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Agricultural development has not necessarily
caused forest cover decline in semi-arid northern
China over the past 12,000 years

Qian Hao'!, Yue Han?, Hongyan Liu® 2* & Ying Cheng>

Forest cover significantly affects the global carbon cycle, biodiversity, and human welfare, but
is seriously threatened by human activities. Here we found that anthropogenic forces did not
necessarily lead to forest cover decline in the marginal agricultural region of northern China
based on a quantitative reconstruction of 12,000-years forest cover changes using modern
analog technique and random forest. The forest cover was strongly affected by human
activities in the core agricultural region, as indicated by the high independent effects of
archeological sites (38.3%) and burning area (42.3%). In contrast, climate impacted the
forest cover in the marginal agricultural region, where the annual precipitation and summer
mean temperature contributed 52.4% and 27.4%, respectively. Agricultural development in
the marginal agricultural region likely occurred in the river valley or sunny slopes, not
overlapping with zonal forests growing on shady slopes. This study implies much less
afforestation potential than previously expected in the marginal agricultural region.
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biodiversity, hydrological properties, and ecosystem

functions!®. Increasing the forest cover is regarded as a
mechanism for carbon sequestration and mitigating climate
change’8, Global afforestation has promoted forest cover®19, and
semiarid regions such as the marginal agricultural region in
northern China have been recommended for potentially massive
afforestation projects!112. In addition, increasing afforestation
efforts in this region could provide important ecological services,
such as controlling desertification and soil erosion. Although
some countries and regions have put efforts to increase forest
cover!3-16, forest cover has declined globally!”. Deforestation and
forest degradation pose challenges to human health and eco-
nomic development!819,

Drivers of forest cover decline vary regionally and change over
time20-22, but human activities are consistently key drivers?3.
Increased agricultural conversion and plantation development have
played an important role in natural forest cover decline, especially
in developing countries during recent years24-26, Fires caused by
climate or human activities may contribute to approximately 59%
of forest cover losses in boreal forests?’. On the other hand, in
ecologically vulnerable areas such as vegetation ecotones, forests
often show a high sensitivity to climate change?®2°. The relative
impacts of human activities and climate change on forest cover
changes remain controversial. To solve this debate, long-term
reconstructions (centennial and millennial-scale) of forest cover
dynamics are essential to clarify the main drivers30-32,

Agricultural development in northern China has a history of
more than ten thousand years33-36, Two agricultural civilizations,
the Yellow River Civilization and the West Liao River Civiliza-
tion, dominated human activities in northern China. The agri-
cultural civilizations started to develop or bloom approximately
8000 cal yr BP in both civilizations3’, while the development of
pastoralism remarkably influenced the human societies in the
West Liao River region during the late-Holocene with the climate
cooling (Supplementary Table 1)38-41, Forced by climate change,
there was a process of advance and retreat between agricultural
and pastoral civilizations in northern China383%42 Previous
studies have found that agricultural development, such as burning

F orest cover changes directly affect the global carbon budget,
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activities, has affected the forest cover of northern China since
8000 cal yr BP%3, In contrast, climate change, such as the weak-
ening and strengthening of the Asian summer monsoon, has also
played a key role in forest cover changes**~*’. However, a
quantitative estimation of the impacts of climate change and
human activities on the evolution of forest cover, which is critical
to afforestation policies in this region, is still lacking.

In this study, we explored the forest cover evolution since the
Holocene and discussed the driving factors in northern China.
The pollen-forest cover relationship was constructed by corre-
lating the pollen percentages of surface soil and modern forest
cover data, and then the absolute 12,000-years forest cover was
reconstructed with the pollen spectra of sedimentary profiles by
using the modern analog technique and the random forest
(RF)#8-30, The 30 sediment profiles were divided into two groups
based on the current vegetation distribution. The 15 sediment
profiles on the northwestern part belonged to the marginal
agricultural region with the minimum precipitation of about
100 mm currently, while those (n = 15) on the southeastern part
dominated with farmland belonged to the core agricultural region
with the maximum precipitation of more than 500 mm currently
(Fig. 1). Finally, we summarized the spatiotemporal patterns and
quantified the driving factors of 12,000-years forest cover changes
in northern China by comparing climatic and human activity
parameters. This study found that the human activities affected
forest cover during the mid-Holocene in northern China, but this
influence was limited to the core agricultural region. Climate
determined the evolution of forest cover in the marginal agri-
cultural region because forests preferred to grow at high altitudes
on shady slopes, which did not overlap with farming depending
on river valleys and sunny slopes; thus, the development of
agricultural civilization in this region does not necessarily require
the sacrifice of forests.

