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Orbital-scale dynamic vegetation feedback caused
the Holocene precipitation decline in northern
China
Xinzhou Li 1,2✉, Xiaodong Liu 1, Zaitao Pan3, Xiaoning Xie 1, Zhengguo Shi1, Zhaosheng Wang 4 &

Aijuan Bai5

Proxy-based reconstructed precipitation in northern China shows a peak in the mid-Holocene

(7800–5300 years BP) followed by a declining trend until the present day. Most studies

attributed this decline to the decrease in Northern Hemisphere summer insolation and

weakening of the East Asian summer monsoon. However, the details of the drying

mechanisms still remain elusive. Here we explore the drivers of this drying trend in northern

China using two transient experiments, one that includes dynamic vegetation and one that

does not. The experiment with dynamic vegetation successfully captured the slight increase

in precipitation in the early mid-Holocene as well as the rapid decline of precipitation in the

late mid-Holocene, whereas the experiment without dynamic vegetation predicted no change

in precipitation. Specifically, in the dynamic-vegetation experiment, vegetation cover

increased over time, which led to higher evapotranspiration and sensible heat and thus a

reduction in convective precipitation from about 7800 years BP onwards. We suggest that

the dynamics of vegetation played a key role in modulating the long-term trend of pre-

cipitation during the Holocene.
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A unique feature of the Holocene is the development of
human civilization, and therefore its climatic evolution
and dynamic mechanisms, have long been of great

interest. Moreover, elucidating the mechanisms of Holocene cli-
mate evolution on various timescales is important for under-
standing its past and future trajectories1,2. However, there are
major differences among various geological proxy records, as well
as between these records and numerical model simulations1,3.
Although great progress has been made in temperature recon-
struction in East Asia1,2, where geological records are relatively
abundant, precipitation reconstructions and their driving
mechanisms are still in debates1,4,5. For example, a Holocene
precipitation peak in East Asia was suggested in the early
Holocene6,7, the mid-Holocene3,8,9, or at other times10,11, and the
dynamic mechanism responsible for the long-term trend of pre-
cipitation remains unclear12. These diverse results are mainly
derived from earlier generations of low-resolution geological
records with limited chronological control3. Stalagmite oxygen
isotope is one of common proxies of paleoclimate with precise
dating and good continuity, which is of essence for climate
reconstruction including precipitation and temperature. How-
ever, in East Asia, where the precipitation generation mechanism
is relatively complex. Questions have been raised about whether
stalagmite oxygen isotope records genuinely reflect East Asian
summer monsoon precipitation3,5,13. The comparative analysis of
proxy reconstructions and climate simulations is one of the most
important approaches in current paleoclimate research14.

As a key component of terrestrial ecosystems, vegetation has a
major influence on the exchanges of matter, energy and momentum
between the land and atmosphere, via its albedo, roughness, canopy
conductivity, and leaf area15–18. At the same time, as the dominant
influence on vegetation growth, climatic fluctuations directly
cause changes in the spatial distribution and productivity of
vegetation19–22. For example, ~5000 years ago, the catastrophic
vegetation collapse in the Sahara23,24 was closely associated with
climate anomalies. Similarly, terrestrial vegetation feedback anoma-
lies can cause climate anomalies25. Northern China lies in the dry/
wet transition zone of the Asian monsoon region, and the terrestrial
vegetation underwent major perturbations during long-term climate
evolution26,27, such as a typical vegetation advancing or shrinking by
3–5 latitude relative to the present during the early or mid-
Holocene22,28. Although there are numerous reconstructions of
Holocene terrestrial vegetation from environmental archives22,28–30,
a comprehensive spatiotemporal comparative analysis, and assess-
ment of the long-term evolutionary trend is still lacking.

