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Abstract

Climate warming poses a significant threat to vegetation in the arid regions of
Central Asia. Due to limited observation periods, we cannot adequately un-
derstand the relationship between plant diversity and climate change in arid
regions over long timescales. However, pollen preserved in geological records
provides an opportunity to understand the existence, distribution, and diver-
sity characteristics of past vegetation. Taking the Altai Mountains as an exam-
ple, three pollen sequences at different altitudes (high altitude—Halasazi peat,
mid-altitude—Narenxia peat, and low altitude—Kanas Lake) were selected to
investigate variation characteristics of pollen type diversity and its response
patterns to Holocene climate change. The results show: (1) Variation in pollen
type diversity in the Altai Mountains during the Holocene exhibits a unique
pattern. Specifically, during the early Holocene, as climate warmed, the forest
upper limit began to migrate upward, resulting in increased pollen type diversity
at high altitudes. (2) During the mid-Holocene, the climate was warm and hu-
mid; upward and downward migration of both the forest upper and lower limits
led to relatively high pollen type diversity at high and low altitudes, but pollen
type diversity in the taiga-dominated forest belt was relatively low, mainly at-
tributable to a decline in species evenness. (3) During the late Holocene, the
climate became colder and more humid; the downward shift of the forest belt
upper limit led to a significant increase in pollen type diversity at mid-altitudes.
During the Holocene, the forest belt exhibited the greatest magnitude of change
in pollen type diversity, making this region the most sensitive and vulnerable
area to climate response. This study helps us grasp the response patterns of
mountain vegetation belts to Holocene climate change and provides crucial evi-
dence for exploring the migration history of mountain vegetation.
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Abstract

Climate warming poses a significant threat to vegetation in the arid Central
Asia. However, the short duration of instrumental observations limits our under-
standing of long-term relationships between plant diversity and climate change
in this region. Pollen records from geological archives provide an opportunity to
investigate past plant presence, distribution, and diversity characteristics. This
study examines pollen taxa diversity changes and their response patterns to
Holocene climate variability using three pollen sequences from different eleva-
tions in the Altai Mountains: Halasazi Peat (high elevation), Narenxia Peat
(mid-elevation), and Kanas Lake (low elevation). The results reveal a distinc-
tive pattern of pollen taxa diversity change in the Altai Mountains. Specifically,
during the early Holocene, warming climate caused the upper forest limit to
migrate upward, increasing pollen diversity at high elevations. In the middle
Holocene, warm and humid conditions drove both upward and downward mi-
gration of forest limits, resulting in higher diversity at high and low elevations
but lower diversity within the taiga-dominated forest belt, primarily due to de-
creased species evenness. During the late Holocene, cooling and wetting climate
forced the upper forest limit downward, significantly enhancing pollen diversity
at mid-elevations. The forest belt exhibited the greatest magnitude of diversity
change throughout the Holocene, identifying it as the most climate-sensitive
and vulnerable zone. This study advances our understanding of mountain vege-
tation belt responses to Holocene climate change and provides critical evidence
for reconstructing mountain vegetation migration history in arid Central Asia.

Keywords: Holocene; pollen taxa diversity; Altai Mountains; arid zone; Cen-
tral Asia

1. Introduction

Global mean temperatures are approaching the upper limit of the past 10,000
years [1], with profound impacts on every biome across the planet [2]. These
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changes pose severe threats to fragile ecosystems in arid regions, causing tree
growth decline and mortality [3]. Recent projections indicate that arid and
semi-arid regions will experience significant warming and aridification, leading
to habitat fragmentation and increased uncertainty in vegetation ecosystem evo-
lution [4]. As climate change intensifies in the coming decades, protecting bio-
diversity and the services ecosystems provide to nature and humanity must be
prioritized on international policy agendas [5]. Effective interventions require
reliable predictions and evidence-based solutions, yet short-term observations
make it difficult to forecast species- to ecosystem-level responses to climate
change [6]. Consequently, evidence of biodiversity evolution from geological
history has become critically important [7].