Results

Spatiotemporal changes of forest cover. In terms of evolution,
the average forest cover of northern China gradually increased in
the early Holocene (Fig. 2a). It peaked in the mid-Holocene (the
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Fig. 1 Sedimentary profiles in northern China, surface soil pollen sites and the distribution of modern farmland and grassland. The red triangles indicate
sedimentary profiles belonging to the marginal agricultural region, and the orange ones belong to core agricultural region. The black dots indicate the
surface soil pollen sites (n=769). Green area indicates farmland, while yellow area indicates grassland.
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Fig. 2 Changes in forest cover, climate and human activities in the marginal agricultural region and core agricultural region in northern China since the
Holocene. Changes in forest cover a, climate b and human activities ¢ in the marginal agricultural region and core agricultural region in northern China
since the Holocene. The independent effects of the influencing factors on forest cover in these two subregions are shown below d. JJAT (the mean

temperature of June, July, and August) indicates the mean monthly summer temperature, while AP indicates the annual precipitation; both are selected
as the indexes of climate. AR and Burn indicate the number of archeological sites and burning areas in the basin of the sedimentary profile, respectively.
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indicates significance at the level of 0.05.

regional average was approximately 20%) and gradually decreased
to approximately 10% in the late Holocene (Figs. 2a and 3). Based
on the forest cover changes and human activities, four stages were
identified (Fig. 2a, c): From 12,000 to 8000 cal yr BP, the average
forest cover increased significantly; from 8000 to 3500 cal yr BP,
the forest cover in the marginal agricultural region first increased
and then decreased but remained high for the entire period, while
that in the core agricultural region decreased gradually; after
approximately 3500 cal yr BP, both subregions showed descend-
ing trends, while the decreasing rate was relatively large in the
marginal agricultural region from 2000 cal yr BP to present
(Fig. 2a).

In terms of internal spatial differences, although the forest
cover of the two subregions generally exhibited the same trend
over time, the forest cover of the core agricultural region was
higher than that of the marginal agricultural region during
12,000-8000 calyr BP and lower than that of the marginal
agricultural region during 8000-2000 cal yr BP, although the

significance level was higher than 0.05 (Fig. 2a). The average
forest cover in core agricultural region exceeded that in the
marginal agricultural region again around 2000 cal yr BP (Figs. 2a
and 3).

Determinants of forest cover evolution. As shown in Figs. 2 and
3, the annual precipitation (AP) and mean annual temperature
(MAT) were both relatively high in the core agricultural region
(Fig. 2b). The number of archeological sites in northern China
gradually increased after 9000 cal yr BP, peaked from 5000 to
4000 cal yr BP and slightly decreased thereafter. The number of
archeological sites in the core agricultural region was higher than
that in the marginal agricultural region during the whole period,
indicating that the intensity of human activities in the core
agricultural region was higher (Figs. 2c and 3).

To further quantify the impacts of climate and human activities
on forest cover in the marginal agricultural region and core
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Fig. 3 Forest cover and the changes of archeological sites in northern China from 9000 to O cal ka BP. "ka" represents millennium. The size of the green
circles indicates forest cover values. The yellow dots indicate the archeological sites®3, representing the spatio-temporal patterns of human disturbance.

agricultural region from 8000-2000 cal yr BP, which was the
period with both agricultural and pastoral civilizations (Fig. 2c¢).
As mentioned above, the MAT, mean monthly summer
temperature (the mean temperature of June, July and August:
JJAT) and the AP were selected as indicators of climate factors.
The number of archeological sites (AR) in the sediment profiles of
the basin were selected as indicators of the intensity of human
activities, while the fire intensification (Fire) and the burning area
(Burn) could be parameters of both climate and human activities.
Based on the variables selected by the Akaike information
corrected criterion (AICc), an optimal generalized linear model
was established as follows:

Marginal agricultural region: In(forest cover) = 0.003560AP +
0.1676]JJAT - 373.4Burn — 1.684, R = 55.20%

Core agricultural region: In(forest cover) = - 0.003645AR -
1029Burn - 0.4605MAT + 3.824, R% = 19.50%

Based on the hierarchical partitioning analysis with the above
selected parameters, the AP was the dominant factor affecting
forest cover, and the independent effect was 52.4% in the
marginal agricultural region. The JJAT and the burning area also
had a significant impact, reaching 27.4% and 20.3%, respectively
(Fig. 2d). In the core agricultural region, the burning area and the
number of archeological sites were the dominant factors affecting
forest cover (42.3 and 38.3%, respectively), but the effect of the
MAT was not significant (Fig. 2d).

