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A B S T R A C T   

Human activities have drastically reshaped global forest ecosystems in recent decades. However, identifying the 
origins, magnitude, and primary effects of these actions, especially in East Asia (EA), with a long history of 
human activity, remains challenging. Crucially, unraveling the early anthropogenic impacts on forest ecosystems 
has substantial implications for characterizing the Anthropocene. In this study, we collated and synthesized 
Holocene arboreal pollen (AP) sequences from 61 EA lake basins, which demonstrated an overall expansion of 
forest vegetation during the early to middle Holocene, followed by a retreat from 5 cal. ka BP. The cooling and 
drying climate during the mid- and late Holocene proved inimical to forest proliferation across EA. Survival 
imperatives are likely to drive humans to adopt grazing and farming, causing a transformation from forest land to 
agro-pastoral land. This change further accelerated forest ecosystem degradation. By dividing EA into five 
subregions, we observed asynchronous declines in forest vegetation from 8 cal. ka BP to 3 cal. ka BP. This trend is 
primarily attributed to human impacts, given the pronounced coincidence between forest reduction and emer-
gence and prosperity of Neolithic agriculture in each region. Significantly, the positive feedback loop between 
population growth and agricultural expansion can amplify human impacts. Coupled with climatic effects, these 
factors resulted in EA’s forest vegetation plummeting to its lowest level since 10 cal. ka BP at 2.1 cal. ka BP. 
Furthermore, the anthropogenic influences on EA forest vegetation mirror land use, soil erosion, and vegetation 
variability observed globally in terms of timeline. These alterations are driven by human activities, almost 
coinciding with shifts in atmospheric greenhouse gas levels away from their natural trajectory. We, therefore, 
argue that the Anthropocene definition should consider the aggregate environmental impact of human activities 
over millennia, rather than restricting to the most recent centuries.   

1. Introduction 

Forest ecosystems, accounting for a substantial portion of global 
biodiversity and playing a pivotal role in the global carbon cycle—most 
notably, acting as a “carbon sink” (Pan et al., 2011; Crowther et al., 
2015; Harris et al., 2021)—are vital. As per Harris et al. (2021), defor-
estation and other disturbances have led to total carbon emissions of 8.1 
± 2.5GtCO2eyr− 1 between 2001 and 2019, while the global forests’ net 
carbon sink was − 7.6 ± 49GtCO2eyr− 1 during this period. Conse-
quently, in the context of climate warming and escalating greenhouse 
gases, research into forest ecosystems is essential—particularly to 
comprehend past shifts in forest vegetation for the effective forecasting 

of future forest ecosystem changes. The Holocene epoch, the one closest 
to us, occurred during a warm interglacial period (Steffen et al., 2007). A 
comparison by Cheng et al. (2018) between the last five interglacial 
periods showed a marked decline in vegetation by approximately 6 cal. 
ka BP during the Holocene. This occurred significantly earlier than in 
previous interglacials, and was associated with high carbon flux. Accu-
mulating evidence suggested that human activities have substantially 
modified most global ecosystems (e.g., Jenny et al., 2019; Stephens 
et al., 2019; Ellis et al., 2021; Mottl et al., 2021; Nogué et al., 2021; 
Thompson et al., 2021), pushing the current interglacial potentially to 
deviate from its natural trajectory (Steffen et al., 2007). In this era of 
global change, it becomes imperative to comprehend the repercussions 
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of human interventions on forest ecosystems throughout the Holocene. 
Human have acted as a geological force, shaping the earth’s surface 

for millennia (Ellis et al., 2021). Recognizing this unique influence, 
Crutzen and Stoermer (2000) coined the term “Anthropocene”, dis-
tinguishing it from the preceding Holocene epoch. There is no doubt that 
since the onset of the Anthropocene, escalating human activities have 
imposed substantial impact (Elhacham et al., 2020; Cendrero et al., 
2022; Huang et al., 2022; Syvitski et al., 2022). Notwithstanding, the 
Anthropocene’s concept was quickly met with contention across various 
scientific fields (e.g., Lewis and Maslin, 2015; Bauer et al., 2021; Kunnas, 
2021; Head et al., 2022; Gibbard et al., 2022a, 2022b; Waters and 
Turner, 2022). The questions posed are whether the Anthropocene can 
be accepted as a new geological epoch and when this epoch commenced. 
The Anthropocene paradigm assumes that human-induced global envi-
ronmental change is a recent phenomenon (e.g., Lewis and Maslin, 
2015; Head et al., 2022). However, mounting evidence from ecosystem 
evolution (e.g., Mottl et al., 2021; Nogué et al., 2021; Thompson et al., 
2021; Cai et al., 2022; Ding et al., 2022), soil erosion/sediment accu-
mulation rates (e.g., Jenny et al., 2019; Zhang et al., 2022; Dreibrodt 
et al., 2023; Zhao et al., 2023), and land use change (e.g., Fyfe et al., 
2015; Stephens et al., 2019; Ellis et al., 2021), indicates that humans 
have been influencing the earth’s surface for millennia (Ruddiman et al., 
2015; Roberts et al., 2021; Gibbard et al., 2022a, 2022b). Nevertheless, 
the extent to which such profound impacts can be traced back remains 
uncertain. 

Primitive agricultural practices inflicted substantial damage on for-
est ecosystem (Ruddiman, 2003, 2007; Fyfe et al., 2015; Zheng et al., 
2021), leading to possibly irreversible transformations of the land sur-
face. Crowther et al. (2015) assessed global tree density, reporting a 
reduction of nearly 46% since the dawn of human civilization. By 
integrating pollen data and sediment accumulation rates from 632 lakes 
worldwide, Jenny et al. (2019) determined that the shift from natural to 
human-induced alterations in arboreal pollen (AP) occurred around 4 
cal. ka BP. However, their study included a limited number of pollen 
sequences from East Asia (EA). Given EA as an origin of ancient civili-
zations, it merits intensive investigation to understand the consequences 
of human activities. Recently, Cao et al. (2022) integrated pollen data 
from 254 sites across China, demonstrating significant human distur-
bance to vegetation and a reduction in plant diversity in eastern China 
over the last two millennia, however, this study paid less attention to the 
northeastern Tibetan Plateau, a region recognized for being consider-
ably influenced by early human activities. Additionally, Zhao et al. 
(2023) compiled data on vegetation, soil erosion, temperature, and 
precipitation throughout the Holocene from 35 lakes in China to 
investigate Holocene soil erosion dynamics, yet only treated vegetation 
as an influencing factor. Consequently, there is a demand for additional 
studies on forest ecosystems in EA during the Holocene, particularly 
those combining vegetation reconstruction results with archaeological 
findings to assess human activity impacts on Holocene forest ecosystems 
in the region. 

