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Abstract

Understanding of human-nature interactions is critical for global sustainability, but one of its
frontier branches, regarding intentionally-positive anthropogenic feedbacks to environment at
the macroecosystem scale, has been less studied. A concrete open question is whether people
can break those ‘chain’-like macro-ecospatial transition zones. Based on remote sensing data
and integrative data analysis, we examined this issue in the case of China, which both owns a
macro-ecospatial transition zone top-ranked in the world — HU Line and has made massive
environmental restoration efforts such as the “Grain for Green” Program (GGP). Literature
reviews of the causes of HU Line revealed its natural formation, and spatiotemporal tests of
its statuses indicated its contemporary stability, both telling the inherent difficulty of shaking
macro-ecospatial ‘chains’. What’s worse, the limited durations of those GGP-kind endeavors
led to a debate on whether human will eventually exert positive or negative eco-effect on the
evolution of HU Line. To handle this gap, we proposed using biogeographic, bioclimatology,

and Earth system models in a simulation way and overviewed their potentials of reflecting the
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complex internal, external, and integral eco-functions in human deliberately improving nature.
In all, the conclusion and proposal of this work are of fundamental implications for projecting
the future of macro-ecospatial ‘chains’ and pre-making polices for anthropogenically coping
with global changes in land, environment, biology, ecology, and sustainability.
Keywords: Macro-ecospatial transition zone, anthropogenic eco-effect, HU Line, integrative
data analysis, remote sensing data, Earth model, human-nature interaction.
1 Introduction
Understanding of human-nature interactions is increasingly highlighted for advancing global
sustainability (Liu et al., 2007a), and researches on the mechanisms of nature driving human
distributions and human intervening nature evolutions have massively emerged (e.g., Foley et
al., 2007; Rockstrom et al., 2009). However, one of its critical frontier branches, regarding the
intentionally-positive anthropogenic feedbacks to environment at the macroecosystem (those
ecosystems at the regional to continental scales) (Heffernan et al., 2014) scales and how such
ecological effects (eco-effects) work, has been less studied. A representative open question of
extensive interest is whether people can better the macroecosystem-related ecological spatial
(macro-ecospatial) layouts (Yarrow and Martin, 2007). Studies on this topic, no doubt, will be
of great implications for both more comprehensively undermining Earth’s past — involving the
human-caused global changes (Crumley, 1993) and more accurately projecting Earth’s future
— involving the human-accelerated global changes (Wasson et al., 2013).

Exploitation of this problem can be specified as answering a more concrete question — can
people break macro-ecospatial ‘chains’, i.e., regional- to continental-scale terrestrial transition

zones? This analogy is rooted in that in ecological functional regionalization (Morrone, 2006)
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such a critical transition zone tends to behave as the steep environmental gradient between
two large-scale ecosystems, each demonstrating the relatively-consistent ecological condition
(Risser, 1995). The species dwelling in such a zone live near the edges of their tolerance, and
this renders the zone, in a whole sense, to be sensitive to environmental changes (Peters et al.,
2006), of course, including the potential ones due to human activities. That is, the eco-effects
of human intervening nature can be learnt via detecting the shifts of such transition zones.
The representative macro-ecospatial ‘chains’ include the Southern American Transition Zone
(Morrone, 2006), the Northern Australian Tropical Transect Zone (Ma et al., 2013), and the
Mexican Transition Zone (Alvarado et al., 2014), which all are underlined in the communities
of global change in environment, biology, and ecology (Heffernan et al., 2014). However, for
these transition zones few massive human improvement measures have been undertaken, and
thereby, it is inappropriate to take them into account for seeking the answer to the question.
Based on remote sensing data and integrative data analysis (Curran and Hussong, 2009),
this study tried to examine the question in the case of China. That is, as a typical large-scale
region for analyzing the influences from and the feedbacks to instable Earth’s factors such as
increasing abnormal climatic events and strengthened environmental deteriorations (Liu and
Diamond, 2005; Li et al., 2016), China satisfies the two premises of seeking the answer to the
question — both occupying the macro-ecospatial ‘chains’ and exerting massive environmental
restorations. First, China has a distinctive macro-ecospatial layout — southeast and northwest
with distinct ecospatial properties, as divided by an imaginary demarcation line proposed by
the Chinese population geographer Hu Huan-Yong (Hu, 1935) (henceforth termed HU Line).