Discussion

Our results show that the forest cover was high during the
8000-4000 cal yr BP (Fig. 2a), and the dynamics were indeed
affected by human activities, as indicated by the high independent
effects of AR and Burn (Fig. 2d) in the core agricultural region,
especially during the period of agricultural civilization. In con-
trast, climate change, but not human activities, impacted the
forest cover changes in the marginal agricultural region (Fig. 2d).

The different climate and civilization development stages
determine the forest cover spatiotemporal pattern (Fig. 4). From
12,000-8000 cal yr BP, an agricultural civilization did not emerge
in the marginal agricultural region or bloom in the core agri-
cultural region, and the human activities indicated by arche-
ological sites were not intense®1>2. The forest cover was mainly
affected by climate for both the two subregions (Fig. 4). After
8000 cal yr BP, slash-and-burn was the main production mode of
primitive agriculture®®4, and the core agricultural region was
more susceptible to this impact than the marginal agricultural
region (Fig. 4), resulting in a decline in forest cover, although the
wetter climate during this period promoted a high forest cover,
ultimately causing the forest cover in the core agricultural region
to be lower than that in the marginal agricultural region. During
the next stage, the marginal agricultural region was mainly
affected by pastoralism because climate drying led to agricultural
recession (Supplementary Table 1)#1:5°, which had a relatively
weak impact on forest cover (Fig. 4). In contrast, the core agri-
cultural region was still mainly affected by agriculture; thus, the
forest cover in the core agricultural region was lower than that in
the marginal agricultural region (Fig. 4). Until 2000 cal yr BP, the
forest cover in the core agricultural region with a relatively
warmer and wetter climate was higher than that in the marginal
agricultural region (Fig. 4). The parameters collected in this study,
such as archeological data, were not enough to quantify the main
driver to the forest cover evolution for both subregions. However,
both human population and human activities (i.e., agriculture,
pastoralism) rose up dramatically after 2000 cal yr BP, no matter
in the marginal agricultural region or the core agricultural
region®%°7; thus, we deduced that the human activities played an
important role on forest evolution. Besides, wars in the history of
Chinese dynasties could destroy the natural forest greatly since
soldiers need wood to make weapons and build camps, especially
in recent centuries. The soldiers also burnt the natural grasses to
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defend enemy attack®®. In general, human activities, probably
exceeding climate, profoundly affect forest dynamics.

Throughout history, agriculture has often developed at the
expense of forests in China®*>, especially since the Neolithic
period, when farming replaced foraging, which is consistent with
the highly negative independent effect of AR on forest cover in
our study in the core agricultural region (Fig. 2d). Other human
activities, such as fire making®, also led to a decline in forest
cover®l, In this study, we also found there was a negative corre-
lation between burning areas and forest cover (Fig. 2d). In other
regions, such as Europe, human activities have shown a sig-
nificant effect on forest cover®?-%4. Early farming economies
spread into southeastern Europe approximately 8500 years ago®,
and temperate forests have declined progressively since
approximately 6000 cal yr BP due to the clearing of forests for
agriculture in Europe®. In summary, as forest cover has evolved
in the core agricultural region, the impact of human activities has
been greater than that of climate since approximately 8000 cal yr
BP (Fig. 4).

However, the climate is the main factor for the evolution of
forest cover in the Holocene in the marginal agricultural region
no matter in the period dominated by agriculture or pastoralism
(Figs. 4 and 5), as indicated by the large independent effects of AP
and JJAT (Fig. 2d). During the period dominated by agriculture,
agricultural development did not threaten the forest cover on
shady slopes at high altitudes during the mid-Holocene (Fig. 5).
Flat sunny southern slopes and relatively low altitudes, such as
river valleys (Fig. 5)67-99, are preferred for farming, and these
areas always have better soil conditions. In contrast, forests in the
marginal agricultural region are critically dependent on soil
humidity; thus, high altitude shady slopes are always character-
ized by forests (Fig. 5), because the insolation intensities of
northern and southern slopes vary greatly, which results in strong
differences in the temperature and available moisture’%-72, Even
so, farmers may still disturb the growth of forests by logging or
harvesting for timber products, but this effect was limited to local
scale rather than large scale clearance of forest. In addition,
agricultural and pastoral civilizations successively occurred in

northern China during the Holocene3%42; overall, the marginal

agricultural region was mainly affected by pastoralism civilization
after 3500 cal yr BP38. Nomads lived near water and grass, and the
pastoral mode of production have had less impact on forest cover
in the marginal agricultural region3*43, which is different from
the core agricultural region. Therefore, climate change surpassed
human activities in driving forest cover evolution in the marginal
agricultural region of northern China.

