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A B S T R A C T
Based on a comprehensive analysis of  240 micro- and macrofloras, the recon­
struction of  zonal vegetation across the paleocontinent Asia for the early, middle, 
and late Eocene has been performed, refining the model of  a homogeneous 
"green belt." This belt was dominated by Mixed Mesophytic Forests (MMF), a 
unique biome without modern analogues, characterized by a balanced composi­
tion of  broad-leaved deciduous (44.3–77.6 %) and evergreen (14.9–29.9 %) taxa. 
This biome extended into high Arctic latitudes (>75°N), indicating an exception­
ally weak meridional temperature gradient during the early Paleogene. Clear lati­
tudinal differentiation was observed: the proportion of  evergreen elements in­
creased southward, forming an MMF / Broad-Leaved Evergreen Forest (BLEF) 
ecotone and pure BLEF south of  ~50°N. In central continental regions, a low 
content of  sclerophytic components was noted, suggesting that lithological data 
on aridity reflect a mosaic of  seasonally dry forests and open patches rather than 
a continuous zonal desert. From the early to late Eocene, a significant trend 
towards ecological differentiation and provincialization emerged, marked by the 
appearance of  sub-humid sclerophytic forests and open woodlands, correlating 
with cooling following the Early Eocene Climatic Optimum and increased sea­
sonality. Systematic discrepancies between micro- and macroflora-based recon­
structions were identified, attributed to taphonomic and ecological filters, high­
lighting the complementary nature of  these proxies.
Keywords: Eocene, palaeovegetation, Asia, biome reconstruction, Integrated Plant Re­
cord, mixed mesophytic forest, climate gradient, aridization

Р Е З Ю М Е
Бондаренко О.В., Утешер Т. Зональная растительность палеокон-
тинента Азия в эоцене. На основе комплексного анализа 240 микро- и 
макрофлор выполнена реконструкция зональной растительности палео­
континента Азия для раннего, среднего и позднего эоцена и уточнена мо­
дель гомогенного «зелёного пояса», в котором доминировали смешанные 
мезофитные леса (MMF), представлявшие уникальный, не имеющий со­
временных аналогов биом, для которого характерен сбалансированный со­
став широколиственных листопадных (44,3–77,6%) и вечнозелёных (14,9–
29,9%) таксонов. Этот биом простирался до высоких арктических широт 
(>75° с.ш.), что указывает на исключительно слабый меридиональный 
температурный градиент в раннем палеогене. Наблюдалась чёткая широт­
ная дифференциация: доля вечнозелёных элементов увеличивалась к югу, 
формируя экотон MMF / широколиственных вечнозелёных лесов (BLEF) 
и чистые BLEF к югу от ~50° с.ш. В центральных континентальных регио­
нах отмечено низкое содержание склерофитных компонентов, что позво­
ляет предполагать, что литологические данные об аридности отражают мо­
заику сезонно-сухих лесов и открытых участков, а не сплошную зональную 
пустыню. С раннего по поздний эоцен наметилась значительная тенден­
ция к экологической дифференциации и провинциализации, выраженная 
в появлении субгумидных склерофитных лесов и открытых редколесий, 
что коррелирует с похолоданием после раннеэоценового климатического 
оптимума и усилением сезонности. Выявлены систематические расхожде­
ния между реконструкциями на основе микро- и макрофлор, объясняемые 
тафономическими и экологическими фильтрами, что подчёркивает ком­
плементарный характер этих прокси.
Ключевые слова: Эоцен, палеорастительность, Азия, реконструкция биомов, ком­
плексный анализ растительного покрова, смешанный мезофитный лес, климатиче­
ский градиент, аридизация
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A homogeneous green belt: zonal 
vegetation of East Asia in the Eocene

Vegetation constitutes a fundamental component of  ter
restrial ecosystems, serving as a primary recorder and integ
rator of  prevailing environmental and climatic conditions. 
The modern vegetation of  Asia is characterized by excep
tional heterogeneity, a direct consequence of  the continent's 

vast latitudinal extent, extreme topographic contrasts, and 
complex climatic regimes – ranging from arctic tundra in 
the north to perhumid tropical rainforests in the southeast 
(Krestov 2006). East Asia, in particular, hosts the world's 
most extensive meridional forest gradient, spanning over 
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60° of  latitude along the western Pacific margin. This gra
dient encompasses a vast array of  biomes, from boreal tai
ga to subtropical broadleaved evergreen forests, shaped by 
a monsoonal climate system and a dynamic geological his
tory. Understanding the long-term evolution of  this comp
lex vegetation cover, especially during past periods of  
global warmings, provides critical insights into the response 
mechanisms of  terrestrial ecosystems to climate forcing, bio
diversity dynamics, and the resilience of  plant communities 
under changing boundary conditions (Utescher et al. 2017, 
Lunt et al. 2021). Such knowledge is indispensable for re
fining climate-vegetation models used to project future eco
system changes.

The early Paleogene, and specifically the Eocene epoch 
(~56 to 34 Ma), represents the most recent sustained phase 
of  global greenhouse conditions in Earth's history, following 
the thermal maximum of  the Paleocene–Eocene boundary 
and culminating in the descent towards the icehouse world 
of  the Oligocene (Zachos et al. 2008, Westerhold et al. 
2020). Characterized by elevated atmospheric CO2 concen­
trations and reduced latitudinal temperature gradients, this 
period saw frost-free conditions extending into high po
lar regions, which supported extensive forests where today 
only tundra exists (Willis & McElwain 2002). The globally 
warm and humid climate facilitated the expansion of  diverse 
thermophilic and mesophilic vegetation, including paratro
pical rainforests, subtropical broadleaved evergreen forests, 
and warm-temperate deciduous forests, with biomes occu
pying significantly higher palaeolatitudes than their modern 
analogues (Greenwood & Wing 1995, Collinson 2000). 
Concurrently, the Eocene witnessed a major phase of  an
giosperm diversification and ecological dominance, with the 
establishment and radiation of  numerous modern families 
and genera (Wing & Boucher 1998). Consequently, the 
Eocene greenhouse world offers a crucial deep-time analogue 
– "natural experiment" – for studying terrestrial ecosystem 
structure, composition, and biogeography under a climate 
state potentially analogous to future warming scenarios (Salz
mann et al. 2009, Pound et al. 2012, Burke et al. 2018).

