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12 Abstract: This study investigates the dynamics and driving mechanisms of wetland
13 environment changes in the northeastern Tibetan Plateau, focusing on the expansion
14 and contraction of wetlands in Maqin County, on the northeastern edge of the Tibetan
15  Plateau during the late Holocene. By analyzing sediment samples from three borehole
16  profiles through spore-pollen extraction and identification, OSL dating, and other
17 methods, we reconstructed the spatiotemporal dynamics of wetland expansion and
18  contraction. The results of pollen analysis show that changes in the proportion of
19  Cyperaceae and Asteraceae pollen reflect the dynamic transition between wetland and
20  grassland ecosystems. In the early period (approximately 7000-4000 BP), Cyperaceae
21  dominated, indicating a more humid wetland environment; however, in the middle
22 and late periods (from about 4000 BP onwards), the proportion of Cyperaceae
23 gradually decreased, and Asteraceae increased significantly, reflecting a trend of
24  increasing aridification and grassland expansion. Further analysis suggests that the
25  primary drivers of wetland degradation may be related to the weakening of the Asian
26  monsoon, rising temperatures, and regional aridification. A comparison with global
27  climate models (CMIP6) reveals that wetland changes in the northeastern Tibetan
28  Plateau are somewhat synchronized with global climate patterns during both wet and
29  dry periods. This study reveals the spatiotemporal characteristics of the dynamic
30 transition between wetland and grassland ecosystems in the northeastern Tibetan
31  Plateau and explores the influence of climate change, monsoon fluctuations, and other

32 factors on wetland evolution, providing new perspectives and theoretical foundations
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33 for understanding the response of plateau ecosystems to global climate change and for
34  wetland conservation.
35 Keywords: Wetland Dynamics; Tibetan Plateau; Holocene Climate Change; Pollen

36  Analysis; Ecosystem Evolution
37 l.Introduction

38 The Tibetan Plateau, recognized as the "Third Pole," is the world’s
39  highest-altitude ecosystem, highly sensitive to and indicative of global climate
40  changes (Zhao et al., 2011; Fu et al.,, 2024). This region plays a pivotal role in
41  regulating global climate through its influence on the Asian monsoon system, global
42 atmospheric circulation, and carbon cycling, making it critical to the Earth system's
43 balance (Lu et al.,, 2006; Zhao et al., 2015). However, the Plateau’s unique
44  geographical location, complex climatic conditions, and vulnerable ecosystems
45  introduce significant uncertainty regarding its response mechanisms to climate change
46  (Wang et al.,, 2020). Understanding its evolutionary dynamics is vital for both
47  theoretical research on global climate systems and practical applications in regional
48  ecosystem management.

49 Wetlands are an essential component of the Tibetan Plateau ecosystem,
50 providing vital ecological services such as carbon sequestration, biodiversity
51  maintenance, and hydrological regulation. They are particularly sensitive to climate
52 variability and environmental changes (Wang et al., 2020; Zhang et al., 2023; Zheng
53 et al., 2025). The dynamic changes of wetlands not only reflect regional wet-dry
54  cycles but also reveal vegetation responses to environmental changes (Chen et al.,
55  2023; Zhang et al., 2023). Understanding the spatiotemporal dynamics of wetland
56  ecosystems and their driving mechanisms during this period is crucial for
57  reconstructing the Plateau's environmental history and predicting future trends.

58 Recent research has made significant progress in understanding wetland
59  dynamics and their drivers. Studies using lake sediments, pollen records, and
60  high-resolution climate proxies (e.g., ice cores and peat deposits) have revealed that
61  weakened Asian monsoon intensity, temperature changes, and regional aridification
62  were key factors in Late Holocene wetland degradation (Chen et al., 2015; Zhang et

63 al., 2019; Wang et al., 2013; Zhao et al., 2015). However, most studies have focused
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64  on central areas such as lakes and the Loess Plateau, with less attention paid to the
65  marginal regions of the Tibetan Plateau. Additionally, debates persist on whether
66  wetland degradation is solely climate-driven or results from the combined effects of
67 human activities and climate variability. Furthermore, the degree of synchrony
68  between wetland changes in the Plateau's marginal regions and global climate patterns
69  remains unclear.

70 To address these gaps, this study focuses on the Late Holocene wetland
71  dynamics in the marginal regions of the Tibetan Plateau and explores their climatic
72 drivers. Specifically, the following key questions are proposed:

73 1) What are the spatiotemporal characteristics of Late Holocene wetland
74  expansion and contraction in the marginal regions of the Tibetan Plateau?

75 2) What are the primary climatic drivers (e.g., monsoon fluctuations,
76  temperature changes) influencing the transitions between wetland and grassland
77  ecosystems?

78 3) Do wetland changes in the marginal regions of the Tibetan Plateau exhibit
79  synchrony or regional heterogeneity with global climate patterns (e.g., wet and dry
80  periods)?

81 To address these questions, we hypothesize the following: 1) The proportion of
82  Cyperaceae pollen is a sensitive indicator of wetland dynamics, while an increase in
83  Asteraceae pollen reflects enhanced grassland expansion; 2) Wetland degradation and
84  grassland expansion are primarily driven by climatic aridification, with weakened
85  Asian monsoon intensity as a key factor; 3) Wetland dynamics in the marginal regions
86  of the Tibetan Plateau are synchronized with global climate patterns, particularly
87  during wet and dry periods.

