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ARTICLE INFO ABSTRACT

Editor: Dr. Sun Jimin Studying modern pollen rain in Middle Asia is crucial for understanding past climate and vegetation changes.
This study presents the first dataset of pollen surface samples and vegetation plots from Tajikistan and Uzbe-

Keywords: kistan, known as the Tajikistan and Uzbekistan Surface Data Base (TUSDB), to enhance our understanding of past

Pollen calibration climate and vegetation changes in Arid Central Asia (ACA). Multivariate analysis methods, including TWINSPAN

Vegetation plot

o . and CONISS, are used to review the primary vegetation types in Central Asia and assess pollen distribution across
Tajikistan-Uzbekistan

Arid Central Asia these types. Linear relationships, Davis indices, and R-values are applied to evaluate vegetation representa-
Plant functional traits tiveness based on pollen abundances. Redundancy Analysis is used to compare pollen and climate parameters,
Climate reconstruction and the reliability of TUSDB for local climate reconstructions is tested using transfer functions and machine
Pollen representativeness learning approaches.

The TWINSPAN analysis identifies vegetation types consistent with the Uzbek classification, such as desert,
steppe, and cryophilous open woodlands. Nine vegetation subtypes are revealed by the pollen samples, with key
contributions from trees like Juniperus spp. and Juglans regia, and non-arboreal plants like Cyperaceae and
Poaceae. The study also highlights biases in pollen representation, with some tree taxa overrepresented and
certain vegetation-important taxa underrepresented, which can be corrected using pollen R-values.

Abbreviations: ACA, Arid Central Asia; ACADB, Arid Central Asian Database; COSTDB, Cold Steppe Data Base; EAPDB, European Asian Pollen Data Base; SLA,
Specific Leaf Area; SSD, Stem Specific Density; TU, Tajikistan-Uzbekistan; TUSDB, Tajikistan-Uzbekistan Surface Data Base.; AP, Arboreal Pollen; NAP, Non-Arboreal
Pollen; shp, Shrub pollen.; AT, Aridity Index; MAAT, Mean Annual Air Temperature; MAP, Mean Annual Precipitation; MPCOQ, Mean Precipitation of Coldest Quarter;
MPWAQ, Mean Precipitation of Warm Quarter; MTCOQ, Mean Temperature of the Coldest Quarter; MTWAQ, Mean Temperature of the Warmest Quarter; SH, Siberian
Highs.; BRT, Boosted Regression Trees; CA, Correspondence Analysis; CONISS, Constrained hierarchical cluster analysis; CwM, Community-Weighted Mean; FA,
Fractional Abundance; MAT, Modern Analogue Technique; NDVI, Normalized Difference Vegetation Index; PCA, Principal Component Analysis; PFT, Plant Functional
Type; PolSais, Pollen-Saisie software; PROTEST, PERmutation TEST; RDA, Redundancy Analysis; RF, Random Forest; RMSE, Root Mean Squared Error; RPP,
Relative Pollen Productivity; ScC, Surface cover; TWINSPAN, Two-way Indicator Species Analysis; WAPLS, Weighted Averaging Partial Least Squares.; CLDE, Cold
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Finally, functional trait aggregation for past pollen sequences shows similarities between modern pollen and
vegetation plots. Climate reconstructions validated through transfer functions highlight the complementary role
of local and global calibration datasets. These findings confirm the reliability of pollen signals for inferring
Holocene climate and vegetation trends, enabling future Uzbek pollen-based reconstructions.

1. Introduction

Arid Central Asia (ACA, covering both Central and Middle Asia;
Cowan, 2007) is a region of strong interactions between human societies
and their environment over the last millennia (Frachetti, 2008). Espe-
cially looking backward, in Tajikistan and Uzbekistan (TU), the question
of the rise and collapse of the Oxus valley civilization during the Bronze
Age (Luneau, 2019), the socio-economic consequences of the silk roads’
dynamics under climate variations during the Middle-Age (d’Alpoim
Guedes and Bocinsky, 2018) and more recently the consequences of the
Aral Sea desiccation under agricultural management carried out during
the Soviet and post-Soviet periods (Micklin, 2007) are all related to
climate-vegetation-human societies interactions. Looking forward,
despite climatic differences between Central and Middle Asia, ACA of-
fers insights into potential large-scale aridification of Eurasia (Huang
et al., 2016; Beck et al., 2018). In ACA, the understanding of grassland
ecology has to be deepened since their controlling factor and their di-
versity are still largely unknown (Wesche et al., 2016) and also because
of their critical importance for pastoralism (Gintzburger, 2003; Jams-
ranjav et al., 2018). During the last decade, several studies were carried
out in order to understand the response of ACA vegetation to climate
change (Yin et al., 2016; Zhang et al., 2022) and how plants can resist
under extreme arid-saline conditions (Shurigin et al., 2022; Egamber-
dieva et al., 2022). Moreover, the endemic species response to modern
climate variations has also been assessed in ACA (Sinaga et al., 2024). It
also appears that Quaternary paleoclimate is one of the major drivers of
Tajikistan endemism (Raduta et al., 2021). That is why long-term
climate-vegetation monitoring remains challenging in plant ecology
(Seddon et al., 2014). Otherwise, the sedimentological coring conducted
in key areas of ACA such as the Caspian Sea (Leroy et al., 2013), in Aral
Sea (Aleshinskaya, 1991; Ferronskii et al., 2003; Sorrel et al., 2007), the
mountainous lakes from Tian Shan (Spate et al., 2022) and surrounding
areas (Leroy and Giralt, 2021) can be used to document the complex
interactions between climate, vegetation and human populations. The
final step is to calibrate past ecological proxies (e.g., pollen) with
modern vegetation data. Our study aims to assess the reliability and
applicability of these approaches in paleoecology.

To better understand vegetation ecology and paleoenvironmental
studies in Tajikistan and Uzbekistan, surface pollen samples and vege-
tation plots must be compared. First, vegetation type description and
classification are the foundation of vegetation ecology, since it helps to
reduce the complexity derived from thousands of plant taxa in the
environment (Rolecek et al., 2009). Numerical algorithms like TWIN-
SPAN can identify indicator species for each vegetation type in phyto-
sociological studies (Nowak et al., 2017, 2024). While this approach has
been extensively applied in Tajikistan (Nowak et al., 2017, 2020, 2021,
2022) and Middle Asia (Nowak et al., 2024), it remains under-explored
in Uzbekistan.

Vegetation types can be sampled through randomized plots
(Kiirschner, 2004; Thevs et al., 2008; Nowak et al., 2017; Jamsranjav
etal., 2018), vegetation productivity proxies like NDVI (Yin et al., 2016;
Zhang et al., 2022) or environmental pollen analysis (Barboni et al.,
2004; Ma et al., 2008; Pelankova et al., 2008; Pelankova and Chytry,
2009; Dehghani et al., 2017; Dugerdil et al., 2021; Robles et al., 2022).
After defining and sampling vegetation communities, factors such as soil
chemistry (Gintzburger, 2003), salinity (Kiirschner, 2004; Dehghani
et al., 2017), pH, altitude (Nowak et al., 2017, 2022), hydrology (Thevs
et al., 2008), climate (Barboni et al., 2004; Pelankova et al., 2008; Yin
et al., 2016; Dehghani et al., 2017; Zhang et al., 2022; Nowak et al.,

2022) and bioclimatic parameters (Jamsranjav et al., 2018) can explain
vegetation type distribution. However, these causality or correlation
links between vegetation types and the global environment often neglect
physiological factors.

This knowledge gap between biotopes and plant ecosystems can be
partially fulfilled by studying the physiology of well-known model or-
ganisms and their interactions with their milieu: it is the case in Uzbe-
kistan for some halophyte tolerant species (Shurigin et al., 2022;
Egamberdieva et al., 2022). However, these studies are time-consuming
and cannot catch the whole community features and interactions. In this
context, functional ecology, developed in the last decades, is a promising
tool to conciliate (1) the observation of global interactions between
plant communities and bioclimate parameters and (2) functional,
mechanistic and physiological adaptation from individual plants. The
individual and measurable features, so-called plant functional traits
(Violle et al., 2007), have been standardized and harmonized following
common protocols (Pérez-Harguindeguy et al., 2013) and gathered in
worldwide databases (Maitner et al., 2018; Kattge et al., 2020; Weigelt
et al., 2020; Denelle et al., 2023). These traits are the most physiologi-
cally relevant at the species levels: for plant strategies (Grime, 1974),
functional typologies (Diaz et al., 2016) and plant adaptation to biotope
such as soil features (Borgy et al., 2017) and climate parameters
(Prentice et al., 1992; Barboni et al., 2004; Peppe et al., 2011; Nunes
et al., 2017) even in arid environment (Frenette-Dussault et al., 2013;
Griffin-Nolan et al., 2018). Then, when combining plant traits with
functional abundances from vegetation plots, it becomes possible to
calculate community-scaled trait values using the Community-Weighted
Mean (CWM) traits (Garnier et al., 2004) in order to infer functional
responses to climate areas at community scale (Bruelheide et al., 2018).
This relationship was developed for the first time at the ACA scale
(Dugerdil et al., 2025), showing the correlation of CWM traits with
climate parameters similarly for pollen assemblages and vegetation
plots.

This new approach interprets more accurately the interconnections
between plant individuals, their traits and their communities with
environmental parameters. However, this combined approach still lacks
an important dimension: regardless of the scale of observation, from
individual to biogeography, each correlation is represented at an almost
instantaneous time span. This is one of the most important progress
carried in paleoecology (Gaiizere et al., 2020; Adeleye et al., 2023): the
continuous record of ecological proxy through time with environmental
archives (i.e mainly sediment core of lake and peat or loess deposit in
drylands; Last et al., 2001) grasps not only the ecosystem properties but
also their dynamics through time (Sorrel et al., 2007; Barhoumi et al.,
2020; Joannin et al., 2022). Particularly, pollen is usually analysed in
sediment to track changes in biodiversity (Birks et al., 2016), local
vegetation (Sugita, 2007b; Joannin et al., 2022), regional vegetation
(Leroy et al., 2013; Barhoumi et al., 2020), biome distribution (Rudaya
et al., 2020), functional diversity (Connor et al., 2018; van der Sande
et al., 2021; Gatizere et al., 2020; Adeleye et al., 2023) and human-
disturbed vegetation importance (Cromartie et al., 2020; Shumi-
lovskikh et al., 2023). Pollen is also a powerful proxy to reconstruct past
climate changes (Chevalier et al., 2020). Moreover, a multi-method
approach has shown even more accuracy, especially when selecting
the most powerful reconstructions (Dugerdil et al., 2021; d’Oliveira
et al., 2023). Although trends on longer time spans are the strength of
paleoecology, the latter does suffer from insufficient calibration studies.
Modern studies (Pelankova et al., 2008; Ma et al., 2008; van der Sande
et al., 2021; Dugerdil et al., 2025) are crucial since biases due to pollen
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particularities may mitigate their breakthrough: discrepancies between
pollen identifications and plant taxonomy, taphonomy, pollen produc-
tion and dispersion, among others (Ter Braak et al., 1993; Sugita, 2007a,
2007b; De Klerk and Joosten, 2007).

In this frame, this study attends to merge the strength of the two
approaches: (1) paleoecological changes of vegetation and (2) multi-
scaled observation in plant sciences. Particularly, we present an inter-
disciplinary study involving vegetation ecology, paleoenvironmental
sciences, functional ecology and climatology in order to precisely infer
vegetation biogeography with its temporal dynamics over time (Ma
et al., 2008; Pelankova and Chytry, 2009; van der Sande et al., 2021).
Mainly, our approach is based on a new modern dataset of sampling sites
in TU. For each site, a vegetation plot and a surface sample for pollen
analysis is obtained. Using TWINSPAN analysis of vegetation plots, we
test the distribution of vegetation types in the TU area and assess
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whether they are preserved or biased through pollen rain. Then, we test
the applicability of plant functional traits to both vegetation plots and
pollen, to measure how reliable the functional pollen signal may be used
to predict the functional characteristics of the vegetation. Afterward, we
use Tajikistan and Uzbekistan pollen assemblages to calibrate climate
reconstruction models (mainly transfer functions and machine
learning). The results are compared with those based on datasets of
different size (Eurasian, Central Asian and biomes-specific sets). Finally,
we test the different approaches to reconstruct past climate changes
from the only open-access pollen sequence available in the TU region (i.
e. Aral 86 core in Aral Sea; Aleshinskaya, 1991; Ferronskii et al., 2003),
to assess the reliability of our approach to reconstruct paleo-climate and
environment. In this study, the following issues will be addressed:

1. What are the main ecological controls driving modern biomes
and vegetation types distributed along TU climate gradient?
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Fig. 1. Tajikistan-Uzbekistan map showing the surfaces samples (TUSDB) on altitude (A) and bioclimate parameters for the study area: the three main biomes
(deserts, steppes and mountain mesic grasslands, B); the Mean Temperature of Colder Quarter (MTCOQ, C) and the Mean Precipitation of Colder Quarter (MPCOQ,
D). The bioclimatic data come from Wor1dClim2 (Fick and Hijmans, 2017). The biomes map were extracted from Dinerstein et al. (2017) and the steppes-forests
zone (hatched area) from Erdos et al. (2018). All the eight extracted parameters are displayed in Fig. S1. Pink dots show surface samples (soil or moss polsters for
pollen sampling associated with a vegetation plot) and yellow dots are some cored wetland or lake. The Aral 86 core (Aleshinskaya, 1991; Ferronskii et al., 2003)
used as paleo-application is shown by a large orange dot. The TU area (grey dashed) is also presented in its wider context from the Arid Central Asian area, as
proposed in Dugerdil et al. (2025). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2. What are the main pollen rain patterns for each of the main TU
vegetation types?

3. Is the modern pollen rain representative of these vegetation
types, or is it biased?

4. Inthis case, and after correcting these biases, can we still observe
the same plant functional response to climate parameters from two
sampling methods: pollen samples and vegetation plots?

5. Finally, can biomes, climate parameters and plant functional
diversity be safely reconstructed from Holocene pollen-sequence from
TU sedimentological cores?

2. Environmental setting
2.1. Uzbekistan and Tajikistan geography

Tajikistan and Uzbekistan are two countries belonging to the Middle
Asian countries (Cowan, 2007) bordered by Kazakhstan in the north,
Turkmenistan in the west, Afghanistan in the south, and Kyrgyzstan and
China in the east (Fig. 1A; Belolipov et al., 2013), in the core area of ACA
(Chen et al., 2015). They are landlocked countries in the central Asian
Turan depression, itself encompassed between the Caspian Sea, Ustyurt
plateau and the Pamir-Alai range. The altitude is highly contrasted be-
tween lowlands (the Turan depression is central Asian largest depression
with the lowest point around —10 m a.s.l. at the Sarykamysh Lake,
Karakalpakstan, and on average lower than 50 m a.s.l. in the Aralkum
and the western Kyzylkum Desert), the midlands composed of plateaus
and relic mountains from the Late Carboniferous-Early Permian
orogenic period (central Kyzylkum range, Nuratau and Kuratau) and
highlands (i.e. Pamir plateau, Alai and Tian Shan ranges with Ismoil
Somoni Peak, the highest point culminating at 7495 m as.l. in
Tajikistan) associated to the Indian subcontinent collision with Asia in
the late Cenozoic (Nurtaev et al., 2013).

Loess deposits are important in the TU geography, with a loess de-
posit belt on the adyr piedmont almost everywhere surrounding the Tian
Shan and Pamir-Alai mountain complex (Li et al., 2022). These soft
sediments are easily watered and transported by water run-off, mainly
on the watershed of large rivers (i.e. rud in Tajik and daryo in Uzbek
language) encompassing the areas: the Syrdarya northward, the Amu-
darya southward and Zarafshan river in between. The strong contrast
between the Turan depression and the Pamir-Alai piedmont on one
hand, and between irrigated area and drylands on the other hand leads
to a gradient from low desert in the north-west, steppe vegetation on the
piedmont, forest stands in the mountains lower than 2500 m a.s.l and
highland desert in the south-east part of Pamir plateau (Fig. 1B).