Despite its recognized importance, a comprehensive and 
quantitative understanding of  Eocene vegetation patterns 
across the vast and topographically complex Asian palaeo
continent remains elusive. Early pioneering reconstructions, 
often based on qualitative comparisons of  selected taxa or 
limited regional datasets, proposed broad-scale models such 
as a simple latitudinal zonation with a vast interior arid belt 
(Wolfe 1985) or the existence of  a "boreotropical" flora with 
high-latitude tropical elements (Wolfe 1979). However, these 
models have been debated and refined as new data emer
ged, revealing a more complex picture with evidence for sig
nificant spatial heterogeneity and the potential influence of  
proto-monsoonal circulations (Collinson & Hooker 2003, 
Akhmetiev 2004). Recent advancements have employed 
quantitative methodologies like the Plant Functional Type 
(PFT) analysis and the Integrated Plant Record (IPR) vege
tation analysis, leading to more robust, data-driven regional 
reconstructions (e.g., Utescher & Mosbrugger 2007, Kovar-
Eder & Teodoridis 2018, Teodoridis et al. 2021, Li et al. 2022, 
Bondarenko & Utescher 2024b, 2025, Thompson et al. 2025). 

These studies highlight, for instance, the presence of  humid 
subtropical forests in Central Asia during the early Eocene, 
challenging the notion of  pervasive aridity (Zhang et al. 2012, 
Bosboom et al. 2014). Nonetheless, significant spatial and 
temporal gaps persist. Large regions, particularly in Eastern 
Siberia and the Russian Far East (RFE), remain underrepre
sented in continental-scale syntheses (Herman et al. 2017). 
This fragmented picture hinders the resolution of  key de
bates regarding the dominant climatic controls – whether a 
static zonal pattern prevailed or a more dynamic system with 
significant monsoon-driven precipitation heterogeneity exis
ted (Licht et al. 2014, Bondarenko 2025) – and limits our 
ability to fully assess biome sensitivity to Eocene climatic 
fluctuations.

This study aims to address this critical knowledge gap. We 
present the first comprehensive, quantitative, and spatially 
exhaustive reconstruction of  zonal vegetation for the entire 
Asian palaeocontinent throughout the successive stages of  
the Eocene epoch (early, middle, and late). Our analysis is ba
sed on a large, meticulously curated palaeobotanical dataset 
comprising 240 well-dated micro- and macrofloras from 
157 localities. By applying the standardized IPR vegetation 
analysis (Kovar-Eder et al. 2008, Teodoridis et al. 2021), a 
method designed to translate fossil plant assemblages into 
defined zonal vegetation types, we transcend purely floristic 
lists to infer ecosystem structure. The central research ques
tion guiding this work is: How did the composition, spatial 
distribution, and latitudinal boundaries of  major zonal ve
getation types across Asia change throughout the Eocene 
in response to evolving global climate, regional palaeogeo
graphic and tectonic conditions?

We hypothesize that Eocene vegetation exhibited a more 
homogeneous and latitudinally compressed zonal structure 
compared to the highly fragmented modern Asian vegetation, 
with thermophilic forest biomes extending to unusually high 
latitudes. Furthermore, we anticipate detectable biome shifts 
occurred across the epoch, manifesting as a general south
ward retreat of  warmth-loving vegetation and an expansion 
of  more temperate biomes in response to post-EECO global 
cooling and increasing continentality in Central Asia. By ge
nerating this continental-scale synthesis, this work seeks to 
provide definitive vegetation-based evidence to clarify Asia's 
Eocene climatic setting and establish a robust benchmark for 
understanding terrestrial ecosystem dynamics under prolon
ged greenhouse conditions.

M A T E R I A L  A N D  M E T H O D S
Study area and strat igraphic  framework

The palaeobotanical records analyzed herein originate 
from 157 localities across Asia (Fig. 1; Supplementary elec
tronic information 1). The Eocene deposits of  the study 
region are widespread and predominantly terrestrial.

In China, Eocene strata are widely distributed, with facies 
ranging from fluvial-lacustrine in the east to evaporitic red-
beds in the interior (Li 1984). While the age of  many floras 
was historically assigned broadly (e.g., epoch-level), recent 
interdisciplinary studies integrating magnetostratigraphy, ra
diometric dating, and biostratigraphy have significantly im
proved chronological constraints (e.g., Huang et al. 1998, 
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Figure 1 Geographical distribution of  flora study sites during the Eocene. The localities are listed in Supplementary electronic information 1

Wang et al. 1999, Miao et al. 2008, Shi et al. 2008, Pei et al. 
2009), enabling stage-level reconstructions (Quan et al. 2012).

The regions of  RFE and Eastern Siberia are characterized 
by extensive non-marine deposits. In the southern RFE, vol
canic-sedimentary successions with intercalated lignites fill 
basins affected by rifting and regional tectonics (Pavlyutkin 
& Petrenko 2010). Northern and eastern sections (e.g., Kam
chatka, Sakhalin, the Anadyr Basin, and coastal basins of  the 
Siberian Platform) contain isolated Cenozoic deposits over
lying folded Mesozoic basement.

The area of  Western Siberia (Tobol/Ob River Basins) 
was part of  the Turgai Strait, connecting Arctic and Para-Te
thyan seas during the Late Cretaceous–Paleogene (Vasilieva 
& Levina 2007). Paleogene deposits (~400 m thick) are 
widespread, with marine facies dominating the section; con
tinental facies are typically restricted to the uppermost part. 
Biostratigraphy relies heavily on dinoflagellate cysts due to 
the scarcity of  calcareous microfossils (Amon 2001, 2018).