Initially proposed as “a geo-demographic demarcation line over China”, HU Line has proved
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to be able to draw the macro-ecospatial patterns of many other kinds of geo-factors in China
(Zhang et al., 2011; Liu et al., 2015). Agricultural productivity is such a typical factor (see
Supplementary Figure S1), and HU Line once locked the spatial layout of China's agricultural
economy for a long time (Wang et al., 1996). After the industrialization in China, HU Line
has still kept locking the macro-spatial layout of China's economic developments, which
depended on the earlier-stage accumulations from agriculture economy and other supportive
geo-factors, e.g., water resource (Fang et al., 2015). So far, HU Line is still working (Gaughan
et al., 2016) (Figure 1). Second, China has made massive environmental restoration efforts
such as the “Grain for Green” Program (GGP) and the “Three-North Belt” Program (Liu et al.,
2008) (Figure 1) and now shows the largest greening area all over the world (State Forestry
Administration of China, 2009). These efforts can characterize human’s intentionally-positive
macro-scale feedbacks to land surface developments. Hence, HU Line can be assumed as the
optimal case for probing the eco-effects of the intentionally-positive anthropogenic feedbacks
to environment at the macroecosystem scale.
-Insert Figure 1 here-

The following was dedicated to seeking the answer to the question of “whether can people
break through macro-ecospatial ‘chains’?”, via a literature review of the HU Line-associated
previous studies and a comprehensive overview of their inferences.

2 The macro-ecospatial ‘chain’— HU Line: causes and statuses

To obtain the answer to the question, the first step is to examine the causes and statuses of

this macro-ecospatial transition zone, and this facilitates proposing the essence-oriented and

reality-rooted plans to break through it. First, the formation of HU Line proved to be decided
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by a diversity of geo-factors across China (Hu, 1935). Large terrain elevation gradients affect
atmospheric circulations, leading to spatially-varying precipitation richness (Zheng and Liou,
1986); heterogeneous temperature accumulations alter the growth phases of plants, resulting
in regionally-different crop productivity and food supplies (Hou et al., 2014); some kinds of
ecosystems are preferred by life, as they can provide more livable conditions for the species
(Millennium Ecosystem Assessment, 2005); disasters tend to result in the transfers of livable
residential areas (Li et al., 2014). A systematic analysis of the specific eco-effects caused by
such geo-factors, which should play the dominant roles in causing and maintaining HU Line,
was expanded by using the approach of integrative data analysis (Curran and Hussong, 2009;
Chand et al., 2017) as follows.
-Insert Figure 2 here-

2.1 Natural causes

Topography. China’s landform looks like “a three-step ladder lowering from west to east”
(Figure 2a), and this topography serves as the basis of forming the spatial patterns of natural
and human geography in China (Xu et al., 2015b). The highest Tibet Plateau on the Earth is
the first-step ladder (on average ~4, 000 m, termed Third Pole) (Qiu, 2008); the second-step
ladder is briefly composed by the Yunnan-Guizhou Plateau, the Loess Plateau, and the Inner
Mongolia Plateau, with their average altitudes at 1, 000-2, 000 m; the third-step consists of
the Northeast Plain, the North China Plain, and the Yangtze River Basin, with their altitudes
below 500 m. The first-step ladder — the Tibet Plateau — as a dynamic attractor increases the
thermal contrast between the relief and the Pacific ocean, and this influences the East Asian

summer monsoons in terms of moist static energy (Chen and Bordoni, 2014); the layout of the
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whole ladder is primarily in the northeast-southwest direction, which shifts the rain band and
moisture transport modes in the East Asian monsoon climatic system (Xu et al., 2015b). That
is, the topography of China breaks the common pattern of climatic distributions that exhibits
gradients in latitude, and acts as the prime determinant of HU Line formation.