88 This study will reconstruct high-resolution spatiotemporal sequences of wetland
89  dynamics through pollen records of Cyperaceae and Asteraceae in sediment samples.
90 By integrating regional pollen data with global climate models, we aim to identify the
91  key climatic drivers and mechanisms underlying wetland and grassland transitions.
92 Additionally, this study will explore the coupling relationships between wetland
93  dynamics and global climate patterns, focusing on regional heterogeneity and

94  synchrony. The results will bridge research gaps on wetland evolution in the Tibetan



https://doi.org/10.5194/egusphere-2025-1321
Preprint. Discussion started: 11 April 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

95  Plateau's marginal regions, contribute to understanding wetland-grassland transitions,
96 and provide scientific insights into the relationship between wetland changes and
97  global climate patterns. These findings will inform ecological protection and wetland
98  restoration strategies and offer guidance for the adaptive management of plateau

99  ecosystems under the pressures of global climate change.
100 2. Materials and Methods
101 2.1 Overview of the Study Area

102 The study area is located on the northeastern edge of the Tibetan Plateau, in
103  Magqin County, central-eastern Guoluo Tibetan Autonomous Prefecture (34°27'N,
104 100°12’E; elevation: 3688 m). The terrain is high in the south and low in the north,
105  with the Animaqing Snow Mountain (elevation: 6282 m) as the most prominent
106  landmark. Situated on the northern slope of the Bayan Har Mountains, the region is
107  traversed by numerous rivers and is an important headwater area of the Yellow River,
108  featuring abundant wetlands and moraine lakes. The terrain is dominated by plateau
109  mountains, with an alternating range of mountains, glaciers, and river valleys. Glacial
110  meltwater provides a critical source of recharge for the Yellow River, forming a
111 distinctive plateau ecosystem.

112 The study area experiences a typical plateau continental climate, characterized
113 by alternating cold and warm seasons, distinct dry and wet periods, small annual
114  temperature variations, large daily temperature differences, long sunshine hours, and
115  intense solar radiation. The four seasons are not distinctly differentiated. The annual
116  average temperature is -0.1°C, with extreme minimum temperatures reaching -33.7°C
117  and maximum temperatures up to only 26.3°C. Annual precipitation is 513 mm, with
118  approximately 75% falling between June and September. The average annual wind
119 speed is 2.1 m/s, predominantly from the west. The area enjoys long annual sunshine
120 hours, totaling 2585 hours, and has a relatively low average annual atmospheric
121 pressure of 647.5 hPa.

122 The region is characterized by widespread permafrost or seasonal frozen ground,
123 especially in high mountain areas, making the ecosystem fragile. The geological

124 background is complex, as it lies on the northern margin of the Bayan Har block,
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adjacent to the East Kunlun Fault Zone and the Guoluo Mountain Fault Zone.
Influenced by the collision between the Indian and Eurasian plates, the region
experiences frequent tectonic activity, significant mountain uplift, and active fault
zones. Glacial processes have shaped classic glacial landforms such as cirques and
U-shaped valleys. Additionally, this area is prone to geological disasters, including

earthquakes, landslides, and debris flows.
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Fig. 1 The study area at the edge of the Tibetan Plateau and the specific sampling
locations. The upper map highlights the Tibetan Plateau, marked in red, indicating the main research area.
Arrows represent the West Wind Circulation, Indian Monsoon, and East Asian Monsoon, illustrating the influence
of these climate systems on the weather patterns of the region. The lower map shows the wetland study area, with
three sampling points—Y Hole, G Hole, and T Hole—indicated by red dots. These locations are where pollen data

or other environmental samples were collected for the study.
2.2 Profile Description

In August 2023, profiles were manually excavated at drilling sites Y, G, and T
down to the gley horizon. The depths of the profiles were 192 cm, 245 cm, and 230
cm, respectively. As shown in Figure 2, each profile had a grass turf layer distributed

between 0-3 cm. A gravel layer was observed between 50-105 cm in the Y profile,

EGUsphere®
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142 111-125 cm in the G profile, and 70-80 c¢m in the T profile. Samples were collected
143 at 3 cm intervals from each profile, resulting in 64, 81, and 80 samples for Y, G, and
144 T profiles, respectively. These samples were air-dried, ground, and sieved for
145  analyses of stable isotopes, magnetic susceptibility, grain size, and elemental
146 composition.

147 For collecting OSL (Optically Stimulated Luminescence) samples, black cotton
148 fabric was placed inside one end of a stainless steel tube (20 cm in length, 6 cm in
149 diameter). The tube was driven into the stratigraphy from the other end, following the
150  stratification. After extraction, the tube was quickly sealed with opaque tape to avoid
151 light exposure and stored in black plastic bags. A total of 37 OSL samples were
152 collected, with 13, 14, and 10 samples from the Y, G, and T profiles, respectively.