Lakes serve as sinks for watersheds, encapsulating information about 
ecological and environmental changes prompted by human activities 
within the watershed. This information is often conveyed to lakes 
through material transport and is ultimately retained in the sediments 
(Dearing, 2013; Jenny et al., 2019). As such, lake sediments are 
frequently utilized to uncover indications of early human activities, 
including deforestation, fire use, land use, and soil erosion (Lageras, 
1996; Noël et al., 2001). Furthermore, pollen records in lake sediments 
can denote the historical vegetation status of the lake and its sur-
rounding catchment area (Shen et al., 2006; Li et al., 2008). We collected 
AP records from 61 lakes and peatlands in EA during the Holocene, 
aiming to answer the following questions: (1) How did forest vegetation 
change in EA lake basins during the Holocene? (2) When did major 
human activity impacts occur? (3) What implications do the early 
human impacts on land surface forest ecosystems have in defining the 
Anthropocene? 

2. Data and methods 

2.1. Arboreal pollen datasets 

To assess the effects of climate change and human activities on Ho-
locene forest alterations in EA, we compiled 61 published tree pollen or 
arboreal pollen (both abbreviated AP) records from lake and peat sedi-
ments across the region (Fig. 1a). These sites span latitudes from 19.95◦

N to 52.82◦ N, longitudes from 80.24◦ E to 134.94◦ E, and altitudes from 
6 m to 5059 m (Table S1). To ensure age reliability, we verified that 
these records underwent 14C calibration, and recalculated age-depth 
using the Bayesian model. And we also selected 36 AP records based 
on the following strict criteria: (1) time span should be ≥10 ka; (2) the 
record should contain five or more 14C age control points throughout the 
Holocene for an accurate age framework; (3) the average sample reso-
lution in the record should be within 200 years to guarantee high res-
olution. To discern regional differences in vegetation changes and 
human influence, we conducted the statistical analysis on the data for 
subregions (Fig. 1b). For subregion division, we initially considered 
geographical divisions and climatic backgrounds, as well as the distri-
bution of early archaeological sites. According to Hosner et al. (2016), 
early human activity sites are extensively distributed in northeast China, 
the middle and lower Yangtze River, southwest China, and the north-
eastern part of the Tibet Plateau, but relatively fewer in northwest 
China. Consequently, we divided the pollen sites into five subregions for 
analysis: northeast China (NEC; n = 17), middle and lower Yangtze River 
(MLYR; n = 6), northwest China (NWC; n = 8), northeastern Tibetan 
Plateau (NETP; n = 9), and southwest China (SWC; n = 13). Upon 
comparing the integrated results of the 36 records with the 61 records, 
we observed minor differences in the amplitude of the AP records’ 
fluctuations in the NWC and MLYR, with negligible discrepancies in the 
other records (Fig. S1). Therefore, to provide a comprehensive repre-
sentation of forest vegetation changes in EA, we chose to analyze the 
integrated results of the 61 lakes. 

2.2. Data processing 

Each record in the collected data was linearly interpolated at 100- 
year intervals, resulting in interpolated AP percentages for 101 time 
slices between 10 and 0 cal. ka BP. The interpolated data was then 
calculated for Z-Scores, and the average of the 61 Z-Scores records was 
used to represent changes of AP in East Asia (Fig. 1c). To validate the 
reliability of the linear interpolation results, we also fitted the Z-Scores 
of the 61 records and each subregion using a generalized additive model 
(GAM), and compared these fitted curves with the interpolated curves 
(Fig. 1c). In order to investigate the driving-response relationship be-
tween climate, human activity, and forest vegetation changes, we con-
ducted a correlation analysis between the linearly interpolated AP and 
the proxy indicators of climate and human activity in EA. Furthermore, 
to examine how the correlation between AP, climate, and human ac-
tivity changes over time, we employed a sliding window correlation 
analysis with a 3000-year window and a 100-year sliding step. All of the 
aforementioned data analysis was executed using Python code. 

2.3. Regime shift detection 

To quantify the changes in EA forest ecosystems, we employed the 
Sequential t-test Analysis of Regime Shifts (STARS), a cyclic algorithm 
based on the t-test proposed by Rodionov (2004), to detect regime shifts. 
The primary advantage of this method is able to dynamically adjust the 
position and number of regime shifts for optimally fitting the data 
changes. STARS is primarily implemented in Excel via the STARS 
package and has been extensively utilized to identify regime shifts in 
climate and paleoecology (e.g., Rodionov and Overland, 2005; Reid 
et al., 2016; Huang et al., 2022). We used both of the mean and variance 
tests to detect the shift points of AP in East Asia and its subregion. At a 
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confidence level of 0.01, we tailored the cut-off length to verify the 
authenticity of our identified regime shifts, designating the cut-off 
length interval from 5 to 30. With an interval of 1, we employed a 
sliding method to record regime shifts discerned by both the mean and 
variance tests for every cut-off length. The frequency of these regime 
shifts was calculated across EA and its subregions (Fig. S2). To validate 
the results of the STARS test, we also conducted shift point detection 
using the Pelt algorithm from the Ruptures library in Python (Table S2). 
This algorithm, based on the mean-shift model, identifies regime shifts 
by minimizing a loss function. If the results from the mean and variance 
tests in STARS align with the results from Ruptures, we consider there to 
be a high likelihood of a regime shift at that point. 