Regional stratigraphic correlations (Supplementary elec
tronic information 2) follow established schemes: Quan et al. 
(2012) for China; Kezina (2005) and Pavlyutkin & Petrenko 
(2010) for the continental southern RFE; Gladenkov et al. 
(2002) for Sakhalin; Gladenkov et al. (2005) for Kamchatka; 
and Grinenko et al. (1997) for northern RFE and Siberia. Age 
control for the selected floras is based on multi-proxy data, 
including radiometric, palaeomagnetic, and biostratigraphic 
(palynological, macrofloral, faunal) evidence, tied to the 
International Chronostratigraphic Chart (Cohen et al. 2013, 
updated). This allows assignment of  flora-bearing horizons 
to the stage level, with higher resolution for some key sites 
(Supplementary electronic information 1 & 2).

Floral  record
We analyzed a total of  240 palaeofloras from Western/

Eastern Siberia, the RFE, Korea, Kazakhstan, China, India, 
and Japan, covering the early to late Eocene (~55.8–33.9 Ma). 

The dataset includes: 174 palynofloras (PF), 64 leaf  floras 
(LF), 1 carpoflora (CF) and 1 xyloflora (XF).

The floras were assigned to three time slices – early (Yp
resian), middle (Lutetian–Bartonian), and late (Priabonian) 
Eocene – based on compiled stratigraphic data (Supple
mentary electronic information 1). Fourteen sites (e.g., Al
chan, Bikin, Fushun) provide multiple floristic levels spanning 
the entire epoch, ensuring temporal consistency. Twenty-nine 
levels contain both micro- and macrofloral records.

For the early Eocene, a total of  83 floras (67 PF, 16 LF) is 
available, all within the range from 21.25 to 76.06°N and from 
61.71 to 145.60°E. For the middle Eocene, the compilation 
comprises 84 floras (57 PF, 25 LF, 1 CF and 1 XF) within the 
range from 19.38 to 75.53°N and from 58.00 to 168.66°E. 
The late Eocene record includes 73 floras (50 PF, 23 LF) 
covering the range from 20.60 to 71.70°N and from 57.00 
to 161.96°E.

All taxonomic identifications and assignments of  Nearest 
Living Relatives (NLRs) were critically re-evaluated. Complete 
flora lists, NLR assignments, and references are provided in 
Supplementary electronic information 2.

Assigning to IPR components
Vegetation reconstruction employed the IPR analysis, a 

semi-quantitative method designed to assess zonal vegeta
tion from fossil plant assemblages (Kovar-Eder & Kvaček 
2003, Teodoridis et al. 2021). The method involves assigning 
all taxa from an assemblage to one of  thirteen taxonomic-
physiognomic components based on their NLR ecology:

I. Zonal components:
1. CONIF: Conifers
2. BLD: Broadleaved deciduous angiosperms
3. BLE: Broadleaved evergreen angiosperms
4. SCL: Sclerophyllous angiosperms
5. LEG: Legume-like taxa (often merged with SCL)
6. ZONPALM: Zonal palms
7. ARBFERN: Arborescent ferns
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8. D-HERB: Dry herbaceous (e.g., xeric grasses)
9. M-HERB: Mesophytic herbaceous

II. Azonal components:
10. AZW: Azonal woody (riparian, swamp)
11. AZNW: Azonal non-woody
12. AQUA: Aquatic plants
13. PROBLEMATIC: Taxa with uncertain affinity

Taxon allocation to components is detailed in Supple
mentary electronic information 2. For analysis, the relative 
proportion of  each component within an assemblage is cal
culated. A minimum of  ten zonal taxa per flora is recom
mended for reliable application (Kovar-Eder et al. 2008). 
Later, Kovar-Eder & Teodoridis (2018) raised the former 
threshold to 15 zonal taxa to apply the IPR-vegetation 
analysis.

Data process ing and vegetat ion 
c lass i f icat ion (plant  biomes)

A cluster analysis (single linkage, squared Euclidean dis
tance) was performed on the matrix of  zonal component 
proportions to group floristically similar sites, using the 
PAST 4.03 software package (Hammer et al. 2001). Tradi
tionally, cluster analysis is not used when applying the me
thod. However, we think it helps to further decipher larger 
groups of  sites allocated by the IPR threshold procedure, 
e.g. the large MMF group.

To classify zonal vegetation, we calculated the key compo
nent proportions (Supplementary electronic information 3):

1) proportions of  woody deciduous angiosperm group, 
e.g., BLDprop = BLD / (BLD+BLE+SCL+LEG+ZO
NPALM+ARBFERN);
2) proportions of  woody evergreen angiosperm group, 
e.g., BLEprop = BLD / (BLD+BLE+SCL+LEG+ZO
NPALM+ARBFERN);
3) proportions of  woody SCL+LEG group, e.g., SCL+ 
LEGprop = (SCL+LEG) / (BLD+BLE+SCL+LEG+
ZONPALM+ARBFERN);
4) proportion of  zonal herbs, e.g., ZONALHERBprop 
= (D-HERB+M-HERB) / (CONIF+BLD+BLE+S
CL+LEG+ZONPALM+ARBFERN+D-HERB+M-
HERB);
5) additionally, calculated the proportion of  conifers 
following Bondarenko et al. (2024a), e.g., CONIFprop 
= CONIF / (CONIF+BLD+BLE+SCL+LEG+ZON
PALM+ARBFERN).
Based on established thresholds (Kovar-Eder et al. 

2008, Teodoridis et al. 2011), assemblages were classified 
into six zonal vegetation types:

1. Broadleaved Deciduous Forest (BLDF)
2. Mixed Mesophytic Forest (MMF)
3. Broadleaved Evergreen Forest (BLEF)
4. Subhumid Sclerophyllous Forest (ShSF)
5. Xeric Open Woodland (OWl)
6. Xeric Grasslands or Steppe (Gl/St)

and three their ecotones BLDF/MMF, BLEF/MMF, 
MMF/ShSF.