153 The sampling numbers and depths are shown in Figure 2.
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154 Fig.2 The figure displays the landscape and stratigraphic profiles of the sampling sites.
155 The upper image shows pictures of the study area, with Y Hole located in a wetland area, G Hole in a transition
156 area, and T Hole in a grassland area. The lower part shows the soil characteristics of the Y Hole, G Hole, and T
157 Hole sampling sites, including soil types (loess, gravel, peat) and the presence of wetland and grassland-related

158 layers.
159 2.3 Experimental Methods
160  2.3.1 Pollen Extraction and Identification

161 A 10 g sample was taken, and a modern Lycopodium spore tablet (11,675 grains
162 per sample) was added before chemical treatment to estimate fossil pollen
163 concentration. Fossil pollen was extracted using the heavy liquid flotation method and
164  identified under an Olympus light microscope. Tree pollen was mostly identified to
165  the genus level, while herbaceous and shrub pollen was identified to the genus or
166  family level. Generally, over 300 grains were counted per sample, with a minimum of
167 200 grains. The results were expressed as percentages and concentrations. Finally,

168  pollen percentage and concentration diagrams were created using Tilia software.
169  2.3.2 OSL Dating

170 1) Sample Pretreatment. All procedures were conducted under darkroom
171 red-light conditions. Samples were extracted from the sampling tubes in the darkroom,
172 with the exposed ends discarded, and only the central portion of the sample was used
173 for pretreatment. Samples were treated sequentially with 10% HCI and 30% H-O: to
174  remove carbonates and organic matter. Wet sieving was conducted to isolate the
175 63-90 pm and 38-63 pm fractions. The 63-90 pm fraction was etched with 40% HF
176 for approximately 60 minutes to remove feldspar minerals. The 38—63 pum fraction
177  was soaked in 35% H-SiFs for about two weeks to remove feldspar minerals. A small
178  amount of 10% diluted HCI was added to remove fluoride precipitates formed during
179  treatment. Purified quartz was tested for infrared stimulated luminescence (IRSL). If
180  significant IRSL signals were detected, further etching was performed to minimize
181  feldspar contamination and avoid underestimation of equivalent doses.

182 2) Measurement Equipment and Testing Conditions. The samples were
183  analyzed using a Risg TL/OSL-DA-20 automated luminescence reader with a

184  (°°Sr/*°Y) B-source. Luminescence signals from quartz were stimulated using blue
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185  light (470 £ 20 nm) at 130°C for 40 seconds. The feldspar component was tested
186  using infrared laser stimulation (830 nm). The resulting luminescence signals were
187  recorded by a 9235QA photomultiplier tube through a 7.5 mm Hoya U-340 filter.
188  During testing, the preheat temperature for natural and regenerated doses was 260°C
189  for 10 seconds, while the preheat temperature for experimental doses was 220°C for
190 10 seconds.

191 3) Determination of Equivalent Dose and Annual Dose. The equivalent dose
192 (De) was determined using the Single-Aliquot Regeneration (SAR) method combined
193 with the Standard Growth Curve (SGC) method. The annual dose rate was calculated
194  based on the content of U, Th, and K in the sample, the water content, and cosmic
195  radiation. U and Th contents were measured using ICP-MS, while K content was
196  measured using ICP-OES. Water content was determined by direct measurement. The
197  contribution of cosmic radiation to the annual dose was calculated based on sample
198  altitude, geographic location, and sampling depth (Prescott and Hutton, 1994). Annual
199  dose rates were computed using the formulas and parameters provided by Aitken

200 (1985).
201 2.4 Data Analysis

202 The integration of pollen data with global climate models (e.g., CMIP6) requires
203  careful consideration of the temporal resolution of pollen data, the output
204  characteristics of climate models, and their temporal and spatial alignment. The
205  specific steps and methods are as follows:

206 1) Pollen Data Processing. a)Temporal Calibration: Construct a pollen data
207  timeline using chronological data (e.g., OSL) from the drilling samples. Adjust the
208  temporal resolution to match the output intervals of climate models (e.g., the 100-year
209  time step commonly used in CMIP6). b)Pollen Index Calculation: Use Cyperaceae
210  pollen proportions as a proxy for wetland expansion (wetness index). Use Asteraceae
211 pollen proportions as an indicator of aridification and grassland expansion (aridity
212 index). Compute the wet-dry ratio (Cyperaceae/Asteraceae) to quantify environmental
213 wet-dry trends. c) Interpolation and Standardization: Interpolate pollen data to create
214  continuous environmental indicators. Normalize pollen proportion data for

215  comparison with climate model outputs.
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216 2) Global Climate Model (CMIP6) Data Extraction. Select CMIP6
217  simulations suitable for Holocene climate reconstructions, such as PMIP4, which
218  focuses on Holocene climate modeling. Use global climate models like MPI-ESM,
219  CESM, and HadGEM to obtain key climate variables (e.g., Asian monsoon changes,
220  precipitation, temperature). Use precipitation as the primary driver of wet-dry climate
221  conditions, temperature as a critical factor affecting vegetation growth and wetland
222 expansion, and the Asian Monsoon Index to quantify monsoon intensity changes.

223 3) Regional Data Clipping. Extract climate data for the marginal regions of the
224  Tibetan Plateau (e.g., 30°N-36°N, 90°E—-100°E). Adjust spatial resolution to align
225  with the area represented by pollen records.

226 4) Temporal Alignment. Aggregate model output data by Holocene time
227  intervals (e.g., 0-2000 BP, 2000-4000 BP) and align them with the pollen data
228  timeline.