Our results suggest that the marginal agricultural region is
mainly influenced by climate; thus, future forest management
practices should consider climate warming and drying, which
could threaten forest growth and lead to forest die-off’3-7>. This
fact may also explain why afforestation efforts have not led to a
significant increase in forest cover in the marginal agricultural
region since the last century’®. The war around the mid-20th
century is indeed another reason for the forest cover decrease in
China. Therefore, we decline the widespread afforestation in
semiarid areas in China, as recommended to restore the lost forest
cover by human activities. However, it is possible to establish
drought-tolerant shrubs on a suitable scale according to the
appropriate policy “planting shrubs where suitable for shrubs”.

Afforestation is also carried out in the semiarid lands in other
regions or counties’”, which improves soil fertility and carbon
storage. However, other studies showed negative effect on local
ecosystem health, because the deep-rooted tree species could lead
to a significant reduction of groundwater recharge’8. Therefore,
long-term studies (e.g., thousands of years) could provide more
information about the forest evolution and scientific references
about where and how to conduct afforestation.

Conclusions

In conclusion, forest cover increased during the early Holocene to
the mid-Holocene in northern China and decreased after the
mid-Holocene both in the marginal agricultural region and core
agricultural region. Human activities showed an enhanced
influence on forest cover from 8000 to 2000 cal yr BP, with strong
agricultural activities in northern China, but this influence was
limited to the core agricultural region. Climate but not human
activity determined the evolution of forest cover in the marginal
agricultural region because forests prefer to grow at high altitudes
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Fig. 5 Conceptual model of vegetation changes with the development of agricultural civilization. Climate-determined forest distribution can be extended
to different topographies in the core agricultural region, but limited to shady slopes and high altitudes in the marginal agricultural region'00, For the core
agricultural region, humans occupy both the sunny and shady slopes for agriculture. However, agriculture is concentrated in the flat terrain, the sunny
south slopes, and the relatively low altitudes due to the better light and soil conditions and the relatively small human populations in the marginal

agricultural region, which has less influence on forest cover.

on shady slopes, while farming depends on river valleys and
sunny slopes. The development of agricultural civilization in this
region does not necessarily require the sacrifice of forests, and the
afforestation potential is limited because of future climate drying
in the marginal agricultural region.

Methods

Study area. The study area is mainly located in the plateau area of East Asia (37°
46'-53°08'N and 87°40’-122°15’E) (Fig. 1). The mean annual precipitation (MAP)
in the region ranges from 100 to 600 mm, and the MAT range is relatively large.
Winter is cold and long and accompanied by strong winds. Summer is char-
acterized by high temperatures and concentrated periods of precipitation. The
northern part of the Mongolian Plateau is mainly affected by the water vapor of the
Arctic Ocean, while the eastern part is mainly affected by the water vapor of the
Pacific Ocean. With the gradual weakening of the intensity of monsoons from the
southeast to the northwest, the MAT and MAP decrease from the southeast to the
northwest.

According to the current distributions of pastureland and farmland, the study
region was divided into two subregions: marginal agricultural region and core
agricultural region. Though the vegetation distribution changes with time, the
southeastern part (i.e., core agricultural region) of our study area is dominated by
farmland, while the northwestern part (i.e., marginal agricultural region) is
characterized by a mixture of pasture and farmland or dominated by pasture. The
West Liao River Civilization mainly originated from the marginal agricultural
region (Supplementary Table 1)*3, where is also very sensitive to climate
changes”?-81. As an ecologically fragile area, also serving as an important ecological
barrier, this ecotone in northern China, dominated by the semiarid climate, has
become a key area for afforestation, sand stabilization and soil retention82. The
main vegetation is steppe currently (Fig. 1). In contrast, the main vegetation in the
core agricultural region, dominated by the semi-humid climate, is temperate forest
and farmland. As the origin of the Yellow River Civilization, the production modes
of the core agricultural region were dominated by agriculture since approximately
7000 cal yr BP (Supplementary Table 1). This was different from that in the
marginal agricultural region, which has undergone agriculture-pastoralism advance
and retreat along with climate drying and livestock introduction (Supplementary
Table 1)*3. Therefore, comparisons between these two subregions could help to
understand forest cover responses to climate change and human activities.