3. Results 

3.1. Changes in AP across East Asia and its subregions 

The AP pattern in EA displays a gradual increase from the early to 
mid-Holocene, followed by a consistent decline starting approximately 

5 cal. ka BP (Fig. 2a). It is obvious that the forest vegetation in EA 
exhibited a notable, albeit non-synchronous, decrease during the mid- to 
late-Holocene periods (Fig. 2c, e, g, i and k). The AP in NEC showed an 
obvious escalation during the early Holocene and a peak during the 
early mid-Holocene, followed with a consistent decrease after 5 cal. ka 
BP and a second drop near 3 cal. ka BP (Fig. 2c). In contrast, the AP 
alterations in MLYR were negligible between the early and mid- 
Holocene periods. However, two distinct dips were discerned during 
the mid to late Holocene, approximately at 5.2 cal. ka BP and 2.2 cal. ka 
BP (Fig. 2e). NWC registered two significant AP downturns during the 
Holocene at around 9.5 cal. ka and 6.8 cal. ka BP (Fig. 2g). In NETP, the 
AP exhibited a rise during the early Holocene and then initiated a 
continuous fall at about 8 cal. ka BP (Fig. 2i). In SWC, although the AP 
changes were insignificant from the early Holocene to mid-Holocene, 
two noticeable declines were identified during the mid to late Holo-
cene at approximately 5.2 cal. ka BP and 1.2 cal. ka BP (Fig. 2k). 

Fig. 1. (a) Distribution of Holocene pollen sequences in Jenny et al. (2019) for the world (light blue dots) and this synthesis study from EA (dark blue dots), 
respectively; (b) Distribution of Holocene AP sequences in EA lake basins and five subregions; (c) Compilation of 61 AP sequences in EA (light gray dots), and fitting 
results by generalized additive model (red dashed line) and linear interpolation (blue curve). (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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Fig. 2. GAM Fitting and linear interpolation results of AP sequences in East Asia and its subregions (left hand) and its corresponding regime shift detection results 
(right hand). 
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3.2. Regime shift detection results 

To quantify the degree of forest vegetation decline, we employed a 
mean and variance test from the STARS to analyze the AP in East Asia 
and its subregions (Fig. 2b, d, f, h, j and l; Figs. S2 and S3). In our ex-
amination of forest vegetation decline, the term “regime shifts” is pre-
dominantly used to underscore the transition from a quantitative to a 
qualitative change. It represents the juncture at which forest vegetation 
has deteriorated to a state where recovery is nearly unattainable. Sub-
sequently, the Pelt algorithm from the ruptures library was utilized for 
verification (Table S2). The convergence of these three methods on 
comparable results significantly enhances the likelihood of a regime 
shift, such as the shift observed at 2.1 cal. ka BP of AP in East Asia 
(Fig. 2b). Additionally, the AP changes at 2.1–2 cal. ka BP in NEC, at 
3.6–3.4 cal. ka BP in NETP, and at 1.2–1.1 cal. ka BP in SWC were also 
recognized as regime shifts (Fig. 2d, j and l), because the maximum 
errors of these methods were only 200 years, a negligible amount. 
Importantly, both the STARS mean test and the Pelt-based algorithm 
flagged regime shifts of AP in MLYR, NWC, and SWC at approximately 
4.7–4.6 cal. ka BP, while the variance test did not agree (Fig. 2f, h and l). 
Furthermore, in some regions, including EA (5.3–4.4 cal. ka BP) 
(Fig. 2b), NEC (8.1–7.7 cal. ka BP and 4.9–4.6 cal. ka BP) (Fig. 2d), and 
NETP (7.1–6.1 cal. ka BP) (Fig. 2j), all three methods indicated regime 
shifts of AP but with notable discrepancies. These instances could not be 
definitively categorized as regime shifts. In summary, through the 
combination of these three methods, we identified a total of four regime 
shifts of AP (Text S1). 

4. Discussion 

4.1. Evolutionary characteristics of forest ecosystems in EA during the 
Holocene 

During the early to mid-Holocene, there was a general trend of forest 
expansion in NEC, with forest coverage starting to decrease at approx-
imately 5 cal. ka BP (Fig. 3a). It is evident that forest vegetation varia-
tion aligns with climate change and paleosol development in this region 
(Fig. 3b, c and h; Fig. S4). In the early to middle Holocene, the climate 
leaned towards warmer and wetter conditions (Chen et al., 2016), and 
paleosol development gradually increased, favoring the expansion of 
forest vegetation. Conversely, after around 5 cal. ka BP, the climate 
became cooler and drier (Fig. 3b and c), aeolian sand activities inten-
sified and paleosol development weakened (Fig. 3h), and forest vege-
tation accordingly retreated. Thus, Holocene forest variation in NEC was 
primarily driven by climate change. It is important to note, however, 
that the forest vegetation retreat at approximately 5 cal. ka BP is likely to 
be involved in anthropogenic factors. Around 7000 years ago, the region 
witnessed the emergence of the Yangshao culture, a society primarily 
centered on agriculture (Bao et al., 2018; Zhao, 2014, 2020). The syn-
chronous upsurge in archaeological sites and charcoal concentrations 
indicated a heightened usage of fire (Fig. 3d and e). This trend may be 
due to acquiring lands by the Yangshao people with slash-and-burn 
technique. And the transition from Yangshao to Longshan cultures 
occurred between 5 and 4 cal. ka BP, during which the cultivation of 
millet increased significantly (Bao et al., 2018). Moreover, the Yangshao 
and Longshan cultures are renowned for their pottery production, which 
necessitated substantial quantities of wood as fuel, potentially contrib-
uting to the decline of forest vegetation. Forest vegetation fell sharply 
again at about 3 cal. ka BP in NEC (Fig. 3a), which we attribute to human 
activities due to several reasons. First, the population in the Yellow River 
Basin expanded northward during this period (Zhang et al., 2017); 
Second, the increased ratio of Cereal-type Poaceae/Poaceae (Fig. 3f) and 
content of Sporormiella fungal spores (Fig. 3g) suggest an increase in 
domesticated plants and intensified grazing activity during this time; 
Third, relatively high concentrations of charcoal and black carbon were 
detected during this period (Fig. 3e), implying that human beings 

employed fire to clear forests and establish plantations, which could 
have led to a decline in forest vegetation. Furthermore, as the forest 
vegetation continued to diminish, the forest ecosystem in this region 
underwent a regime shift approximately at 2.1 cal. ka BP (Fig. 2d). This 
shift probably catalyzed a transformation of the regional landscape from 
forest to grassland. This is due to that most lakes and their surrounding 
catchments in NEC witnessed a shift from temperate broadleaf and de-
ciduous forests to temperate grasslands around that time (Liu et al., 
2002; Tarasov et al., 2006; Tian et al., 2020; Ren et al., 2022), when the 
regional vegetation type was already close to the modern vegetation 
type. 