Pollen from geological records represents the most abundant paleoecological
archive, offering evidence of past plant presence and distribution, and serving
as highly effective material for paleo-diversity studies [8]. The Tianshan-Altai
Mountains region in arid Central Asia represents a global biodiversity hotspot.
Recent warming in this region has far exceeded the global average, increasing the
frequency of extreme climate events [9]. This creates an urgent need to investi-
gate relationships between pollen taxa diversity and climate using palynological
methods. Previous studies have examined pollen diversity and mountain for-
est belt dynamics in the Tianshan Mountains [10, 11], particularly under the
Holocene “Westerlies Mode” (characterized by low precipitation in the early
Holocene and high precipitation in the mid-to-late Holocene) [12, 13]. However,
pollen diversity patterns and vegetation belt migration processes remain unclear
for the Altai Mountains.

Numerous pollen assemblage studies have been conducted across different al-
titudes in the Altai Mountains [14-20], providing data to assess whether past
climate changes increased or decreased pollen taxa diversity and how they af-
fected vegetation belt dynamics. This study selects three high-resolution pollen
sequences from different elevations (Halasazi Peat, Narenxia Peat, and Kanas
Lake) to investigate pollen taxa diversity responses to the Holocene Westerlies
Mode. We address two scientific questions: (1) How did pollen taxa diversity
evolve at different elevations during the Holocene? (2) How did Holocene pollen
taxa diversity respond to temperature and precipitation changes?

1.1 Study Area

The Altai Mountains lie at the boundary between Siberian taiga and Central
Asian deserts, with unique topography creating distinctive vegetation land-
scapes. The region has a mean annual temperature of -8 to 4°C and mean
annual precipitation of 300-500 mm [21]. During cold seasons, Siberian High de-
velopment dominates the region with cold-dry conditions, while westerly winds
transport North Atlantic moisture during warm seasons [22]. Precipitation de-
creases eastward and continentality increases eastward across the Altai Moun-
tains [23], a pattern clearly reflected in modern vegetation.
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The southern slope of the Altai Mountains, approximately 750 km long, exhibits
clear vertical vegetation zones [24, 25]: (1) Desert-steppe belt (<800 m), dom-
inated by Chenopodiaceae and Artemisia desert types, with dominant species
including Ceratocarpus, leguminous Trifolium, asteraceous Cousinia, Artemisia,
Polygonaceae, and grasses; (2) Steppe belt (800-1400 m), primarily containing
rosaceous Spiraea, Ephedra, grasses, sedges, legumes, and labiates; (3) Forest
belt (1400-2300 m), dominated by mixed forests of Siberian larch and Siberian
spruce, occasionally accompanied by poplar and birch; (4) Alpine meadow belt
(2300-2700 m), dominated by sedges, grasses, rosaceous and caryophyllaceous
herbs; and (5) Alpine tundra belt (2700-3200 m), dominated by mosses and
lichens [Figure 2: see original paper].

1.2 Data Sources

This study utilizes three high-resolution pollen sequences from different eleva-
tions across the Altai Mountains: Halasazi Peat, Narenxia Peat, and Kanas
Lake [Figure 1: see original paper].

Halasazi Peat (48°07 N, 88°22 E; 2450 m) is located in the alpine meadow belt.
The core has AMS 14C dating with ~80-year resolution, analyzing 85 samples
with >300 pollen grains per sample [26].

Narenxia Peat (48°48 N, 86°54 E; 1760 m) lies within the forest belt. The
core has AMS 14C dating with ~70-year resolution, analyzing 95 samples with
>300 pollen grains per sample [27].

Kanas Lake (48°43 N, 87°01 E; 1340 m) is near the lower forest limit. The
core has AMS 14C dating with ~90-year resolution, analyzing 65 samples with
>300 pollen grains per sample [28].

All three sites cover the entire Holocene period.

1.3 Pollen Diversity Index Calculation

We selected the Shannon-Wiener index (H) to quantify pollen taxa diversity.
This index measures uncertainty in assigning randomly sampled individuals to
taxa [29, 30]. Greater pollen taxon richness produces higher uncertainty, indi-
cating higher diversity. The index is calculated as:

S
H=—"Plog(P)
=1

where the logarithm can use base e; S represents pollen taxon richness; P_ ¢
is the proportion of individuals belonging to the ith taxon; n_ i represents the
count of each pollen taxonomic unit; and N is the total number of individuals
across all pollen groups.
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To examine relationships between different pollen types and diversity, we clas-
sified pollen into four components: taiga, tundra, steppe, and desert [31, 32].
The taiga component represents woody taxa, while the latter three represent
non-woody components.