2.2. Climate

The special geography of Tajikistan-Uzbekistan leads to a continental
climate (Belolipov et al., 2013) with strong temperature seasonality and
spatial contrast, mainly due to freezing-cold winter (Fig. 1C; Liou-
bimtseva et al., 2005) and extremely warm summer (Fig. S1). Mean
Annual Precipitation (MAP) occurs almost totally in spring (Fig. 1D).
Hyper-arid conditions with MAP < 150 mm.yr~! (Gintzburger, 2003)
occur in lowland deserts (Kyzylkum, Sudunkli and Karakum) as well as
mid-altitude plateau (Ustyurt Plateau and Fergana valley) and high-
elevation rain-shadowed Pamir-Alai range (Sato, 2009) with alpine
desert located on the eastern part of the Pamir plateau. However, a
temperature gradient divides these drylands following north-south and
altitudinal gradients: the Sudunkli (Bukhara and Kashkadarya prov-
inces) and the Karakum (covering mainly the Turkmenistan but only
present in Surkhandarya and southern Tajikistan) show the highest
temperature (Fig. 1C). From the Koppen-Geiger climate classification,
TU is dominated by Arid, desert, cold (BWk) and Arid, steppe, cold (BSk)
bioclimate in lowlands; Cold, dry summer (Dsa, Dsb and Dsc) bioclimate
in mountainous areas; and Polar, tundra (ET) bioclimate in the alpine
belt (Beck et al.,, 2018). To summarize, the TU area is climatically
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separated in cold-wet high mountains (Tian Shan and western Pamir-
Alai), cool-arid western plateau (mainly the Ustyurt plateau and the
rest of the Karakalpakstan), warm-arid central desert (Kyzylkum and
Sudunkli) and warm-semi arid deserts and piedmonts (Karakum, Fer-
gana, Hissar and Turkestan piedmont) as it is shown by the TU biocli-
matic space (Principal Component Analysis made on each 1° cell for
eight Worldclim2 climate parameters; Fig. 2A).

The climate system in TU area is largely dominated by the Jet Stream
influence on wind coming from the west and particularly the winter
Westerlies which cross the Alborz or Caucasus slightly southward and
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Fig. 2. TU climate parameters co-variation inferred by Principal Component
Analysis (A) and matrix of linear correlation (B). For climate parameter deci-
phering, refer to part 2.6. The statistical analysis was applied to each 1° cell
from Worldclim2 climate parameters within the administrative borders of
Tajikistan and Uzbekistan. The black dots show the TUSDB sites. Report to
Fig. 1 for the vegetation type colour code. Each cell extraction comes from
Dinerstein et al. (2017). Bold tiles and labels highlight the climate parameters
selected in the study.
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bring moisture from the Caspian Sea (Chen et al., 2024). Westerlies are
clearly associated with Arabian subtropical anticyclone in TU, these
high pressures are distinctly present in Iran and are slightly influential in
the Caucasus (Joannin et al., 2014; Robles et al., 2022). Precipitation
mainly occurs in the winter period (over than 70 % of the precipitation;
Lioubimtseva, 2003) and, with a rain maximum in the early spring
(Belolipov et al., 2013). The MAP and the MPCOQ are widely correlated
(r = 0.96 in Fig. 2B). Siberian Highs (SH) express their influence in
summer times (Lioubimtseva et al., 2005) by reducing the rain inflow
from the Westerlies in the TU area. The summer Arctic Oscillation drives
the SH core south-westward from the Baikal basin to Kazakhstan, freeing
summer rain onto the Mongolian Plateau (Dugerdil et al., 2021) and
locking the precipitation in Middle Asia (Uzbekistan, Turkmenistan...).
In Uzbekistan deserts, the presence of longitudinal sand dunes (Tsoar,
2001) in the core part of the Kyzylkum Desert followed by barkhan dunes
indicate the importance of northerly winds mainly controlled by the SH
(Lioubimtseva, 2003).

Seasonality patterns are very contrasted in ACA and seems to have
shifted several times along the Holocene (Tan et al., 2024). Nowadays,
in ACA, the precipitation seasonality is mainly controlled by the climate
nodes (Chen et al., 2010a, 2024). For instance, in Uzbekistan, the
Westerlies vs. SH conflict leads to a spring dominance for annual pre-
cipitation (Lioubimtseva et al., 2005). Almost no precipitation occurs in
summer, in contrast with the eastern part of ACA (continental China and
Mongolia mainly; Li et al., 2022). Around 30 % of the precipitation
occur in winter, followed by about 50 % in spring and the rest in autumn
(estimation based on the weather station compiled in the CRUTS v.4
database; Harris et al., 2020). This important spring water discharge on
the environment preceding a long period of aridity is crucial for plant
physiology and is an important explanatory factor of the modern
Uzbekistan vegetation biogeography (Gintzburger, 2003). Therefore,
the Uzbekistan open woodlands are slightly similar to Mediterranean
open woodlands, certainly producing the easternmost analogue (Erdos
et al., 2018). The precipitation seasonality pattern is roughly similar for
Tajikistan (Radula et al., 2021).

2.3. Regional biomes

From a phytogeographic point of view, TU belong to the Irano-
Turanian floristic region (Djamali et al., 2012). Climate conditions
mainly control the TU biome distribution: the area is largely dominated
by open lands due to aridity (Lioubimtseva, 2003; Gintzburger, 2003).
Following Dinerstein et al. (2017), the three main biomes by surface
importance are (1) deserts xeric shrublands, (2) temperate grasslands,
savannas & shrublands and (3) montane grasslands & shrublands
(Fig. 1B). This biome distribution is clearly superposable with the pre-
cipitation map (Fig. 1D) and corresponds to the traditional Uzbek de-
scriptions of biomes (Zakirov, 1955). The mountain areas of the Pamir-
Alai complex and the western Tian Shan range present wetter conditions
(MAP > 450 mm.yr!). These conditions allow the establishment of
forest-steppes (Erdos et al., 2018). Also, unlike desert and steppes
watered mainly in winter and spring; a part of the Pamir and the TU
mountain grasslands in general are watered in warmer period (spring
mainly but also in summer and fall) as it is shown by the Mean Precip-
itation of Warm Quarter (MPWAQ) vector on Fig. 2A.

Furthermore, climate forcing on vegetation distribution is mitigated
by edaphic conditions and topography. Desert environments have
different plant communities between sandy dunes (mainly longitudinal
and barkhans dunes, not fixed) with psammophytic xeric shrublands;
salt-rich depressions around water resurgences (i.e. salt marshes called
solonchak) or dry clay soils (i.e. seasonally watered depressions mainly
dry with desiccation cracks called takyr) with small halophytic scrubs
and shrubs; and deserts on clay or loess soils with Ferula spp. / Artemisia
spp. association with a range of ephemeral herbs (Lioubimtseva, 2003;
Toderich et al., 2009). On piedmont, even though the climate parame-
ters are mainly similar with desert, pseudosteppes and steppes are
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maintained by better soil conditions with higher organic content and
deeper soil horizons supported by stones or rocky outcrops (i.e. sierozem
soil, Gintzburger, 2003; Belolipov et al., 2013). Among forest-steppe
complex, vegetation types are also pondered by altitude gradient.
Although the trees need water to be present at lower altitude, humidity
and water content are available on the riversides of mountain valleys
allowing riparian forests of fruit trees (Juglans regia, Morus alba and
varieties of Rosaceae, Prunus spp., Pyrus spp., etc.); at higher altitude
more rain scattered mosaic woodlands in mountain steppes (Pistacia
vera, Crataegus spp.) and junipers forest-steppes (Erdos et al., 2018).

3. Methods
3.1. Sites

This study is based on the analysis of pollen surface samples and
vegetation plots coming from 95 different sampling sites from Tajikistan
and Uzbekistan gathered in a new dataset, the Tajik-Uzbek Surface Data
Base (TUSDB). Fourteen Tajik and 55 Uzbek sites were collected during
two fields trips from summer 2021 and spring 2022, GPS coordinates
were recorded by a Garmin eTreX20x with a 3 to 10 m accuracy. In the
TUSDB, 12 top-cores (muds or upper lake sediment) without vegetation
plots and 57 surface samples (moss polster, soils, peat and dune sands)
with vegetation plots are gathered. Since vegetation plots have generally
been made on the surrounding of the cored lakes, we have extrapolated
the 100 m? vegetation plots for 10 top-cores in statistical analysis, but
we removed them for functional traits modelling. In Uzbekistan, three
pollen samples from the wide Eurasian Pollen Database compiled by
Peyron et al. (2017), modified by Dugerdil et al. (2021) and d’Oliveira
et al. (2023) as well as 23 surface samples collected by S. Leroy in 2010
and 2012 in Khorezm and Karakalpakstan have been appended to the
TUSDB. No vegetation plots are available for these 26 sites. Each sample
is detailed in Tables S1 to S4.

3.2. Vegetation plots

Plant identification. From the field, each plant present on a sampling
site has been herborized and photographed. The plant identification was
conducted using taxonomic keys from The flora of the USSR
(Kirpicznikov, 1969) and the Plants of Central Asia books (Grubov,
1999). The digitized plant herborized were compared with the Moscow
Digital Herbarium (https://plant.depo.msu.ru/; Seregin, 2024) and the
Virtual Flora of Republic of Uzbekistan (https://floragridmap.uz/;
Floragridmap.uz, 2010). The pictures were compared with illustrated
floras (Gintzburger, 2003; Nowak et al., 2020; Sennikov and Tojibaev,
2021; Beshko, 2023) and the Plantarium open online galleries of plants
(https://www.plantarium.ru/; Plantarium, 2007). All the taxa present
in the vegetation plots have been checked with the TNRS package (Boyle
et al., 2013).

Vegetation plot. For each site, a vegetation plot surrounding the pollen
surface sample was established following a simplified version of the
Crackles protocol (Bunting et al., 2013): for each site, at least ten
quadrats of one m? in a radius of ten m? surrounding the pollen surface
sample were demarcated. Then, in a 100 m? circle, a vegetation plot was
examined in each different vegetation type. The taxon abundance was
determined using taxon surface cover for two layers: a ground layer
(herbs and shrubs below 1.5 m higher) and an arboreal layer above 1.5
m, these two surfaces were then aggregated as a volume using the ratio
between the ground layer height (1.5 m) and the arboreal layer (usually
around 9 m high). Each taxon was expressed in fractional abundances
(FA) following:

SCix
Neotk

> SCix
j=1

FAveg(i.k) = (@]


https://plant.depo.msu.ru/;
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with SC, the surface covered by each i plant species. The FA g1 was
only calculated on the spermatophyte percentage sum in order to
compare with the surface pollen samples (bare soil, aquatic plants,
lichen, moss and ferns have been removed since they are hardly or not
represented in the pollen rain). Then, for each plot, the vegetation value
was obtained using a weighted-vegetation model from the ten quadrats
(Bunting et al., 2013) using the inverse distance squared (z~2). The rare
taxa (i.e. taxa present only in one vegetation plot) were removed for
statistical vegetation analysis (Dehghani et al., 2017).

3.3. Vegetation types and subtypes

Based on field observations and using descriptions for Uzbek
(Gintzburger, 2003; Belolipov et al., 2013), Tajik (Nowak et al., 2020)
and global Middle Asian (Nowak et al., 2024) ecosystems, a vegetation
type was assigned to each sampling site. These types were linked to
traditional description of Tajik and Uzbek biomes (Zakirov, 1955;
Belolipov et al., 2013): (1, tugai) desert riparian forest, (2, chul) deserts
and steppes from the lowlands; (3, adyr) steppes and pseudosteppes from
the piedmont of all mountain ranges; (4, tau) mountain vegetation up to
the tree line around 2500 m a.s.l. and (5, yailau) high altitude alpine
vegetation. Since the Uzbek language transition between Cyrillic to
Latin alphabet is still under process, we use in this study the same
spelling that the majority of literature, i.e. tugai for to’qay, chul for cho’l,
adyr for adir, tau for to’ g and yailau for yaylov (Zakirov, 1955; Gintz-
burger, 2003; Belolipov et al., 2013). We also try to provide the mod-
ernised phytosiological associations for the TU (Nowak et al., 2024),
following the rules of the International Code of Phytosociological
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Nomenclature given in its 4th edition (Theurillat et al., 2021) when it is
possible. The bioclimate parameters and the soil characteristic (sand,
silt, clay, salt- or gypsum-rich) were also taken into account in the
vegetation descriptions. We finally labelled our samples in nine vege-
tation subtypes as follows (full details in Table S5 and illustrations in
Fig. 3): (A) Tucar ripARIAN FORESTS, Cl. Populetea euphraticae Zohary
1962 nom. Inval.; Cl. Populetea laurifolio-suaveolentis Hilbig 2000
and Cl. Tamaricetea arceuthoidis Akhani et Mucina 2015; (B) CuuL
peserTs, Cl. Haloxyletea ammodendri Asri 2003; Cl. Haloxylo-Salso-
letea tomentosae Akhani 2004; (C) Abyr pseuposterpes, Cl. Stipo
capensis-Trachynietea distachyae S. Brullo in S. Brullo et al. 2001;
(D) Abvr steppes, Cl. Artemisio persicae-Stipetea drobovii A. Nowak, S.
Swierszcz, S. Nowak, A. Nobis & M. Nobis in A. Nowak et al., 2024;
(E) Tau xeric SHRUBLANDS, O. Crataegetalia ponticae A. Nowak, S.
$wierszcz, S. Nowak, A. Nobis, E. Klichowska & M. Nobis 2024; (F)
Tau opeN woobpLANDS, Cl. Junipero-Pinetea sylvestris Rivas-Mart. 1965;
(G) Tau steppes, Cl. Eremogono griffithii-Nepetetea podostachyos A.
Nowak, S. Swierszcz, S. Nowak, A. Nobis, E. Klichowska & M. Nobis
2024 and Cl. Cleistogenetea squarrosae Mirkin et al. ex K. Korotkov,
0. Morozova, E. Belonovskaja 1991; (H) YAILAU CRYOPHILOUS OPEN
woobLANDS, Cl. Juniperetea pseudosabinae Mirkin et al. 1986; (I) YaiLau
MESIC GRASsLANDS, Cl. Festucetea alaico-krylovianae A. Nowak, S.
Swierszcz, S. Nowak, A. Nobis & M. Nobis 2024.

3.4. Pollen surface samples

Analytical protocol. From each site, samples were taken from the
upper five cm of soil, moss or mud in a quadrat of one m? in the centre of

Fig. 3. Main vegetation types of Uzbekistan and Tajikistan in the TUSDB with landscape illustrations from sampling sites. From (A) to (I) following the north-west-
south-east bioclimate gradient: (A, MUZSL13) tugai riparian forests, (B, MUZT5S01) chul deserts, (C, MUZT4MO5) adyr pseudosteppes, (D, MUZT3M16) adyr steppes,
(E, MUZT1CO02) tau xeric shrublands, (F, MUZT3C19) tau open woodlands, (G, MUZT6C02) tau steppes, (H, MTAT1MO02) yailau cryophilous open woodlands, (I,
MTAT1MO5) yailau mesic grasslands. Bottom panel, map showing the location of the pictures. The colour codes correspond to the vegetation types colour code from

Fig. 1A. Photo credits: (A) S. A. G. Leroy, and all the others panels L. Dugerdil.
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the vegetation plot. For top-cores, using a die-cut, one cm?® of the upper
part of the core was sampled. Then, the pollen content was extracted
from the soil/mud matrix following a complex protocol (Dugerdil et al.,
2021) including KOH (10 %), Hydrofluoric acid, heavy liquids (ZnCl, +
HCL) and acetolysis. The preparations were observed under a BRESSER
Science Infinity Microscope with a 40 x magnification lens for the
routine count and a 100 x magnification lens for details. For the 23
Karakalpakstan samples, no KOH was used. For mud samples, after
deflocculation in Na pyrophosphate, the samples were submitted to cold
HCl, HF, HCI and sieving; while acetolysis was used only for moss
polsters.

Pollen identifications. The pollen identifications were conducted
following common pollen atlases such as the Reille (Reille, 1999) and
central Asian pollen determination keys from Mongolia (Murad, 2012),
continental China (Lu et al., 2018) and Caucasus (Connor and Kvavadze,
2018). The counts were assisted by the PolSais 4.1 software devel-
oped in python 3.0 following the rarefaction curve (which allows to
better take into account the total pollen diversity of the sample; Birks
and Line, 1992). The average pollen count is 300 grains by samples.
However, the total pollen count varies among samples due to their
pollen diversity. Pollen count is about 200 for deserts and pseudos-
teppes, 300 in tau steppes or in yailau mesic grasslands and 350 in adyr
steppes, tau xeric shrublands & open woodlands, the sites with higher
pollen diversity. Pollen absolute concentration was calculated using
Lycopodium spp. as exotic spore added to each sample (Faegri and
Iversen, 1989). The pollen samples are then expressed in fractional
abundances (FAqi)) following the same calculation as for vegetation
plots FA,g i k) displayed in eq. (1). Pollen types are associated to three
major growth types: Arboreal Pollen (AP), Non-Arboreal Pollen (NAP)
and Shrub Pollen (ShP).

3.5. Functional traits

Workflow. In order to test a functional approach on both vegetation
plots and pollen surface samples, trait values for the TUSDB taxon
checklist were extracted from worldwide trait databases. From these,
Community-Weighted Mean (CWM) values were calculated for each site
(Garnier et al., 2004). We then compared the CWM of vegetation and
pollen-based and their relation with climate parameters. The detailed
methodological framework applied here was developed by Dugerdil
et al. (2025). The methodological workflow is roughly the same, except
for the geographical scale (whole ACA against TU territories) and the
sampling methods (two different datasets for vegetation plots and pollen
surface samples in the Dugerdil et al. (2025) study against a smaller
dataset here with both vegetation and pollen on each plot).