Precipitation. The formation of HU Line is partially regulated by the spatial variability of
precipitation over China. This point is remarkably reflected by the large section of HU Line in
southwest China, which lies in the first-step ladder instead of between any two steps (Xu et al.,
2015b). This “breakthrough” at that local region was rooted in the availability of rich rainfalls
there, as evidenced by the spatial distribution of annually average precipitation (Figure 2b).
The terrains with rich precipitation of 1, 600-1, 800 mm are dominantly located in southeast
China, while scare precipitation (<100 mm) primarily in northwest China. Compared to the
northwest—southeast direction of topographic lowering, the spatial distribution of precipitation
is more approximate to the common one of climatic factors changing from north to south (Xu
et al., 2015b). Further, precipitation corresponds to water resource, which is closely related to
agricultural productivity (Chen et al., 2013); in addition, the climatic factor of precipitation
helps to determine the spatial pattern of population distributions as well (Piao et al., 2010). In
all, the macro-scale eco-effect of precipitation is both pushing the southwest end of HU Line
beyond the topography-decided layout (Figure 2a) and strengthening HU Line’s formation.

Temperature. The climatic factor — temperature — also plays a vital role in regulating the
spatial layout of HU Line, since temperature is able to change the spatial modes of ecosystem
yields thru adapting their phenology (Tao et al., 2006; Chen and Xu, 2012). For the southwest

end of HU Line (Figure 2c), temperature performs with a similar function as precipitation, i.e.,
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adequate precipitation and warm temperature together favoring agricultural production and
human regeneration. For the central part of HU Line, temperature also helps to break through
the eco-effect of the topographic gradient between the second- and third-step ladders, namely,
although precipitation is in short, temperature can somehow favor agricultural activity (Chen
et al., 2013). The northeast end of HU Line also deviates from the step-jumping line of the
ladder but is conversely located in the third-step ladder. The reason is that although the related
plain terrains are propitious to agricultural productions the inverse conditions about rainfalls
and, particularly, temperature drags the demarcation line to the south. Based on the analyses
of topography, precipitation, and temperature, it can be inferred that the formation of HU Line
is a result of synthesizing the eco-effects of multiple such geo-factors.

Agricultural productivity potential. The integral eco-effect of the primary geo-factors such
as topography, precipitation, and temperature deciding HU Line can be pictured by deriving
the index of cropland Potential Productivity of Radiation and Temperature (PPRT) (Yang et
al., 2010) (Figure 2d). As a result of solar radiative energy, terrain, rainfall, and temperature
co-functioning on crops, this typical indicator can play a key and far-reaching role in driving
agricultural development and modernization and forming the basis of people residence (Yang
et al., 2010). The PPRT in the southeast China is much higher than those in the other regions,
and the lowest PPRT lies in the northwest (Figure 2d). The PPRT map can preliminarily draw
the shape of HU Line, although in its central section there are a couple of “bulges” sticking
into the northwest. The contrast of agricultural productivity potentials across HU Line is so
distinctive that both how these geo-factors integrally can render the formation of HU Line and