In the MLYR subregion, two significant retreats of forest vegetation 
occurred during the Holocene, with the first taking place around 5.2 cal. 
ka BP (Fig. 4a). This event coincided with decreases in temperature and 
precipitation (Fig. 4b and c) and an increase in charcoal content 
(Fig. 4d). Except this period in which AP aligns with temperature and 
precipitation, there seems minimal correlation between AP and climate 
change (Fig. S4). Neolithic sites in MLYR began proliferating around 7.5 
cal. ka BP (Fig. 4e), when Majiabang/Hemudu (7.5–5.9 cal. ka BP), 

Fig. 3. Comparison of AP with other proxies in NEC: (a) GAM Fitting and linear 
interpolation results of AP in NEC; (b) Temperature changes in Mangshan based 
on BrGDGT (Peterse et al., 2011); (c) δ18O in North China (Yang et al., 2019); 
(d) Total number of sites in north China (Wagner et al., 2013); (e) Z-Scores of 
charcoal records in NEC (Wang et al., 2013; Ren et al., 2022); (f) Cereal-type 
Poaceae/Poaceae (CTP/P) in lake Mayinghai (Ren et al., 2022); (g) Spor-
ormiella-type in lake Gonghai (Huang et al., 2021); (h) Loess-paleosol change in 
northern China (Li et al., 2014). 
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Songze (5.9–5.2 cal. ka BP), and Liangzhu (5.2–4.2 cal. ka BP) cultures 
developed sequentially (Wu et al., 2012; Kajita et al., 2018). These 
predominantly agricultural Neolithic cultures likely prompted the 
expansion of agricultural land use and consequent forest vegetation 
retreat. Interestingly, we observed that AP decrease was not prominent 
during the Majiabang/Hemudu and Songze periods, potentially due to 
the rapid expansion of land in southern Hangzhou Bay from 52 km2/100 
yr to 138 km2/100 yr (Fig. 4f). As land expansion towards the sea took 
place during this period, less forest area was utilized by humans, which 
is potentially the reason for the slight AP decrease in MLYR. However, 
with the onset of the Liangzhu culture at ~5.2 cal. ka BP, AP experienced 
a dramatic decline, far exceeding that of previous millennia. We also 
attribute this AP drop at ~5.2 cal. ka BP to the flourishing of the 
Liangzhu culture. Given that archaeological sites from the Liangzhu 
period expanded significantly (Fig. 4e) and rice cultivation matured 
considerably compared to previous cultural periods (Fuller et al., 2009), 

yet the extent of land expansion towards the sea decreased markedly 
(Fig. 4f). This forced humans to recede back into the forest, leading to 
clearing land and significantly increasing charcoal concentrations 
(Fig. 4d). Moreover, in a climate that increasingly became colder and 
drier, the likelihood of humans burning wood for heat greatly escalated. 
Around 4.2 cal. ka BP, a sudden temperature drop led to the lowest AP 
levels since the early to mid-Holocene (Fig. 4a and b), which coincided 
with the extinction of the Liangzhu culture (Wu et al., 2012; Kajita et al., 
2018). The notable reduction in archaeological sites in the region during 
this period facilitated a brief vegetation recovery. However, AP plum-
meted again during the 2.2–1.7 cal. ka BP period, and reached a Holo-
cene minimum around 1.7 cal. ka BP before hitting a turning point 
(Fig. 4a). Nevertheless, the climate was exceptionally warm and humid 
during this period, with human activities being the primary driver for 
the decline in forest vegetation. During the unification of the Six King-
doms by Qin dynasty around 2.2 cal. ka BP, the region of MLYR was 
strategically significant and required large quantities of timber for war 
supplies and post-war reconstruction. Hence, we attribute the sharp 
decline in trees between 2.2 cal. ka BP and 1.7 cal. ka BP to the wars 
during this period. The rise in AP after 1.7 cal. ka BP can be attributed to 
the significant addition of land to the coastal lowlands after 2 cal. ka BP 
(Fig. 4f) and the gradual population migration to these lowlands. Af-
terward, human deforestation substantially decreased, allowing for 
gradual forest recovery. 

In the SWC sub-region, AP exhibited minor changes from the early 
Holocene to early mid-Holocene, but manifested a noticeable downward 
trend after 5.2 cal. ka BP (Fig. 5a), with the significant decrease of the 
cold-tolerant Tsuga (Fig. 5b). This decline was likely attributable to se-
lective logging by humans, which is evident from the significant increase 
in Poaceae content (Fig. 5c) and insignificant temperature variation 
during the same period (Fig. 5d). Following 5 cal. ka BP, the region 
experienced a marginal temperature alteration and continuous precipi-
tation decrease (Fig. 5d and e). It is evident that climate exerted minimal 
influence on forest vegetation in this region (Fig. S4). Significantly, rice 
cultivation proliferated in SWC around 5–4 al. ka BP (Lv, 2017), 
alongside the flourishing of Neolithic cultures, including the Baiyangcun 
(5–3.7 cal. ka BP) and Baodun (4.8–4 cal. ka BP) cultures (Wu et al., 
2012). Concurrently, high carbon flux was observed in SWC lake sedi-
ments post 5.2 cal. ka BP (Fig. 5f). Thus, the expansion of rice cultivation 
may have facilitated the regional forest vegetation decline. Significantly, 
the AP in the southwest exhibits a precipitous decline, or even a regime 
shift, after 1.2–1.1 cal. ka BP (Figs. 2l and 5a), implying a substantial 
ecological reorganization during this period. The considerable popula-
tion increase (Fig. 5g), augmented lake sediment accumulation rates 
(Fig. 5h), and a marked uptick in magnetic mineral input into the lake 
(Fig. 5i), are all associated with increased anthropogenic soil erosion 
(Dearing et al., 2008; Wu et al., 2015; Hillman et al., 2019; Yang et al., 
2022) and a shift in the lake’s trophic state (Hillman et al., 2019). These 
phenomena as well as AP significant drop occurred after 1.2–1.1 cal. ka 
BP. This period aligns with the Tang and Song Dynasties in China when 
terrace agriculture advocating higher elevation expansion was gradually 
instituted (Guedes et al., 2013). This development led to the defores-
tation of high-altitude forests. Coupled with increased precipitation 
during this period (Wu et al., 2018), soil erosion in the region was 
exacerbated. 