In this study, we used the NCAR Community Earth System
Model (CESM1.2) (see Methods and Supplementary Note 1: Brief
description of the model) to conduct two sets of Holocene transient
experiments, with dynamic vegetation (DV) and without dynamic
vegetation (nDV). We sought to address the following questions via
record-simulation comparisons: (1) When was the Holocene pre-
cipitation peaked in northern China? (2) What was the long-term
trend of Holocene precipitation in northern China? (3) What was
the mechanism linking long-term dynamic vegetation and pre-
cipitation change? The results of the DV experiment indicate that
the Holocene precipitation peaked in the middle Holocene
(~7.8 kyr BP), which is consistent with stalagmite oxygen isotope
records, that is, it increased slowly from the early to middle
Holocene. Further analysis suggests that there was a continuous
download trend of precipitation after the mid-Holocene, which is
supported by DV result, stalagmite and pollen-based reconstructed
precipitation. Comparison of the results of the DV and nDV
experiments showed that the long-term trend of precipitation in
northern China during the Holocene is closely related to the
dynamic evolution of the terrestrial vegetation, which caused an
abnormal energy balance in the low troposphere.

Results
Holocene precipitation. In northern China, precipitation is a key
limit factor of vegetation growth, and a series of research
achievements have been made on quantitative reconstruction of
Holocene precipitation based high-resolution pollen proxies. We
first compare Holocene precipitation sequences4,31,32 in northern
China reconstructed based on pollen records from Gonghai4,
Daihai31, Bayanchagan32 lakes (Fig. 1a) with those from transient
numerical experiments. It can be seen from fossil pollen records
that the peak in Holocene precipitation occurred in the mid-
Holocene (7.8–5.3 kyr BP), when precipitation in northern China
was about 30% higher than contemporary4. Pollen-reconstructed
precipitation from Hulun and Chagan lakes also show similar
results33,34. In addition, most ancient lake water level changes
also support the maximum precipitation in the mid-Holocene in
northern China35,36.

Given the rareness and diversity among Holocene precipitation
reconstructed from three independent types of geological records
in northern China, the close agreement among them demon-
strates the robustness of the proxies, especially the downward
trend since mid-Holocene. This is especially true considering that
pollen proxy is more sensitive to vegetation whereas stalagmite
record is more representative of solar radiation6,7.

The stalagmite oxygen isotope record from Dongge Cave in
southern China6 (Fig. 1b) indicates that the negative maximum
occurred in the early and middle Holocene, closer to the summer
solar radiation, with a lag of about 2 kyr, and continued to decline
thereafter. The annual and summer (June–August, JJA) pre-
cipitation series from the DV experiment (Fig. 1c, d) in the
northern China (100–120 °E, 35–45 °N) shows that precipitation
peak also occurred in the middle Holocene (~7.8 kyr BP), i.e.,
there was a slight upward trend from 11kyr to 7.8kyr BP, which is
consistent with the stalagmite oxygen isotope record from
southern China6. This peak is closely related to the ~2 kyr lag
of East Asian precipitation relative to Northern Hemisphere
summer insolation37,38.

Despite difference in the peak timing, the Holocene precipita-
tion reconstructed from pollen and stalagmite records showed a
significant downward trend since the middle Holocene. In the DV
experiment (Fig. 1c), the decline in Holocene precipitation began
in the mid-Holocene (~7.8 kyr BP), which is consistent with
pollen and stalagmite records. However, in the nDV experiment,
precipitation has no obvious peak and subsequent downward
trend, and the regionally averaged annual precipitation even
shows a slight increasing trend (Fig. 1d). It is known that orbital
forcing alone would reduce precipitation as solar radiation
declines since the early-Holocene6,14,39, while increasing green-
house gas concentrations should cause the opposite40 effect
(Supplementary Fig. 1). Since nDV accounted both orbit and
greenhouse gas forcing, its inability to reproduce the Holocene
precipitation peak and its subsequent downward trend indicates
that other internal feedbacks play a decisive role. Encouraged by
the difference between these two experiments, we assume that the
transient dynamic evolution of terrestrial vegetation in respond-
ing to orbital and greenhouse gases forcing is the trend setter of
the Holocene precipitation.