why HU Line locks the macro-ecospatial layout of China can be intuitively understood.
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Soil erosion. In addition to the geo-factors integrally deciding the prime macro-ecospatial
layouts of China as analyzed above, some other geo-factors with inverse eco-effects may be
able to reshape HU Line. A typical case is soil erosion, which can directly impact agricultural
production and people living. The types of soil erosions are diverse, and the mainstream ones
over China include water erosion, wind erosion, and freeze-thaw erosion (www.moa.gov.cn).
Soil loss through water erosion is the most serious land degradation in China. The annual soil
loss triggered by water erosion reaches about 5 billion tons. In north China, land degradation
is seriously caused by wind erosion, which covers ~379, 600 km? and is mainly distributed in
the arid and semi-arid regions where the total annual rainfall is below 500 mm. After water
erosion and wind erosion, freeze-thaw erosion is the third most serious soil erosion type. Jin
et al., (2015) found that in the Qinghai-Tibetan Plateau the probability of soil freeze is above
80%, but in south China (below 35°N) the probability is lower than 20%, which, instead, is
caused by the exceptionally cold current. In north China (above 35°N), the probability of soil
freezing is 30%-50%, while in the northeast China, it is about 40%-80%. The northwest side
of HU Line, hence, can be referred to as a region of macroecosystem-sense land degradation.
The map of overlapping the spatial distributions of the three kinds of soil erosions in terms of
erosion intensity is displayed in Figure 2e. It can be realized that the two regions circled by
the two “bulges” sticking into the northwest (see Figure 2d) are overlapped by soil erosion,
and this inverse effect pushes the PPRT-drawn demarcation line in central China moving
southward, approaching the defined HU Line (Hu, 1935).

Large-scale disasters. In contrast to soil erosions that play their roles slowly in a long run,

natural disasters work in a relatively quicker but more destructive way, particularly for those
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occurring at the large scales. The typical cases of large-scale disasters in the northwest China
include desertification, freeze-thaw, and avalanche, whose distributions are listed in Figure 2f.
In fact, through the statistics of the frequencies of such dominant natural disasters over China
in the history, Liu and Yang (2012) found that the occurrences of such disasters for different
types were common and their spatial distributions were significantly different from each other.
Guan et al. (2015) reported that geographically, the occurrences of frost and snowstorm were
more frequent in the northwest China. Wang et al. (2004) found that in the arid and semi-arid
zones of fragile eco-environment in north China, numerous areas have been facing the danger
of severe sandy desertification. Jin et al. (2015) noticed that freeze disasters mostly happened
in northwest China, and so did avalanches (Wang and Huang, 1986). In combination with soil
erosion, such large-scale natural disasters have kept truncating the “bulges” (Figure 2d) of the
topography-precipitation-temperature-deciding demarcation line, eventually forming HU Line
— the prime macro-ecospatial ‘chain’ over China.

As the essence-oriented analyses exerted above, the primary Earth processes leading to the
formation of HU Line have been figured out. The formation ranged from topography drawing
its skeleton, precipitation, temperature and agricultural productivity potential straightening its
sections, to soil erosion and large-scale natural disasters truncating its “bulges”. In summary,
the overview of the causes of HU Line suggested the inherent difficulty of breaking any
macro-ecospatial ‘chain’. After all, it is hard for people to practically interfere those powerful
natural geo-factors at the macroecosystem scale.

2.2 Spatial and temporal statuses

Exploring the aimed question also needs to consider the contemporary statues of HU Line.
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This is due to that HU Line was noticed in last century (Hu, 1935), and the concerns about its

situations unavoidably arise — has HU Line altered when compared to 1935? To better grasp

the current statuses of this macro-ecospatial ‘chain’, the questions about whether HU Line so

far remains stable, specifically, spatially without new local “bulges” emerging and temporally

without its whole location shifting for decades, were explored via macro-ecosystem analysis,

often based on remote sensing data capable of covering large areas (Heffernan et al., 2014).
-Insert Figure 3 here-

Spatial stability. The key point of investigating the spatial variability of HU Line is to first
propose proper criteria that can characterize the changes of this critical terrestrial transition
zone. As analyzed above, HU Line, in effect, is a result of fusing several geo-factor-related
demarcation lines, which do not coincide. This, in turn, means that exploration of its spatial
stability is equivalent to evaluating its covered natural land surfaces, and this involves a high
complexity of environmental indices (UNEP, 2002). This complexity can be figured out by
referring to the indices proposed and evaluated in the Global Environment Outlook Program
(UNEP, 2002; 2007), the Heinz Center Evaluation of America’s Ecosystems (the Heinz Center,
2002), the Millennium ecosystem assessments (Millennium Ecosystem Assessment, 2003;
2005), and the Ecological Indicators for The Nation Proposed by The U.S. National Research
Council (NRC, 2000). The situation is approximately complicated when regarding China, as
illustrated in the study of the natural environment of China based on topography, temperature,
water, biology, soil, and other geo-factors (Yang et al., 2002). After comparing several typical
ones of such geo-factors, Gao et al. (1999) concluded that the most key geo-factors related to
human life are hydrothermal conditions, and Wang et al. (2008) discovered that temperature,