2. Results
2.1 Halasazi Peat

Correlation analysis between pollen components (tundra, taiga, steppe, desert)
and the Shannon-Wiener index shows taiga component has the strongest corre-
lation (R? = 0.21, p < 0.01), followed by desert and tundra components (R?
= 0.10, p < 0.01), while steppe component shows no significant correlation (R?
= 0.00, p > 0.05). These results indicate that taiga and desert vegetation con-
tributed to pollen diversity at Halasazi Peat during the Holocene, with taiga
making the largest contribution, while steppe vegetation contributed minimally.

The Holocene Shannon-Wiener index at Halasazi Peat averaged 1.77, showing
no significant trend [Figure 4a: see original paper|. Periods above the mean
occurred around 11,500-10,000 and 6,000-2,000 cal yr BP, with the remaining
period below the mean. The highest value appeared around 2,500 cal yr BP,
and the lowest around 11,000 cal yr BP.

Further tracking of woody and non-woody Shannon-Wiener indices reveals both
follow the overall trend, but the woody index remains lower. The entire Holocene
can be divided into three stages: early Holocene (11,500-8,500 cal yr BP) with
low index values (mean = 1.68); middle Holocene (8,500-4,200 cal yr BP) with
high values (mean = 1.85); and late Holocene (4,200 cal yr BP to present) with
gradually declining values (mean = 1.78).

2.2 Narenxia Peat

Correlation analysis shows all four pollen components contributed to diversity at
Narenxia Peat, with steppe component showing the strongest contribution (R?
=0.92, p < 0.01), followed by taiga (R? = 0.57, p < 0.01) and desert components
(R? = 0.20, p < 0.01). Tundra component shows a negative correlation (R? =
0.12, p < 0.01) [Figure 3b: see original paper].

The Holocene Shannon-Wiener index at Narenxia Peat averaged 1.88, with clear
trend changes dividing into three stages: early and late Holocene with high index
values (mean = 1.95), and middle Holocene with low values (mean = 1.78). Both
woody and non-woody indices follow the overall trend, but non-woody indices
show greater variation amplitude than woody indices [Figure 4b: see original

paper].
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2.3 Kanas Lake

Correlation analysis indicates taiga, tundra, and desert components contributed
to pollen diversity at Kanas Lake, with taiga showing the strongest contribution
(RZ = 0.53, p < 0.01), followed by desert (R? = 0.40, p < 0.01) and tundra
components (R? = 0.21, p < 0.01). Steppe component shows significant negative
correlation (R? = 0.42, p < 0.01) [Figure 3c: see original paper].

The Holocene Shannon-Wiener index at Kanas Lake averaged 1.75, with three
distinct stages: middle Holocene with high values (mean = 1.85), and early and
late Holocene with low values (mean = 1.68). Woody indices follow the overall
trend, while non-woody indices show significant declining trends (R? = 0.42, p
< 0.01) [Figure 4c: see original paper].

3. Discussion

Analysis of relationships between different pollen components (tundra, taiga,
steppe, desert) and the Shannon-Wiener index across three altitudes reveals
that taiga component positively affects diversity at all elevations, while other
components show varying patterns [Figure 3: see original paper]. Steppe com-
ponent contributes weakly to diversity at the upper forest limit, positively at
mid-elevations, but negatively at the lower forest limit. These results demon-
strate that Shannon-Wiener index calculations can reflect Holocene forest belt
migration characteristics in the Altai Mountains.

The three study sites show inconsistent Shannon-Wiener index trends during
the Holocene [Figure 4: see original paper]. During the early Holocene (11,500-
8,500 cal yr BP), regional climate became warmer and drier. Halasazi and
Narenxia peats show high index values, while Kanas Lake shows low values.
For woody pollen, Halasazi and Kanas Lake show low values, while Narenxia
shows high values, indicating the forest belt primarily occupied mid-elevations
(Narenxia region) without expanding to Halasazi and Kanas Lake areas. As
climate gradually warmed, the upper forest limit shifted upward, and with in-
creasing humidity, the lower limit began moving downward. This forest belt
migration gradually increased woody pollen diversity at Halasazi and Kanas
Lake, while Narenxia, located within the forest belt, maintained high woody
diversity.