Taxon checklist. A taxon checklist is necessary to assign plant species
to pollen types. Since no accurate plant taxon checklist exists in the
majority of ACA biomes yet and especially in Uzbekistan (Li et al.,
2020), we have built a composite plant checklist based on the Tajikistan
checklist prepared for the purpose of this paper using the available
literature, the checklist of the Chatkal State Biosphere Reserve (Beshko
etal., 2024), and we have digitized checklists available for the Tian Shan
(Sennikov and Tojibaev, 2021) and Nuratau (Beshko, 2023) mountain
ranges as well as the Uzbek provinces of Bukhara (Tojibaev et al.,
2021a), Dzhizak (Tojibaev et al., 2019), Kashkadarya (Tojibaev et al.,
2021b), and Samarkand (Tojibaev et al., 2018). Then, using the R
package GIFT (Denelle et al., 2023), we have extracted the available
checklist for our study area used in the GIFT database (Weigelt et al.,
2020). The plant occurrences recorded in the Botanical Information and
Ecology Network (BIEN) database have also been appended to the ACA
checklist using the R package BIEN (Maitner et al., 2018). All the plant
record datasets have been merged, and their taxonomy were checked
using the TNRS (Boyle et al., 2013) package to correct spelling mistakes
and remove synonyms. The varieties, subspecies and non-producing
pollen plants were purged, and we finally obtain 7590 species.

Global and Planetary Change 252 (2025) 104857

Pollen types to plant taxa. A correspondence table between pollen
types and plant species has been created using the taxa checklist because
of the incompatibility between pollen types and plant species (hetero-
geneity of the pollen identification level among pollen studies; De Klerk
and Joosten, 2007). Subfamily (Asteroideae-type, Cichorioideae-type
and Cardueae-type) and sub-genus (Pinus Haploxylon-type and P.
Diploxylon-type) were taken from the National Center for Biotechnology
Information’s Taxonomy database (NCBI, https://www.ncbi.nlm.nih.
gov; accessed January 2021). For the pollen types Aster-type, Matri-
caria-type and Senecio-type, the species from the tribes Asteraceae,
Anthemideae and Senecioneae have been used. The Cerealia pollen type
was associated to a list of botanical taxa using the USDA Plants Database
(Usda, 2024). The assignation of Ephedra species to pollen types
E. distachya-type and E. fragilis-type has been made following the scan-
ning electron micrograph of several Ephedra species from the Tibetan
plateau (Bolinder et al., 2016). Similarly, Plantago species have been
assigned to P. coronopus-type, P. major-type and P. lanceolata-type using
pollen morphological considerations (Gazer and Shalabi, 2016; Moh-
senzadeh et al., 2020) and global Plantago phylogeny (Shipunov et al.,
2020).

Plant trait databases. The plant trait data come mainly from world-
wide databases such as TRY (Kattge et al., 2020), BIEN (Maitner et al.,
2018) databases and the recent Global Inventory of Floras and Traits
(Weigelt et al., 2020) using the GIFT R package (Denelle et al., 2023).
The six most commonly covered and used plant traits values (Diaz et al.,
2016; Garnier et al., 2004; Bruelheide et al., 2018) were extracted for
our TUSDB plant checklist: plant height, seed mass, leaf area, specific
leaf area (SLA, i.e. the ratio between the area and the oven-dry mass of
the leaf), nitrogen content per leaf mass (Nje,r) and stem specific density
(SSD, the ratio between stem dry mass and fresh volume of a stem sec-
tion). The six traits were extracted for each plant in the taxon checklist
and an aggregated value were calculated for each pollen types.

Community mean traits. In order to investigate the functional response
of the plant community induced by climate or human changes, the mean
value of community trait distribution, the CWM, is calculated (Garnier
et al., 2004). Trait values for plant species and pollen types are com-
bined with species abundance to calculate CWM values following:

Nk
CWMji = ) " pyy X ti 2
i

with k each vegetation plot / pollen sample, j each trait, and n the total
number of species for the plot k. p;; is the fractional abundance for
species / pollen type i in plot k and t;; the average value of trait j and
species i. Further details can be found in Dugerdil et al. (2025).

3.6. GIS and bioclimate parameters

For each sample, main environmental parameters were extracted
using GIS R packages (rgdal and raster); the altitude from SRTM
Digital Elevation Model version 4.1 (Jarvis et al., 2008); six climate
parameters from worldclim2.1l (Fick and Hijmans, 2017); the
extrapolated Aridity Index (AI) from the CGIAR (Trabucco and Zomer,
2018) and three biomes from Dinerstein et al. (2017). Due to sparsity of
weather stations available in Central Asia, extrapolated values from GIS
databases were privileged. Bioclimate parameters tested in this study
(Figs. 1C-D and S1) are altitude, Al, Mean Annual Air Temperature
(MAAT), Mean Annual Precipitation (MAP), Mean Temperature of the
Coldest and Warmest Quarter (respectively MTCOQ and MTWAQ,
Fig. 1C and D), Mean Precipitation of the Coldest and Warmest Quarter
(respectively MPCOQ and MPWAQ). Al is obtained by AI = 10000 x
MAP/MA — ETy with MA — ET, the Mean Annual Reference Evapo-
transpiration (Trabucco and Zomer, 2018). It means that the Al rises up
in wet environment when the MAP rises.
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3.7. Pollen biomization

In order to subset pollen surface samples by biomes (defined as a
large-scale ecosystem occupying large spaces (...) and incorporating a com-
plex of fine-scale biotic communities: [biome] has its characteristic flora and
fauna and it is home to characteristic vegetation types and animal commu-
nities; Mucina, 2019) and to reconstruct past biomes, we applied the
classical biomization method as firstly presented in Prentice et al. (1996).
For the TUSDB pollen-based biomization approach and the list of used
Plant Functional Types (PFTs) applied in our study, see Peyron et al.
(1998) and Tarasov et al. (1998). Mainly the biomization scheme has
been carried in R with a process inspired by Guiot and Goeury (1996).
We combine pollen types, PFTs, and biomes in order to attribute a
dominant biome to each pollen site. First, using a pollen type to PFTs
assignation table, we estimated for each surface sample the PFTs score

(3

Ny

P =30/ (py —0) 9

with k each pollen sample, j each PFT, and ny the total number of species
for the k sample. p; is the fractional abundance for pollen type i in plot
k and 6; is a threshold pollen percentage (here 0.5 % following Prentice
et al., 1996; Tarasov et al., 1998). Then, using a PFTs-to-biome matrix,
the biome affinity scores were calculated for each sample. The selected
pollen-based biome is the biome with the highest score as follows (4):

NppT
Biome;; = max < Z PFTj_yk> (€))

J

with Biomeyy the 1 biome score for the k surface sample and PFT;j the
associated PFT to the biome. Afterward, we apply the procedure
developed by Tarasov et al. (1998) to distinguish cold or warm versions
of a biome, particularly steppes or desert. The full assignation tables are
available from Prentice et al. (1996) and Tarasov et al. (1998).

3.8. Pollen-inferred past climate reconstructions

Climate reconstruction approaches. In order to reconstruct quantita-
tively past climate changes from pollen assemblages recorded in envi-
ronmental archives (lakes, peat...), several methods have been proposed
and tested (Chevalier et al., 2020). Among these methods, we selected
the three most common approaches: (1) the Weighted Averaging Partial
Least Squares (WAPLS) regression, a transfer function based on linear
regressions assuming that each pollen type abundance is unimodally
related to a climate parameter optimum (Ter Braak et al., 1993), with a
climate reconstruction by averaging climate optima of each pollen type
weighted by their abundances; (2) the Modern Analogue Technique
(MAT), based on the calculation of dissimilarity degree between pollen
assemblages in a surface pollen dataset and a fossil pollen sample; with
past climate estimates calculated by averaging the values of the climate
parameters of the most similar modern samples (i.e. the best analogues;
Guiot, 1990; Peyron et al., 2011); and (3) the machine learning-based
approach mainly Random Forest (RF, Breiman, 2001; Simon et al.,
2023) and Boosted Regression Trees (BRT) following Salonen et al.
(2014, 2019). These two methods are based on estimation and combi-
nation of many regression trees. Machine learning is based on the sep-
aration of the data pool in a training set and a testing set. Each tree is
made on a set of pollen sample selected by bootstrapping (Chevalier
et al., 2020). The difference between RF and BRT is about the way of
choosing the trees: in RF the trees are randomly selected, while in BRT
pollen samples under-represented on tree n has a lower probability to be
chosen on the tree n + 1.

Calibration dataset comparison. These approaches require a modern
pollen dataset known as the calibration dataset. Since the choice of the
dataset is important for the reliability of the climate reconstruction
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(Dugerdil et al., 2021; d’Oliveira et al., 2023), several datasets have
been tested here, from global to regional ones:

1. EAPDB: European Asian Pollen Data Base (Fig. 4) is the widest
dataset (ngites = 5411) with samples from the southern Morocco to the
Kamchatka peninsula crossing all biomes (Fig. 4). To the first version of
this dataset compiled by Peyron et al. (2017), Dugerdil et al. (2021), and
d’Oliveira et al. (2023), Dugerdil et al. (2025) have appended numerous
sites from the eastern part of ACA (Zheng et al., 2014; Binney et al.,
2017; Li, 2018; Sun et al., 2020) in order to spatially equilibrate the
database.

2. ACADB: Arid Central Asian Data Base (ngjes = 839 is a selection
of the pollen samples of the EAPDB located within the borders of ACA
(Fig. 4, dark grey area) following Dugerdil et al. (2025) and Chen et al.
(2010a, 2015). Cold steppes and desert, taiga, conifer forest and tundra-
like are the main biomes (Fig. 4).

3. COSTDB: Cold Steppe Data Base (nsites = 478 is another extrac-
tion of the EAPDB set, selecting only samples from the cold steppe biome
(bigger dots in clear yellow on Fig. 4). The cold steppe sites are mainly
located in ACA, Mongolia, Tibet, Kazakhstan up to Siberia and Ukraine
including few European sites.

4. TUSDB: Tajik-Uzbek Surface Data Base groups the new samples
from this study. Here, we have ngs = 95 (excepted 3 samples already
present in EAPDB, all the samples within the TU borders were new; dark
orange area on Fig. 4). Pollen-based biomes are mainly cold steppe, cold
desert and tundra-like for mountainous pollen surface samples.

Implementation and statistics. The MAT and WAPLS were conducted
with the rioja R package (Juggins and Juggins, 2019), the RF with the
randomForest package and the BRT with the gbm.step () function
from the dismo R package (Hijmans et al., 2017). In our study, MAT,
WAPLS, RF and BRT were tested. However, due to RF systematic lower
performance, we only show the result for WAPLS, MAT and BRT.
Mathematical indices are used to estimate the performance of each
method. Since the dataset size is very heterogeneous and the methods
are clearly different, it is necessary to use common statistical indices: the
Pearson adjusted Rgdj (correlation strength insensitive to the over-

parametrization of a model) and the RMSE (given the error interval
around the climate parameters value). These indices are easy to calcu-
late for linear regression, but necessitate cross-validation or boot-
strapping for transfer functions and machine learning (Chevalier et al.,
2020). Moreover, we tested the spatial autocorrelation for each cali-
bration dataset and each method with the calculation of the Moran’s I
(indicating how much the model is incorrectly enhanced by autocorre-
lation, Telford and Birks, 2005) using the Moran.I () function from
ape package. Finally, we applied to the fossil pollen sequence the
randomTF () function from paleoSIG package to select the most ac-
curate climate reconstruction (Telford and Birks, 2011). This signifi-
cance test, based on the comparison between past and modern pollen
datasets, (1) estimates the proportion of variance of the past signal
explained by climate parameters residuals (using Principal Component
Analysis) and (2) compare them with the variance explained by the same
transfer function trained on random data.

3.9. Statistical analysis

Pollen representativeness indices. To evaluate the similarity between
pollen and vegetation fractional abundances, several methods are pro-
posed, such as the association indices (so-called Davis indices; Kent
Davis, 1984; Bunting, 2003; Amami et al., 2010). Indices of association
(A;), under-representation (U;) and over-representation (O;) were given
for each pollen type i by:

A; =By x (Py + Py + By) ! (5)

U; =P, x (P, +By) " (6)
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Fig. 4. Eurasian map (A) of the pollen-derived biome values with a zoom of the Tajik-Uzbek samples (B). Light grey enhance EAPDB extent, dark grey the ACADB
extent and dark orange the TUSDB. COSTDB samples have large yellow dots. The colour dot refers to the pollen-inferred biome for each site. The biomes are CLDE,
Cold Deciduous Forest; CLMX, Cold Mixed Forest; COCO, Cold Conifer Forest; CODE, Cold Desert; COMX, Cool Mixed Forest; COST, Cold Steppe; HODE, Hot Desert;
PION Pioneer forest; TAIG, Taiga forest; TEDE, Temperate Deciduous Forest; TUND, Tundra; WAMX, Warm Mixed Forest; WAST Warm Steppe; XERO, Xerophytic
Shrubland following Prentice et al. (1996), Peyron et al. (1998) and Tarasov et al. (1998). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

0; = Py x (Py + By) ™" %)

with By number of sites in which the taxon i is present in both pollen
samples and vegetation plots, Po number of the sites of only pollen
presence and P; the sites in which only vegetation species are present.
Only the taxa present both at least in one pollen sample and one vege-
tation plot were kept for analysis (Bunting, 2003). Then, Kent Davis
(1984) introduced threshold to statistically determine each pollen type
representativeness as follows:

e Strongly-associated taxa when A is >65 %,

e Associated taxa for A € [50;65]%,

e Weakly-associated taxa when A < 50 % and both O and U are high,
e Unassociated taxa when A = 0 and O > 50 %,

e Over-represented taxa if U =0 and A < 50 %.

The association indices are based on a binary approach, modelling
the pollen-vegetation bias as a presence/absence relation. The semi-
quantitative approach of pairwise linear relation using Pearson corre-
lation coefficients (r) f and p-values have also been calculated. Finally,
the R-values, which is a simple and efficient approach to correct the bias
between vegetation and pollen (Parsons and Prentice, 1981; Amami
et al., 2010), were also calculated. It is also widely used and comparable
with Chinese (Xia and Ni, 2024) or arid Central Asian (Wang et al.,
2022) studies. Following Wang et al. (2022), we decided to calculate
relative R-values (R,¢) for each taxon i with:

(Pix Vi)

RPoaceae

R; = (8)

with P; the fractional abundance for the pollen i, V; the fractional
abundance of plant taxa and Rpoaceae the R-value for Poaceae. Poaceae
have been selected as standard since it is (1) is the most ubiquitous taxon

in both pollen sample and vegetation plots, (2) it has a moderate mean
R-value and (3) it is the referential used also in RPP calculation due to its
worldwide spread (Wieczorek and Herzschuh, 2020).

Multivariate analysis. Data cleaning, calculations and statistical ana-
lyses were carried in R (version 4.4., Team, R.C, 2014). Mainly, the
vegetation zonation was performed using a Two-way Indicator Species
Analysis (TWINSPAN, Hill and Hill, 1979) using the Twinspan R
package. This hierarchical and divisive vegetation plot classification
algorithm is based on a Canonical Analysis (Rolecek et al., 2009). First a
set of cut-level to convert species abundance in pseudo-species were
settled as 0.01, 1, 3, 5, 25, 50 and 70 % of abundances. The analysis
return clusters for both plant taxa and vegetation plots, with the most
important taxa called indicator taxa (Rolecek et al., 2009; Dehghani
et al., 2017). The results have been plotted with the ggplot2 for the
heatmap and the ggdendro and dendextend packages. For pollen and
vegetation diagram, the plots were obtained with ggplot2 and
tidypaleo (Dunnington et al., 2022) and the clustering were per-
formed using constrained hierarchical cluster analysis called CONISS
(Grimm, 1987) implemented of the pollen fractional abundances total
with the AP/NAP ratio appended. Then, multivariate analyses were
performed on vegetation plots (Correspondence Analysis, CA), vegeta-
tion plots and surface samples only (Principal Component Analysis,
PCA), then combined with bioclimate parameters (Redundancy Anal-
ysis, RDA) helped by the vegan package (Dixon, 2003). Using the same
package, the two multivariate spaces PCApgen and PCAyeg were
formally compared with a Procrustes rotation analyses and these results
were tested with PROTEST significance test both implemented with the
vegan package (Dixon, 2003).