Data sources. The 769 sites of pollen percentages in the surface soil were based on
experimental data accumulated by our research group and published data (Sup-
plementary Table 2; Fig. 1). Though many surface soil sites (black dots) are outside
China, the vegetation type there is similar with that in the marginal agricultural
region of northern China. Besides, modeling process using the modern vegetation
and surface soil sites need a large number of sites to get high accuracy; thus, this
study retained these sites.

Most of the previous long-term vegetation studies in this region were conducted
at least 10 years ago (Supplementary Table 3), and the resolutions of pollen records
based on sedimentary profiles were not high enough. To obtain relatively abundant
records, a total of 30 pollen spectra with pollen percentage or concentration data of
sedimentary profiles were collected and retained (Supplementary Table 3).
Generally, the mean sampling resolution was <700 years, the entire record spanned
a minimum of 6000 years and the chronology was based on a minimum of two
radiocarbon dates. Based on these published pollen data, 55 major terrestrial pollen
families or genera were digitized using GetDataW_2.26 software.

The vegetation cover data used in this study were MOD44B Version 6
Vegetation Continuous Field (VCF) data (https://doi.org/10.5067/MODIS/
MOD44B.006), which include three vegetation cover components (i.e., tree cover,
non-tree cover, and non-vegetated cover (bare)) with a spatial resolution of 250 m.
The 2000-2016 yearly data were downloaded, and then 17-year averages were
calculated. In ArcGIS software, a circular buffer zone was generated around each
sample point in the modern pollen database, and the radius of the buffer zone of
the topsoil sample points was set to 5 km32. Then, the average tree cover in the
buffer zone of each sample point was calculated as the forest cover corresponding
to each modern pollen sample point.

Climate index data since the Holocene, such as the monthly average
temperature and monthly precipitation data in TraCE-21 ka (from 20,000 cal yr BP
to 1989 CE), were used. The spatial resolution is 3.75°, and the temporal resolution
is up to one year (http://www.cgd.ucar.edu/ccr/TraCE/)8384, The modern climate
data were based on the integrated WorldClim data, including the MAT and AP
data from 1970 to 2000, with a spatial resolution of 1 km.

To explore the historical influence of human activities in northern China, fire
intensification (Fire; infrared radiation intensity emitted by burning per unit area,
watt/m?2) and burning area (Burn; proportion of burning area, %) data in TraCE-
21ka were used as indicators of fires during the Holocene to partly indicate the
intensity of historical human activities. Because fire could be caused by both
climate and human activities as suggested by the previous studies®>3°, we also
collected the archeological data to indicate the intensity of human activities in the
basin. The archeological data from the early Neolithic Age to the early Iron Age
(c. 8000-500 BC)>3 were plotted in ArcGIS, and the number of archeological sites
(AR) within a radius of 50 km from each sediment profile was used in the following
calculation.

Data analysis. In previous studies, a variety of methods have been proposed and
continuously improved to establish the quantitative relationship between pollen
and vegetation®”-8, including the modern analog technique and machine learning
method. The regional-scale research has been carried out using the above-
mentioned methods to quantitatively reconstruct past vegetation cover and land-
use changes26490-94 but there is a lack of systematic research on absolute
vegetation cover in East Asia32>4,

The modern analog technique uses the analogy of modern and past pollen
assemblages to quantitatively simulate ancient vegetation and is a common method
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used to reconstruct climate changes using pollen data®. Among the machine
learning algorithms, Sobol and Finkelstein® suggested that the random forest (RF)
classifier scores highest on all of the metrics used for model evaluations. The RF
model is a new machine learning technology*>%¢, because it can quickly process
multi-variable and nonlinear relationships and handle small samples well, which is
increasingly used in ecological research??97:98, It was used to reconstruct vegetation
dynamics in the Tibetan Plateau since the Last Glacial Maximum and also proved
to have high accuracy®. In this study, the modern analog technique and RF were
selected to model the forest cover.