During the middle Holocene (8,500-4,200 cal yr BP), the regional climate was
warmest and wettest. Halasazi and Kanas Lake show high Shannon-Wiener
indices, indicating rich pollen diversity, while Narenxia shows declining diver-
sity. This pattern suggests that continued warming and wetting drove forest
belt expansion both upward and downward, gradually occupying previously
non-forested areas (Halasazi and Kanas Lake), thereby increasing woody pollen
diversity in these regions. However, Narenxia recorded the lowest diversity
of the entire Holocene, evident in both woody and non-woody indices. This
decline likely resulted from: (1) warm-wet climate increasing spruce and larch
areas within the forest belt [33], decreasing other tree species’ area and evenness
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[34], ultimately reducing woody diversity; and (2) forest belt expansion reducing
interstitial grassland area, consequently decreasing non-woody diversity.

During the late Holocene (4,200 cal yr BP to present), climate became cooler
and wetter. Halasazi and Narenxia peats show high Shannon-Wiener indices,
while Kanas Lake shows declining diversity. For woody pollen, Halasazi index
declines slowly, indicating downward forest belt migration under cooling-wetting
conditions should increase diversity at mid-low elevations. However, Kanas
Lake records decreasing diversity, contrary to expectations. This discrepancy
may arise from: (1) continued cooling reducing taiga area migrating to lower
elevations, decreasing woody diversity; and (2) intensified human activities and
frequent fires at low elevations reducing pollen diversity.

Overall, under combined Holocene temperature and precipitation influences,
Altai vegetation belts show unique patterns: early Holocene warming-drying
drove upward forest belt migration, increasing high-elevation diversity; middle
Holocene warming-wetting widened the forest belt, expanding upward and down-
ward and significantly increasing woody diversity at high and low elevations, but
decreasing diversity within the forest belt due to reduced species evenness; late
Holocene cooling-wetting drove downward upper forest limit migration, signifi-
cantly increasing mid-elevation diversity. These results demonstrate that forest
belts move upward along elevation to obtain more moisture during warm-dry
periods, and vice versa, while also adjusting belt width by moving downward
to respond to warm-wet conditions [35].

Altai pollen diversity patterns reveal that mid-elevation areas (Narenxia region)
show the largest vegetation diversity changes [Figure 4: see original paper], in-
dicating the forest belt is the most climate-sensitive and vulnerable zone. Given
moisture-sensitive taxa’ s limited climatic niche space and restricted habitat, wa-
ter loss threatens the relatively narrow forest belt. When aridity exceeds thresh-
olds, some forest belt taxa may disappear. For example, as a global biodiversity
hotspot, the narrow vegetation belt in the eastern Andes is highly vulnerable
to warming because expected climate velocities may shift narrowly distributed
plant taxa beyond their climatic niches within centuries [36]. Notably, under
current warming, the study region faces increasing drought risk with rising inten-
sity and duration [37], potentially causing immeasurable threats to forest belt
plant taxa in arid regions. Enhanced protection and maintenance of mountain
forest belts are needed, particularly for moisture-sensitive species.

Although pollen-based paleo-diversity reconstruction may have biases due to
identification precision, production, dispersal capacity, representation, and de-
positional environment differences [24, 32], pollen analysis remains a powerful
method for reconstructing plant diversity, providing key evidence for studying
mountain vegetation belt responses to Holocene climate change [8].
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4. Conclusion

Analysis of altitude-based pollen taxa diversity changes recorded in Altai pollen
sequences reveals: during the warm-dry early Holocene, the upper forest limit
began migrating upward, gradually increasing high-elevation pollen diversity;
during the warm-wet middle Holocene, the forest belt widened, expanding both
upward and downward, significantly increasing woody pollen diversity at high
and low elevations, but decreasing diversity within the forest belt due to reduced
species evenness; during the cool-wet late Holocene, the upper forest limit mi-
grated downward, significantly increasing mid-elevation diversity. These results
demonstrate that Holocene temperature and moisture (or precipitation) jointly
influenced forest belt migration, consequently affecting pollen diversity changes
across elevations.
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