Visual izat ion
The geographical distribution of  the 157 studied 

Eocene flora sites across the Asian palaeocontinent is vi

sualized on a base map (Fig. 1). Temporal dynamics in the 
proportion of  conifers (Fig. 2), broadleaved deciduous 
(Fig. 3), and evergreen (Fig. 4) taxa relative to other plant 
groups across the Eocene time slices are presented as 
composite bar charts. Similarly, the temporal dynamics 
of  woody versus herbaceous plant groups are shown in 
a composite bar chart (Fig. 5). To assess compositional 
similarity, a cluster analysis (dendrogram) was performed 
on all studied Eocene floras, grouping them into distinct 
units (Fig. 6). The distribution of  these units is mapped to 
identify regional patterns and their evolution throughout 
the Eocene (Fig. 7). Finally, the spatial distribution of  the 
reconstructed IPR-derived major plant biomes for the three 
Eocene time slices is visualized on base maps (Fig. 8). All 
maps were prepared using ArcMAP 10.4.

R E S U L T S

Appl icabi l i ty  and rel iabi l i ty  of  the  
IPR analys is

A total of  240 floras were analyzed subjected to the 
IPR vegetation analysis. From these, 29 localities combined 
micro- and macrofloral data, yielding 211 discrete floral 
assemblages assigned to zonal vegetation types. The number 
of  fossil taxa per site ranged from 6 to 171, reflecting high 
variability in preservation and sampling effort.

Applying a reliability threshold of  ≥10 zonal taxa per 
flora, the majority of  floras provided robust data. Only 12 
floras (5.0 %) across the entire Eocene (3 early, 4 middle, 
5 late Eocene) fell below this threshold. A more stringent 
threshold of  ≥15 zonal taxa excluded 34 floras, indicating 
that a subset of  assemblages had limited taxonomic repre
sentation. For the remaining floras meeting the ≥10 taxa 
criterion, the mean number of  zonal taxa was 34.46 (std. 
dev. 16.57), confirming the overall robustness of  the dataset 
for vegetation reconstruction.

Variabi l i ty  of  zonal  components
The proportional representation of  IPR zonal com

ponents exhibited high spatial and temporal heterogeneity 
(Fig. 2–5). BLD showed the greatest range (0–80.5 %) and 
were the dominant group across most floras. BLE ranged 
from 0 to 29.1 %, with higher values concentrated in low-
latitude sites. CONIF were represented by 0 to 23.5  % 
and showed a clear latitudinal increase. SCL+LEG were 
consistently rare (<5 %) except in a few late Eocene sites. 
ZONPALM (0.5–9.5 taxa) and ARBFERN (1–4 taxa) were 
present in 72 and 61 floras, respectively, primarily in early 
Eocene low-latitude records. Herbaceous components 
(D-HERB, M-HERB) reached up to 24.8% in certain late 
Eocene floras, signaling the expansion of  open habitats. 
Thus, the dominant plant groups are: CONIF, BLD and 
BLE. Conifers are significant, especially in certain floras 
and clusters. Broadleaved deciduous and evergreen taxa do
minate many floras. Herbs, palms, and ferns are present but 
generally subordinate to woody plants.

Cluster  analys is  of  f loras
Cluster analysis performed on the matrix of  six main 

zonal component proportions revealed a coherent structure 
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Figure 2 Dynamics of  the proportion of  conifers (CONIF) and other plant groups in the Eocene floras
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Figure 3 Dynamics of  the proportion of  broadleaved deciduous (BLD) and other plant groups in the Eocene floras
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Figure 4 Dynamics of  the proportion of  broadleaved evergreens (BLE) and other plant groups in the Eocene floras
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Figure 5 Dynamics of  the proportion of  woody vs. herbaceous plant groups in the Eocene floras
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Figure 6 Cluster analysis of  Eocene floras
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within the dataset (Fig. 6). Seven distinct groups (Vegetation 
units 1–7) were identified, which can be broadly categorized 
into three major clusters (I–III):
Cluster I (Unit 1): characterized by the unequivocal do
minance of  BLE taxa (mean 48.2  %), corresponding to 
tropical/subtropical BLEFs. This group includes primarily 
low-latitude floras and exhibits the lowest proportion of  
conifers (2.9 %).
Cluster II (Units 2–6): dominated by BLD taxa, repre
senting the ecological spectrum of  MMFs and, to a lesser 
extent, BLDFs. These groups are differentiated by their se
condary components:

Units 2 & 3: characterized by a significant admixture of  
BLE taxa (25.2 % and 17.2 %, respectively), represen
ting the core MMF biome with a stronger evergreen in
fluence, typical for mid-latitudes.
Unit 4: distinguished by an exceptionally high proportion 
of  BLD (56.1 %) coupled with very low BLE (5.4 %), 
likely reflecting the most deciduous-rich variant of  
MMF or transitional BLDF/MMF communities, often 
found at higher latitudes or in continental interiors.
Unit 5: marked by a notable increase in herbaceous 
components (22.6  %), indicating more open forest 
structures (e.g., woodland) within the MMF framework.
Unit 6: defined by the highest conifer proportion 
(28.5 %) among Cluster II, representing MMF with a 
significant coniferous understory or admixture, preva
lent in northern and northeastern regions.

Cluster III (Unit 7): defined by the absolute dominance of  
CONIF (63.6  %), reflecting warm-temperate coniferous-
dominated forests. This small group is geographically 
restricted to a few high-latitude sites.

The spatial distribution of  these seven vegetation units 
across the three Eocene time slices is mapped in Fig.  7. 
This visualization clarifies the regional preferences and 
temporal evolution of  the floristic subtypes identified by 
the cluster analysis, which effectively subdivides the broad 
IPR-based MMF category. For instance, the early Eocene 
map (Fig. 7A) shows the wide latitudinal spread of  Units 
2–6 (MMF spectrum), with the more evergreen-rich Units 
2 and 3 prevalent in the south, and the conifer-influenced 
Unit 6 appearing in the north. By the late Eocene (Fig. 7C), 
a southward contraction of  the MMF belt is accompanied 
by a more pronounced spatial segregation of  its subtypes, 
including the expansion of  the more deciduous-rich (Unit 4) 
and open-canopy (Unit 5) variants in continental interiors.

