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Figure 1 Location of the study area and settings. (a) Topographic map showing the study site of Lake Hurleg (yellow star) and surrounding
geographic regions and features. The yellow dashed line represents the modern East Asian summer monsoon limit. The base map was obtained from the
Natural Earth public domain map dataset (https://www.naturalearthdata.com/); (b) topographic and hydrologic settings around Lake Hurleg. Red and
purple dots denote sites of sediment cores (HL13-2 and KLK21-1-2) and lakeshore sections (KLKP21-1 and KLKP21-2), respectively; (c) monthly
mean temperature, precipitation, and evaporation from 1956 to 2010 at Delingha meteorological station near the Lake Hurleg region (data source: China
Meteorological Data Network, http://data.cma.cn/)
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Figure 2 Long-term increasing precipitation trend in the Westerlies
domain over the past ~5000 years. (a) The mean moisture index for
northern Central Asia (NCA)®'; (b) pollen A/C ratio in Lake Hurleg?!;
(c) TN in core HL13-2 from Lake Hurleg (this study); (d) Narenxia Peat
arboreal/nonarboreal pollen (AP/NAP) ratio!”; (¢) Big Black Peatland
pollen A/C ratio!"; (f) Narenxia Peat taiga biome score!”; (g) Lake
Tuolekule pollen A/C ratio!'”); (h) Lake Aibi pollen A/C ratio™”
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Figure 3 Centennial- to millennial scale climatic events superimposed
on the long-term increasing precipitation trend in the Westerlies domain
over the past ~5000 years. (a) Northern Hemisphere (NH) temperature
anomaly at 90°-30°N™?; (b) summer (JJA) insolation at 30°N[¥;
(c) global temperature anomaly®; (d) the mean temperature index for
NCAP'; (e) Bond events™®l; (f) 4'C residual variations'™’; (g) TOC in
core HL13-2 from Lake Hurleg (this study); (h) TN in core HL13-2 from
Lake Hurleg (this study); (i) carbonate contents (%) in core HLO0S5-2
from Lake Hurleg®”. Blue and pink columns represent two continuous
abrupt cold events, respectively
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Figure 4 Comparison between climate events, proxy indices and algal
DNA records in core HL13-2 of Lake Hurleg over the past ~5000 years.
(a) The mean temperature index for NCA!; (b) Bond events®®; (c) BSi
content; (d) total phosphorus; (e¢) TN; (f) relative abundance of
cyanobacteria; (g) the copy numbers of cyanobacterial 16S rRNA-ITS
gene; (h) algal Shannon index; (i) algal Simpson index; (j) algal
observed OTUs. Blue and pink columns are indicated as in Figure 3
Orange and cyan columns indicate the Medieval Warm Period and the
Little Ice Age, respectively. Black dashed lines indicate the three stages
of gradually intensifying human activities at ~3500, ~2500 and
~1000 cal a BP
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Figure 5 Comparison between plant DNA and SOM molecular
composition records in core HL13-2 of Lake Hurleg over the past
~5000 years. (a) Plant Simpson index; (b) plant shannon index;
(c) relative abundance of vascular plant-derived polyphenols
compounds (VPPC); (d) relative abundance of condensed aromatics;
(e) modified aromaticity index (Al-mod); (f) relative abundance of
aliphatic compounds; (g) relative abundance of heteroatomic compounds
(CHON and CHOS); (h) chemodiversity index of SOM molecular
compositions; (i) number of plant species; (j) plant Chaol index; (k)
algal observed OTUs. The columns and dashed lines are indicated as in
Figure 4
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Figure 6 Relationships between climate variability, vegetation landscape pattern, and human activities on the northeastern Tibetan Plateau (NE-TP).