10
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precipitation and sunlight conditions are the kernel factors deciding agricultural productivity.
Yang and Ma (2009) further derived nine geo-factors for evaluating the natural environmental
suitability and derived that the eco-effects of all of these nine environmental indices can be
integrally reflected in terms of ecosystem distribution pattern. The spatial layout of the major
terrestrial ecosystems across China is shown in Figure 3a. It can be qualitatively interpreted
that HU Line now still spatially marks the prime macro-ecospatial transition over China.

Temporal stability. A typical geo-feature often used for reflecting the temporal stability of
HU Line is vegetation growth status, which is very sensitive to environmental changes and
also can be readily characterized using the remote sensing retrieved parameter of Normalized
Difference Vegetation Index (NDVI) (De Keersmaecher et al., 2014). Specifically, this study
derived the spatial pattern of the interannual variations of the NDVIs at their growing seasons
from 1981 to 2011 (Figure 3b), in terms of the parameter of NDVI fluctuation intensity that in
this work was defined as the variance of the maximum NDVI values extracted per five years.
The used NDVI dataset was the Global Inventory Modeling and Mapping Studies NDV13g
data (https://nex.nasa.gov/nex/projects/1349) (Zhu et al., 2013). It was noticed that the areas
with strong variations are briefly located along HU Line. No matter the northwest regime of
low vegetation densities or the southeast with dense vegetation covers both show relatively
weaker interannual NDVI1 variations. This result suggested that HU Line is comprised by a
series of short-term (annual-scale) unstable ecotones (Wasson et al., 2013), which are easily
affected by interannual environmental and climatic oscillations; on the other hand, this also
illustrates the long-term (decadal-scale) stability of this prime macro-ecospatial ‘chain’ in
China.

11
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Overall, the analysis of the status of HU Line suggested the inherent difficulty of breaking
macro-ecospatial ‘chains’. After all, increasingly severe global changes (Wasson et al., 2013)
still could not alter the statuses of those critical transition zones at the macroecosystem scales,
let alone human endeavors.

3 Breaking the macro-ecospatial ‘chain’ - HU Line?

The overview of the causes and statuses of HU Line clarified the difficulty of breaking this
‘chain’, but did not exclude the possibility. From a scientific perspective, the potential ways
of actively restoring environment such as the GGP-kind activities (Liu et al., 2008) shall be
explored for the next generations. This tells the challenge but significance of launching this
study. Consequently, theoretical analyses about the modifiability of HU Line and the diversity
of anthropogenic eco-effects on HU Line were carried out in order to comprehensively derive
an answer to the question.

3.1 Theoretical analysis of HU Line modifiability

Although the analyses on the statuses of HU Line presented its current spatial and temporal
stability, this cannot assure its steadiness in future. The reason is that the currently-stable HU
Line actually is bearing more and more complex eco-pressures (Rain et al., 2007) than ever. A
representative case is that the percentage of population at the eastern side of HU Line dropped
from 96.0% in 1935 down to 93.8% in 2000, while at the western side rose from 4.0% up to
6.2% (Qi et al., 2016). It seems that this percentage-indicated change of population is minor,
but the number of population change at the western side of HU Line — an increase of almost
20 million from 1935 to 2000 (Wang et al., 2008) — is quite large due to the giant population
base of China. This massive population increase at the western side of HU Line can illustrate

12
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the complexity of eco-pressures (Rain et al., 2007). That is, population increases have proved
to impose more eco-pressures to the natural environments at the western side of HU Line, but
this factor, on the other hand, serves as an essential positive strength for putting the GGP-kind
Programs into practice (Liu et al., 2008).