Zonal  vegetat ion types and their  spat ia l 
and temporal  d istr ibut ion

Based on established IPR thresholds, six principal zo
nal vegetation types and two transitional ecotones were 
identified for the Eocene of  East Asia (Table 1). Their 
spatio-temporal evolution is visualized in Fig. 8. In the 

early Eocene (Fig. 8A), all vegetation types were present, 
except ShSF. The period was dominated by MMF (38 flo
ras) and the MMF/BLEF ecotone (14 floras), indicating 
warm, humid conditions with high plant diversity. The ve
getation was overwhelmingly dominated by MMF, which 
constituted a latitudinally extensive "green belt" from the 
Arctic (>75°N) to mid-latitudes. This biome was cha
racterized by a balanced mix of  broadleaved deciduous 
(mean ~56.1 %) and evergreen (mean ~20.2 %) taxa (see 
Figs 3, 4). The MMF/BLEF ecotone and pure BLEF were 
confined to areas south of  ~50°N. BLDF were rare. In the 
middle Eocene (Fig. 8B), the spectrum of  vegetation types 
simplified, with only BLDF, MMF, BLEF and their eco
tones present. MMF remained dominant (39 floras), but a 
noticeable southward retreat of  the MMF/BLEF ecotone is 
observed compared to the early Eocene. The proportion of  
evergreen elements within MMF decreased (Fig. 4), while 
deciduous components slightly increased (Fig. 3), indicating 
the onset of  post-EECO cooling. In the late Eocene 
(Fig. 8C), MMF (34 floras) persisted as the dominant forest 
type but with a further increased proportion of  deciduous 
taxa (Fig. 3). This epoch marks the first appearance of  ShSF 
and a more pronounced presence of  OWl and Gl/St, parti
cularly in continental interiors.

Synthesis  of  key spat ia l  and temporal 
trends

The integrated analysis reveals two primary trends:
1. Latitudinal gradient. Throughout the Eocene, a con

sistent latitudinal gradient existed: evergreen dominance 
(BLEF) in the south, a mixed deciduous-evergreen belt 
(MMF and its ecotones) in the mid-latitudes, and increasing 
conifer representation (within MMF/BLDF) towards the 
north. This gradient was remarkably compressed in the 
early Eocene, with MMF reaching the Arctic.

2. Temporal Evolution. A clear trend of  ecological dif
ferentiation and provincialization is observed from the early 
to late Eocene. The homogeneous, evergreen-rich MMF 
"green belt" of  the early Eocene (Figs 2–5, 8A) gradually 
gave way to a more heterogeneous landscape. By the late 
Eocene, forests became more deciduous-dominated, and 
novel, more open biomes (ShSF, OWl, Gl/St) emerged 
in response to global cooling and increased continentality 
(Figs 2–5, 8C).

D I S C U S S I O N
Comparat ive analys is  of  micro-  and 
macrof loras

Our analysis confirms systematic discrepancies between 
vegetation reconstructions based on palynological and mac

Table 1. Trend changes of  zonal vegetation components.

Vegetation component
Eocene

Trend
Early Middle Late

BLE High proportion Declining Low proportion ↓ Strong decline
BLD Moderate proportion Increasing High proportion ↑ Growth
CONIF Moderate proportion Stable Increasing (in high latitudes) ↑ Moderate growth
M-HERB & D-HERB Low proportion Emerging Increasing ↑ Significant growth
ZONPALM & ARBFERN High proportion (in tropics) Declining Low proportion (only in tropics) ↓ Decline
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rofloral data, extending patterns noted in regional studies 
(Bondarenko et al. 2019, Utescher et al. 2021, Bondarenko & 
Utescher 2025). These differences stem from fundamental 
taphonomic and ecological filters, not methodological 
artefacts of  the IPR technique.

Palynofloras provide an integrated signal of  regional 
zonal vegetation due to extensive pollen dispersal and high 
preservation potential across facies (mean 30.13 zonal taxa 
per site). In contrast, macroremains (leaves, fruits) predo
minantly record local, often azonal vegetation (e.g., riparian 

Figure 7 Spatial distribution of  the seven floristic groups (Vegetation units 1–7) identified by cluster analysis (see Fig. 6) for the late (A), 
middle (B), and early (C) Eocene
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corridors), underrepresenting regional zonal elements (Ko
var-Eder & Kvaček 2007). This dichotomy is exemplified 
at the Erkovtsy locality, where microfloral data indicate a 
MMF, while the associated macroflora suggests a Gl/St, like
ly reflecting a local open habitat within a forested landscape.

Furthermore, macrofloras exhibit a taxonomic bias, ten
ding to overrepresent BLD components while underesti

mating BLE taxa. This is likely not a simple taphonomic 
artifact related to leaf  robustness, as evergreen leaves are 
often more coriaceous and could be expected to withstand 
fluvial transport well. Instead, the bias may reflect genuine 
ecological differences: BLD taxa were likely more frequent 
in the azonal, riparian vegetation itself  (e.g., as fast-growing 
pioneer plants), which is preferentially captured in macro

Figure 8 Spatial distribution of  vegetation types reconstructed for the late (A), middle (B), and early (C) Eocene
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fossil assemblages. Crucially, this apparent "cooling" signal 
in vegetation structure is not mirrored in quantitative pa
laeoclimate data from the same floras (Bondarenko & Ute
scher 2025), highlighting that macrofloras record local com
munity structure under specific edaphic conditions, which 
can diverge from the regional zonal biome even under iden
tical warm climates.

Therefore, microfloras are superior proxies for recon
structing regional zonal (background) vegetation, while mac
rofloras excel at capturing its local, often edaphically con
trolled, variants. This study quantitatively demonstrates the 
systematic nature of  this micro-/macrofloral discrepancy 
on a continental scale. The analysis of  29 localities with 
co-occurring micro- and macroremains underscores the 
integrative value of  combined data. Future research should 
prioritize sections with concurrent preservation of  both 
proxies to minimize taphonomic bias and calibrate more 
robust vegetation models (Kovar-Eder & Teodoridis 2018).