229 5) Data Integration and Analysis. Pollen-Climate Correlation Analysis: Use
230  Pearson’s correlation or partial correlation to quantify the relationship between pollen
231  wetness indices (Cyperaceae proportion) and modelled precipitation data. Assess the
232 correlation of grassland indicators (Asteraceae proportion) with monsoon intensity
233 and temperature changes. Time Series Comparison: Plot time series comparisons of
234 pollen wet-dry indices with climate model outputs for precipitation and temperature to
235  examine synchrony or lag relationships. Analyze trends during specific periods (e.g.,
236  cold-dry or wet periods). Spatial Pattern Validation: Compare pollen-indicated
237  wetland-grassland changes with the spatial distribution of wet-dry regions derived

238 from CMIP6 climate models to validate the regional applicability of pollen records.

239 3. Results

240 3.1 Spatiotemporal Changes in Pollen Records

241 Figure 3 illustrates the percentage changes of two plant types (Asteraceae and
242  Cyperaceae) across different depths and time periods. From a vegetation dynamics
243  perspective, the proportions of Asteraceae and Cyperaceae reflect the dominance of
244  grassland and wetland vegetation, respectively. In the Y core, Cyperaceae dominates,

245  showing consistently high proportions (60%—100%) in both deep and shallow layers,
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246  indicating a long-term wetland-dominated environment. The low proportion of
247  Asteraceae suggests minimal grassland vegetation, reflecting stable climatic
248  conditions favoring wetlands. In the G core, the deep layer (older than 8000 BP)
249  exhibits high Cyperaceae proportions (80%—100%), indicating a wetland-dominated
250  environment and a relatively humid climate. In the middle layer (8000—4000 BP), the
251  proportion of Asteraceae gradually increases while Cyperaceae declines, signaling a
252 transition toward grassland or xerophytic systems. In the shallow layer (younger than
253 4000 BP), the proportions of Asteraceae and Cyperaceae become similar, suggesting
254  the coexistence of grassland and wetland vegetation, possibly due to climatic
255  fluctuations or regional variations. In the T core, the deep layer (9000-7000 BP) is
256  dominated by Cyperaceae, reflecting strong wetland vegetation and a humid climate.
257  In the middle layer (70004000 BP), Asteraceae proportions increase significantly
258  while Cyperaceae declines, indicating grassland expansion, likely due to a phase of
259  climatic aridification. In the shallow layer (younger than 4000 BP), grassland
260  vegetation dominates, reflecting aridification or a shift toward xerophytic

261  environments.
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262  Fig. 3 Pollen Distribution Characteristics of Y, G, and T Cores. The vertical axis
263 represents pollen percentage (0-100%). The horizontal axis represents the time scale (0-80 cm).
264  The green area represents the variation trend of Cyperaceae (wetland indicator plants) pollen;
265  higher values indicate more prominent wetland environments. The blue area represents the
266  variation trend of Asteraceae (grassland/arid environment indicator plants) pollen; higher values
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267  indicate more prominent arid or grassland environments.
268 3.2 Dynamic Transitions of Ecosystems

269 Figure 4(a) shows the distribution of Cyperaceae and Asteraceae pollen at
270  different sediment depths. Cyperaceae pollen increases with depth, particularly
271 around 2.0 meters, indicating its dominance in wetland environments, as Cyperaceae
272 plants grow in moist conditions. In contrast, Asteraceae pollen decreases with depth,
273 especially near the surface at 0.25 meters, suggesting it is more prevalent in grassland
274 or arid environments. The pollen distribution reflects a spatial transition between
275  wetland and grassland ecosystems. As sediment depth increases, Cyperaceae pollen
276  dominates, potentially indicating a wetland environment. However, as sediment
277  becomes shallower, from about 1.25 meters to the surface, the proportion of
278  Asteraceae increases, signifying a shift from wetland to grassland or drier conditions.

279 Figure 4(b) presents changes in pollen types over time (years before present, BP).
280  Over time, Cyperaceae pollen decreases, while Asteraceae pollen increases
281  significantly. Specifically, Cyperaceae reaches its peak around 7000 years ago and
282  then declines, while Asteraceae begins rising around 3000 years ago and reaches its
283 highest levels near the present. This trend suggests that the decline in wetland plants
284  like Cyperaceae is likely due to climate drying or other environmental changes,
285  leading to the transition from wetlands to grasslands or other arid ecosystems. As time
286  progresses, wetland environments were replaced by grasslands, with the reduction in
287  Cyperaceae pollen linked to wetland degradation and the rise of Asteraceae reflecting

288  the expansion of grasslands or dry ecosystems.
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289  Fig.4 a. Pollen Distribution with Depth; b. Pollen Temporal Sequence Changes.The
290  two curves represent the following: the blue line indicates the pollen percentage of Cyperaceae.