(a) Chemodiversity index of SOM molecular composition (pink line), relative abundance of heteroatomic compounds (CHON+CHOS) (green line) and
plant Shannon diversity index (blue line) in Lake Hurleg, respectively (this study); (b) the concentration of coprophilous fungi in Langgeri section, Lake
Qinghai basin (blue line)!'” and Lake Genggahai Sporormiella fungal spores percentage (cyan line)!''; (c) Lake Qinghai basin n-alkanes concentration
(green line)*® and Hordeum-type pollen percentage (pink bar)*; (d) diagram of local vegetation landscape patterns in different periods around Lake
Hurleg. The icons are obtained from https://www.iconfont.cn/and https://www.vecteezy.com/. Red and sky-blue lines are water-level of Lake Hurleg!®”!
and TN content in core HL13-2 of Lake Hurleg (this study), respectively. The two green columns represent the onset of significant human impact on the
ecosystem (~3500-3000 cal a BP) and the period of its further intensification (~2500-2000 cal a BP), respectively. Gray column denotes the period of
rapid intensification of human activities over the last millennium (~1000 cal a BP to present)
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Enhanced human activity on the northeastern Tibetan Plateau
during the late Holocene reduced climate and ecosystem
coupling
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The Tibetan Plateau is a climate-change-sensitive region and a key ecological security barrier. Clarifying the evolutionary processes and
driving mechanisms ofits climate and ecosystems will help elucidate regional environmental changes and the ecological effects of human
activities. In particular, understanding human-driven environmental change is crucial for elucidating human-environment interactions
and future global changes. However, our current understanding of when and how human activities have driven shifts in the climate-
ecosystem coupling relationship on the plateau is limited because long-term bio-geological records are scarce. Integrated multi—proxy
analyses, including sedimentary ancient DNA (sedaDNA) and organic molecular compositions, allow for more precise identification of
the shifts in climate—ecosystem coupling and the early signals driven by human activities. Here, we present algal and plant ancient DNA
and organic matter molecular composition records spanning approximately 5000 calibrated radiocarbon years before the present (cal a
BP) from Lake Hurleg on the northeastern Tibetan Plateau (NE-TP). By integrating our newly developed records with existing
paleoclimatic, paleoecological, and archaeological evidence from the study area, this study aims to: (1) reconstruct the hydroclimatic
changes and ecological evolutionary history of the NE-TP during the mid- to late Holocene and distinguish it from the monsoonal
domain; (2) evaluate the potential impacts of climatic and anthropogenic forcing on lake algae and watershed vegetation communities;
and (3) explore the historical processes and mechanisms underlying the shift in the coupling relationship between natural ecosystems and
climate change under human mediation. Combined with other regional paleoclimatic proxies and archaeological evidence, we
demonstrate the critical role of human activities in the transformation of late Holocene plateau ecosystems. We show that the region has
experienced a persistent wetting trend since approximately 5000 cal a BP, which is out of phase with Asian summer monsoon
precipitation. Superimposed on the overall increasing precipitation trend were several centennial- to millennial-scale cold-dry climatic
events that were highly synchronous with contemporary weak solar activity and North Atlantic ice-rafted debris events. Driven by
climate change, lakeshore vegetation has shown a gradual increase since the late Holocene, which contrasts with vegetation evolution
patterns in the Asian monsoon region. On centennial to millennial timescales, cyanobacteria/diatom biomass and biodiversity exhibited
higher values during warm periods and lower values during cold periods, indicating that warm climates are conducive to enhancing the
productivity of plateau lake ecosystems. The heteroatomic compound contents and chemodiversity index of the organic molecular
composition increased during approximately 3500-3000 cal a BP, implying relatively intensified regional human activities and clear
sediment fingerprints. Ordination analysis of sedaDNA revealed that algal communities formed distinct clusters before and after
approximately 3000 cal a BP, indicating a systematic shift in community structure. At approximately 2500 cal a BP, the increased
abundance of autochthonous aliphatic compounds, together with decreased contents of allochthonous organic molecules, such as vascular
plant-derived polyphenols, may imply intensified human activities that altered the natural landscape pattern of the catchment. After
approximately 1000 cal a BP, lacustrine algae increased again, whereas catchment vegetation diversity declined, indicating that enhanced
human activities reduced catchment vegetation diversity and significantly weakened climate-ecosystem coupling, whereas increased
nutrient input enhanced lake ecosystem biodiversity. As global change and human disturbances intensify, the climate-ecosystem coupling
relationships in this region may exhibit more complex spatiotemporal variations.

Tibetan Plateau, Holocene, climate change, ecological evolution, human activities
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