Figure 1e, g show the spatial distribution of temporal correlation
pattern between reconstructed records and DV simulated precipita-
tion and the linear trend of DV and nDV in East Asia. The purpose
of this correlation pattern (Fig. 1e) is not to find remote
teleconnection pattern, rather we intend to determine the spatial
areal extent to which the simulated precipitation shares the
temporal pattern of reconstructed precipitation in Gonghai lake.
DV results are highly correlated with geological records of
precipitation, with significant positive correlations in northern
China, southern China, and in the Indian monsoon region, but with
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negative correlations in central eastern China. This spatial
distribution pattern at least indirectly proves that the Holocene
precipitation series in DV experiment is highly correlated with the
precipitation series reconstructed by fossil pollen in northern China,
and the reconstructed Holocene precipitation series can represent
the long-term precipitation evolution characteristics in northern
China at the multi-decadal to 10 kyr scales. The DV experiment
reveals a well-defined decreasing trend in northern China, southern
China and India since the early Holocene; whereas central China
shows an increasing trend, which may be related to the
spatiotemporal evolution of the Meiyu in East Asia13. The nDV
experiment shows weak trend characteristics, but the trend of
decreasing precipitation in northern China is not statistically
significant (Fig. 1d, g). Comparison of the results of the DV and
nDV experiments indicates that transient vegetation feedback might
be the main reason for the precipitation peak and decrease revealed
by the geological proxies in northern China.

Holocene vegetation. In geological records, past climatic and
environmental transitions from one equilibrium state to another
are characterized by prominent changes in terrestrial
vegetation19,21,23. DV experiment can better simulate interaction
among different plant functional types (PFTs), barren, and

regional climate change. Precipitation and temperature can
determine the type of terrestrial vegetation, and carbon dioxide
level can control the luxuriance of vegetation. In northern China,
the top four main PFTs: the boreal needleleaf evergreen trees
(BorealNET), temperate broadleaf deciduous trees (TempBDT),
Arctic C3 plants (ArcticC3) and boreal broadleaf deciduous trees
(BorealBDT) accounted for 28.44, 14.81, 6.96, and 3.07%,
respectively. The total vegetation coverage (57.86%) was slightly
lower than pollen-based land cover reconstruction (61%)41 with
42.14% barren (See Supplementary Note 2: Transient terrestrial
vegetation, Supplementary Figs. 2 and 3). The spatial distribution
of three representative functional vegetation types at 9, 6, 3, and 0
kyr BP is shown in Fig. 2. The TempBDT are mainly distributed
in the middle and lower reaches of the Yangtze River (e.g., 70%,
Fig. 2a) and gradually shrunk towards the center of eastern China.
Its northern, southern and western boundaries shrunk south-
wards, northwards and eastwards by ~3°, ~6° of latitude and ~3°
of longitude, respectively. Compared with the early and mid-
Holocene, the modern TempBDT coverage decreased by 18.57%
and 15.07%, respectively. This is consistent with pollen-based
early and mid-Holocene reconstructions for eastern China22.

Corresponding to TempBDT, the ArcticC3 gradually retreated
to higher latitudes, and its coverage in northern China gradually
decreased (Fig. 2b). In contrast to the changes in TempBDT and