291 The orange line indicates the pollen percentage of Asteraceae.
292 3.3 Climate Trends and Plant Distribution Shifts

293 Figure 5(a) reflects the changes in the Cyperaceae Moisture Index and CMIP6
294  Precipitation over time. The Cyperaceae Moisture Index (blue line) shows a linear
295  increase over time (from 7000 years BP to 1000 years BP), rising from approximately
296  40% to nearly 100%. This trend indicates that over the past 7000 years, climate
297  conditions became wetter, more favorable for the growth of Cyperaceae plants, which
298  typically grow in wetlands, swamps, and other moist environments. The CMIP6
299  Precipitation (orange line) also shows a similar increasing trend, suggesting that
300  precipitation increased over time, supporting the idea that the climate became wetter.
301  The increase in precipitation may have been the main driver of the growth in the
302  moisture index. Climate change, such as the intensification of monsoons or increased
303  annual precipitation, could be the major reason for the rise in the moisture index.
304  From 7000 years BP to 1000 years BP, human direct impacts on climate and
305  vegetation were likely minimal, so the changes in the moisture index were mainly
306 driven by natural climate conditions. The increase in the moisture index could
307 represent the expansion of wetland areas or the stabilization of wetland ecological
308  environments.

309 Figure 5(b) reflects the changes in Asteraceae plant proportion, monsoon
310 intensity, and temperature over time. The Asteraceae plant proportion (blue line)
311 gradually decreased over time, from around 70% at 7000 years BP to nearly 0% at
312 1000 years BP. This suggests that over the past 7000 years, Asteraceae plants
313 gradually lost their dominance, likely due to the environment becoming more humid,
314  with moisture-loving plants gradually replacing drought-tolerant ones. Monsoon
315 intensity (orange line) showed a significant upward trend, indicating increased
316  precipitation, and the expansion of wet environments may have suppressed the growth
317 of Asteraceae, supporting the idea that humid environments were less favorable for
318  Asteraceae. Temperature (green line) remained almost constant, with small

319 fluctuations around 10°C. This suggests that temperature had a minor role in the

12
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changes in Asteraceae proportions, and the main driving force was the increase in

monsoon intensity (i.e., increased precipitation).

Cyperaceae Moisture Index and CMIP6 Precipitation Over Time

120 4 —8— Cyperaceae Moisture Index -
-m- CMIP6 Precipitation (mm/year) -
&
100 4 e
e
'3 80+
o
2
=
€0 4
0
7000 6000 5000 4000 3000 2000 1000
Time (Years BP)
Asteraceae Ratio, Monsoon Intensity, and Temperature Over Time
80 | —8— Asteraceae Ratio (Drought Index) -
=~ Monsoen Intensity %
—a - Temperature (°C)
70 4 e
60 4
50 4
@
3
El
2
a0
30 4
20
10

7000 6000 5000 4000 3000 2000
Time (Years BP)

1000

Fig.5 a) The upper graph shows the changes in the Cyperaceae Moisture Index and
CMIP6 Precipitation over time. The Cyperaceae Moisture Index is represented by the blue line, and the
CMIP6 Precipitation is represented by the orange dashed line. b) The lower graph shows the changes

in the Asteraceae ratio, monsoon intensity, and temperature over time. The Asteraceae ratio

is represented by the blue line, monsoon intensity is represented by the orange dashed line, and temperature is

represented by the green dashed line.

3.4 Climate Driving Factors

As shown in Figure 6, changes in monsoon and precipitation are key factors

driving ecosystem dynamics. The Cyperaceae ratio (Moisture Index) is positively

correlated with both precipitation and monsoon intensity (r > 0.90), while it is
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332 completely negatively correlated with the Asteraceae ratio (Aridity Index) (r = -1.00),
333 indicating that Cyperaceae plants are better suited to moist environments, and their
334  moisture index is closely related to precipitation and monsoon intensity. The
335  Asteraceae ratio is negatively correlated with both precipitation and monsoon
336  intensity (r = -0.90), reflecting that Asteraceae plants are adapted to arid environments,
337  and the aridity index significantly decreases when precipitation increases or monsoon
338 intensity strengthens. Precipitation is strongly positively correlated with monsoon
339 intensity (r = 0.92), indicating that monsoon intensity is the main driver of
340  precipitation changes. Temperature shows no correlation with any other variables (r =
341  0), suggesting that temperature variation has a minimal impact on humid or arid
342 environments. The correlation coefficient between the Cyperaceae ratio and the
343 Asteraceae ratio is -1.00, further indicating a strong negative correlation between
344  humid and arid environments. Therefore, climate driving factors such as enhanced
345  monsoons and increased precipitation are primarily responsible for the expansion of
346 humid environments and the degradation of grasslands, confirming that changes in

347  precipitation are the core driving force behind shifts in plant proportions.

Correlation Matrix of Pollen Indices and Climate Variables

1.00

Cyperaceae Ratio (Moisture Index)

Asteraceae Ratio (Drought Index)

Precipitation (mm/year) -0.00

- -0.25

Temperature (°C) =
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-1.00

348  Fig. 6 Correlation Matrix Heatmap Between Pollen Indices and Climate Variables.
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349 Cyperaceae Ratio (Moisture Index), Asteraceae Ratio (Drought Index), Precipitation (mm/year), Temperature (°C).
350 Red (1.00) represents perfect positive correlation, blue (-1.00) represents perfect negative correlation, and white or

351 light color (0) represents no correlation.
352 4.Discussion
353 4.1 Climate-Driven Ecosystem Dynamics Transition

354 This study reveals the transition of ecosystems from wetlands to grasslands at the
355  edge of the Tibetan Plateau, highlighting that climate change, particularly changes in
356  precipitation and monsoon intensity, are the core drivers of ecosystem dynamics. The
357 study finds that the proportion of Cyperaceae (wetland indicator) and Asteraceae
358  (grassland indicator) changes are closely related to both precipitation and monsoon
359  intensity. Cyperaceae is associated with humid environments, while Asteraceae is
360 linked to arid environments. The process of wetland degradation and grassland
361  expansion is driven by reduced precipitation and weakened monsoon intensity,
362 consistent with Herzschuh et al. (2006), who emphasized that the weakening of the
363  monsoon is a key factor in wetland degradation.