The forest vegetation in NETP demonstrated a steady decline from 
~8 cal. ka BP until a sudden shift in the region’s forest ecosystem at 
~3.6–3.4 cal. ka BP (Figs. 2j and 6a). Notably, there was a pronounced 
negative correlation between the AP of this region and precipitation, 
with little and even no correlation with temperatures (Fig. 6b and c; 
Fig. S4). Hunter-gatherers in the NETP began planting Panicum mil-
iaceum and Setaria italica at ~8 cal. ka BP (Bettinger et al., 2010). 
Subsequently, human activities began to influence the forest vegetation 
in the region. Around 6 cal. ka BP, there was a significant increase in the 
influx of Sporormiella fungal spores and in diversities of the fungal spores 
(Fig. 6d), indicating an enhancement of grassland nomadic activities. 

Fig. 4. Comparison of AP with other proxies in MLYR (a) GAM Fitting and 
linear interpolation results of AP in MLYR; (b) Alkenone temperature in East 
China sea (Kajita et al., 2018); (c) Hopanoids in Dajiuhu peat (Xie et al., 2013); 
(d) Charcoal records from Guxu lake (Qiu et al., 2020) (e) Frequency of dates 
for Neolithic cultural sites (Zhang et al., 2005); (f) The rate of land growth in 
the south Hangzhou Bay coast (Liu et al., 2021). 
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Given the continuous decrease in forest vegetation, it is plausible that by 
~3.6–3.4 ka, the forest vegetation in the area might have reduced to a 
level which is challenging to restore. Several recent studies have iden-
tified three phases (20–5.2 cal. ka BP, 5.2–3.6 cal. ka BP and after 3.6 
cal. ka BP, respectively) of prehistoric human encroachment on the Ti-
betan Plateau (e.g., Guedes et al., 2014, 2015; Chen et al., 2015, 2016; 
Zhang et al., 2016; Dong et al., 2017). Between 5.2 and 3.6 cal. ka BP, 
societies predominantly engaging in millet and corn cultivation 
expanded to inhabit low-altitude valleys (<2500 m) on the northeastern 
edge of the Tibetan Plateau. This expansion coincided with a noticeable 
increase in archaeological sites during 5–4 cal. ka BP (Chen et al., 2015; 
Hosner et al., 2016; Huang et al., 2017). Moreover, agro-pastoralists 
extensively migrated and settled at higher elevations (>3000 m) after 
3.6 cal. ka BP. These human agricultural activities might have contrib-
uted to a decline in forest vegetation, especially after 3.6 cal. ka BP, 
when human habitation at higher elevations and forest vegetation 
transition occurred synchronously. It is worth noting that decreasing 
precipitation yet increasing temperature was observed after 3.6 cal. ka 

BP (Fig. 6b and c). Simultaneously, there was a significant population 
increase (Chen et al., 2015; Huang et al., 2017), accompanied by high- 
altitude grassland degradation (Huang et al., 2017) and an increased 
frequency of fires (Fig. 6e). Considering these circumstances, it is likely 
that ecological deterioration in the NETP region compelled prehistoric 
humans to move to high-altitude areas around ~3.6 cal. ka BP. 

In the NWC subregion, desert grasslands primarily characterized the 
vegetation during the early Holocene, followed by the emergence of 
grassland vegetation in the mid-Holocene (Tao et al., 2010; Li et al., 
2011). This development coincided with the region’s warm and humid 
climate during the mid-Holocene, which was favorable for tree growth. 
However, due to environmental constraints, early human activities were 
relatively scarce in this area, yet the prehistoric population surged 
during the Holocene climatic optimum (Xiang et al., 2023). Seemingly, 
for NWC subregion, where climate change significantly influences forest 
vegetation and population distribution, alterations in forest vegetation 
may not sensitively reflect human-vegetation interaction. 

In sum, excluding NWC, the relationship between Holocene AP 
fluctuations, climate changes, and human activities in each EA subre-
gion can be delineated as presented in Fig. 7. The primary factors to 
influence forest vegetation in NEC were climate change and human 
activities. During the Yangshao and Longshan periods, agriculture and 
pottery production significantly caused forest vegetation decline. Since 
~5 cal. ka BP, forest vegetation has been continuously declining, with 
the landscape transition from forest to grassland at ~2.1 cal. ka BP 
(Fig. 7a). Compared to evolution patterns of NEC, the forest vegetation 

Fig. 5. Comparison of AP with other proxies in SWC (a) GAM Fitting and linear 
interpolation results of AP in SWC; (b) Compilation of Tsuga in SWC (Shen et al., 
2006; Xiao et al., 2014, 2020; Wang et al., 2016); (c) Compilation of Poaceae in 
SWC (Shen et al., 2006; Xiao et al., 2014; Zhang et al., 2020); (d) Recon-
struction of MAT based on BrGDGT (Zhang et al., 2020); (e) δ18O from Dongge 
cave (Dykoski et al., 2005); (f) Compilation of charcoal records in SWC (Xiao 
et al., 2015, 2018, 2020; Zhang et al., 2020); (g) Population of Yunnan province 
(Zhao and Xie, 1988); (h) Sedimentation rate from Tingming lake (Sun et al., 
2021); (i) χLF from Erhai Lake (Dearing et al., 2008). 

Fig. 6. Comparison of AP with other proxies in NETP (a) GAM Fitting and 
linear interpolation results of AP in NETP; (b) Reconstruction of alkenone 
temperature in lake Qinghai (Hou et al., 2016); (c) Synthesis of lacustrine δ18O 
and δD records for the entire Tibet Plateau (Chen et al., 2020) and δ18O records 
of lake Qinghai (Liu et al., 2007); (d) Sporormiella fungal spores influx and 
diversities of the fungal spores in lake Genggahai (Huang et al., 2020); (e) Total 
charcoal records from Gonghe Basin (Miao et al., 2017). 
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in MLYR is more profoundly affected by human activities, especially 
after ~2 cal. ka BP when changes in forest vegetation seem decoupled 
from climate fluctuations (Fig. 7b). This may be attributed to NEC’s 
positioning at the edge of monsoons, where forest vegetation is more 
sensitive to climatic change. In the SWC, two significant declines 
occurred in the forest vegetation sequence, one with the spread of rice 
cultivation and the other with the advent and prosperity of terraced 
agriculture (Fig. 7c). Moreover, due to the continuous decline of forest 
vegetation, the ecosystem of SWC underwent a significant reorganiza-
tion around 1.2 cal. ka BP. The decline in the forest vegetation of the 
NETP region began as early as 8 cal. ka BP, reaching a near-irreversible 
state by ~3.6 cal. ka BP, which was accompanied by grassland degra-
dation and triggered the migration of prehistoric humans to higher al-
titudes (Fig. 7d). Therefore, the forest vegetation across all subregions 
have experienced different amplitudes in human’s impacts due to the 
Neolithic agricultural expansion. 