Dynamics  of  vegetat ion components  and 
their  palaeocl imatic  s ignif icance

The proportional representation of  IPR zonal com
ponents exhibits a consistent latitudinal heterogeneity 
throughout the Eocene (Figs 2–5). BLD taxa show the 
greatest range (0–80.5 %) and dominate most floras, par
ticularly at mid-to-high latitudes. BLE components range 
from 0 to 29.1 %, with their proportion increasing signifi
cantly southward, forming a distinct latitudinal cline (Fig. 4). 
CONIF range from 0 to 23.5 %, showing a pronounced 
increase towards the Arctic, indicating cooler conditions 
(Fig.  2). SCL+LEG components are consistently rare 
(<5 %), except in a few late Eocene sites. ZONPALM and 
ARBFERN are primarily present in early Eocene low-lati
tude records (Fig. 5), highlighting peak warmth. This spatial 
pattern serves as a direct vegetation proxy for the palaeo
temperature gradient, with the southward increase in BLE 
correlating with higher mean annual and winter tempera
tures (Bondarenko & Utescher 2022, Li et al. 2022).

A clear temporal trend marks the transition from the 
early to late Eocene, reflecting global climatic evolution 
(Table 1). The early Eocene, characterized by the EECO, 
exhibits the highest proportions of  thermophilic elements 
(high BLE, common ZONPALM/ARBFERN in the 
south). The middle Eocene marks the onset of  post-EECO 
cooling, with a noticeable decline in BLE proportions 
(Fig. 4) and a slight increase in BLD components (Fig. 3), 
signalling a shift towards greater deciduousness. The late 
Eocene saw significant ecological differentiation: a further 
increase in BLD (Fig. 3), expansion of  herbaceous compo
nents (D-HERB & M-HERB) (Fig. 5, Table 1), and a more 
pronounced presence of  non-forest biomes. This trend 
correlates with increased climatic seasonality and the onset 
of  regional aridification linked to global cooling (Zachos et 
al. 2008, Bosboom et al. 2014).

Based on the proportions of  zonal components, a 
dense forest cover existed at most Eocene sites. Trees con
stituted the dominant life form (Fig. 5), averaging over 
80 % of  zonal components, with high diversities (70–80 %) 
even at high latitudes (55–75°N), consistent with previous 

reconstructions. Multiple studies have indicated the preva
lence of  forest vegetation (Grinenko et al. 1989, Fradkina 
1995, Kodrul 1999, Suan et al. 2017, Bondarenko et al. 2019, 
2022, 2024a, Li et al. 2022 [for eastern and southeastern sites 
only], Xie et al. 2022, Bondarenko & Utescher 2023, 2024b, 
2025, etc.). Herbaceous life forms were predominantly 
represented by hygrophilous pteridophytes (M-HERB), 
while angiosperm herbs were rare, aligning with data for 
Paleogene records (Utescher & Mosbrugger 2007, Bonda
renko & Utescher 2024b) and coinciding with reconstruc
ted high humidity throughout the Eocene of  East Asia 
(Bondarenko & Utescher 2023, Bondarenko 2025)

The dominant  Mixed Mesophytic  Forest 
(MMF) biome and forest  openness

The most salient feature of  Eocene vegetation in Asia 
is the ubiquity of  the MMF biome, identified in 111 of  the 
211 analyzed floras (Table 2). This unique paleo-biome, la
cking a precise modern analogue, was characterized by a re
markably balanced and diverse mix of  BLD (44.3–77.6 %) 
and BLE (14.9–29.9 %) angiosperm taxa, often with a coni
fer understory or admixture. Its latitudinal range, extending 
unbroken to high Arctic latitudes (>75°N) (Table 3), serves 
as a robust biogeographic proxy for an extremely weak me
ridional temperature gradient and persistently ice-free poles 
during the EECO and subsequent greenhouse conditions 
(Zachos et al. 2001, Westerhold et al. 2020).

Our quantitative data refine earlier conceptual models. 
They corroborate the hypothesis of  weakly differentiated, re
latively uniform mesophytic vegetation across high northern 
latitudes (Akhmetiev 2004, Aleksandrova et al. 2015) and 
align with recent high-resolution Arctic reconstructions 
based on megafloral analysis, which describe species-rich, 
broadleaved deciduous–evergreen communities (Golov
neva et al. 2023). Crucially, the significant proportion of  
BLD taxa within Arctic MMF assemblages contradicts clas
sical models that proposed paratropical or subtropical rain
forests (e.g., the "Megathermal" biome of  Wolfe 1985) at 
these latitudes. Instead, it indicates the presence of  a dis
tinct, albeit warm, seasonality – likely photoperiodically for
ced – that favoured deciduousness as an adaptive strategy to 
a light-limited winter dark season (Spicer et al. 2019). This 
observation supports the concept of  BLDF for high lati
tudes proposed by Collinson & Hooker (2003). However, 

Table 2. Identified zonal vegetation types for the Eocene 
of  East Asia, their key characteristics, and frequency.

Vegetation 
type Key characteristics Number 

of  floras

MMF CONIF: 0–46.4%, BLD: 44.3–77.6%, 
BLE: 14.9–29.9% 111

BLEF BLE > 40% 24
BLDF CONIF: 9.9–42.9%, BLD: 80.6–100% 11
OWl High herb proportion (31.1–33.7%) 4
ShSF High SCL+LEG (22.2–26.6%) 2
St/Gl Dominant herbs (55.1–56.3%) 2

MMF/BLEF Intermediate between MMF and 
BLEF 45

BLDF/MMF Intermediate between BLDF and 
MMF 12
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our analysis necessitates a crucial amendment: the con
sistent and substantial evergreen admixture justifies classi
fying these high-latitude ecosystems as a subtype of  MMF. 
This classification highlights their inherently transitional, 
"mixed" nature, representing a stable biome under Paleo
gene greenhouse conditions rather than a simple latitudinal 
extension of  modern boreal or nemoral forests.

