in the Yaw Formation in the Kalewa section, Central
Myanmar Basins and the modern-day levels of Kalewa area and Phiman area (Thailand) estimated
based on their  coordinates  via the  WorldClim Version 2 database
(https://worldclim.org/version2). Note that as Kalewa area is situated in the foothills of the Indo-
Burman Ranges (IBR), it constitutes a transitional region between the central dry belt and the IBR;
The estimated mean temperature of coldest quarter (MTCQ) of the modern-day level (18.9 °C) is
much lower than that in the late Eocene (24.6 °C), which may be because there are mountainous
areas nearby, that were incorporated in the WorldClim. Based on information from adjacent
climate stations, its MAP should be 900-1700 mm, of which Kalewa climate station shows 1641
mm (Lai Lai Aung et al., 2017).

Supplementary Data Captions

Supplementary Material 1. Pollen count data (Table S1) from the late Eocene Kalewa section,
Central Myanmar Basins that were used for making pollen diagrams (Figs. 6 and 7) and bioclimatic
analysis (Table 2 and Supplementary Material 2), and numbers of sample/residue and England
Finder positions in Figs. 4 and 5 (Table S2).

Supplementary Material 2. Pollen data (including sample information and pollen counts) (Tables
S3-S7) from the five Eocene sections that were used for pollen diversity analysis and comparisons
with rarefaction method.

Supplementary Material 3. Bioclimatic analysis results (Figs. S1-S10) of the late Eocene Kalewa
section, Central Myanmar Basins. Full names of climatic variables are provided in Table 2.

Supplementary Material 4. Bioclimatic analysis results (Table S8) for each sample and pollen zone
(meanvalue) from the late Eocene Kalewa section, Central Myanmar Basins. Full names of climatic
variables are provided in Table 2.

Supplementary Material 5. Rarefactions results (Tables S9-S13) for the five Eocene sections
shown by values in tables.

Supplementary Material 6. Rarefactions results (Figs. S11-S25) for the five Eocene sections
shown by figures.
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Pollen zone Assemblage characteristics

Highest content of pollen vs. spores compared to other
zones. Hinterland assemblages are dominated by

K6 (519.2-627.5 m, c. 37.5 Ma) Dicolpopollis. Mangrove/back-mangrove pollen and
spores of the mangrove fern Acrostichum occur in low
percentages.

Meyeripollis naharkotensis and spores of hornworts

K5 (436.7-519.2 m, c. 37.7-37.5 Ma) (Anthocerotales) are common.

Meyeripollis naharkotensis and Sapotaceae pollen are

K4 (364.6-436.7 m, c. 37.8-37.7 Ma) .
common. Pollen of swamp trees dominate.

Monolete spores are abundant. Spores of hornworts

K3 (249.4-364.6 . 38.0-37.8 M
( m ¢ 3 (Anthocerotales) occur in low percentages.

Mangrove pollen (Proxapertites and Spinizonocolpites)
and pollen of the swamp rattan (Dicolpopollis) are
common. Spores of the climbing fern Stenochlaena
palustris are relatively abundant.

K2 (162.5-249.4 m, c. 38.2-38.0 Ma)



K1 (5.8-162.5m, c. 38.2 M3,

including the two samples below the

Kalewa section)

Climate variables

Mean annual
temperature (MAT)

Max temperature of
warmest month (MTWM)

Min temperature of
coldest month (MTCM)

Mean temperature of
warmest quarter
(MTWQ)

Mean temperature of
coldest quarter (MTCQ)

Temperature (°C)

Mean annual
precipitation (MAP)

Precipitation of wettest

€ month (PWETM)

< W .

,g Precipitation of driest
S month (PDRYM)

2

§ Precipitation of wettest
S quarter (PWETQ)

Precipitation of driest
quarter (PDRYQ)

Terrestrial dry spores are common, including mostly
scattered Cicatricosisporites spp., indicative of a well-
drained environment. Seasonally dry forest elements

including Pinus (indicated by Pinuspollenites spp.) and

Berlinia type are also common. Mangroves occur in low
numbers. The common occurrence of Ranunculacidites
operculatus suggests the presence of Alchornea swamp.

Kalewa
section
(late
Eocene, 5°
N)
25.4-25.6
31.4-31.7

18.9-19.1

25.7-25.8

24.6

1635-1637

282-293

47-54

763-792

209-225

Kalewa
area
(modern-
day, 23° N)

24.4

32.2

14.2

28.1

18.9

1683

338

901

18

Phiman
area,
Thailand
(modern-
day, 6° N)
27.6

32.6

23.2

28.4

26.9

2053

294

33

814

169
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Highlights

Vegetation patterns are dominated by lowland evergreen forests and swamps.
Global sea level change controlled environments with some successions.

As a crossroads for India-Asia plant dispersals, Myanmar had high floristic diversity.
A proto-monsoonal, drier and cooler climate existed with well-marked seasonality.

VV V VY

Climate and tectonics shaped the vegetation, environments, and floristic diversity.