4.2. Anthropogenic impacts on forest of East Asia since the mid-Holocene 

During the mid to late Holocene, forest vegetation in EA lake basins 
demonstrated a declining trend (Fig. 8a), corresponding with cooling 
and drying climatic conditions (Fig. 8b and c). This decline was closely 
linked to the prevalent climatic shifts of this period (Figs. S5a-S5c). 
However, an increasing body of research proposes that anthropogenic 
influences on vegetation became increasingly dominant during the mid- 
to late Holocene (e.g., Ren, 2000; Cheng et al., 2018; Jenny et al., 2019; 
Mottl et al., 2021; Thompson et al., 2021; Zheng et al., 2021; Cao et al., 
2022; Ren et al., 2022). The mid- and late Holocene climate was 
generally cold and dry, an environment unfavorable for tree growth. 

This condition also led to a diminished food supply for hunting and 
gathering, compelling humans to domesticate plants and animals. 
Consequently, agriculture and livestock cultivation saw a swift devel-
opment, and the increased food supply stimulated population growth. 
Drawing on the correlation between human activities and forest vege-
tation evolution in different subregions of EA, we postulate that human 
encroachment on forests, driven by the development of agriculture and 
pastoralism since the Neolithic era, which in turn led to a significant 
decline in regional forest vegetation. At 7–6 cal. ka BP, Neolithic sites in 
China began to emerge (Hosner et al., 2016), followed with a significant 
growth in the number of archaeological sites and population recorded 
after approximately 5 cal. ka BP (Fig. 8d and e). This period marked the 
advent of widespread farming and animal husbandry activities in the 
MLYR and NEC regions (Li et al., 2020), resulting in more than a twofold 
expansion in rice farming (Fig. 8d). A pronounced negative correlation 
between AP and population/archaeological sites in EA was observed 
(Figs. S5d and S5e). As populations grew, the lifestyle transition from 
hunting-gathering to settled agriculture invariably led to an expansion 
of agricultural land. Additionally, for the purpose of settlement, heating 
and farming, human were likely to clear and burn adjacent vegetation, 
rendering fire a crucial instrument of human impact on vegetation 
(Thompson et al., 2021). A significant surge in charcoal concentration 
occurred after 4.5 cal. ka BP, maintaining a high carbon flux for thou-
sands of years subsequent to 2 cal. ka BP (Fig. 8f), may demonstrate that 
humans use fire to clean forests. And there is a significant negative 
correlation between AP and concentration of charcoal (Fig. S5f). 

It is noteworthy that the methane concentration in the atmosphere 
began an upward trajectory after 5 cal. ka BP (Fig. 8g). This trend cor-
responds with a substantial decrease of AP in East Asia (Fig. 8a) and a 
significant increase in population, rice distribution area and charcoal 
concentration (Figs. 8d-8f), alongside surges in deposition rates (Fig. 8f). 
However, the correlation between AP and methane concentration dur-
ing the Holocene was not significant (Fig. S5g). Ruddiman (2007) pin-
pointed human activities (including livestock and human waste 
emissions, biomass burning, and irrigation), with irrigation identified as 
the chief factor, for the anomalous rise in methane concentrations dur-
ing the late Holocene. Contrarily, according to the records from suc-
cessive interglacials, methane concentrations should have continued to 
decline in a naturally evolved state (Steffen et al., 2006). Importantly, a 
significant negative correlation exists between AP and CO2 (Fig. S5h). 
Forests serve a critical role in carbon sequestration. Consequently, 
human activities such as deforestation and slash-and-burn agriculture 
could release significant amount of CO2, contributing to a rise in at-
mospheric CO2 levels. Moreover, forest vegetation aids in soil stabili-
zation and water conservation; thus, its reduction can lead to severe soil 
erosion. As the watershed’s sink, a lake reflects the basin-wide sediment 
flux; an increase in sediment accumulation rates, therefore, denotes 
escalating soil erosion within the basin (Zhang et al., 2022). Cendrero 
et al. (2022) noted that sediment discharge is even 41.7 times greater in 
areas where human activities considerably influence vegetation, sug-
gesting that the impacts of human activities on sediment transport 
substantially surpassed the natural conditions. The sediment accumu-
lation rate in Chinese lakes began to rise around 4.8 cal. ka BP (Fig. 8f), 
coinciding with the decline of AP in East Asia, and a significant negative 
correlation exists between the two changes (Fig. S5i). Sediment accu-
mulation rates surged after 2 cal. ka BP and, notably, significantly 
exceeded the rates of the preceding 40 ka under natural conditions 
(Zhang et al., 2022). 

Sliding correlation analysis results suggest a significant intensifica-
tion in the impacts of both climate and human activities on forest 
vegetation since the mid-Holocene (Figs. S6a-S6d). Notwithstanding, 
the influence of precipitation on forest vegetation markedly diminished 
over the following 5 cal. ka BP (Fig. S6b). Relative to temperature and 
precipitation, mean effective moisture exerted a more profound impact 
on forest vegetation. It is noteworthy that the correlation between AP 
and regional population growth has remained high since the mid- 