Application of our interdisciplinary approach to past periods: test on the
Aral 86 pollen record. The Holocene time period is poorly documented in
Uzbekistan and in Tajikistan; only few analyses on speleothems (Cheng
et al., 2016) and on paleosoil-loess sequences (Welc et al., 2016; Zhang
et al., 2020) have been published so far. Due to the rareness of lakes and
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wetlands, no sediment core from continental wetlands proxies have been
published yet. The only exceptions come from the Aral Sea (Ferronskii
et al., 2003; Sorrel et al., 2007; Burr et al., 2019). Actually, the unique
open-access pollen sequence available in TU is the Aral 86 sequence in
which diatoms and pollen have been counted (Aleshinskaya, 1991). The
raw data is available on https://neotomadb.org/. Multiple radio-
carbon dating have been carried out from this sequence. Among Total
Organic Content and carbonates based radiocarbon dating, only nine
dates are considered as reliable (Ferronskii et al., 2003). We used a value
of 168 + 53 year to correct the reservoir effect of the carbonate-based
14C ages in the Aral watershed following Burr et al. (2019). Our orig-
inal approach is thus tested on this sequence.

4. Results
4.1. Vegetation types and plant communities

The TWINSPAN analysis of 58 vegetation plots identifies four main
vegetation groups in the Tajik-Uzbek biomes (Fig. 5A): deserts (chul),
steppes (adyr and tau), yailau cryophilous open woodlands, and yailau
mesic grasslands. This clustering aligns with field observations and
altitudinal gradients, representing the main vegetation types and nine
subtypes. However, plant abundance variance is insufficient to distinctly
separate adyr pseudosteppes from adyr steppes, or tau xeric shrublands
from tau steppes. Additionally, tau open woodlands cluster near the
ecotone of yailau cryophilous woodlands.

About the plant taxa characterization of our vegetation types, desert
sites are well separated from the rest of the plots by the presence of
particular indicator taxa such as Carex physodes, Eremopyrum bonae-
partis, E. orientale, Isatis boissieriana and Stipagrostis pennata. These taxa
mainly represent the psammophytic vegetation on aeolian sand dunes,
while the two first sites (MUZT4S01 and MUZT4S03) are marked by a
characteristic halophytic plant community (Aeluropus littoralis, Hal-
ocharis hispida and Climacoptera lanata, Fig. S2). The yailau ecosystems
with no exception (both opened and closed vegetation) are marked by
Carex pachystylis, Meniocus linifolius and Taraxacum officinale, while
Alhagi pseudalhagi, Bromus tectorum and Poa bulbosa are continuously
present from desert to piedmont steppes. For tau, no dominant taxa
unified the cluster: Hordeum bulbosum, Prunus bucharica and
P. spinosissima, Crataegus pontica, Artemisia oliveriana, Festuca spp.,
Juglans regia, Prunus cerasifera important in xeric shrublands; Juniperus
seravschanica and Origanum vulgare for open woodlands with Juniperus
semiglobosa in transition to the yailau cryophilous open woodlands. The
two highest elevated clusters were also clearly distinct with Ephedra
gerardiana, Nepeta podostachys, Polygonum coriarium, Prangos pabularia,
and Rosa ecae as taxa indicator for yailau cryophilous open woodlands
and Oxytropis spp. group for the yailau mesic grasslands. To see the full
species cortege following the main indicator species for each of the four
TWINSPAN clusters, please refer to the Figs. $2-S5).

The Correspondence Analysis (CA) shows the clear separation be-
tween the four clusters, mainly driven by the presence of Oxytropis spp.
and Cousinia laetevirens as main contributor for yailau mesic grasslands
on a side (positive CA; and CA, on Fig. 5B) and chul desert samples
mainly driven by Stipagrostis pennata, Haloxylon persicum, Artemisia dif-
fusa and Salsola richteri on the other one. A third group of adyr and tau
steppes and forest-steppe with negative CA; is driven by Cynodon dac-
tylon gradually followed by yailau cryophilous open woodlands sites
(transition to positive CA; closer to the yailau mesic grasslands with
Stipa tianshanica and Betula tianschanica first; Polygonum paronychioides
and Nepeta podostachys secondly). Among the adyr/tau cluster the
gradual transition from chul deserts to tau steppes is following the
classical altitudinal succession: deserts, pseudosteppes, adyr steppes, tau
xeric shrublands and open woodlands to finally reach tau steppes.
Finally, TWINSPAN results (Fig. 5A) are really consistent with the CA
space projection: within the 15 most contributing taxa to CA, the
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majority of them are among TWINSPAN indicator species while the
others are part of the same cortege as indicator species (i.e. Cousinia
laetevirens which is not an indicator species, but it is strongly associated
which the indicator species Oxytropis spp.).

4.2. Pollen distribution

The TUSDB pollen samples are largely dominated by Non-Arboreal
Pollen (NAP) such as Amaranthaceae, Artemisia spp., Poaceae, Cyper-
aceae, Fabaceae, Asteroideae-type, Plantago spp. and Apiaceae, followed
by Arboreal Pollen (AP) Juniperus spp., Betula spp., Juglans regia, Salix
spp. and Rosaceae (tree)-type (Figs. 6 and S6). The distribution of pollen
types follows an altitudinal-bioclimatic transect from the dry-cool con-
ditions in the lowlands of Aral Sea basin in the northwest to the cold-
wetter condition in the Pamir high elevation plateau in the southeast,
crossing warm-dry deserts in Karakalpakstan tugai, Kyzylkum, Sudunkli
and Karakum, piedmonts (Nuratau, Zarafshan, Hissar and Tian Shan).
Each sample is detailed in Tables S1-S4. Based on CONISS analysis
(Fig. 6), we observe nine statistical significant pollen-cluster that glob-
ally fit our nine vegetation types which are described in details in
Table S6.

4.3. Climatic space

The most contributing climate parameters to explain the bioclimatic
particularities of TUSDB have been determined using a PCA performed
on the eight major climate parameters for each 1° cells extracted within
Tajikistan and Uzbekistan borders (Fig. 2A). The two most contributing
factors are the MPCOQ and the MTCOQ (both of them close to their
annual average, i.e. MAP and MAAT respectively). Then, the altitude
and the AI are also considered as important since they are both high
contributors on PCA; and because altitude is the most related factor to
explain montane grasslands and shrublands site distribution (in clear
brown) and AI with temperate grasslands, savannas and shrublands (in
yellow, Fig. 2A). The correlation between them has then been assessed,
especially due to climate reconstruction necessity: it is important to
reconstruct primary and secondary climate parameters (Salonen et al.,
2019) while keeping in mind that the two variables have to be as in-
dependent as possible. The correlations among the four selected climate
parameters have been studied (Fig. 2B). It appears that the winter
temperature and precipitation (MTCOQ and MPCOQ) are definitely in-
dependent (r = —0.03). To summarize, the MPCOQ, MTCOQ, altitude
and Al are used in this study to understand the vegetation and pollen
distribution but only the MPCOQ and MTCOQ are independent enough
to be used for past climate calibration reconstructions.

4.4. Pollen and vegetation environmental gradient

Even though the multivariate statistical analyses are different be-
tween CA (Fig. 5B) and PCA (Fig. 7A) site distributions on the multi-
variate space (the two first axis explaining respectively 8 % and 7 %) are
similar: desert and pseudosteppes samples are clustered on the negative
PCA;, the others (steppe, forest and mesic grasslands) on the positive
PCA; (Fig. 7A). The PCA; corresponds to a growth form gradient with
woodlands on negative PCA, (with mixed samples from tau xeric
shrublands, open woodlands and yailau cryophilous open woodlands).
The positive PCA; gathers grasslands such as pseudosteppes, steppes,
yailau mesic grasslands close to PCA; = 0, while the tau xeric shrub-
lands are spread along the PCA; since none of the shrub taxa (i.e. Pistacia
vera, Prunus bucharica or P. spinosissima) are clearly significant neither in
CA nor in PCA. The same indicator taxa characteristic of vegetation
types found in TWINSPAN are present as most contributing variables for
PCA; and PCA;. Some of these indicator taxa are very well known in the
bibliography such as Carex physodes, C. pachystylis, Ephedra gerardiana,
Eremopyrum bonaepartis, Meniocus linifolius, Nepeta podostachys, Orig-
anum vulgare or Prangos pabularia (Gintzburger, 2003; Belolipov et al.,
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2013; Nowak et al., 2020).

A similar site organization is evidenced on the RDA (RDA; = 6% and
RDA; = 5.1% on Fig. 7B): RDA; is a temperature gradient with yailau
sites on the positive side controlled mainly by altitude, chul and xeric
shrublands on the negative side controlled mainly by MTCOQ and
finally adyr and tau sites in the middle. The RDA, is a precipitation
gradient with chul desert on the positive side, steppes in the middle and
tau forests on the negative side. The combination of the two axes iden-
tifies and clusters the nine different vegetation types (coloured dots on
Fig. 7A and B) merging altitudinal gradient (mainly temperature
controlled) and the vegetation openness gradient (mainly precipitation
controlled). Here, unlike the PCA results, it is possible to differentiate
the tau and yailau open woodlands: tau open woodlands is maintained by
high MPCOQ (associated to Juniperus seravschanica, Fig. 5A) while yailau
cryophilous open woodlands benefits from high altitude and cold winter
temperature mainly (i.e. Juniperus semiglobosa in the global TWINSPAN,
Nepeta podostachys and Ephedra gerardiana for indicator species). Simi-
larly, the distinction between adyr steppes and tau steppes is clearer in
RDA than in PCA (adyr steppe and pseudosteppes are closer to MTCOQ
and Bromus tectorum while tau steppes are closer to Origanum vulgare and
altitude).

About the multivariate distribution of pollen surface samples
(Fig. 7C), the PCA; explains 23 % of the variance and PCA; 9 %. PCA; is
associated to the AP/NAP gradient with forested or mosaic vegetation
for PCA; positive and mainly open vegetation for PCA; negative (i.e.
mesic grasslands, deserts, pseudosteppes and steppes). The second axis
follows the altitudinal ecological gradient with high altitude (yailau and
tau sites) on PCA; negative; adyr, chul and tugai for positive PCA;. The
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major contributing factors can be clustered in four groups: (1) shrub
pollen and Amaranthaceae for low elevated and desert sites; (2) AP and
Juniperus spp. for tau shrublands and woodlands; (3) Poaceae-
Cyperaceae association for tau and yailau steppe and forest and finally
(4) the bulk cortege of NAP for steppe/pseudosteppe ecotone. This
ensemble may be described as a catch-all band, with the majority of rare
pollen types mainly enhanced in the PCA results by the data scaling.
Surprisingly, Artemisia spp. appears as the last of the 30 most important
contributors: it shows that the Artemisia spp. signals can poorly describe
the TUSDB variance, mainly because the Artemisia spp. FA, is ubiqui-
tous in all vegetation types, and it does not fit with a particular pollen
assemblage (Fig. 6).

The pollen-climate relation is quite strong and mainly driven by the
first axis (RDA; = 12% and R? =0.18 on Fig. 7D). Here, the first
gradient is the precipitation one (MPCOQ, AI and altitude are really
close to the first axis) with forest on the positive RDA;, steppes in the
middle and desert on negative values. The second axis (Betula spp.
versus Asteroideae-type) is weaker (RDA; = 3%) and can be related to
the temperature gradient chul cold pseudosteppes and yailau cryo-
philous open woodlands that have positive RDA,. However, the gradient
is not really clear (yailau mesic grasslands sites are on the other side).
About the pollen types-climate relations, it clearly appears that aridity is
the main factor to explain the gradient between on one hand Amar-
anthaceae, ShP (here, it is mainly Tamarix spp., Calligonum-type,
Convolvulus spp., both Ephedra-types) and on the other Poaceae,
Cyperaceae, AP, (Juniperus spp. and Juglans regia). Artemisia spp. and
Fabaceae are missing from the major pollen types in the RDA as well.

When comparing the two PCA (pollen and vegetation) using a Pro-
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Fig. 7. Multivariate analysis based on vegetation plot, pollen samples and climate parameters: Principal Component Analysis (A) and Redundancy Analysis (B) based
on vegetation plots; PCA (C) and RDA (D) based on pollen surface samples. The total variance explained by the two first components are shown on the axes. The dots
present the sampling sites and are clustered by vegetation types. To ease clarity, only the 30 most contributing pollen types and vegetation taxa have been displayed
as vector. Bold arrows correspond to the plant taxa selected by TWINSPAN as ecological indicators (Fig. 5).

crustes rotation analysis (statistic used to compare two PCA spaces;
Fig. S7), the two spaces are not perfectly stackable (m?, = 140.41 et
PROTEST r = 0.37 with p-value <0.003. However, this comparison is
mitigated by the difference in explanatory variables (pollen types and
vegetation taxa). When looking at the multivariate space between PCol;
and PCol, (Fig. S7), it appears that the main difference comes from the
important dispersion of outliers in vegetation plots (extreme values in
Fig. 7A) while the pollen PCA (Fig. 7C) is more compact around zero.
Mainly, looking at individual Procrustes error (Fig. S7B) about 30 % of
the samples are above the mean error, the median is lower than the
mean, which is driven by few extreme errors. Fig. S7C shows that the tau
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xeric shrublands and tau open woodlands are the most subject to
important variation between pollen and vegetation.

4.5. Pollen representativeness of local vegetation

Comparing vegetation plots and pollen surface samples at the same
site gives a good overview of the representativeness biases (Fig. 6): in
the TUSDB, Rosaceae (tree)-type, Caprifoliaceae, Populus spp., Elaeagnus
spp., Epilobium-type, Scrophulariaceae-type are quite important in the
vegetation plots but almost absent from the pollen assemblages. On the
opposite, some taxa seem to have the FAp, higher than the FA.;. Davis
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indices (Kent Davis, 1984) provide a simple and powerful statistical tool
to determine the association between pollen and vegetation taxa, while
the relative R-values (Wang et al., 2022) give a first quantitative
approximation to correct the pollen production and preservation bias (Li
et al., 2005).

Davis indices for TUSDB provide few unassociated taxa (Primula-
ceae, Thalictrum spp. and Eremurus spp., Fig. 8A). The unreliability of
Primulaceae and Thalictrum spp. could be easily explained by the rare-
ness of these taxa both in pollen and vegetation samples. Primulaceae
flowering time is early spring, which can explain this rareness. However,
Eremurus spp. is present in 25 % of the vegetation plots and 16 % of
pollen samples. These taxa have no R-value because they are not present
in any one location (Fig. 8B). Similarly, over-represented taxa (Alnus
spp., Corylus spp., Pinus spp., etc.) are pollen types without any taxa in
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vegetation, but Juglans regia, Betula spp., Juniperus spp. and Anacardia-
ceae are over-represented, even though they are balanced in some sites.
Some taxa are strongly associated (Cyperaceae, Fabaceae, Poaceae,
Asteroideae-type, Lamiaceae, Brassicaceae and Cichorioideae) while
Amaranthaceae, Artemisia spp. Caryophyllaceae, Ranunculaceae, Apia-
ceae and Papaveraceae are associated taxa. These all have y(Rye) > 1.
Following the R-value, Artemisia spp. is the most over-represented pollen
type followed by Papaveraceae, Tamarix spp., Polygonaceae, Bor-
aginaceae, Scrophulariaceae-type and Amaranthaceae. The other pollen
types are weakly associated mainly Populus spp., Salix spp., Calligonum-
type, Polygonum-type, Hippophae spp., Rhamnaceae and Caprifoliaceae
have also u(Rye) < 1.

4.6. Spatio-ecological patterns

On Fig. 9, nine pollen types and vegetation taxa have been selected to
spatially compare their FA: the dominant pollen types (Artemisia spp.,
Amaranthaceae, Cyperaceae and Poaceae, Fig. 6), the pollen types
responding to temperature and precipitation (Asteroideae-type and
Juniperus spp. respectively, Fig. 7D) and important vegetation taxa
(Fabaceae, Rosaceae (tree)-type and Juglans regia, Fig. 5). The linear
relation between pollen type and vegetation taxa is low for Cyperaceae
(R? < 0.01), Fabaceae (R? = 0.03) and Asteroideae-type (R> = 0.13).
These are all insignificant relations (p-values >0.001). Artemisia spp.
and Juniperus spp. have a correlation curve higher than the 1:1 line,
showing that they are over-represented, while Rosaceae (tree)-type and
Juglans regia have correlation curve largely lower than the 1:1 line. The
scatter is more centred for Amaranthaceae and Poaceae. The FA distri-
bution for pollen types and vegetation taxa is different among taxa.
Artemisia spp. have FA., > 20% everywhere, while the FA,, is higher
in mountains and close to 0 in lowlands, showing the altitudinal
dispersion of Artemisia spp. pollen grain, certainly due to downdraft
transport. The same pattern is observable for Fabaceae and Poaceae.
Although Rosaceae (tree)-type have the same FA,., spatial spreading
(Tian Shan, Hissar, Kuhistan and Pamir areas), the FA, is always lower
on local area and null on far away sites. For Amaranthaceae, the
dispersion comes from desert (high FA,eg in Kyzylkum and Sudunkli) to
adyr steppes (mainly in Kuhistan and Hissar). No pattern is easily
observed for Asteroideae-type. The dispersion of Juglans regia is also
important (much more sites with high FAp, than FAyg), but it is much
localized in mountain areas (Nuratau, Kuhistan and Hissar) without
spreading in adyr or chul. This behaviour is shared among other minor
trees such as Fraxinus spp. and Salix spp. (Fig. S8). In vegetation, Betula
spp. is only observed in the Pamir region at a considerable distance from
the location where pollen is found (up to Kyzylkum, Fig. S8).