Fig. 1 Holocene precipitation over East Asia. a Holocene annual precipitation (ANN Pre) time series reconstructed from pollen records at Gonghai, Daihai
and Bayanchagan lakes4,31,32 for northern China interpolated onto 20-yr intervals; b Stalagmite oxygen isotope record from Dongge Cave4,6 interpolated
onto 20-yr intervals; c DV-simulated annual (blue line, Pre-ANN) and summer (red line, Pre-JJA) precipitation series for northern China in the Holocene;
d Same as c but for nDV-simulated. e Distribution of the temporal correlation between pollen-reconstructed precipitation and DV annual precipitation;
f Distribution of linear trends of DV annual precipitation; g Same as f but for nDV annual precipitation. The dashed black lines in a–d indicate linear trends
from 11 kyr BP to the present. The red star and black dot in e represent the location of Gonghai(1), Daihai(2), Bayanchagan(3) lakes and Dongge Cave
respectively. In e and f, areas exceeding the 99% confidence level are stippled (the same below), and the enclosed rectangles represent the study region of
northern China (100–120 °E, 35–45 °N). e–g are generated using GrADS v1.5.1.1271.
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ArcticC3, BorealNET gradually expanded from the early
Holocene onward (Fig. 2c). Today, BorealNET is concentrated
in the East Asian dry-wet transition zone, also known as the East
Asian monsoon-sensitive zone. At 9 kyr BP, the BorealNET
mainly distributed in the eastern part of the Qinghai-Tibet
Plateau accounting for more than 30% at relatively high altitudes
of low temperatures, and only sporadic distribution in northern
China accounted for less than 10%. However, since 6 kyr BP,
BorealNET had covered a large range of the dry-wet transition
zone of East Asia and its proportion gradually increased
(Supplementary Fig. 3). The modern BorealNET covers almost
the whole dry-wet transition zone. Compared with the early and
mid-Holocene, the modern BorealNET increased by 29.64% and
16.22%, respectively. From the perspective of the long-term
change sequences, the TempBDT and ArcticC3 have been
continuously decreasing from 15.99% to 14.84% and from
15.49% to 6.87% (Supplementary Fig. 3c) since mid-Holocene,
while the BorealNET has been continuously increasing from
16.94% to 28.65% (Supplementary Fig. 3d), which is qualitatively
consistent with Sun et al. (2022)’s conclusion41 that deciduous
trees decrease from 19% to 14% and coniferous trees increase
from 10% to 14%. However, there were also obvious spatial
heterogeneity in coniferous forest coverage changes as reported in
Sun et al. (2022)41. For example, the coniferous forest coverages
in Gonghai, Tianchi lakes and Cangumiao Bog decreased
continuously since 6 kyr BP, while in the Sihailongwan lake and
Huola Bog increased. There are apparently still large differences
between the simulation results and the geological records,
especially in the drought-humid transition zone. Since the middle

Holocene, the vegetation types favoring warm/wet conditions had
gradually decreased and been replaced by vegetation of warm/dry
conditions in the northern China.

The total projected leaf area index (TLAI) depends on
vegetation density, structure (single layer versus multi-layer),
biological characteristics, and environmental conditions. The
annual mean and summer TLAI changes for the present-day
compared with the early and middle Holocene are shown in
Fig. 3. The modern TLAI increased significantly in East Asia,
compared to the earlier periods, both in the northern and
southern parts of the East Asian monsoon region, whereas the
difference was not as obvious in central eastern China. Overall,
since the early and mid-Holocene, the warm-humid preferring
TempBDT gradually retreated and was replaced by drought-
tolerant BorealNET in northern China. However, due to
regulation by solar insolation and GHGs, the terrestrial vegetation
became more flourishing from the early Holocene onwards. In
line with previous numerical simulation studies2, DV experiments
also showed that the average annual temperature (ANN TS)
during pre-industrial era was higher than in the early and middle
Holocene, while the JJA TS was lower due to the influence of
summer solar radiation. The effects of changes in GHGs on
surface temperatures also have an impact on vegetation
(Supplementary Fig. 4). The plant functional types in southern
and northern China are different, but the trend of vegetation
productivity remained consistent during the luxuriant Holocene,
which leads to the consistent long-term precipitation trend
(Fig. 1f). It is noteworthy noting that the simulation results show
a significant decrease (about 5 K difference between left and right

Fig. 2 Distribution of typical vegetation in East Asia at 9, 6, 3, and 0 kyr BP. a The temperate broadleaf deciduous trees (TempBDT); b The Arctic C3

plants (ArcticC3); c The boreal needleleaf evergreen trees (BorealNET). These figures are generated using GrADS v1.5.1.1271.
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Y-axes in Supplementary Fig. 1e) in surface temperature when
dynamic vegetation is taken into account (Supplementary Fig. 1e).
Thus, the abnormal water-heat balance caused by the competitive
growth of terrestrial vegetation may be a major factor regulating
the long-term Holocene climatic evolution of East Asia.