Theoretically, such two counter aspects of eco-effecting by the same factor reflect both the
possibility of anthropogenically breaking HU Line and its challenging, i.e., the eco-balancing
between human and nature can be broken but will always be a hard work (Foley et al., 2007;
Rockstrém et al., 2009; Alvarado et al, 2011), particularly towards the direction of exhibiting
positive eco-effects in the end. This is why the Chinese Premier’s question — “can we break
through the ‘lock’ of HU Line?” was posed and then quickly sank into a debate (Chen et al.,
2016). The mainstream answer given by geographers is that the ecospatial layout of China
will not become totally different within a relatively long time, but the northwest region can
achieve higher-degree modernization and higher-quality urbanization (Chen et al., 2016). The
reasoning is based on that in the tomorrow of China's eco-societal development, the limit by
the spatial imbalance of food productions can be handled through manual deployments, but
the constraints by water resource and other inverse geo-factors will be strong yet (Wang et al.,
2012). Thereby, all of such geo-factors may render that HU Line is likely to continue to lock
the whole spatial patterns of China's biology, ecology, and development.

However, such a common-sense answer by geographers (Chen et al., 2016) is not enough
for determining the modifiability of HU Line in details, e.g., starting from which point on HU
Line to achieve the goal. After all, breaking HU Line does not require shifting the whole HU
Line. Instead, just adjusting one or two sections at local regions can also be considered as a

13
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breakthrough to HU Line, in a similar scheme as the historic process of HU Line forming in a
way of section by section. In retrospect, the dynastic data of China’s households (Liang, 1980)
told that HU Line emerged merely after about A.D. 1240. Specifically, before that time, the
spatial pattern of population distribution in China followed HU Line only in its southern end
(Wang et al., 1996); for the regions beyond 30°N, the spatial distribution of population was
distinguished along the longitudinal or altitudinal directions. Before the 13" century, there
was a higher ratio of people living in northwest China. This coincided with the distribution
characteristics of precipitation before A.D. 1240 (Zhang and Crowley, 1989). Then, more and
more people migrated to the southeast of China. This massive migration was driven by the
climatic changes during the following period, as evidenced by both the records of China’s
historical climates (Zhang, 2005) and the results of model-based historic climate simulations
over China (Man et al., 2012). China had experienced twice massive abrupt climatic changes
at about A.D. 880 and 1240 (Zhang et al., 1994). That change occurring in the 13™ Century
was the largest climate change event across China during the past 2000 years. The effect of
that change on the climatic mode of China lasted until today. People’s excessive and random
lumber harvesting strengthened this trend and enhanced the formation of HU Line (Wang et
al., 1995). All of these processes, at least, tell the modifiability of HU Line.
3.2 Complex eco-effects of anthropogenic feedbacks

Exposing the modifiability of HU Line does not mean having a confirmative answer to the
question. The substantial reason is due to the complexity in the eco-effects of anthropogenic
feedbacks to nature. This is illustrated by an open question as people often ask — “whether the
known laws of nature development need to be obeyed or more human interventions shall be

14
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encouraged to promote the environmental quality?”.

Human’s, no matter intentionally positive or unintentionally negative, feedbacks to nature
usually show complicated eco-effects, particularly from the perspective of macro-ecosystem
analysis at the large scales and in a long run. For the environmental restoration policies with
intentionally positive effects, their final effects still need to be explored further (Xiao, 2014).
The anthropogenic feedbacks to nature also include China’s industrial consequences such as
economic development (Naughton, 2007) (Figure 4a), which causes resource consumptions
(Zhang et al., 2011) but, on the other hand, financially ensures the practice of environmental
restoration policies (Liu et al., 2008). These feedbacks that typically display two contrasting
aspects reflect the complexity of seeking to break macro-ecospatial ‘chains’.