364 In line with previous studies (e.g., Wang et al., 2010; An et al., 2011), this study
365  further emphasizes the dominant role of precipitation changes in driving ecosystem
366  transitions at the Tibetan Plateau edge. However, this research is unique in
367  highlighting the relatively minor impact of temperature on wetland degradation,
368  showing that the primary driving factors for ecosystem change in this region are
369  precipitation and monsoon intensity, rather than temperature fluctuations. This finding
370  complements Herzschuh et al. (2019) on the Mongolian Plateau, which indicates that
371  the ecological dynamics in that region are more sensitive to temperature changes,
372 whereas the Tibetan Plateau edge's wetlands are more responsive to precipitation
373 changes.

374 Climate change drives ecosystem changes through key climatic factors such as
375  precipitation, monsoon intensity, and temperature (Herzschuh et al.,2010;Chen et
376 al.,2015). In the Tibetan Plateau edge region, the reduction in precipitation led to
377  inadequate water replenishment for wetlands, directly causing wetland degradation
378  and promoting the growth of grassland plants like Asteraceae. The weakening of

379 monsoon intensity, closely linked to reduced precipitation, further exacerbated
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380  wetland degradation, leading to the gradual transition from humid wetlands to arid
381  grasslands. Temperature changes had a relatively minor impact on the
382  wetland-grassland transition due to limited fluctuations in temperature and the
383  primary influence of precipitation and monsoon intensity. Additionally, changes in
384  wetland hydrological conditions and soil biogeochemical characteristics accelerated
385  the transition of ecosystems (An et al.,2011;Wang et al.,2013;Herzschuh et al.,2019).

386 The significance of this study lies in its use of pollen records to reveal the
387  dynamic transition from wetlands to grasslands, offering new insights into how
388  climate change affects regional ecosystems, especially in monsoon-affected areas.
389  The study emphasizes that changes in precipitation and monsoon intensity are the core
390  drivers of ecosystem shifts, highlighting the climate-driven mechanisms of ecological
391 transition. This research further confirms the crucial role of climate change in
392 ecosystem transitions at the Tibetan Plateau edge and provides important evidence for

393 global trends in wetland degradation and grassland expansion.
394 4.2 Changes in Ecosystem Services of Wetland and Grassland

395 Wetlands are natural "reservoirs" that play a critical role in regulating water
396  supply and reducing flood risks. Studies have shown that the hydrological regulation
397  function of wetlands is particularly important in the context of changes in monsoon
398 intensity (Herzschuh et al., 2006). This study finds that the increase in the proportion
399  of Cyperaceae coincided with an increase in precipitation, reflecting that the
400  expansion of humid environments may have a positive impact on regional water
401  resource balance. Wetlands also play an important role in carbon storage through
402  plant photosynthesis and organic matter accumulation. Wetlands on the Tibetan
403  Plateau are considered significant global carbon sinks, and their degradation could
404  release large amounts of carbon dioxide, exacerbating climate change (Wang et al.,
405 2010). This study suggests that during periods of wetland expansion,
406  Cyperaceae-dominated vegetation likely contributed to the restoration of carbon sink
407  capacity. Wetlands provide habitats for many unique species and are an important part
408  of biodiversity. The expansion of Cyperaceae in the study area suggests that the

409  restoration of wetland environments may have promoted regional biodiversity.
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410 With the enhancement of monsoon intensity and an increase in precipitation,
411  wetland restoration may alleviate regional aridification pressure and improve water
412 resource supply (An et al., 2006; Qin et al., 2009). The pollen records in this study
413 show that the Cyperaceae moisture index gradually increased during the late period
414 (4000 BP - 1000 BP), suggesting that wetland systems have restoration potential
415  under certain conditions. Wetland restoration plays an important role in achieving
416  global carbon neutrality goals. As a hotspot for global climate change, the restoration
417 of Tibetan Plateau wetlands may have a positive impact on the stability of the regional
418  and global climate system (Junk et al., 2013). However, with wetland degradation and
419  grassland expansion, the organic matter content in the soil decreases, leading to a
420  reduction in carbon storage capacity (Herzschuh et al., 2019). This study finds that the
421  increase in Asteraceae proportion, coupled with the decrease in the moisture index,
422 reflects the trend of aridification, which may accelerate soil degradation.