Influence of surface sensible heating on precipitation.
According to the foregoing analysis, the temporal fluctuation of
terrestrial vegetation in the Holocene would perturb surface
energy balance. On annual or longer time scales, the energy flux
at the top of the atmosphere, the surface and residual energy in
the atmosphere, are in balance42,43. The energy required for
precipitation must be from atmospheric radiative cooling/heating
(Q) and changes in surface sensible heat (SH)44,45, defined as
positive upward into atmosphere. Letting δ denote the difference
between DV and nDV runs leads to an expression for the pre-
cipitation change in northern China:

LδPre ¼ δQ� δSHþ δResi ð1Þ
Where L is the latent heat of condensation of water vapor,
approximately equal to 29W/ m2; δpre is the difference in pre-
cipitation (mm/day); δQ refers to the difference of the net
longwave radiation (LW) plus net shortwave radiation (SW) in
the tropospheric column (excluding latent heating): that is, the
difference in LW + SW between the top of the atmosphere
(TOA) and the surface45,46; δSH refers to the difference in the
surface sensible heat flux. A positive δSH means more surface
heat flux into the atmosphere in DV than nDV experiments, and
vice versa. The δResi term is referred to as residual as a result of

exchange of energy from lateral boundary of the interest region. It
mainly reflects the horizontal advective changes in regional
atmospheric circulations, such as the East Asian monsoon region
and transient eddy transport45,47. On global scale, apparently,
δResi approaches zero.

Since precipitation in the East Asian monsoon region is
dominated by summer precipitation (Fig. 1c, d), we analyzed the
surface heating and its possible influence on precipitation in
summer. Figure 4 shows an average δQ of ~3.5W/m2 for the
entire Holocene in northern China, with a slight decreasing trend
since the early Holocene. The average value of −δSH in the early
and mid-Holocene is ~10.5W/m2, and the maximum is at
~7.8 kyr BP, with a notabledownward trend since 7.8 kyr BP
(Fig. 4a). The δSH term shows a increasing trend. The difference
between the two experiments shows that the maximum also
occurred at ~7.8 kyr BP with a downward trend since 7.8 kyr BP
(Fig. 4b). The precipitation change (δPre) between the DV and
nDV experiments also shows that the maximum precipitation
appeared in the mid-Holocene ~7.8 kyr BP, followed by a
downward trend afterward. The onset of the Holocene precipita-
tion decline caused by incorporating terrestrial vegetation change
was at ~7.8 kyr BP. This may be the main reason for the
precipitation peak in mid-Holocene due to vegetation feedback
(Figs. 2, 4 and S3). The variation of δQ—δSH is very similar to
the variation of δpre (Fig. 4b), with the correlation coefficient
between the two sequences of 0.91. The −δSH term plays a
decisive role, and the correlation coefficient between −δSH and
δPre is 0.90. The nonexistence of clear trend in δResi suggests
that contribution of advection in/out of the analysis region via

Fig. 3 Changes in total projected leaf area index (TLAI) in DV run. a, b Annual (ANN), c, d Summer (JJA). These figures are generated using GrADS
v1.5.1.1271.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00596-2 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:257 | https://doi.org/10.1038/s43247-022-00596-2 | www.nature.com/commsenv 5

www.nature.com/commsenv
www.nature.com/commsenv


(Fig. 4c), say, the East Asian summer monsoon (EASM)
circulation is relatively smaller46–49. The surface sensible heat
anomalies, however, caused by dynamic vegetation are closely
related to the trend of decreasing precipitation in northern China
since the mid-Holocene, and they may be the principal
controlling factor.