Superimposed on this overarching MMF dominance, 
a clear latitudinal gradient in floristic composition existed, 
which is quantitatively resolved by the cluster analysis 
(Table 4, Figs  6, 7). The southward monotonic increase 
in the BLE component is reflected in the transition from 
conifer-influenced (Unit 6) and deciduous-rich (Unit 4) 
MMF subtypes at higher latitudes, through the core MMF 
groups with balanced evergreen admixture (Units 3 and 2), 
culminating in a well-defined MMF/BLEF ecotone and 
pure BLEF (Unit 1) south of  approximately 50°N (Fig. 7). 
This structured gradient, revealed by the clustering, directly 
correlates with increasing mean annual temperature (MAT) 
and cold month mean temperature (CMMT) (Bondarenko 
& Utescher 2022, Bondarenko et al. 2024b). This pattern is 
in strong agreement with quantitative PFT (Li et al. 2022) 
and Climate-Leaf  Analysis Multivariate Program (CLAMP) 
analyses (Spicer et al. 2021) from the Eocene of  China, 
which reconstruct a steepening temperature gradient from 
the EECO into the middle Eocene.

A critical finding of  our study concerns forest openness 
and aridity. Truly open, non-forest vegetation types – such as 
OWl and Gl/St – were extremely rare throughout most of  
the Eocene, appearing sporadically and with low taxonomic 
diversity only in the early and late Eocene. Similarly, ShSF 
were limited to just two late Eocene floras (Table 2).

This pattern critically addresses the long-standing debate 
on Eocene Asian aridity. The very low representation of  
SCL and LEG components in our continent-wide synthesis 
contradicts models proposing a simple, continuous zonal 
arid belt stretching across interior Asia (e.g., Zhang et al. 

2012). Our data reveal a more nuanced picture. While evi
dence for localized, seasonal aridity exists, it does not equate 
to continent-wide desertification during the early to middle 
Eocene. For instance, palynological studies from the Hen
gyang Basin in southern China (Hunan Province) report 
a high abundance of  xerophytic shrubs (e.g., Nitrariadites, 
Ephedripites) and a notable scarcity of  humid forest pollen 
during the early Eocene, interpreted as evidence for a desert 
environment (Xie et al. 2020). However, this site represents 
a specific, likely basin-controlled, paleoenvironment. Its sig
nal is not representative of  the broader latitudinal belt, as 
demonstrated by our synthesis and by other records from 
similar latitudes in China that show fully forested conditions 
(e.g., Li et al. 2022).

This apparent contradiction highlights the importance 
of  a mosaic landscape model (Bosboom et al. 2014, Sun et 
al. 2022). In this model, lithological evidence for episodic 
aridity (e.g., evaporites, red beds) and isolated palynological 
records of  xerophytic dominance reflect localized moisture 
deficits within otherwise forested continents. These could 
occur in rain shadows of  nascent uplands, in interior basins 
with restricted atmospheric moisture recycling, or in areas 
with specific edaphic conditions. The transient development 
of  a south subtropical forest ecosystem in central China du
ring the peak of  the Paleocene–Eocene Thermal Maximum 
(PETM), as evidenced by a brief  spike in humid-tolerant 
pollen (Xie et al. 2022), further underscores the dynamic 
and patchy nature of  Eocene landscapes, where vegetation 
responded rapidly to short-term hyperthermal events wi
thin a generally warm and humid background state.

Our continent-scale reconstruction, showing the over
whelming dominance of  forest biomes, aligns with the most 
recent global syntheses. A new global vegetation model-
data comparison for the early Eocene confirms that forest 
cover was extensive worldwide, with arid and open biomes 
occupying less than 10 % of  the land surface and being lar
gely confined to localized continental interiors and lee sides 
of  major topographic features (Thompson et al. 2025). 
Therefore, the Eocene landscape of  Asia is best understood 
not as an arid belt, but as a forested continent punctuated 
by scattered, seasonally dry basins or xeric patches, with sig
nificant, widespread aridification being a hallmark of  the 
late Eocene to Oligocene transition (Barbolini et al. 2020, 
Carrapa et al. 2022).

Table 3. Geographic zonation in the late Eocene (based 
on Figs 2–5).

Latitudinal  
zone

Dominant zonal 
vegetation 
component

Additional zonal 
vegetation component

High (>50°N) CONIF + BLD ZONHERB

Mid (30–50°N) BLD CONIF, ZONHERB

Low (<30°N) BLE ZONPALM, ARBREFN 
(limited)

Table 4. Spatiotemporal trends of  vegetation changes (based on Figs. 2–5, 8).

Region
Eocene

Trend
Early Middle Late

High latitudes (45–60°N) MMF, BLDF BLDF, MMF BLDF, conifers Strengthening the role of  deciduous and 
coniferous trees

Mid-latitudes (30–45°N) MMF, MMF/BLEF MMF, BLDF/MMF MMF, OWl, St/Gl Cooling, increased seasonality, 
aridization

Low latitudes (20–30°N) BLEF, palms & tree 
ferns BLEF, MMF/BLEF BLEF, ShSF Stable warmth, but increasing aridity

Highlands/inland areas MMF, OWl MMF OWL, St/Gl, ShSF Formation of  arid and mountain biomes
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Reconstructed vegetat ion patterns: 
b iome dynamics  and spat ia l  evolut ion

The reconstructed latitudinal vegetation zonation serves 
as a powerful, direct terrestrial proxy for the meridional 
temperature gradient during the Eocene. The unpreceden
ted poleward extension of  the MMF biome into the high 
Arctic (>75°N) provides robust biogeographic evidence for 
an extremely weak temperature gradient. This is a critical 
terrestrial validation of  the "equable" greenhouse climate, 
where polar amplification of  warmth resulted in high-lati
tude winters that were largely frost-free (Jahren & Sternberg 
2008). Our data are quantitatively consistent with marine 
proxy records (e.g., TEX86, δ18O) that indicate polar sea 
surface temperatures (SSTs) exceeding 15–20°C during the 
EECO (Zachos et al. 2001, Sluijs et al. 2006). Furthermore, 
this vegetation pattern aligns with the predictions of  state-
of-the-art paleoclimate models (e.g., Farnsworth et al. 
2019, Lunt et al. 2021), which simulate a reduced equator-
to-pole temperature gradient of  roughly half  its modern 
value under high pCO2 conditions. The presence of  a 
significant evergreen component within these high-latitude 
forests imposes a critical constraint, indicating that CMMT 
likely remained above 5°C, preventing large-scale winter 
defoliation (Spicer et al. 2021).