423 In the context of aridification, the simplicity of grassland vegetation may lead to
424  adecline in biodiversity (Zhang et al., 2017). The expansion of grasslands in the edge
425  region of the Tibetan Plateau may threaten the survival of wetland-specific species,
426  thus affecting regional biodiversity (Zhao et al., 2011). The expansion of grasslands
427  may form a negative feedback loop with the reduction in regional water resources,
428  further exacerbating ecological degradation. The pollen records in this study show
429  that the period of continuous increase in Asteraceae proportion (4000 BP - 1000 BP)
430  coincided with wetland degradation, indicating that grassland expansion could be a
431  precursor to regional ecological degradation. Although grassland ecosystems play a
432 role in preventing wind erosion and desertification, their ecological service capacity is
433 much lower than that of wetlands (Mclnnes et al., 2013; Mitsch et al., 2015). The
434  expansion and restoration of wetlands can effectively enhance ecological service
435  functions, while grassland expansion, though adapted to arid environments, limits the
436  overall functioning of the regional ecosystem (Davidson et al., 2020). Herzschuh et al.
437  (2006) emphasized the importance of wetland systems for the ecological stability of
438  the Tibetan Plateau, which is consistent with the findings of this study. The transition
439  between humid and arid environments not only reflects the direct impact of climate

440  change on ecosystems but also highlights significant changes in ecological service
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441  functions. This study shows that precipitation and monsoon intensity are core drivers
442 of the dynamic changes between wetlands and grasslands, emphasizing the critical
443 role of climate change in shaping ecosystem service functions.

444 Wetlands are not only an essential component of regional ecosystems but also a
445  natural solution to climate change (Zedler et al., 2005; Erwin et al., 2009). In the
446  ecological restoration of the edge region of the Tibetan Plateau, prioritizing the
447  protection and restoration of wetlands can help improve hydrological conditions,
448  enhance carbon sink functions, and increase biodiversity (Dixon et al., 2016; Hu et al.,
449  2017). The results of this study are consistent with Wang et al. (2010), who described
450  the importance of wetland carbon sink functions on the Tibetan Plateau, while further
451  quantifying the specific contributions of humid and arid ecosystems to regional
452 ecological service functions. Herzschuh et al. (2019) pointed out the common features
453 of wetland degradation and grassland expansion driven by climate change, and this
454  study further reveals the regional details of this process through pollen records. The
455  dynamic transition between wetland and grassland ecosystems is not only a response

456  to climate change but also profoundly impacts regional ecosystem service functions.

457 4.3 The Complex Interaction Between Pollen Records and Climate

458  Change

459 Pollen records offer direct evidence of the interaction between climate change
460  and ecosystem dynamics. This study highlights the dynamic transition from wetlands
461  to grasslands at the edge of the Tibetan Plateau, emphasizing the significant impact of
462  climate change on ecosystems. The results show that the Cyperaceae proportion is
463  strongly positively correlated with both precipitation and monsoon intensity,
464  indicating that the expansion of humid environments is driven by increased
465  precipitation and enhanced monsoon activity. In contrast, the Asteraceae proportion is
466  negatively correlated with these factors, suggesting that the spread of arid
467  environments is driven by reduced precipitation and weakened monsoon intensity.
468  These pollen records reflect the shift from humid to arid conditions, confirming the
469  key role of climate change, particularly changes in precipitation and monsoon strength,

470  in driving ecosystem transitions.
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471 When compared to previous studies, Herzschuh et al. (2019) suggested that the
472 strengthening of the global monsoon system contributed to the humidification of the
473 Tibetan Plateau. This study further supports that idea, refining the time range to the
474  period between 7000 and 4000 BP. The increase in precipitation during this period
475  supported the development of wetland ecosystems, creating favorable hydrological
476  conditions for Cyperaceae plants. This confirms that enhanced monsoon intensity
477  played a crucial role in the expansion of humid environments. Additionally, the
478  observed aridification trend (reflected by the increase in Asteraceae) aligns with
479  reduced precipitation and weakened monsoon intensity, validating the negative impact
480  of these changes on ecosystems. This finding aligns with Zhang et al. (2017), who
481  noted the vulnerability of Tibetan Plateau ecosystems.

482 Importantly, this study found that temperature had little influence on the dynamic
483  changes in humid and arid ecosystems. The temperature fluctuations in the Tibetan
484  Plateau edge region were relatively small and showed no significant correlation with
485  moisture and drought indices. This supports the findings of Thompson et al. (2000),
486  who reported that temperature changes on the Tibetan Plateau were much smaller
487  compared to changes in precipitation and monsoon intensity, highlighting the limited
488  role of temperature in ecosystem dynamics. Temperature’s influence is secondary,
489  particularly during wetland degradation and grassland expansion, where precipitation
490  and monsoon changes are the primary drivers.

491 Unlike Herzschuh et al. (2006), who used low-resolution pollen records, this
492  study provides high-resolution pollen data, offering a more precise view of the
493 transition from humid to arid conditions at the edge of the Tibetan Plateau. Through
494 quantitative analysis, this research underscores the dominant role of precipitation and
495  monsoon intensity in shaping ecosystem dynamics, addressing the gap in quantitative
496  studies of aridification trends noted by Zhang et al. (2017). Overall, this study
497  enhances our understanding of the impact of climate change on the Tibetan Plateau’s
498  ecosystems and provides valuable insights for predicting future ecosystem dynamics

499  inresponse to climate change.