Forcing mechanism of precipitation decline. Several factors
closely related to the dynamic evolution of terrestrial vegetation
may serve as possible forcing mechanism for the Holocene pre-
cipitation decline trend in northern China. The surface sensible
heat flux (FSH) consists of the ground sensible heat flux (FSH_G)
and the vegetation sensible heat flux (FSH_V). In northern China
since the early Holocene, the vegetation has flourished with a
significant increase in the TLAI (Fig. 5a), and the corresponding
continuous increase in the solar radiation absorbed by vegetation
(SABV, Fig. 5b) has resulted in a continuous increase of the
temperature gradient between the vegetation and the surrounding
atmosphere i.e., increases in the FSH_V and FSH caused by the
vegetation temperature (Fig. 5c, d). When the terrestrial vegeta-
tion was fixed in nDV run, the SABV, FSH_V and FSH showed a
downward trend since the early Holocene (Fig. 5b–d), closed to
the summer solar radiation. In addition, both the solar radiation
absorbed by the ground (SABG) and the resulting FSH_G
(Supplementary Fig. 5) showed a similar decreasing trend during
the Holocene in both DV and nDV runs.

Compared with static vegetation in nDV run, dynamic
vegetation can cool surface air temperature by 5 K in northern
China in summer (Supplementary Fig. 1), and thus stabilizes

lower troposphere. We use the temperature difference between
the 1000 and 850 hPa levels as a measure of lower tropospheric
instability (LTI). The LTI is weaker when dynamic vegetation is
included (Fig. 5e). The 700 hPa vertical velocity serials (Fig. 5f),
another measure of convection, show that the convective activity
has a decreasing trend since the middle Holocene in the DV
experiment, while the vertical velocity in the nDV lacks an
obvious trend. In DV experiment, the adaptive vegetation
coverage affects surface sensible heat flux into the atmosphere,
then modifies lower tropospheric static stability, and finally
modulates convective rainfall.

Precipitation can be partitioned into stratiform and convective
precipitation. Figure 6 shows the changes in modern summer
FSH_V, convective precipitation (Precc), stratiform precipitation
(Precl) and total precipitation (Pre, i.e.,: Precc+ Precl) relative to 9
kyr BP. Sensible heat fluxes in DV (Fig. 6a) increase significantly in
the East Asianmonsoon region (Figs. 6a and 5d). Without dynamic
vegetation feedback in nDV surface sensible heat flux decreased
slightly (Fig. 6b). The decreasing of convective activity in the lower
troposphere due to surface cooling caused by vegetation change
may be the main reason for the trend of continuously decreasing
convective precipitation during the Holocene (Supplementary
Fig. 5). Compared with 9 kyr BP, the summer convective (strati-
form) precipitation in northern China changed by −0.68 (0.16)
mm/day during the pre-industrial, with a total precipitation
decrease by −0.52mm/day. The convective precipitation increase
is 4.25 time of than large-scale precipiton increase. The anomalous
distribution of convective precipitation caused by the vegetation
anomaly has similar characteristics to the changes in surface
sensible heat (Fig. 6c), while the trends of stratiform precipitation
in the DV experiment (Fig. 6e) and stratiform and convective
precipitation in the nDV experiment are not significant (Fig. 6d, f).
Therefore, we believe that the dynamic mechanism of Holocene
precipitation decline is that the transient dynamic vegetation and
its feedback effect on climate, led to the reduction of convective
precipitation and thus to the precipitation decline (Fig. 6g, h and
Supplementary Fig. 5).

The slight increase in precipitation in earlier Holocene results
in a discernible maxim at around 7.8 kyr BP. Although it is
difficult to pinpoint the exact physical process(s) for the
occurrence of the maximum, the close match between the peak
timing of -dSH and precipitation may imply the association
between them or even causality relation.