The FA distribution for pollen types and vegetation taxa is different
among taxa. Artemisia spp. have FA,, > 20% everywhere, while the
FAyeg is higher in mountains and close to 0 in lowlands, showing the
altitudinal dispersion of Artemisia spp. pollen grain, certainly due to
downdraft transport. The same pattern is observable for Fabaceae and
Poaceae. Although Rosaceae (tree)-type have the same FA,.; spatial
spreading (Tian Shan, Hissar, Kuhistan and Pamir areas), the FA, is
always lower on local area and null on far away sites. For Amar-
anthaceae, the dispersion comes from desert (high FAye in Kyzylkum
and Sudunkli) to adyr steppes (mainly in Kuhistan and Hissar). No
pattern is easily observed for Asteroideae-type. The dispersion of Juglans
regia is also important (much more sites with high FA,; than FAy.g), but
it is much localized in mountain areas (Nuratau, Kuhistan and Hissar)
without spreading in adyr or chul. This behaviour is shared among other
minor trees such as Fraxinus spp. and Salix spp. (Fig. S8). In vegetation,
Betula spp. is only observed in the Pamir region at a considerable dis-
tance from the location where pollen is found (up to Kyzylkum, Fig. S8).
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4.7. Plant functional traits

The average CMW values for the six traits were compared for all sites
(Fig. 10 A1 to A6). Results show a relatively even distribution of CWM
values among communities on the scatter plots, showing that the pollen-
based and vegetation-based CWM values do not depend on the type of
community at stake. However, for plant height, Nj,s and SSD, an open
land to forested community gradient is distinguishable. Then, the re-
lationships between pollen and vegetation-based CWM values are al-
ways significative, except for Nie,¢. The relationships are relatively good
for specific leaf area (R> = 0.33) and seed mass (R2 = 0.39) and
stronger for stem specific density, leaf area (R? = 0.44) and plant height
(R? = 0.49).

PCA conducted on pollen-based (Fig. 10B) and vegetation-based
CWM values (Fig. 10C) show that the two functional spaces were com-
parable and consistent with ACA (Dugerdil et al., 2025) and worldwide
(Bruelheide et al., 2018) functional spaces. The first two components
explained 72 % and 81 % of the variance for vegetation plots and pollen
samples, respectively. In both cases, the CWM trait contribution order is
from higher contributors to lower leaf area, SSD and plant height, SLA
and finally the lowest contributing factors seed mass and Nje,¢. In both
cases, the PCA; reflects a contrast between tall woody plants and small
(i.e. herbaceous) plants, while PCA, corresponds to a fast-slow gradient
of leaf functioning. This second axis also discriminates species on a leaf
size gradient. Shrubland and woodland sites have high PCA; and PCA,
(plant woody plant with large leaves), except the tau open woodlands
which have high plant height and SSD, but low leaf area. Steppes and
grasslands show negative values on PCA; and PCA; (high SLA and leaf
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nitrogen content, short plants with low SSD), while desert and pseu-
dosteppes are found for values around zero on PCA; and slight negative
values on PCA,.

However, some differences are visible between pollen and vegeta-
tion, as shown by the Procrustes analysis (Fig. 10D). Mainly desert
samples have smaller leaf area in pollen samples than in vegetation plots
(i.e. desert sites have more negative PCA, loading as highlighted by the
downstream vectors on Fig. 10D). Moreover, for Juniperus spp. dominant
vegetation (tau open woodlands and yailau cryophilous open wood-
lands) the pollen-based CWM traits have higher PCA; than the
vegetation-based ones. It means that the recorded plant high and SSD
are different among the sampling methods. In any cases, the majority of
site projection on the two functional spaces are quite consistent as
shown by good Procrustes analysis statistics (m%, = 20.3) and PROTEST
significance test results (r = 0.67 and p-value >0.001).

4.8. Pollen climate calibration

The four climate reconstruction methods (MAT, WAPLS, RF and
BRT) were tested with four different modern pollen datasets, i.e. from
regional to global ones (TUSDB, COSTDB, ACADB and EAPDB) to
reconstruct two key climate parameters for the study area (MPCOQ and
MTCOQ). The statistical results displayed in Table 1 show that pre-
cipitations are better reconstructed than the temperature. About the
precipitation calibration effect, the smaller and more local the dataset is,
the lower is the RMSE. In consequence, the precipitation RMSE is
generally lower for TUSDB, then COSTDB, ACADB and higher for
EAPDB. The effect is opposite for the linear correlations (increasing R?
with the dataset extend). It is particularly visible for the machine
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learning methods (for BRT and MPCOQ that have R? = 0.83, 0.89, 0.89
and 0.90, sorted by increasing spatial extent; for BRT and MTCOQ that
have R? = 0.39, 0.90, 0.90 and 0.92). It appears that the statistical re-
sults are always giving the BRT first (for the same calibration dataset and
the same climate parameter, BRT has the higher R? and the lower
RMSE), followed by MAT, WAPLS and RF. The impact of the selected
parameters for MAT and WAPLS is also fairly different: for WAPLS the
best statistical result (i.e. the k lower number of PLS components to
reach the higher R? and the k for the lower RMSE) is almost always
similar: the same k drives to best R? and RMSE (generally around two or
three components). The WAPLS is not drastically impacted by the
number of components. On the opposite, the kK number of analogues to
be chosen in the MAT is largely influencing the R? and RMSE (Table 1).
Finally, the Moran’s I show how the climate parameter residuals are
spatially auto-correlated for all calibrations. Almost all the Moran’s I are
statistically relevant (p-values <0.001) and no datasets are spatially
dispersed (I > 0). The majority of the calibration are slightly auto-
correlated (I € [0;0.3]). Only the TUSDB (smallest dataset) for MTCOQ
are importantly spatially clustered (with I > 0.4).

Since the climate reconstruction methods based on machine learning
are mostly considered as black boxes (Simon et al., 2023), the univariate
relationships between pollen types and climate parameters have been
explored. Linear relations between climate parameters and key pollen
types (Fig. S9) show that (1) Amaranthaceae and Artemisia spp. are
anticorrelated with MPCOQ, MTCOQ, AI and MAP, while Poaceae is
correlated to them (and even more than in Mongolia; Dugerdil et al.,
2021), (2) Cyperaceae are correlated with AI and MAP, but anti-
correlated with MPCOQ and MTCOQ. One of the important results here
is that the trend is fairy similar whatever the size of the calibration
dataset, which is not always the case, especially for local climate cali-
brations (Dugerdil et al., 2021). Only the Artemisia spp. relationships
with aridity (AI, MPCOQ, MAP) are different between TUSDB (no
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correlation) and larger datasets (anticorrelations).

The link between univariate pollen type behaviour and its influence
on climate reconstructions is explored. The most contributing taxa
within the BRT and RF algorithms and the Pearson correlation r of the
main pollen types are displayed in Table 2. Amaranthaceae, Cyperaceae
and Artemisia spp. are the most influent pollen types for machine
learning. Especially, Amaranthaceae is very important in TUSDB with
respectively 69, 62 and 18 % of contribution for BRT-based MPCOQ, Al
and MTCOQ. For the RF results, we found 14.9, 8.8 and 8.1 %. The
Amaranthaceae are more contributing to precipitation reconstruction
than temperature. Similarly, they are large in TUSDB but also important
in ACADB (17, 9 and 7.7 % for Al, MTCOQ and MPCOQ). It becomes less
important in COSTDB and even less in EAPDB with 7.2 and 2.3 % for the
Al The weak correlation between climate and Artemisia spp. in TUSDB
(contrarily with other datasets) affects the Artemisia spp. contribution to
RF (3.1, 2.8 and 2.6 %) and BRT (6.9, 3.5 and 2.8 %). Surprisingly, even
though the linear relation between Cyperaceae and climate parameters
is not the strongest one (r € [ — 0.20;0.39)), its influence in the BRT
results with a contribution between 3.6 % for MPCOQ-EAPDB (the most
important contribution) to 15 % for MTCOQ-TUSDB. Finally, it appears
that the smaller is the dataset, the most the contribution is centred on
few taxa. Focused on MPCOQ, with the TUSDB 86.8 % of the BRT
contributions are explained by the five key taxa against only 39.9 for
COSTDB, 16.1 for ACADB and 8.9 % for EAPDB. However, cross-
validation and calibration relative contribution assess the calibration
reliability, but do not assess the specific past sequence applicability.

4.9. Aral 86 application test

The Aral 86 core (Aleshinskaya, 1991) has been retrieved before
1991 in the eastern basin of the Aral, a place that dried up in 2007 (aerial
view). The age-depth model is displayed in Fig. S10. The sequence
covers 8500 yr cal. BP. The pollen record has a very low pollen diversity
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Cross-validation statistical results for the climate reconstruction training resulting for cross-validation of transfer functions (MAT, WAPLS) or machine learning re-
gressions (RF, BRT) with k, number of parameters (e.g. number of analogues for the MAT and number of PLS components for the WAPLS); R?, the linear coefficient of
determination; RMSE the calibration error and the Moran’I indicator of spatial autocorrelation with its p-value. Best k shows the number of parameters that infer the
best R? or RMSE values. The selected k shows the R? and RMSE results for the k lowest number of parameter (i.e. the statistical results for the least over-parametrized

model).
Climate parameters” Database Niites Method Best k R? Best k RMSE Selected k R? RMSE Moran’s I”
MPCOQ EAPDB 5411 MAT 4 9 4 0.85 58.10 0.09*
WAPLS 2 2 2 0.46 96.70 0.35*
BRT - - 0.90 56.10 0.11*
RF - - - 0.65 77.40 0.23*
ACADB 2620 MAT 4 6 4 0.83 33.20 0.14*
WAPLS 2 2 2 0.62 45.10 0.25%
BRT - - - 0.89 34.00 0.11*
RF - - - 0.58 46.80 0.25*
COSTDB 1212 MAT 4 4 4 0.73 37.90 0.28*
WAPLS 5 2 2 0.45 53.50 0.35*
BRT - - 0.83 35.30 0.14*
RF - - - 0.48 46.40 0.3*
TUSDB" 95 MAT 5 10 5 0.73 44.20 0.2
WAPLS 2 2 2 0.61 50.90 0.22%
BRT - - - 0.81 44.80 0.29%
RF - - - 0.55 50.70 0.35*
MTCOQ EAPDB 5411 MAT 4 9 4 0.86 4.36 0.14*
WAPLS 3 3 3 0.63 6.29 0.27*
BRT - - 0.92 3.95 0.14*
RF - - - 0.70 5.58 0.21*
ACADB 2620 MAT 4 10 4 0.75 4.33 0.19*
WAPLS 2 2 2 0.53 5.33 0.32%
BRT - - 0.86 3.90 0.18*
RF - - - 0.55 5.11 0.25%
COSTDB 1212 MAT 4 8 4 0.61 4.86 0.19*
WAPLS 2 2 2 0.39 5.57 0.29*
BRT - - - 0.80 4.12 0.16*
RF - - - 0.39 5.36 0.23*
TUSDB 95 MAT 4 6 4 0.28 3.99 0.43*
WAPLS 5 2 2 0.13 4.48 0.39*
BRT - - - 0.40 4.13 0.46*
RF - - - 0.23 3.74 0.46*

@ The climate parameters reconstructed are the Mean Temperature of Cold Quarter (MTCOQ) and the Mean Precipitation of Cold Quarter (MPCOQ), basically winter
temperature and precipitation. The same table for MAP and Al can be found on Table S7.
b the * display the Moran’s I with p-values <0.001.
¢ bold values highlight the statistical results for calibration particularly discussed in the text.

Table 2

Statistical scores for the TUSDB major pollen types (Artemisia spp., Amaranthaceae, Cyperaceae, Juniperus spp. and Poaceae). The Pearson correlation r and the relative
pollen types contribution to the BRT and RF models are shown for each calibration dataset (ACADB, COSTDB, EAPDB and TUSDB) and each selected climate pa-
rameters (AL, MTCOQ, MPCOQ). Best values for each column are highlighted in bold.

Climate Pollen- types Pearson Contrib.  BRT Contrib.  RF (%)"
parameters” r (%)°
ACADB COSTDB EAPDB TUSDB ACADB COSTDB EAPDB TUSDB ACADB COSTDB EAPDB TUSDB

Al Artemisia spp. —-0.3 —0.38 —0.39 —0.13 1.7 2.3 1.4 3.5 7.3 8.1 6.1 2.6
Amaranthaceae —0.47 —0.4 —0.39 —0.59 17 7.2 2.7 62 11.4 6.8 6 14.9
Cyperaceae 0.15 0.26 —0.06 0.37 6.3 21 8 8.6 2.4 4.7 1.3 7.6
Juniperus spp. 0.01 0.01 0.07 0.32 0.14 0.13 0.15 8.4 0.5 1 21 9.1
Poaceae 0 0.15 0.06 0.5 0.95 1.4 1.2 2.5 1.2 1.8 1.1 5.8

MTCOQ Artemisia spp. —0.09 —0.04 —0.18 0 1.6 3.2 1 6.9 1.2 2.3 1.2 3.1
Amaranthaceae  0.12 0.11 0.01 0.01 9 8.6 1.8 18 2.3 1.9 1.1 8.1
Cyperaceae —0.12 -0.1 -0.2 —0.02 8.4 11 4.8 15 1.4 1.7 1.5 5.1
Juniperus spp. 0.05 0.07 0.14 —0.05 0.11 0.09 0.12 13 0.5 0.7 2.3 2.5
Poaceae 0.09 0.1 0.1 0 1.6 21 0.92 6 1 1.8 1.1 4.7

MPCOQ Artemisia spp. —0.19 —0.22 —0.37 —0.12 1.4 2.4 1.5 2.8 2 4.2 4.2 2.8
Amaranthaceae -0.1 —0.03 —0.25 —0.67 7.7 15 2.2 69 1.1 1.3 2 8.8
Cyperaceae -0.13 -0.1 —0.2 0.39 5.8 21 3.6 9.8 1.1 1.2 1 5.5
Juniperus spp. 0.13 0.15 0.14 0.42 0.072 0.047 0.28 3.8 2.2 2.7 2.5 12.4
Poaceae 0.13 0.29 0.13 0.54 1.1 1.5 1.3 1.4 1.4 3 1.1 10.6

? The climate parameters reconstructed are the Aridity Index (AI), the Mean Temperature of Cold Quarter (MTCOQ) and the Mean Precipitation of Cold Quarter

(MPCOQ).

b Taxa contribution for BRT and RF regression machine learning algorithms are relative values for each model and each predicted climate parameter in order to

compare them.
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with 36 different pollen types, largely dominated by Artemisia spp. (>
40 %), Amaranthaceae (> 20 %), Poaceae (> 10 %), Cyperaceae, Pinus
spp. (undet.) and Betula spp. (all ~ 5 %). These key taxa represent an
average of 80 % of each pollen sample along the core. NAP range be-
tween 80 and 90 % along the core (Fig. S11) and AP are represented by
long-spreading arboreal pollen producers (Pinus spp. and Carpinus spp.
are not naturally present in Uzbekistan, and Betula spp. and Alnus spp.
over-represented on Fig. 8). Only the three major taxa (i.e. Artemisia
spp., Amaranthaceae and Poaceae) have been plotted in Fig. 11A.

The CONISS analysis clusters the pollen-sequence in five main pollen
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Fig. 11. TUSDB calibration applicability of the Aral 86 core. (A) the three
dominant pollen types along the sequence; (B) the pollen-based biomes using
PFTs and biomization approach results. Only the four major biome scores are
displayed: Cold and Warm Steppe (COST, WAST), Cold Desert (CODE) and
Tundra-like (TUND). (C) CWM traits reconstruction (plant height, leaf area,
seed mass and SSD) and (D) reconstructed climate parameters based on multi-
method and multi-calibration set. The sequence is plotted in age (year cal. BP),
refer to Fig. S10 for the age-depth model.
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units: from 8400 to 4100 yr cal BP, zone largely dominated by Artemisia
spp. and Amaranthaceae (i.e. close to P3 chul warm desert); from 3800
to 2400 yr cal BP with rising Poaceae, peak of Cyperaceae and AP signal,
pollen diversity decreases; from 2100 to 1500 yr cal BP the Poaceae,
Cyperaceae and Pinus spp. (undet.) replace the Artemisia spp. and
Amaranthaceae (more similarly to the P6 or P7 current pollen signal,
such as tau open woodlands); and then, from 1500 to 200 yr cal BP, a
second phase of Artemisia spp. and Amaranthaceae similar to P1 (i.e.
adyr pseudosteppes) or P4 (i.e. adyr steppes, Fig. 6). Finally, the top zone
is made on one sample with an Artemisia spp. maximum mainly due to
recent human changes. From these five zones, we distinguished three
outstanding zones named Z1 (3800 to 2400 yr cal BP), Z2 (2100 to 1500
yr cal BP) and Z3 (200 to —70 yr cal BP).