500 4.4 The Relationship Between Regional and Global Climate Change
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501 The edge region of the Tibetan Plateau, as a sensitive high-altitude area globally,
502  experiences wetland changes influenced not only by local climate factors but also
503  closely related to global climate change (Lu et al., 2006; Wang et al., 2010). By
504  comparing wetland changes in the edge region of the Tibetan Plateau with other
505  regions (such as the Loess Plateau, Europe, etc.), the response mechanisms of plateau
506  wetlands to global climate change can be revealed, leading to a deeper understanding
507  of how climate change affects global wetland ecosystems (Kirwan et al., 2013; Liu et
508 al., 2015; Zhang et al., 2019; Xu et al., 2021). Herzschuh et al. (2019) pointed out that
509  climate change on the Tibetan Plateau is influenced by both the monsoon system and
510  global climate change. For example, the strengthening of the summer monsoon
511  typically brings more precipitation, promoting wetland expansion, while the
512 weakening of the monsoon leads to aridification, causing wetland contraction or
513 grassland expansion (Chen et al., 2015). This study shows that wetland changes in the
514  edge region of the Tibetan Plateau are significantly correlated with global climate
515  change, with periodic changes in wetland expansion and contraction aligning with
516  global warming and changes in precipitation patterns.

517 Compared to other regions, the driving mechanisms of wetland changes in the
518  edge region of the Tibetan Plateau exhibit some unique characteristics. For instance,
519  in the Loess Plateau, wetland area is directly related to precipitation, with reduced
520  precipitation leading to wetland contraction and grassland expansion (Zhang et al.,
521 2019). In the Loess Plateau, the weakening of the monsoon is the primary cause of
522 wetland disappearance, whereas wetlands in the edge region of the Tibetan Plateau
523 are more influenced by the combined effects of the monsoon and global climate
524  change (Herzschuh et al., 2006). Nevertheless, both the Tibetan Plateau and the Loess
525  Plateau show similar trends in wetland expansion and aridification: wetland expansion
526  during humid periods and wetland degradation and grassland expansion during
527  aridification (An et al., 2006). In temperate regions of Europe, wetland expansion
528  typically occurs during warm and humid periods, while climate aridification and
529  rising temperatures lead to wetland contraction, with some wetlands transitioning to

530  grasslands or forests (Brinson et al., 2002). The wetland changes in these regions all
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531  indicate that climate change, particularly temperature rise and changes in precipitation
532 patterns, has a significant impact on wetland ecosystems.

533 Global warming may lead to increased evaporation, further accelerating wetland
534  contraction. Meanwhile, an increase in extreme precipitation events may cause
535  instability in wetland water sources, affecting their expansion and stability. Wetland
536  changes on the Tibetan Plateau are closely linked to the Asian monsoon system.
537  Changes in monsoon intensity not only affect precipitation levels but also
538  significantly impact wetland ecosystems by altering water supply, temperature, and
539  humidity (Herzschuh et al., 2006; Kramer et al., 2013). Changes in the monsoon
540  system driven by global climate change will lead to long-term changes in Tibetan
541  Plateau wetlands. Weakened monsoons will exacerbate aridification and reduce
542 wetland areas, while stronger monsoons will promote wetland expansion (Lu et al.,
543 2006; Wang et al., 2013).

544 Compared to previous studies, this research highlights the significance of
545  precipitation and monsoon intensity as the main driving factors in the processes of
546  wetland and grassland expansion. However, this study has certain limitations,
547  particularly in its spatial scope, as it focuses only on the edge region of the Tibetan
548  Plateau and does not cover the entire plateau and surrounding regions. Future research
549  should further integrate paleoclimate data from different regions, modern climate
550  models, and wetland monitoring data to comprehensively understand the sensitivity
551 and feedback mechanisms of plateau wetlands to global climate change.
552 Cross-regional comparisons should also be conducted to explore the similarities and
553 differences in wetland changes across various regions, providing more scientific

554  evidence for wetland conservation and climate change mitigation.
555 5. Conclusion

556 This study reveals the dynamic changes of wetland and grassland ecosystems in
557  the late Holocene at the edge of the Tibetan Plateau and their climatic driving factors
558  through palynological data, with the following conclusions:

559 1) Changes in Wetland Plant Communities: Under humid climate conditions,

560  Cyperaceae dominates wetland ecosystems, reflecting wetland expansion and climate

21



https://doi.org/10.5194/egusphere-2025-1321
Preprint. Discussion started: 11 April 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

561  humidification. The expansion of Asteraceae indicates the transition from wetlands to
562  grasslands or arid ecosystems, signaling climate aridification.

563 2) Dynamic Characteristics of Wetland Expansion and Contraction: Wetland
564  expansion is closely associated with increased precipitation and suitable temperatures,
565  while wetland contraction is linked to aridification, rising temperatures, and weakened
566  monsoons.

567 3) Relationship Between Wetland Changes and Climate Factors: Wetland
568  changes are closely related to climate factors such as precipitation and monsoon
569  intensity, with climate change playing a core role in driving the dynamic changes of
570  wetland ecosystems.

571 4) Climate Driving Factors: Changes in monsoon intensity and precipitation are
572 key drivers of wetland and grassland ecosystem changes, with precipitation being the
573 primary force behind changes in plant proportions.

574 In conclusion, this study reveals the climatic driving mechanisms behind wetland
575  and grassland ecosystem changes at the edge of the Tibetan Plateau, emphasizing the
576  significant impact of precipitation and monsoon changes on plant community
577  dynamics, and providing scientific support for wetland conservation and climate

578  change adaptation strategies.
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