Fig. 7. Relationship between AP and climate change and human activities in 
the EA subregions (The blue curve represents the Z-Scores of AP in each sub-
region; yellow and blue arrows represent change trends of temperature and 
precipitation, respectively; The shaded part represents the transformation of 
different cultural stages or the change of prehistoric human settlement from low 
altitude to high altitude). (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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Holocene (Fig. S6d), underscoring the growing influence of human ac-
tivities on forest vegetation. Thus, the persistent decline of forest 
vegetation since 5 cal. ka BP can be attributed to both climatic and 
anthropogenic modifications. Cheng et al. (2018) conducted a compar-
ative study of vegetation changes over the last five interglacials, and 
found that the Holocene vegetation exhibited an early downward trend 
compared to its predecessors. This suggests that the evolution of Holo-
cene vegetation diverged from the trajectory observed in successive 
interglacials. Importantly, as forest vegetation in EA continue to decline, 
a regime shift has occurred at ~2.1 cal. ka BP in the region (Fig. 2b). 
Notably, an exponentially growing population (Fig. 8e), substantial 
expansion of cropland and pasture (Klein Goldewijk et al., 2017; Li et al., 
2020), a peak in charcoal concentration (Fig. 8f), forest fragmentation 
(Zheng et al., 2021), a significant reduction in vegetation biodiversity 
(Mottl et al., 2021; Cao et al., 2022), and a marked increase in soil 
erosion (Dearing et al., 2008; Wu et al., 2015; Hillman et al., 2019; Yang 

et al., 2022; Zhang et al., 2022; Zhao et al., 2023), also ensued after 2.1 
cal. ka BP. It is acknowledged that increased human activity led to a 
tremendous reorganization of the ecological environment in EA. 
Therefore, it is plausible to conclude that the forest vegetation retraction 
to a near-irreversible state was a direct consequence of intensified 
human activities, given the continuous shift towards colder and drier 
climatic conditions. 

On a global scale, we observed an expansion in agricultural and 
pastoral lands commencing around 7 cal. ka BP. Despite this, the pri-
mary activities of our forebears remained hunting and gathering until 
approximately 5 cal. ka BP (Fig. 8h), a timeline that corresponds with 
the onset of forest vegetation decline in East Asia (Fig. 8a). Between ~7 
and 2 cal. ka BP, the footprint of agricultural and pastoral lands un-
derwent a significant increase, reaching extensive global distribution by 
2 cal. ka BP (Fig. 8h). Concurrently, the forest vegetation in East Asia 
experienced a decline to near irreversible levels. By 10 cal. ka BP, 

Fig. 8. (a) GAM Fitting and linear interpolation results of AP in EA; (b) Reconstruction of paleo-temperature in global (Shakun et al., 2012) and at 30–90◦ N (Marcott 
et al., 2013) based on multiple indicators; (c) Reconstruction of Holocene mean effective moisture in China based on multiple indicators (Herzschuh, 2006) and 
rainfall based on 10Be (Beck et al., 2018); (d) Reconstruction of archaeological sites (Hosner et al., 2016) and rice distribution area (Li et al., 2009); (e) Reconstruction 
of population in China (Li et al., 2009); (f) Charcoal records (Xu et al., 2021) and lake deposit accumulation rates (Zhang et al., 2022) in China; (g) Global CH4 and 
CO2 reconstruction (Köhler et al., 2017); (h) Global land-use extent (Stephens et al., 2019); (i) Global vegetation change rates (Mottl et al., 2021); (j) Global arboreal 
pollen (Jenny et al., 2019). 
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agriculture and livestock rearing had taken root across the globe, and 
between 10 and 4 cal. ka BP, agro-pastoral practices spread widely in 
Asia, Europe, Africa, and South America. These practices, however, were 
scarcely prevalent in North America and Oceania during the initial years 
(Stephens et al., 2019). In regions such as North America and Oceania, 
where agro-pastoral activities were limited, the rate of vegetation 
change started to increase much later than in other continents (Mottl 
et al., 2021). Furthermore, global changes in vegetation composition 
underwent a significant acceleration from 4.6 to 2.9 cal. ka BP, a trend 
that is unprecedented in both magnitude and extent over the past 
18,000 years (Mottl et al., 2021). We note that the decline of East Asian 
forest vegetation coincides with a period of rapid vegetation changes 
across Asia. Interestingly, compared to Europe and North Amer-
ica—both situated in the Northern Hemisphere—the initiation of these 
rapid changes in vegetation transpired significantly earlier (Fig. 8i). This 
observation suggests that the swift vegetation alterations during the 
mid-late Holocene were unlikely to have been driven by broad-scale 
climatic factors. In addition, the global soil erosion transitioned from 
natural to human-induced forces at approximately 4 cal. ka BP, just 
consistent with a decline in arboreal pollen (Fig. 8j). 

4.3. Implications for “Anthropocene” 

The most striking feature of climate changes during the Quaternary is 
the glacial-interglacial cycle. Even though each cycle varies, the overall 
evolutionary path remains constant (Hays et al., 1976; Past Interglacials 
Working Group of PAGES, 2016). The Holocene, an interglacial period 
lasting over 12,000 years, is comparable in duration and warmth to 
interglacials of the past 1.2 million years. However, the swift evolution 
of the climate system over the past half century, compounded by human 
technological entrenchment and socioeconomic inertia, has driven the 
earth system rapidly moving out of the glacial-interglacial cycle (Steffen 
et al., 2007). In light of the present research on global change, Crutzen 
and Stoermer (2000) introduced the concept of the Anthropocene. This 
new geological epoch signifies the period of modernization post- 
industrialization, underscoring humans’ unique role in geology and 
ecology, and setting it apart from the post-glacial Holocene. In recent 
times, scholars from various disciplines have increasingly engaged in 
discussions about the Anthropocene. Some argue that while the 
Anthropocene should be recognized as a geologic event, it should not be 
situated within a geologic chronology (e.g., Bauer et al., 2021; Kunnas, 
2021; Gibbard et al., 2022a, 2022b). Additionally, debates continue 
regarding the precise onset of the Anthropocene. The prevailing 
Anthropocene paradigm posits that “human-induced global environ-
mental change is a recent phenomenon” (e.g., Macfarling Meure et al., 
2006; Lewis and Maslin, 2015; Head et al., 2022). Several researchers 
have proposed differing onsets for the Anthropocene. These include the 
fusion of the ‘Old World’ and ‘New World’ populations ca. 1610 CE 
(Macfarling Meure et al., 2006), the Industrial Revolution in the 1800s 
(Steffen et al., 2007; Ellis et al., 2013; Lewis and Maslin, 2015), and the 
global nuclear explosion of 1964 (Rakowski et al., 2013). However, to 
officially classify the Anthropocene as a geological epoch, it necessitates 
the identification of a “golden spike” within stratigraphy. The Anthro-
pocene Working Group recently put forth a proposal identifying the mud 
of Crawford Lake, Canada, as this stratigraphic “golden spike”, which 
catalogues the “great acceleration” commencing in the 1950s (Voosen, 
2023; Witze, 2023). Obviously, numerous perspectives identify the 
inception of the Anthropocene within the past several centuries. How-
ever, Ruddiman (2003) postulated that anthropogenic emissions of 
greenhouse gases began altering atmospheric concentrations thousands 
of years ago. Subsequent work supported this claim with additional 
evidence (Ruddiman, 2007), demonstrating that human influences on 
greenhouse gases and global climate commenced millennia ago, incre-
mentally intensifying until the rapid growth instigated by the industrial 
era. Moreover, a reconstruction of historical population and land use 
spanning the past 12,000 years, conducted by Ellis et al. (2021), suggests 

that human activity significantly altered the terrestrial environment 
much earlier than previously recognized. This contested temporal 
boundary has led certain scientists to object to the formal recognition of 
the Anthropocene as a stratigraphic unit, arguing that a centennial-scale 
Anthropocene has primarily social implications, and its scientific feasi-
bility and necessity remain ambiguous (e.g., Gibbard et al., 2022a, 
2022b). 