The modern analog technique method requires the establishment of a relatively
large modern pollen database, and k samples closest to the pollen assemblage in the
profile were searched among the modern pollen samples. The squared chord length
of these k samples was used as the weight to calculate the weighted average of the
forest cover corresponding to the k samples as the forest cover of the sediment
profile in a certain period. k was the value when the root mean square error
(RMSE) was the smallest among the 1000 iterations. Additionally, bootstrap
sampling was used for verification, and the R? values were obtained. This method
was implemented in R using the “analog” package.

The two packages in the open-source software R (V 3.3.2; R Development Core
Team 2016), Package of “Random Forest” and “Random Forest SRC”, were used in
the RF model. The input independent variable was the modern pollen
concentration or percentage, and the dependent variables were forest cover and
grass cover; using these variables, the corresponding models were established. The
out-of-bag (OOB) data (approximately one-third of the samples) were used as test
data and were not included in the models, and the error of the model results was
then calculated (i.e., the OOB error). This test method can replace cross-validation
or unbiased estimation to calculate the error?”. When modeling, the parameter for
random numbers was changed, and 1000 calculation iterations were performed to
generate 1000 optimal RF models to make the results more random and objective.
Then, pollen concentration or percentage data from the sediment profiles were
input, and each model was used to reconstruct past forest and grass cover changes.
The results of the 1000 models were averaged to obtain the absolute forest and
grass cover changes and the uncertainties.

The forest and grass cover change trends reconstructed by the two methods
were relatively consistent based on the results (Supplementary Figs. S1-S3).
Because of the relatively large span of longitude and different local site conditions
(e.g., altitude, terrain), the forest cover dynamics were different among these sites,
even in the same subregion, but the variation characteristics of the whole region
can be outlined by data synthesis. A comparison of the results of the two methods
showed that for the reconstructed forest and grass cover changes, the R? value of
the modern analog technique method was higher (Supplementary Table 4); thus,
the presented results are mainly based on the modern analog technique.

In this study, MAT (annual mean temperature), JJAT (mean monthly summer
temperature, i.e., the mean temperature of June, July, and August), and AP (annual
precipitation) were selected as indicators of climate factors. The AR (the number of
archeological sites) was selected as indicators of the intensity of human activities. Fire
(fire intensification) and Burn (burning area) calculated above in the sediment
profiles of the basin could be parameters of both climate and human activities. Based
on the results of the Kolmogorov-Smirnov test, the forest cover of the marginal
agricultural region (P = 0.0299) and core agricultural region (P = 0.1088) followed a
log-normal distribution. Therefore, the logarithm of the forest cover (In(forest cover))
was used as the dependent variable, and the six aforementioned indicators were used
as independent variables. The combination of the dependent and independent
variables for each millennium of each profile represented a sample. The sample sizes
of the marginal agricultural region and core agricultural region were 87 and 75,
respectively. The Akaike information corrected criterion (AICc) was used to screen
the independent variables. Based on the selected variables, the optimal generalized
linear models (GLM) for the two subregions were established.

To determine the relative contribution of each independent variable to forest
cover changes, the variances of the two models were calculated separately. This
method can express the independent contribution of each variable, effectively
solving the problem of multicollinearity. These were implemented in R using the
“MuMIn” and “hier.part” packages.

Data availability

The raw data of 769 sites of surface soil pollen percentages and 30 pollen spectra of
sedimentary profiles are available in the Dryad Digital Repository under the link. https://
doi.org/10.6084/m9.figshare.22632679]. The current vegetation cover is MOD44B
Version 6 Vegetation Continuous Field (VCF) data (https://doi.org/10.5067/MODIS/
MOD44B.006). Climate index data, fire intensification (Fire; infrared radiation intensity
emitted by burning per unit area, watt/m?), and burning area (Burn; proportion of
burning area, %) data since the Holocene are available in TraCE-21ka (from 20,000 cal yr
BP to 1989 CE; http://www.cgd.ucar.edu/ccr/TraCE/). The archeological data from the
early Neolithic Age to the early Iron Age (c. 8000-500 BC) is referred to Hosner et al.
(2016). Other data information can be found in the Supporting Information. Hosner, D.,
Wagner, M., Tarasov, P. E,, Chen, X., & Leipe, C. Spatiotemporal distribution patterns of
archeological sites in China during the Neolithic and Bronze Age: An overview. Holocene
26, 1576-1593 (2016).
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