Discussion
The EASM index50 (EASMI), a circulation index, defined as the
zonal and meridional JJA wind anomalies from the zonal average
at 850 hPa in the East Asia (105–120 °E, 25–45 °N), trended
downward obviously from the early Holocene to the present day
(Fig. 6e, f and Supplementary Fig. 5). The EASM weakening can
be interpreted as a dominant response to summer insolation14,25,
and lead to the precipitation peak in the early Holocene, without
considering other factors4,12,51 such as ice sheet changes. How-
ever, the weakening of the EASM in nDV run had little influence
on precipitation, suggesting that it may not be the main driving
force for the precipitation decline during Holocene in northern
China as proposed by some of previous studies14,52 (Fig. 6 and
Supplementary Fig. 5). This study suggests that the decreasing
precipitation trend in northern China since the middle Holocene,
indicated by geological records, was caused mainly by changes in
terrestrial vegetation adaptation to the warm-dry climate. It is
clear that there are still large differences between the simulation
results and the geological records, especially in the drought-
humid transition zone, and a large number of geological records
and numerical tests are still needed to verify. Based on the results

Fig. 4 Variations of each component in the energy balance equation
related to precipitation in the Holocene. a Differences between DV and
nDV for non-adiabatic cooling (δQ) and negative surface sensible heat flux
(−δSH); b same as a but for precipitation (δpre) and δQ−δSH; c same as
a but for residual items (δResi).
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of this study, the influence of circulation field is relatively weak
compared with vegetation evolution, which challenges some of
previous studies12 and thus further research in the future is
warranted.

The decrease in Northern Hemisphere summer insolation has
been assumed to have led to a decrease in precipitation14,52 (see
Supplementary Fig. 1a, b). Some of other studies, in which only
orbital forcing-induced insolation changes were considered,
showed a downward trend of precipitation during the
Holocene4,14,39,53. But, the precipitation decline shown in the
geological record cannot be simulated by the combination of solar
insolation and GHGs concentrations with fixed terrestrial vege-
tation in nDV experiment (Fig. 1a, b). However, many studies
have confirmed that greenhouse gas is not only an important
forcing factor, but also has a great impact on the growth and
evolution of terrestrial vegetation52,53. Therefore, the long-term
dynamic evolution of the terrestrial vegetation and its interaction
with the climate in East Asia may have played a decisive role in
the long-term trend of precipitation decrease during the Holo-
cene, especially in the transition zone between humid and dry
climate zones where the terrestrial vegetation is especially sensi-
tive to climate anomalies. We also present precipitation trends in
Trace2152 all forcing (Trace21-All) and GHG forcing (Trace21-
GHG), revealing that the increase of GHG would increase
Holocene precipitation. These results are consistent with the DV
and nDV runs after considering various forcing factors con-
currently (Supplementary Fig. 6).

In addition, due to human activity, GHGs concentrations do
not show the same trend of monotonic decrease as in previous
interglacial phases, but instead they decreased earlier and
increased after the mid-Holocene53,54 (Supplementary Fig. 1).
Specifically, the early agricultural activity during 5-8 kyr BP,
including deforestation and irrigation54, caused a reversal of the
previous decreasing trend. This increasing trend has gradually
strengthened since the Industrial Revolution55,56, resulting in
atmospheric GHG concentrations far exceeding those of previous
interglacial phases57,58, which is very rare in geological history59.
This unusual trend in greenhouse gases is bound to have an
obvious impact on terrestrial vegetation. In the context of the
combined influences of solar radiation and GHGs, the con-
tribution of human activities remains unclear in this study. In
particular, the close relationship between the succession of

terrestrial vegetation and GHGs concentration needs to be ver-
ified by additional experiments, so that the simulated results can
be directly compared with geological proxies to reconstruct the
long-term evolution characteristics of Holocene precipitation and
terrestrial vegetation. Similarly, temperature is closely related to
the long-term evolution of vegetation and precipitation. However,
the temperature trends reflected in some geological records and
their comparison with simulation results are still contain large
uncertainties as compared to precipitation records and thus needs
more comprehensive simulations to substantiate1,2.

Previous studies have investigated the remote forcing of these
changes on precipitation in East Asia60,61, in particular, the
pronounced vegetation changes in Sahara and northern high-
latitude regions62–65. It is possible that these remote forcing on
the northern China precipitation can play a role in our DV
simulation. However, our DV experiment was unable to repro-
duce well those remote changes. In a sense, such a model infi-
delity, in fact, indirectly helps indicate that the changes of
Holocene precipitation in northern China are mainly related to
the evolution of local vegetation rather than the remote
vegetation.