From Aral 86, the most accurate climate parameters to reconstruct
are AL, MTCOQ and MAP (Table 3). The biome reconstruction (Fig. 11B)
shows the dominance of two types of steppe (i.e. cold and warm steppes,
COST and WAST) followed by cold desert (CODE score ~ 6) and tundra-
like (TUND score ~ 4). In Z3, the COST/WAST reach their culminating
point in parallel with the lowest value for CODE, while in Z1-2, the
TUND values bump up to the CODE level (TUND score from 4 to 7).
About the biome scores, cold and warm steppes are dominant along the
core and follow a similar trend (Fig. 11B). Cold deserts present inter-
mediate scores, continuous along the sequence (very similar to the
Amaranthaceae FA). The last important biome is the tundra-like, espe-
cially with important rises during the phases Z1 and Z2. These pollen-
based biomes are consistent with the CWM functional traits
(Fig. 11C): tundra-like is characterized by high SSD and seed mass
(importance of shrubs and scrubs). The plant height remain steady since
the biomes remain open (deserts, steppes and tundra-like) along the
core. However, the leaf area presents surprising results: it is high during
the tundra-like phases (mainly due to Poaceae FA).

5. Discussion
5.1. Toward a pollen-based vegetation type reconstruction

5.1.1. Four main vegetation types and a continuous gradient among them

Altitudinal gradient effect and limits. The vegetation plots analysis
shows that the traditional Uzbekistan vegetation types clustering based
on altitudinal gradient (i.e. chul, adyr, yailau and tau; Zakirov, 1955;
Gintzburger, 2003; Belolipov et al., 2013) is quite accurate to describe
Uzbek vegetation at a coarse division (especially when applied to pollen
rain interpretation). At the scale of vegetation types, the altitudinal
gradient is not sufficient to explain the wide TU vegetation diversity. Not
only azonal vegetation occurs on riversides (Thevs et al., 2008), but also
local slope or ground compaction and stability (Nowak et al., 2021) and
even the soil thickness (Dulamsuren et al., 2005) disturb the gradient. In
the highest elevation area, the level of endemism (Raduta et al., 2021;
Nowak et al., 2022) also mitigates this simple gradient classification.
However, from pollen record, the averaging effect of the pollen rain
reduces local vegetation detection (Bunting et al., 2004). Except some
particular azonal behaviour in tugai community (e.g. Herzschuh et al.,
2003) or azonal wet woodlands (e.g. Li et al., 2005), pollen record a
coarser vegetation signal.

Vegetation subtypes and phytosociological classes. The distinction in our
nine vegetation subtypes (chul deserts, tugai riparian forests, adyr
pseudosteppes and steppes, tau xeric shrublands, open woodlands and
steppes, yailau cryophilous open woodlands and mesic grasslands) is less
clear, especially since both open and closed vegetation occur in each of
the four main vegetation types (i.e. only chul, adyr, tau and yailau). Then,
it appears that the altitudinal vegetation gradient is less clear and simple
than it could be in temperate areas.

For instance, the riverside vegetation is spread in flood plains and
along salt marshes from alpine mountain to desert (i.e. the Cl. Populetea
euphraticae Zohary 1962 from tugai in the lowlands; Thevs et al., 2008)
to riparian shrublands at higher altitudes (i.e. the Cl. Salici capusii-
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Table 3
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Proportion of variance for each Aral 86 climate reconstructions based on pollen transfer functions. These statistical results come from the randomTF () significance
test developed to estimate the reliability of MAT and WAPLS climate reconstruction for Aral 86 based on the different calibration sets (TUSDB, ACADB and COSTDB)
compared to transfer function trained on random calibration sets (for 999 permutations, Telford and Birks, 2011). * displays predictions with p-values >0.1 and bold
values highlights the predictions above the 95 % threshold. The complete histograms of the randomTF () can be found on Fig. S12.

Database Reconstruction Climate parameter Al MAP Threshold PCA;
approach MTCOQ MPCOQ p =0.05" (var.%)"
ACADB MAT 0.06 0.09 0.11 0.07 0.18 0.52
WAPLS 0.03 0.06 0.27* 0.21 0.28 0.52
RF 0.03 0.06 0.15 0.15 0.20 0.52
BRT 0.02 0.03 0.16 0.08 0.27 0.52
COSTDB MAT 0.05 0.08 0.08 0.07 0.21 0.52
WAPLS 0.03 0.11 0.28* 0.22* 0.21 0.52
RF 0.04 0.05 0.31%* 0.1 0.21 0.52
BRT 0.03 0.02 0.21 0.1 0.27 0.52
TUSDB MAT 0.03 0.13 0.21 0.18 0.39 0.56
WAPLS 0.21* 0.21 0.12 0.17 0.26 0.56
RF 0.07 0.28 0.31 0.27 0.38 0.56
BRT 0.03 0.08 0.1 0.14 0.41 0.56

? this threshold corresponds to the 95 % interval values for the 999 permutation of randomly-based transfer functions, i.e. climate reconstructions with a proportion
of variance above the proportion of variance of 95 % of the randomly made transfer functions (Chen et al., 2017).
b this percentage of variance (PCA;) theoretically corresponds to the maximum of explainable past pollen variance.

Hippophaeetalia rhamnoidis; Nowak et al., 2024) with very different
species composition.

Moreover, shrublands are present in (1) chul deserts (benefited on
the Haloxylon aphyllum and H. persicum, i.e. black and white saxaoul dry-
tolerant physiology as well as Fabaceae shrubs, Calligonum spp.,
Convolvulus spp. and Ephedra spp.; Orlovsky and Birnbaum, 2002), (2) in
mosaic within adyr steppes or in xeric shrublands using local tau wetter
conditions (Nowak et al., 2022) and (3) even in the yailau belt with
mountain riparian shrublands (e.g. with Salix spp., Betula spp. and
Hippophae rhamnoides) on within cryophilous open woodlands (e.g.
Juniperus spp. crawling form or with cushion-shrubs vegetation of
Acantholimon spp. and Astracantha spp.; Nowak et al., 2020).

Then, the indicator taxa are roughly similar between deserts and
pseudosteppes (e.g. Eremopyrum orientale and Bromus tectorum) or be-
tween steppes and open woodlands (e.g. Poa bulbosa and Carex pachys-
tylis in adyr and Origanum vulgare, Festuca spp. and Rosa ecae in tau;
Fig. 5). This effect also reduces the taxa particularities among vegetation
subtypes and mitigates the accuracy of threshold settlement between
ecotones in TU. To conclude, our study is only based on 58 vegetation
plots, which drastically limits its reliability since this sampling cannot
cover the whole range of TU vegetation diversity.

Bioclimate-vegetation subtype relationships. However, when analysing
the bioclimate parameter influence on the vegetation type distributions,
it is then possible to refine the number of possible clusters (i.e. vegeta-
tion subtypes). From the four main vegetation types distinguished in the
previous part, some ecophysiological particularities separate vegetation
subtypes among open woodlands. Especially, on Fig. 7B, it appears that
the two TUSDB types of open woodlands (i.e. yailau cryophilous and tau
open woodlands) are clearly different: the first one is suitable for high
altitude with very cold winter temperature, while the second one is
preferentially found in wetter environment (driven by MAP amount).
This is principally due to the different ecophysiologial adaptations of
Juniperus seravschanica and J. semiglobosa mainly (Nowak et al., 2020). It
is not only juniper characteristics that may explain these differences
between yailau and tau forest-steppes; indeed other taxa within the same
PFT such as juniper, i.e. arctic-alpine dwarf shrub (aa; Prentice et al.,
1996) such as Betula tianschanica or Rhamnus grubovii are also present in
yailau open woodlands and can explain this vegetation adaptation to
yailau extreme climate. Similarly, the adyr and tau steppes are spread
along the bioclimatic gradient on Fig. 7B, highlighting their differences
along the altitudinal gradient. Therefore, whenever looking at the
bioclimatic condition surrounding the vegetation plots, it clearly be-
comes possible to refine the number of identifiable vegetation subtypes.
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5.1.2. Nine well-marked vegetation subtypes in the environment pollen
signal

The vegetation subtypes signal recorded in pollen assemblages. From
pollen samples, the plant community signal is slightly different from the
one recorded from vegetation plots analysis and facilitates the obser-
vation of at least nine vegetation subtypes clusters (mainly from CONISS
clustering on Fig. 6). In an indirect way, CONISS results record biocli-
matic conditions affecting pollen distribution. CONISS is a constrained
hierarchical clustering (unlikely the TWINSPAN analysis; Grimm, 1987;
Rolecek et al., 2009); so the altitudinal gradient controlling the two
steppes (adyr and tau steppes) and the two open woodlands (yailau
cryophilous and tau open woodlands) layers allows distinguishing them.
However, the ecologically blind PCA (Fig. 7C) cannot find these
ecological boundaries (both on pollen samples and vegetation plots).
Therefore, it seems that in the paleo-pollen records, the distinction be-
tween these vegetation types cannot be made without the help of rare
indicator taxa (Connor and Kvavadze, 2009; Connor et al., 2018). For
example, the presence of higher value of Asteroideae-type, Plantago spp.
and Juniperus spp. in tau steppe rather than in adyr steppe) could be used
in the past as a path for vegetation types classification.

Multi-methods classification improvement. The utilization of other
proxies can also help to understand local vegetation types such as
macro-remains (Birks and Birks, 2000), Non-Pollen Palynomorphs
(NPPs) linked to vegetation (Ghosh et al., 2017), organic geochemical
proxies (leafwax derived n-alkanes, 513C, etc.; Aichner et al., 2012) or
ancient sedimentary DNA more linked to watershed signal (identifica-
tion level is not similar between pollen and DNA; Liu et al., 2021). About
NPPs, for instance, saprophytic spores such as Cercophora spp., Con-
iochaeta cf. lignaria, Coniochaetaceae undet. and Xylariaceae undet.
Provide information on the presence of dead wood, i.e. the presence of
forest in the watershed (Cugny, 2011). Moreover, specific spores of
parasitic fungi indicate grasslands or croplands through Poaceae and
cereal pathogens (e.g. Curvularia spp., Nigrospora spp. and Savoryella cf.
lignicola; Gelorini et al., 2011; Wei et al., 2021) or wetlands through
pathogens of hydrophytes (Montoya et al., 2010). Finally, the implica-
tion of the bioclimatic gradient permitting the distinction between adyr
and tau steppes or between tau and yailau open woodlands could be used
in the past to better interpret pollen signal if and only if a synchronous
climate reconstruction is given from the same environmental archives
but using an independent climate proxy such as molecular biomarkers
(such as brGDGT, Robles et al., 2022; d’Oliveira et al., 2023).
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5.1.3. Predicting vegetation types: perspectives

Toward quantitative vegetation type reconstructions. Our vegetation
study, comparing modern pollen assemblages, vegetation plots and TU
phytosociological knowledge, validates four types and nine vegetation
subtypes as possibly observable in pollen signal. Although these obser-
vations help the understanding of past pollen rain (cf. the Aral 86 study
case, Fig. 11), it however remains a qualitative ecological description. A
promising innovation could be to quantitatively attribute a vegetation
type score to past pollen samples or, even better, attributing a vegetation
type probability estimates (Cairns, 2001). A first approach using ma-
chine learning classification converts quantitative proxy values in cat-
egorical results. In Cairns (2001), it was tested from vegetation plots
only, but it could be attempted to extrapolate to pollen samples. It is
increasingly applied to paleo-proxies calibration studies such as
geochemical sources (Martinez-Sosa et al., 2023) or biome prediction
from pollen samples (Sobol et al., 2019). A second approach does not
only return categorical values but also categorical probability estimates.
It has recently been used to model open habitat variation through time
using a set of different vegetation proxies (Andermann et al., 2022) or
biomes from pollen (Sobol et al., 2019).

Modified biomization approaches. More classically, we can think about
a biomization-like approach to predict vegetation types (Herzschuh et al.,
2004). The biomization method has been developed by (Prentice et al.,
1996). The approach is made on PFT assignation to pollen types and
biome. Crossing the two matrices (pollen x PFT and PFT X biomes)
gives biome scores for each sample. The highest biome score defines the
site biomes (Peyron et al., 1998; Tarasov et al., 1998). Using a similar
table with our vegetation types could be a simple approach to quanti-
tatively estimate TU vegetation types. For instance, the biomization
approach has been applied a first time in China by both Ni et al. (2010)
and (Chen et al., 2010b). In these studies, they applied the approach to
the whole Chinese territory using 76 PFTs to predict a set of 19 biomes
(the biomes nomenclature was made on a combination of BIOME4 and
Chinese vegetation classification; Ni et al., 2010) to match to the other
global biome reconstructions worldwide. Then, in Sun et al. (2020), PFT
and biomes classes were totally reshuffled to improve the match be-
tween reconstructed vegetation and potential natural vegetation of
China. The biomization approach has been widely applied all around the
world using quite similar assignation matrix (Peyron et al., 1998; Tar-
asov et al., 1998; Binney et al., 2017). However, Herzschuh et al. (2004)
tried to modify it to reconstruct three Alashan local vegetation types (i.e.
oasis, steppe and desert). This approach could be a promising method-
ological improvement for TU vegetation reconstructions. Especially, the
positive results of the reliability of pollen-based CWM traits in TU
(Fig. 10) and in the whole ACA (Dugerdil et al., 2025) is a step-forward
in the functional trait-based biomization method (Harrison et al., 2010).
Although this theoretical background linking plant functional trait to
biome distribution has already been applied to future vegetation change
models (Boonman et al., 2022), it remains uncertain to explain the
present biome distribution (Mucina, 2019) and it has never been done
on past pollen records.

5.2. Quantifying pollen and vegetation representativeness

5.2.1. Vegetation plots and pollen surface samples differences

Pollen type representativeness. In TUSDB, the taxa fractional abun-
dances are not always similar between the surface pollen samples and
the vegetation plots (Fig. 6) leading to over-representation in the pollen
assemblages of specific taxa (e.g. Pinus spp., Ephedra fragilis-type, Betula
spp., Juglans regia, Juniperus spp., etc.) or under-representation of spe-
cific taxa (e.g. Rosaceae (tree)-type, Centaurea spp., Cousinia spp., Cal-
ligonum-type, Convolvulus-type, etc.; Fig. 8).

Origin of these differences among pollen types. These differences could
be due to pollen production: taxa producing abundant pollen (e.g. Pinus
spp.) are more represented in pollen samples than what it is really in the
vegetation structure (Wieczorek and Herzschuh, 2020; Xia and Ni,
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2024). The pollen dispersion capacity also affects the representative-
ness: insect-pollinated vs. wind-pollinated (Beer et al., 2007; Bolinder
etal., 2016), differential pollen fall speed (Sugita, 2007b) and presence/
absence of air-lifting organs on the pollen (such as Pinus sacci; Song
et al., 2012). The local microclimate and wind strength or direction
could also affect the local pollen deposit (Sugita, 2007b; Maya-Manzano
et al., 2017). It could additionally be due to differential pollen preser-
vation whenever settling on the archiving material, e.g. soil, lake sedi-
ment or peat organic matter (Li et al., 2005). The exine identifiable
structures also have an impact since they allow identifying the pro-
ducing plant taxa. Furthermore, some biases are independent of the
pollen producer: filter effect, such as canopy filter in closed vegetation
(Joannin et al., 2012) or macrophytic raft filter (Cromartie et al., 2020)
on lake pollen deposition. These filters depend on the vegetation sur-
rounding the coring point, which mainly depends on geography. Finally,
the variation among vegetation plots and surface samples could also
come from the vegetation plots themselves. Several studies have shown
the numerous biases produced among diverse methodological ap-
proaches carried to infer the vegetation using vegetation plot analysis:
seasonal or annual variation, plot size, method (quadrat, transect...),
vegetation particularities (ecotones, shrublands, forests...) could miti-
gate the vegetation plot accuracy (Godinez-Alvarez et al., 2009; Chytry
et al., 2014).