In reality, human-induced modifications of ecosystems have 
accompanied the development of civilizations throughout the entire 
Holocene. A mounting body of evidence suggests that human activities 
have reshaped surface landscapes and vegetation over millennia (e.g., 
Giguet-Covex et al., 2014; Fyfe et al., 2015; Jenny et al., 2019; Ellis 
et al., 2021; Mottl et al., 2021; Nogué et al., 2021; Thompson et al., 
2021; Roberts et al., 2021; Gibbard et al., 2022a, 2022b; Zhang et al., 
2022; Dreibrodt et al., 2023; Zhao et al., 2023), leading to irreversible 
effects on the land surface (Stephens et al., 2019). Based on sediment 
accumulation rates and pollen records from 632 global lakes, Jenny 
et al. (2019) posited that the initial increase in lake sedimentation took 
place around 4 cal. ka BP, attributing most of the associated surface soil 
erosion to human activity. Stephens et al. (2019) conducted a compre-
hensive archaeological assessment of global land use over the past 
10,000 years, suggesting that by 3 cal. ka BP, the Earth’s surface had 
been significantly modified by hunter-gatherers, and intensive agro- 
pastoralism began to replace hunter-gathering, resulting in largely 
irreversible long-term changes. Mottl et al. (2021) analyzed 1181 
global-scale pollen data sets and found that between 4.8 and 2.9 cal. ka 
BP, the impacts of human on the terrestrial system surpassed those of 
climate change. Thompson et al. (2021) examined the paleoenviron-
ment in the past 600 cal. ka BP in Malawi in central and southern Africa, 
and then proposed that the period of ecological transformation could be 
lengthy, complex, and iterative. They further posited that modern 
human have significantly altered ecosystems, though identifying the 
origins or early outcomes of these changes remains challenging. 

In our study, we observed a continuous decline in East Asian forest 
vegetation after 5 cal. ka BP, closely associated with agricultural 
development displacing natural vegetation. We propose a potential 
mechanism to depict human activity’s influence on forest vegetation 
(Fig. 9). The cooling and drying climate may have altered EA’s intact 
forests during the mid- and late Holocene. As a result, changes in climate 
could have led to a decline in natural food supply, potentially inciting a 
food crisis that may have compelled humans to domesticate plants and 
animals, replacing hunting and gathering, and initiating settled agri-
culture. With the expansion of agriculture, humans primarily gained 
agricultural land by clearing and burning intact forests, resulting in a 
forest decline. Undoubtedly, there exists a significant positive feedback 
effect between population growth and agricultural development. Obvi-
ously, with the continuous expansion of population, the area of forest 
decreases accordingly. In this way forest recovery within a brief period 
becomes unfeasible; if the forest reduction surpasses a particular 
threshold, restoration may not be possible. Furthermore, escalating 
populations also lead to increased wood consumption for construction 
and heating. Therefore, under the continuing cooling and drying 
climate, the strengthening human activities could have accelerated the 
decline in forest vegetation since 5 ka ago. It is worth noting that the 
present forest vegetation in EA appears to have reached a Holocene 
minimum (Fig. 8a), and it is likely that the forest vegetation in the region 
has been destroyed to an irrecoverable state at ~2 cal. ka BP. Conse-
quently, contrary to the Anthropocene paradigm’s viewpoint, we assert 
that the human impact on the Earth’s surface should be evaluated on a 
millennial scale rather than a centennial one. Recognizing that human 
impacts on the ecological environment accumulate gradually across 
different time scales—a process transitioning from quantitative to 
qualitative change—it would be unsuitable to overlook thousands of 
years of accumulated quantities just because qualitative changes man-
ifested in the last few centuries. When defining the Anthropocene, it is 
essential to clarify whether its onset coincides with the initial human 
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influence or with the point at which anthropogenic impact supersedes 
natural forces and becomes dominant. 

5. Conclusion 

Our synthesis of the Holocene pollen record from 61 lake basins in 
EA disclosed a steady AP increase from the early to mid-Holocene, 
succeeded by a consistent decline starting approximately at 5 cal. ka 
BP. We partitioned EA into five subregions (NEC, MLYR, NWC, NETP, 
and SWC) to analyze the relationship between forest evolution, climate 
change and human activities. Each subregion demonstrated an asyn-
chronous forest vegetation decline during the mid- and late Holocene, 
coinciding significantly with the emergence and progression of Neolithic 
agriculture and pastoralism. Obviously, there is a significant intensifi-
cation in the impacts of human activities on forest vegetation since the 
mid-Holocene. During the mid- and late Holocene, the cold and dry 
climate of EA hindered forest expansion. Concurrently, the shift towards 
grazing and cultivation from hunting and gathering led to an upswing in 
land utilization for agricultural and pastoral purposes, progressively 
supplanting forest areas. This transition likely resulted in a significant 
decline of forest vegetation in the region. Additionally, a strong positive 
feedback between population growth and agricultural expansion can 
amplify human impacts, which combined with climatic effects, accel-
erated a reduction of EA’s forest vegetation to its lowest level around 
2.1 cal. ka BP since 10 cal. ka BP. We also identified that the timing of 
human impacts on forest reduction in East Asia aligns with global trends 
in land use, soil erosion, vegetation variability, and other surface envi-
ronmental shifts. This synchronicity even corresponds with timing of 
deviations from natural trajectories in changes to atmospheric green-
house gas content. Finally, we propose that the definition of Anthro-
pocene should underscore the cumulative environmental effects of 
human activities spanning thousands of years, rather than focusing 
solely on the last few centuries. 
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