Changes in land use type over time directly affect the simula-
tion ability of global earth system models. Although this study
used a relatively simple dynamic vegetation module to simulate
the interaction between long-term changes in terrestrial vegeta-
tion and the natural course of Holocene climate change, it
represents a marked advance in climate simulations on the orbital
scales. Moreover, our results confirm that the inclusion of
dynamic vegetation results in a well agreement between the long-
term climate simulation for East Asia and geological records.
However, more comprehensive and reasonable long-term tran-
sient numerical experiments66, such as comprehensive con-
sideration of various external forcing and human
disturbances67–69 (GHGs, LCLUC, urbanization, etc.), are nee-
ded. Consideration of the underlying surface anomaly and
improving the parameterization of dynamic vegetation to opti-
mize its simulation ability are important issues that need to be
addressed in future research.

Method
Using CESM1.2 (See supplementary Note 1: Brief description of the model), we
conducted two long-term transient numerical experiments for the past 14,000 years

Fig. 5 Time series derived variables from DV and nDV runs during the Holocene in northern China. a Total projected leaf area index (TLAI); b Solar
radiation absorbed by vegetation (SABV in W/m2); c Sensible heat flux caused by vegetation (FSH_V in W/m2); d Surface heat flux (FSH in W/m2), e The
1000–850 hPa temperature difference representing low tropospheric instability (LTI in K); f The 700 hPa vertical rise rate (ω in −0.001 Pa/s). The blue
line corresponds to the left Y-axis, and the red line corresponds to the right Y-axis.
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Fig. 6 Changes in modern summer sensible heat flux (W/m2) and precipitation (mm/day) compared with early Holocene at 9 kyr BP. a, b DV and nDV
simulated FSH_V; c–h Same as a, b but for convective precipitation (Precc), stratiform precipitation (Precl) and total precipitation (Pre), respectively.
e, f also show JJA wind field changes at 850 hPa. These figures are generated using GrADS v1.5.1.1271.
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with (DV) and without (nDV) dynamic vegetation modules70. In order to ensure
the reliability of the simulation, the two sets of numerical experiments were run to
reach equilibrium after the continuous integration of 600 years, during which
orbital parameters and GHGs concentrations were fixed at 14 kyr BP. Both initial
fields were the pre-industrial revolution boundary conditions. The difference was
that the land surface of the DV run commenced with bare ground to ensure that all
of the vegetation evolution was independent of the Dynamic Global Vegetation
Model in the community land module (CLM-DGVM), while the surface of the
nDV run uses the pre-industrial boundary field. After the model reached equili-
brium, a 20-year orbital acceleration (1 model year= 20 calendar years) was used
to conduct transient tests for the past 14,000 years. GHGs data from the EPICA ice
core record53 were linearly interpolated to a 20-year resolution. We obtained the
results of two groups of 700 model years, representing the results of two transient
experiments with and without dynamic vegetation. A total of 550 model years
(11 kyr BP to the present) were selected to analyze Holocene climate change, and
the long-term evolution of dynamic vegetation and possible climate anomalies were
analyzed. It is noteworthy that the two sets of numerical experiments in this paper
only consider changes in solar radiation affected by Earth orbital changes and
changes in atmospheric GHGs, but not the effects of ice sheets of high latitude.

Data availability
All measured proxies and simulated data presented here are attached in Supplementary
Data 1 and will also be available in the East Asian Paleoenvironmental Science Database
(https://doi.org/10.12262/IEECAS.EAPSD2022003). The data mainly include: (1)
Reconstructed Holocene precipitation, broad leaf tree and Herbs from Gonghai lake; (2)
Stalagmites isotope records from Dongge Cave; (3) Annual mean and summer
precipitation output from DV and nDV runs, DV simulated TempBDT, ArcticC3,
BorealNET, BorealBDT. All geological records were linearly interpolated to a 20-year
resolution for comparison.

Code availability
The GrADS codes and scripts for analyzing the data and generating the figures are
available from the corresponding author upon request.
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