The temporal evolution of  Asian biomes from the ear
ly to late Eocene provides direct ecological evidence for 
the continent's response to major, stepwise global climatic 
shifts. The early Eocene vegetation homogeneity, characte
rized by the expansive MMF/BLEF "green belt," mirrors 
the peak warmth and low temperature seasonality of  the 
EECO (ca. 53–49 Ma) (Westerhold et al. 2020). The sub
sequent transition towards more deciduous-dominated fo
rests in the middle Eocene is a direct ecological fingerprint 
of  post-EECO cooling. This is particularly evident in the 
southward retreat of  the MMF/BLEF ecotone and the re
duced proportion of  BLE taxa within MMF, which corre
late with a global drop in bottom-water temperatures and 
high-latitude cooling of  ~4–6°C (Zachos et al. 2008, Bijl 
et al. 2013). Our vegetation data thus capture the terrestrial 
biome's sensitivity to even moderate global temperature 
change, with deciduousness serving as a key adaptive res
ponse to increased climatic seasonality and/or cooler win
ter temperatures.

The late Eocene marks a pivotal climatic-vegetational 
transition. The first consistent appearance sclerophyllous 
(ShSF) and a more pronounced presence of  open (OWl, Gl/
St) vegetation types, particularly in the continental interiors 
of  Central Asia, is not a random event but a signature of  
profound atmospheric and tectonic reorganization. This 
diversification correlates strongly with two interconnected 
processes: 1) the global shift towards an "icehouse" climate 
following the Middle Eocene Climatic Optimum (MECO) 
and the growth of  Antarctic ice sheets (Bohaty et al. 2009), 
and 2) the regional inception and intensification of  the 
Asian monsoon-arid system.

Our vegetation mosaic model offers a concrete, tes
table ecological scenario for this critical transitional period 
(~41–34 Ma). The development of  ShSF and open patches 
within a still-dominant forest matrix reflects the onset of  

increased precipitation seasonality – a hallmark of  mon
soon circulation – coupled with overall aridification. This 
aligns with isotopic (δ18O, δ13C) and sedimentological evi
dence from basins across Asia (e.g., Xining, Junggar, Ta
rim) that indicate a major shift towards drier conditions and 
enhanced seasonality around the Eocene–Oligocene tran
sition (Bosboom et al. 2014, Yuan et al. 2020, Sun et al. 
2022). The retreat of  the Paratethys Sea from Central Asia 
during this period was likely a key driver, reducing a major 
moisture source and increasing continentality (Ramstein et 
al. 1997, Zhang et al. 2007). Concurrently, the initial topo
graphic growth of  the Tibetan Plateau and the Himalayan 
orogen began to dynamically alter atmospheric circulation, 
potentially enhancing rain-shadow effects in the interior 
and strengthening seasonal wind patterns (Guo et al. 2002, 
Licht et al. 2014).

Therefore, the late Eocene vegetation shift documented 
here – from homogeneous, humidity-loving forests to a dif
ferentiated mosaic including seasonally dry and open biomes 
– represents the direct terrestrial ecological manifestation 
of  the coupled global cooling and regional tectonic forces 
that ultimately established the modern pattern of  Asian 
climate and biomes. It underscores that the stage for the 
continent's iconic arid interior was set not in the Miocene, 
but during the climatic upheavals of  the late Eocene.

C O N C L U S I O N S
Application of  the Integrated Plant Record (IPR) analysis 

to 240 Eocene floras from across Asia has enabled a robust 
reconstruction of  zonal vegetation dynamics throughout 
the epoch, providing a comprehensive continental-scale syn
thesis.

The defining feature of  the Eocene Asian landscape was 
the latitudinally extensive dominance of  Mixed Mesophytic 
Forests (MMF). This unique biome, characterized by a 
balanced mix of  broadleaved deciduous and evergreen taxa, 
has no direct modern analogue. Its extension into the high 
Arctic (>75°N) serves as a key biogeographic indicator of  
an extremely weak meridional temperature gradient during 
the early Paleogene greenhouse climate.

A clear latitudinal vegetation gradient persisted through
out the Eocene, driven primarily by temperature. The pro
portion of  broadleaved evergreen (BLE) components in
creased systematically southward, forming a distinct MMF/
Broadleaved Evergreen Forest (BLEF) ecotone, with pure 
BLEF confined to areas south of  approximately 50°N.

The evidence for aridity in central continental Asia, pri
marily derived from lithological proxies, is reconciled with 
the forest-dominated palynological record through a mosaic 
landscape model. We conclude that the environment was 
not characterized by a continuous zonal desert but rather 
comprised a mosaic of  seasonally dry forests interspersed 
with localized open, xerophytic patches – an interpretation 
supported by regional high-resolution studies.

A significant temporal trend of  increasing ecological dif
ferentiation and provincialization is identified from the early 
to the late Eocene. The homogeneous, warm, and humid 
conditions of  the early Eocene, marked by the dominance 
of  MMF, gradually gave way to a more heterogeneous land
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scape. The late Eocene marks the continent-wide onset of  
aridification, evidenced by the first appearance of  Subhumid 
Sclerophyllous Forests (ShSF) and a more pronounced pre
sence of  open vegetation types (OWl, Gl/St), correlating 
with post-Early Eocene Climatic Optimum (EECO) cooling 
and increased seasonality.

Systematic discrepancies between vegetation reconstruc
tions based on micro- (palynological) and macrofloral (leaf, 
fruit) data are documented and attributed to fundamental 
taphonomic and ecological filters. This underscores the 
necessity of  interpreting these records as complementary: 
palynological data best reflect the regional zonal vegetation, 
while macrofloras primarily capture local, often edaphically 
controlled habitat conditions.

This continental-scale synthesis quantitatively validates 
and refines existing regional models. It confirms the early 
Paleogene "green belt" of  MMF along the Pacific margin of  
Eurasia and pinpoints the late Eocene as the critical starting 
point for the biome differentiation that ultimately led to 
Asia's modern, highly contrasting vegetation pattern
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