5.2.2. Spatial biases in TU

Geographical particularities of the biases. These pollen biases consid-
erations have also to be analysed under the light of their spatial dis-
crepancies. The pollen-vegetation abundance bias is not consistent
through each TU vegetation type, vegetation subtype and geographical
area (Fig. 9). On Fig. 6, it appears that the Fabaceae are a fairly asso-
ciated taxon in open vegetation, but they are under-represented in semi-
closed vegetation (units P5 and P6): this is shown by a bimodal
dispersion on the scatter plot Fig. 9 and by a pollen-dominance in
Kyzylkum Desert against a vegetation-dominance in Uzbek piedmont.
Besides the biogeographical differences in pollen-producing species (e.g.
Ammodendron spp. in chul, Astragalus spp. and Oxytropis spp. in tau), this
could be due to the filter effect produced by tree canopy (Sugita, 2007a)
or at least a dilution effect in front of important local AP pollen producer
(such as Juniperus spp.). Also, the Fabaceae identification is difficult in
desert samples where the pollen grains are more damaged due to pollen
oxidation in dry soil (Lebreton et al., 2010) enhanced by warm/cold and
wet/dry alternation in continental climate (Li et al., 2005).

The TU Cyperaceae case. Similarly, for Cyperaceae, this taxon is
correctly associated in yailau and tau ecosystems (units P5 - P9, Fig. 6,
Nuratau, Kuhistan and Hissar on Fig. 9) and under-represented in adyr
and chul (no data for P1 and P2 but clear on P3 and P4; pollen almost
absent in Sudunkli and Karakum Desert). It means that the Carex phys-
odes sand desert ephemeroid plants are not recorded in the pollen signal,
unlike the Carex pachystylis. It is mainly due to extreme arid conditions
in chul and adyr which are not favourable for pollen preservation
(Horrocks et al., 2000). In a study from China, the same spatial bias
affects pollen surface samples, with lower Cyperaceae in Taklamakan
Desert sites than in Tian Shan and Qilian Shan alpine mesic grasslands
(Huang et al., 2018). For Cyperaceae, the representation bias is more
associated to pollen preservation than to pollen production, since it
depends on exine thickness, soil oxidation and pH (Li et al., 2005). The
same study reveals that Cyperaceae pollen, due to a thin exine, is
particularly sensitive to taphonomic changes.

Over-represented pollen types. Finally, over-represented pollen types
(through long-distance spreading and high pollen productivity) could be
locally well associated, i.e. Amaranthaceae in P3 desert and pseudos-
teppes ecotone; Artemisia spp. in P4 adyr steppes and P7 tau steppes or
Juniperus spp. in P6 and P8, similarly to Chinese desert pollen repre-
sentation, which depends on vegetation subtypes (e.g. shrubby, semi-
shrubby or semi-arboreal deserts, Wang et al., 2022). The pollen type
representativeness is thus spatially different due to the associated plant
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producing the pollen (which depends on biogeography). Comparing this
representativeness to surrounding study area is then a key point to better
understand our results.

5.2.3. Pollen specificity in Central Asia

Kyrgyz vs. Tajik-Uzbek pollen representativeness. The geographically
closest pollen representation study has been carried in Kyrgyzstan (Beer
et al., 2007). The study sites (four altitude lakes and moss polsters, n =
43) covering an altitudinal range from about 1400 to 2600 m a.s.l., are a
good analogue for our tau and yailau sites. Especially the tau xeric
shrublands and open woodlands are quite comparable since the domi-
nant taxa in Kyrgyz forest are Juniperus spp., Juglans regia, Acer spp. and
Crataegus spp. (Beer et al., 2007). They share conclusion about the
impact of pollen-dispersion strategy on representativeness scores: wind-
dispersed pollen (Juniperus spp., Juglans regia and in TUSDB Betula spp.,
Fraxinus spp., Alnus spp. or Pinus spp.) can travel on long distance and
are likely more over-represented than insect-dispersed (Rosaceae (tree)-
type, Acer spp.; Lonicera spp. and Pistacia spp.). Although Juniperus spp.
is considered by the authors as a moderately under-represented [pollen
types] in pollen samples, the slope linear coefficient remains higher than
in TUSDB (Fig. 9). Moreover, Davis indices classify the Juniperus spp. as
an over-represented taxon. It means that, in more open vegetation type
such as open woodlands, Juniperus spp. is more down biased than in
dense forest (i.e. Kyrgyz forest), but at the same time it has a long-
distance dispersion. Our result for Juglans regia are very consistent
with Beer et al. (2007) but also with the empirically measured
anemophilous important pollen production of J. regia (Hegi and Conert,
1974): J. regia trees can be locally very abundant, and its pollen is
commonly spread away to mid-long distances. About NAP, in Beer et al.
(2007), the Artemisia spp. is largely over-represented (similarly to our
study) and create a dilution effect on Poaceae and Cyperaceae grains in
pollen samples, which are less abundant in pollen samples than in
vegetation plots.

Steppes-forests and open woodlands biogeography. About high altitude
studies and good analogues for yailau sites, the Altai sites from high
elevation steppes and mountainous tundra record similar pollen types
(Pelankova and Chytry, 2009). Especially for shrubs, the Betula spp.,
Salix spp., Rosaceae (tree)-type and Lonicera spp. are present in vege-
tation and in pollen samples. For herbs, similar pollen types coexist but
not always associated to the same dominant plant species in the
Pelankova and Chytry (2009) study: Apiaceae (mainly Bupleurum spp. in
Altai, Ferula spp. and Semenovia dasycarpa here), Artemisia spp., Faba-
ceae (associated to Onobrychis spp. in Altai, Onobrychis spp., Oxytropis
spp. and Astragalus spp. here), Gentianaceae (Swertia obtusa in Altai,
S. lactea and Gentiana olivieri here), Ranunculaceae (Trollius spp. and
Aconitum spp. in Altai, Adonis turkestanica), Rosaceae herbs (Potentilla
spp. in our study, Potentilla spp. and Dryas oxyodonta in Altai). Cyper-
aceae is also an abundant and well-associated taxon in Altai but poorly
informative since it is ubiquitous from dry mesic grassland grasses
(mainly Carex) to wetland sedge (Blysmus spp. or Eleocharis spp.). The
same problems are evident in the Tibetan Plateau (Herzschuh et al.,
2010) and in Qilian Shan-Tarim basin, (Huang et al., 2018) with
Cyperaceae high abundances from desert to alpine mesic grasslands.
About trees, the dominant AP from Altai (Pinus spp., Larix sibirica and
Picea obovata; Pelankova and Chytry, 2009) also important in Mongolian
Hovsgol nuur area (Ma et al., 2008) or Khentii and Khangai ranges
(Dugerdil et al., 2021) are absent in our study. These taxa are repre-
sentative of the light taiga (Pinus sylvestris, Larix sibirica; Dulamsuren
et al., 2005) and dark taiga (Pinus sibirica and Picea obovata; Schliitz
et al., 2008) steppes-forests and forests. Biogeographically, Tian Shan
range is the southern edge for L. sibirica and Picea spp. extend mainly on
north-facing slopes (Erdos et al., 2018). However, the most important
AP in Tajikistan and Uzbekistan, i.e. the junipers (Juniperus spp. pollen
produced by J. semiglobosa and J. seravschanica) are constrained to the
southern steppes-forests area, mainly localized in Anatolia and Iran,
with a northern edge located in Tian Shan (Erdos et al., 2018). Juniperus
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spp. pollen types are present but not dominant in Caucasus Mountains
(Connor and Kvavadze, 2009; Robles et al., 2022), absent in central
Alborz (Dehghani et al., 2017) and quite important in the Golestan
juniper-woodlands (Djamali et al., 2009). To conclude, within ACA, the
TU mountains host an important contact area for the biogeography of
the most important trees of open woodlands biomes: Juniperus spp.
southward, with Picea spp. and Larix sibirica northward.

Cold vs. warm steppes and deserts. The transition between cold steppes
(COST clearly distinguished in pollen record in Kazakhstan and
Mongolia) and warm steppes (WAST, clearly present in north Africa and
Anatolia, Tarasov et al., 1998) should find its location somewhere in
ACA. Following Prentice et al. (1992), COST are found for MTWAQ
below 22 °C, e.g. Mongolia, Tibet and Pamir, and WAST in the Uzbek
lowlands or Tarim basin. At the phytosociological scale, the transition
occurs in Tajikistan with the clear separation between the thermophi-
lous secondary perennial in Mediterranean-like climates (including
Irano-Turanian) with long dry summer period (i.e. Cl. Stipo capensis-
Trachynietea distachyae S. Brullo in S. Brullo et al. 2001) and the
high altitude desert, steppes and cold semi-deserts of Central Asia (i.e.
Cl. Ajanio-Cleistogenetea songoricae Mirkin B. in Kashapov R. et al.
1987; Nowak et al., 2024).

Based on pollen samples, for chul and adyr TU vegetation types, the
best analogue studies have been carried across the Mongolian steppes
and pseudosteppes up to the Gobi Desert (i.e. COST; Ma et al., 2008;
Dugerdil et al., 2021); following an altitudinal gradient transect from
mountain to semidesert vegetation in the Georgian (Connor et al., 2004)
and Armenian (Robles et al., 2022) Caucasus or in the Iranian Alborz (i.
e. WAST; Djamali et al., 2009; Leroy et al., 2013; Dehghani et al., 2017).
Such gradient have also been carried out in China among the Tibetan
Plateau (COST; Herzschuh et al., 2010) or from the Qilian Shan to the
Tarim basin (COST to WAST transition; Huang et al., 2018). In all these
cases, the most abundant pollen types are Amaranthaceae, Artemisia spp.
and Asteroideae-type, despite the dominance of Poaceae in vegetation
plots (mainly Stipa spp., Cleistogenes spp. and Festuca spp.; Nowak et al.,
2020, 2021). However, Poaceae cannot be neglected in pseudosteppes
(sometimes called semi-deserts; Connor et al., 2004; Huang et al., 2018;
Robles et al., 2022) and in cold desert (Ma et al., 2008; Dugerdil et al.,
2021) pollen samples. Polygonaceae can be found in drylands associated
to Calligonum-type in cold desert and steppe (Ma et al., 2008), or
Polygonum aviculare-type in warmer environment recorded in wetland
archives (Connor et al., 2004). In this present study, the Polygonum-type
is mostly associated to the indicator species Polygonum paronychioides,
P. polycnemoides and other Polygonum spp. (Nowak et al., 2021).

Dry-cold indicators can be found in Convolvulus-type (Ma et al., 2008;
Dugerdil et al., 2021), Ephedra fragilis-type, Nitraria spp., Tamarix spp.
and Zygophyllaceae (Herzschuh et al., 2010; Huang et al., 2018). While
Centaurea spp., Lamiaceae and Asteroideae-type are more present in
warm steppes and desert (in Iran and in the Caucasus; Djamali et al.,
2009; Connor and Kvavadze, 2009; Dehghani et al., 2017; Robles et al.,
2022). Also, the AP from wetter surrounding vegetation types spreading
from long-distance are not similar since these vegetation types are bio-
geographically different: we can find Juniperus spp., Quercus-undet.,
Fagus orientalis, Carpinus betulus and C. orientalis southward and Betula
spp., Pinus spp. and Picea spp. northward. Salix spp. and Rosaceae are
less abundant but ubiquitous in warm and cold open land. In this
context, the TU region appears to be a transition area between cold and
warm drylands pollen rain, with indicators coming from the two clus-
ters. However, the very low abundances of long-distance spreading AP
(excepted Juniperus spp. that is present mainly in WAST but also in the
Tibetan and Qilian area, Herzschuh et al., 2010; Huang et al., 2018) and
the high abundances of continental Chinese specific pollen indicators (e.
g. Fabaceae more than 10 %, or occurrence of Betula spp., Hippophae
spp., Elaeagnus spp. or Thymelaeaceae) bring the TU closer to conti-
nental Chinese WAST-COST transition area than the WAST Caucasus-
Iranian or cold Sibero-Mongolian study cases. Then, based on these
conclusions, the pollen-vegetation representativeness could be
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quantitatively compared in TU and Chinese mountains and plateaus.

Amaranthaceae are not easy to use to solve this temperature question
since they are mainly aridity (Sorrel et al., 2007; Ma et al., 2008;
Dugerdil et al., 2021) and salinity (Gintzburger, 2003; Thevs et al.,
2008; Toderich et al., 2009) dependent. Consequently, the Amar-
anthaceae FAp reach the same range in cold (Ma et al., 2008; Huang
et al., 2018) and warm steppes and deserts (Djamali et al., 2009; Deh-
ghani et al., 2017; Robles et al., 2022).

5.2.4. Toward a correction of the past vegetation signal: main results and
perspectives

Semi-quantitative vegetation calibration. R-values approach - used as a
semi-quantitative vegetation bias correcting factor - has been applied in
the whole of China (Xia and Ni, 2024) and more especially in Chinese
continental drylands (Li et al., 2005; Wang et al., 2022). Among arid
environment pollen types, the most over-represented types in China are
Ephedra spp., Artemisia spp., Amaranthaceae, Tamarix spp., Brassicaceae
and Asteroideae-type. Results are similar for the TUSDB, especially for
the very over-represented ones (Artemisia spp., Tamarix spp., Amar-
anthaceae, Asteroideae-type and Brassicaceae). In TUSDB, we also have
Papaver spp. with high R-value. However, it could be due to miss leading
identification (generally not or poorly identified in pollen type; Connor
and Kvavadze, 2009; Pelankova and Chytry, 2009). For Boraginaceae,
Plumbaginaceae, Polygonaceae and Scrophulariaceae-type, the R-values
are not reliable since these taxa have a low prevalence (high under-
associated Davis score in Fig. 8). The two types of Ephedra in TUSDB
have a low R-value, even smaller than one for Ephedra fragilis-type.
Ephedra spp. over-representation differs from Chinese provinces since it
is a middle range pollen spreading type (with very high R-values in
desert ecotones, Xia and Ni, 2024) and low R-value further away from
deserts. R-values also depend on the desert vegetation subtype, with the
highest bias in temperate shrubby desert (Wang et al., 2022). Desert
Ephedra (i.e. E. fragilis-type) are under-represented unlike alpine Ephedra
(i.e. E. distachya-type) highlighting the Ephedra spp. pollination partic-
ularities. Especially, although no clear link between pollen type and
pollination syndrome has been established with Ephedra-types, it seems
that insect-pollinated Ephedra should have differences with wind-
pollinated ones (Bolinder et al., 2016). This could also have implica-
tion about the R-values differences, since usually wind-pollinated pollen
are clearly more over-represented than insect-pollinated ones (Wang
et al., 2022).

Quantitative vegetation reconstructions in ACA. Since R-values have
been proposed as a correction factor to apply to past pollen sequence to
reduce the pollen-vegetation bias in the past (Parsons and Prentice,
1981), few studies attempted this approach in the past. New modern
calibration approaches, more complex but more reliable, have been
proposed following the R-values such as the extended R-values model
owing to a reduction of the pollen-vegetation non-linear issues (Bunting
et al., 2004). Among these approaches, the Relative Pollen Productivity
(RPP) approach is the most commonly used (Wieczorek and Herzschuh,
2020). Using the maximum likelihood function method, it is possible to
have a statistically significant relevant source area of pollen (Bunting
etal., 2004) in order to calculate RPP and its standard deviation. Finally,
with the help of the RPP, the Landscape Reconstruction Algorithms and
REVEALS model may be applied to quantitatively reconstruct regional
vegetation (Sugita, 2007a). On the contrary of R-values, using REVEALS,
long-trend pollen-based quantitative land-cover reconstruction have
been proposed for the Ural region (Barhoumi et al., 2020) and northern
ACA (Cao et al., 2018). However, RPP are still complicated to estimate,
as their values are importantly fluctuating among study areas and no
values are available out of Europe, China and northern Siberia
(Wieczorek and Herzschuh, 2020). Moreover, Xia and Ni (2024) have
shown that in China, R-values are a quite good and simpler estimation of
RPP. In any case, using the Crackles-based vegetation plots from
TUSDB, the RPP estimation could be a further development for TU paleo
vegetation studies.
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5.3. Plant functional ecology in the past

5.3.1. Validation of the CWM traits approach

Pairwise CWM trait relationships. Most relationships between pollen-
based and vegetation-based CWM values are significant (Fig. 10A),
despite potential biases in pollen representativeness. Carvalho et al.
(2019) estimate that these biases are the major obstacle to the use of
pollen-based CWM. However, in their study, the utilization of RPP
(Wieczorek and Herzschuh, 2020) did not significantly improve the re-
lationships. Moreover, the TU RPP-based correction is not possible yet
since RPP are not available in the area yet. In TU, the functional
signature of vegetation compares well with that of pollen assemblage, as
also found in South America tropical forest (van der Sande et al., 2021)
and temperate forest from United Kingdom (Carvalho et al., 2019).
Finally, one of the limits of the application of pollen-based CWM
emerges from the aggregation effect of the CWM calculation: with CWM,
the plant diversity information is lost. Although other metrics account-
ing for trait variance may be used to capture community functional di-
versity (cf. Bruelheide et al., 2018), these are very sensitive to missing
values in particular. In line with this, van der Sande et al. (2021) have
shown that the information carried by pollen samples is not accurate
enough to assess plant community total diversity. Moreover, even the
most recent diversity statistical estimation inferred from pollen sample
(Birks et al., 2016) cannot overcome this lack of information.

Reliability of the pollen and vegetation based functional spaces. Further,
we have shown that in ACA, the aggregation scheme (i.e. which plant
taxa are associated to each pollen type in order to aggregate trait values
for pollen types) effect is negligible, and that the organization of vari-
ables in the phenotypic space of the global spectrum of plant form and
function (Diaz et al., 2016) derived from pollen surface samples com-
pares well with that derived from vegetation samples (Dugerdil et al.,
2025). In this previous study, the community-level functional spaces
appeared to be broadly similar among pollen and vegetation plots; this
was also consistent with the functional space observed worldwide
(Dugerdil et al., 2025). In this previous study, the community-level
functional spaces appeared to be broadly similar among pollen and
vegetation plots; this was also consistent with the functional space
observed worldwide (Bruelheide et al., 2018).

Toward a pollen-based CWM-environment linkage. All together, this
validates the use of CWM calculated on past pollen sequences (further
discussed by Dugerdil et al., 2025). However, the response of CWM
values of pollen assemblages to environmental parameters, climate in
particular, has been investigated so far. Biogeographical factors such as
altitude (van der Sande et al., 2021) or latitude (Brussel and Brewer,
2021) have been shown to influence the distribution of pollen-based
functional diversity. However, the formal links to climate parameters
(e.g. temperature, precipitation and aridity; Peppe et al., 2011; Frenette-
Dussault et al., 2013; Nunes et al., 2017) or to human impact (e.g.
grazing effect, Jaschke et al., 2020), which are commonly studied in the
context of extant vegetation, are still to be established for pollen
(Barboni et al., 2004). Overall, our functional approach to pollen sam-
ples conducted in TUSD confirms previous calibration tests (van der
Sande et al., 2021) and biogeographic validation (Brussel and Brewer,
2021; Dugerdil et al., 2025). More generally, it validates the assumption
formulated by Harrison et al. (2010), stating that pollen-based func-
tional ecology holds promises for vegetation and climate
reconstructions.

5.3.2. Functional ecology application in the past

Biome and vegetation structure from Aral 86 pollen record. The counter-
intuitive finding that CWMeafare, is higher during the tundra-like phases
(i.e. Z1 and Z2 in Fig. 11) than in the steppe phases, shows that the
biomization and the functional approach do not match. Indeed, tundra
biomes are not characterized by a high average leaf area (Bjorkman
et al., 2018). This biome is indeed composed by a mix of ruderal and
stress-tolerant plants (i.e. intermediate SLA but low leaf area; Pierce
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etal., 2017). It appears that this high leaf area in tundra-like results from
the high proportion of Poaceae and Cyperaceae pollen in the samples
(Fig. 11 for Poaceae and Fig. S11 for Cyperaceae). Poaceae and Cyper-
aceae are important taxa in the grass PFT, which is important in the
tundra biome (while only Poaceae counts for steppe score), whose leaf
area values are higher than those of Amaranthaceae and Artemisia spp..
Pollen-based biome modelling is thus unreliable in this particular case.
This is probably due to the low diversity of Aral 86 pollen types com-
bined with the very large Aral watershed, which drains pollen from a
vast regional area. This high Poaceae and Cyperaceae phase in the Aral is
also associated to organic-rich sediment, which may indicate that these
two pollen types could come from very local hydrophytes pollen pro-
ducers. It seems that, in this context, the modelled leaf area value is
more reliable than the biomized tundra-like score. Moreover, the plant
height presents a discrete decrease from 7000 to 1700 yr cal BP testi-
fying a slight forest retreat within the whole watershed. This informa-
tion is lost in the biomization process, which is based on a coarser
approach. It therefore suggests that biome reconstruction directly from
traits is a sound alternative to biomization in such complex context
(Boonman et al., 2022), as argued by Harrison et al. (2010).

Climate shifting and its functional consequences. The modelled func-
tional traits can also help to choose the best climate calibration to
reconstruct past climate parameters (Dugerdil et al., 2025). This is the
next step in enhancing the current approach of weighting the transfer
function using PFTs (Prentice et al., 1992; Peyron et al., 1998; Tarasov
et al,, 1998). Many studies have shown the relationships between
climate parameters and plant traits (see Garnier et al., 2004), which
could theoretically be used to validate transfer functions. For instance,
several studies have shown significant relationships between SSD and
aridity (Frenette-Dussault et al., 2013; Bruelheide et al., 2018), or leaf
area and precipitation (Peppe et al., 2011; Griffin-Nolan et al., 2018).
These studies can serve as bases to validate Al reconstructions, with arid
periods of Z1 and Z2 characterized by higher average SSD within the
Aral watershed. Tundra dominance at this period is unlikely. Moreover,
from our local calibration study, it also appears that in the TU region, the
MTCOQ favours the semi-forested area (dominance of AP in the higher
elevation biomes, Fig. 6)). This relation validates the two reconstructed
MTCOQ values in agreement with the plant height data (warmer period
with low semi-forested areas in Z1 and Z2, Fig. 11). Using independent
multi-proxy climate reconstruction coupled with this functional
approach allows determining more precisely whether climate is the
major factor controlling factor of the vegetation shifts (Adeleye et al.,
2023).

5.4. Pollen-based climate reconstruction

5.4.1. Particular pollen-climate behaviour

Aridity is the first driving factor. In contrast to Europe or North
America where temperature is more important (Salonen et al., 2019), in
TU, aridity seems to be the main factor controlling pollen distribution
(Figs. 6 and 7). It is similar to other climate studies in other areas in ACA
from Tibet (Herzschuh, 2007; Herzschuh et al., 2010; Cao et al., 2021),
Mongolia (Ma et al., 2008; Dugerdil et al., 2021), Iran (Dehghani et al.,
2017) and Caucasus (Connor et al., 2004; Robles et al., 2022). Precipi-
tation is also the most reliable parameter for Chinese transfer functions
(Chen et al., 2017). However, here the particularity is the higher
importance of MPCOQ than MAP to understand the TU climate system.
This could be due to the TUSDB edge position between the Westerly-
dominated area and the ACA core area (Tan et al., 2024). The major-
ity of precipitation occurs in winter and spring in the whole of the TU
(Belolipov et al., 2013). However, aridity pattern is more marked with
MPCOQ than MAP since the two geographic extremes of this study, i.e.
the Ustyurt plateau in Karakalpakstan and the Pamir plateau have both
relatively more summer precipitation than the central TU zone (this is
well-marked on the two precipitation curves on Fig. 6, see also the
MPCOQ and MAP maps in Fig. S1B and D).
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Artemisia interpretation in the past. A second particularity is about the
pollen types / climate parameter interpretation in the past. Unlike a
majority of ACA studies (Cao et al., 2021), here, the Artemisia spp. pollen
type is not climatically relevant. Especially it appears that in TUSDB,
Artemisia spp. is not correlated to temperature and precipitation
(R? € [0.01;0.02]) on the contrary to ACA or of cold-steppes in general
(R? € [0.10;0.21], Fig. S9 and Table 2). First, Artemisia spp. is a large
group in Uzbekistan (more than 40 species) covering almost all growth
forms and present in all vegetation types from drier to wetter biomes
(Kapustina et al., 2001). In their study, the distribution of Artemisia spp.
in Uzbekistan is ubiquitous and shows that the taxon could be present as
weed taxon in almost every vegetation types, but it is also a dominant
taxon in a large part of a country from adyr pseudosteppes (Ustyurt
plateau), chul warm desert (relic mountains of central Kyzylkum), adyr
pseudosteppes (Bukhara and Kashkadarya) and of course all adyr and tau
steppes (Nuratau, Kuratau, Hissar or Kuhistan). Moreover, although
recent efforts have been carried out to improve the pollen identification
level in ACA (Lu et al., 2018), it remains impossible to reach enough
precision to distinguish the wide Artemisia spp. ecological niche variety
(Kapustina et al., 2001).

Other pollen type interpretation in the past. Although Artemisia spp. is
unreliable to track aridity in TUSDB, Amaranthaceae, Poaceae, Cyper-
aceae and Juniperus spp. are the most associated taxa to MPCOQ. Event
tough Amaranthaceae is found to be over-represented as pollen in the
TUSDB (Fig. 8B) with important dispersion from chul to surrounding
areas (Fig. 9), this pollen type remains one of the most associated to
climate response (Fig. S9) and machine learning contributor (Table 2).
Mainly, the ubiquitous Amaranthaceae distribution in TU (Gintzburger,
2003) allows the Amaranthaceae FAp,m to accurately respond to local
climate amplitude. Moreover, their dominance on chul deserts and adyr
pseudosteppes marks a clear bump in FAp,, in hyper-arid and arid
environment. Even the different Amaranthaceae communities adapted
halophyte, gypsophyte or psammophyte vegetation (Toderich et al.,
2009; Dehghani et al., 2017) do not mitigate the link between Amar-
anthaceae and climate parameters. The Amaranthaceae-Aridity link is
well established in TU (Sorrel et al., 2007), in Central Asia (Chen et al.,
2010Db), as well as the large Northern Hemisphere scale (Salonen et al.,
2019).

For both Poaceae and Cyperaceae, the arid ephemeroid taxa from
desert and pseudosteppes (Carex physodes, Eremopyrum bonaepartis,
E. orientale or Bromus tectorum) are not recorded as much as perennial
herbs from wetter environment such as steppe, open woodlands and
mesic grasslands (Carex pachystylis, Festuca spp., Hordeum bulbosum,
Stipa caucasica or S. tianschanica). This is similar to Tarim basin - Qilian
Shan Cyperaceae pollen grain preservation issue (Huang et al., 2018).
Then, the question of the applicability of Artemisia/Amaranthaceae ratio
as a semi-quantitative aridity index (El-Moslimany, 1990) that has been
widely discussed and applied in ACA (Herzschuh, 2007; Chen et al.,
2010a; Zhao et al., 2012) in such a situation has to be raised. Zhao et al.
(2012) already recalled that this ratio has to be carefully applied in
paleo-sequences and calibrated in function of vegetation types for each
new study area.

Other pollen types have behaviours slightly different from what we
expect, at least compared to European pollen studies. For instance, in
ACA Convolvulus spp. is associated to drylands (mainly chul desert and
adyr pseudosteppes) which is consistent with Mongolian (Ma et al.,
2008; Murad, 2012; Dugerdil et al., 2021) and Chinese dryland pollen
rain studies (Ni et al., 2010; Lu et al., 2018). It is also consistent with the
ecophysiological studies: the steppes or mesic grasslands Convolvulus (i.
e. C. arvensis and C. lineatus) are proportionally less numerous than the
chul Convolvulus (C. divaricatus, C. erinaceaus, C. fruticosus, C. hamadae
and C. subhirsutus in Fig. S3). What is more, the latter have a different
growth form since they are mainly scrubs with woody shoots; so these
are statistically producing more pollen grain than the crawling ones
from steppes and mesic grasslands.
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Temperature as second driving factor. The independence between
primary and secondary climate parameters (Salonen et al., 2019) also
allows giving focus to temperature (MTCOQ in our study). Ephedra
fragilis-type and Ephedra distachya-type are in TUSDB one of the best
gradients between freezing and mild winters (Fig. 7D). Since these two
types are quite rare in pollen assemblages, the temperature interpreta-
tion can be reinforced by the presence of Asteroideae-type, Brassicaceae
and Lamiaceae which are also associated to milder winter. However, we
have to remember that the accuracy of particular taxa to reconstruct
climate parameters also depends on their prevalence (i.e. the proportion
of sites in which the pollen type is present; Cao et al., 2021). This
consideration can partially explain the dominance of major pollen type
on BRT and RF climate contribution (Table 1) such as Artemisia spp. and
Amaranthaceae. The Amaranthaceae response to temperature is not as
clear in TU than in the Mongolian Plateaus (FA correlated with MAAT;
Ma et al., 2008; Dugerdil et al., 2021). However, there, the Gobi Desert
mainly explains the Amaranthaceae FAp, distribution. Therefore, the
effects of temperature and aridity gradients on Amaranthaceae are not
easy to disentangle.

5.4.2. Improving the reliability of pollen-inferred climate reconstructions

Calibration-based statistics. The statistic produced during the cross-
validation process (R?2, RMSE and Moran’s I, Table 1) of the different
methods and calibration modern pollen datasets are broadly similar to
what we found in previous studies (Peyron et al., 2017; Dugerdil et al.,
2021; d’Oliveira et al., 2023): (1) the BRT is always the most statistically
significant method, far ahead of the RF and the WAPLS. MAT presents
intermediate scores; (2) for BRT and MAT, the scores are better for larger
datasets (EAPDB > ACADB > COSTDB > TUSDB), while it is the con-
trary for WAPLS (better scores for local calibration dataset), which is
due to the mathematical particularity of the method (Ter Braak et al.,
1993; Chevalier et al., 2020); and (3) surprisingly, the Artemisia spp. is
almost not contributing to the different prediction (Table 2) unlike
Amaranthaceae, Cyperaceae, Poaceae and Juniperus spp.. To conclude
about the calibration process, we can say that the BRT and MAT methods
applied on the TUSDB samples give a good trade-off between R2, RMSE,
Moran’s I and dataset size to accurately predict MPCOQ. For MTCOQ,
the BRT based on ACADB appears to be the best calibration in TU.
However, these general considerations for TU do not consider the
sediment archive itself and mainly these statistics only infer the modern-
vegetation-climate relationship (Rehfeld et al., 2016).

Past sequence-based statistics. Moreover, the randomTF () signifi-
cance test for the past applicability of transfer functions (Table 3 and
Fig. S12) has shown that climatic reconstruction accuracy cannot only
depend on the chosen calibration set (Telford and Birks, 2011). Espe-
cially, this method allows checking the similarity between the pollen
assemblages in the fossil sequence and in the calibration dataset (Chen
et al.,, 2017). Assemblage dissimilarities may come from bioclimatic
differences but also from a large panel of biases from pollen identifica-
tion differences and heterogeneity in pollen taxonomy (De Klerk and
Joosten, 2007) or pollen conservation, deposition processes and
taphonomy, which are not always similar between surface samples and
past pollen archives (especially in large lake Li, 2019). At the same time,
the randomTF () gives a statistical approach on how to select the
appropriate and independent climate parameters to reconstruct, which
is a key issue in paleoclimate studies (Salonen et al., 2019). Here also, we
have shown that the selected climate parameters independently
covering the larger part of climatic variance in TU (i.e. MPCOQ, MTCOQ
and Al, Fig. 2) are not necessarily the most accurate climate parameters
to reconstruct from the Aral 86 sequence (AI, MTCOQ and MAP,
Table 3). Finally, particular attention have to be given if human impact
is reported to disturb the normal pollen-climate relationships, in order to
avoid unreliable climate reconstructions (Peyron et al., 1998; Cromartie
et al., 2020; Jaschke et al., 2020; Shumilovskikh et al., 2023).
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6. Conclusions

Based on a new interdisciplinary approach combining both pollen
surface samples and plots from Tajikistan and Uzbekistan, our study has
shown some limitations which are: (1) the difficulty to superimpose
plant-based vegetation classification to pollen-based one, partly due to
(2) the spatially differential biases between pollen and vegetation.
Nevertheless, some significant results indicate the validity of our pollen-
vegetation approach:

1. Pollen assemblages are a valuable tool to reconstruct reliable
and accurate vegetation type changing, functional diversity, biomes and
key climate parameters in Tajikistan and Uzbekistan.

2. Based on key pollen types, i.e. Juniperus spp., Juglans regia,
Cyperaceae, Poaceae and Amaranthaceae, the major Uzbek vegetation
types (chul, adyr, tau and yailau) as well as nine vegetation subtypes can
be tracked in the past.

3. Davis indices and R-values of these pollen types are a first easy-
to-use correcting factor to estimate the real vegetation abundances of
over-represented pollen types (Betula spp., J. regia and Pinus spp.) and
under-represented pollen types (Calligonum-type, Centaurea spp.,
Convolvulus-type, Cousinia spp. and Rosaceae), locally changing in
Tajikistan and Uzbekistan.

4. CWM traits based on pollen abundances show similar trends to
vegetation-based one, i.e. the univariate trait relationships as well as the
global plant functional spaces are respected both at the species scales
and at the plant community scale. Applied to the pollen assemblages of
the Aral 86 sequence, it also has shown its strength to validate or
invalidate the pollen-based biome scores produce by the biomization
approach.

5. Climate reconstruction methods should always be tested on
several modern calibration datasets in order to produce the most
appropriate climate estimates: here we have shown that the MAT and
BRT produce the best statistical scores, and that the TUSDB is more
reliable to inferred past MPCOQ while larger databases, such as the
ACADB performed better on the MTCOQ. Nevertheless, the aforemen-
tioned results must be weighted in light of their applicability to past
sequences, as determined through past sequence applicability testing.
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