-Insert Figure 4-

Intentionally-positive activities but showing uncertain eco-effects. In fact, there have been
no absolute conclusions for most of the environmental restoration endeavors, when regarding
their final positive or negative eco-effects. The GGP-kind Programs (Liu et al., 2008) were
often used as the representative cases for studying if human interventions with intentionally
positive purposes can improve the macro-ecospatial modes of China. Xiao (2014) reexamined
the biophysical consequence of GGP on the Loess Plateau and observed that the feedbacks of
GGP to regional climates depend on the negative forcing from both carbon sequestration and
evapotranspiration and on the positive forcing from lower albedo; nevertheless, Xiao (2014)
suggested that further work is still needed to assure the net eco-effects of GGP on the regional
climates. Feng et al., (2016) found that the GGP operated on the Loess Plateau for long, now,
is approaching its sustainable water resource limits, and the future evolutions of the relevant
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terrestrial ecosystems will be full of uncertainties. These studies all told that the intentionally
positive programs may show uncertain eco-effects eventually. So, there are a lot of unsolved
works ahead, regarding the complicated interactions between the restored ecosystems and the
macro-scale geography.

Commonly-deemed negative activities but behaving with favorable eco-effects. On the other
hand, more and more studies found that the generally-classified negative activities show some
kinds of positive eco-effects. A typical case is the factor of quickly-increasing atmospheric
nitrogen deposition (Ngep), which may degrade human health, alter the chemical compositions
of water and soil, break greenhouse gas balancing, and decrease biological diversity (Liu et al.,
2015). The spatial distributions of the averaged Ny, between 2003 and 2014 were derived by
Kriging interpolation of the data from 41 N, monitoring sites, and its dropping mode from
the southeast to northwest over China (Liu et al., 2015) was marked by HU Line (Figure 4b).
However, this inverse factor also proved to enhance forest growth and carbon sequestration
(Yu et al., 2014), and atmospheric circulations can gradually transport it far and expand its
eco-effect range beyond HU Line. Another case involves economic development. As a major
anthropogenic factor disturbing macro-ecological balances, e.g., coal mining easily leading to
land subsidence (Sahu and Lokhande, 2015), economic development often means resource
over-consumption, as illustrated by the spatial layout of annual water use density over China
(Supplementary Figure S3). Meanwhile, this factor also exemplifies the beneficial eco-effects
of anthropogenic feedbacks to nature. In fact, the achievement of economic development has
financially supported implementing environmental restoration, and this favor is achieved via
actively transferring the surplus finances from southeast to northwest by the Chinese Central
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Government. However, this kind of anthropogenic feedbacks in a macro sense, particularly
for their indirect and implicit eco-effects, has been less considered in the physical studies of
human-nature interactions in Earth sciences, e.g., with just simple relevant tools in the minor
simulation models considering such eco-effects (Xiao, 2014).

Overall, although the modifiability of HU Line has been briefly verified, it was also found
that it is a challenging task to conceive the specific plans of breaking it. The reason is that the
anthropogenic feedbacks to nature are not mechanistic or linear, beyond the traditional regime
of landscape ecology (Peters et al., 2006). This suggested that more comprehensive methods
of macroecosystem ecology (Heffernan et al., 2014) capable of characterizing the underlying
internal and external eco-effects of these varying feedbacks are needed to project the future of
HU Line.

4 Comprehensive exploration of HU Line evolution

To achieve a comprehensive projection of the future of HU Line, a sound tactics of probing
its evolution is to introduce efficient ecosystem process simulation models, which can handle
the complexity of human-nature interactions (Liu et al., 2007b). In retrospect, the researches
following this strategy have already emerged. For instance, in order to resolve the evolution
of population geography across China during the past 2, 000 years, some simulation models
such as the agent-based models (Wu et al., 2011) have been attempted to make the analyses.
However, comprehensively projecting the future of HU Line relies on more all-around models.
After all, HU Line marks almost the whole-sense biosphere eco-mode, far beyond population,
over China. Hence, we proposed introducing different-regime simulation models to decipher
the built-in code of this macro-ecospatial ‘chain’, involving its internal balance, external drive,
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and integral function. The potential simulation models can be classified into three types, i.e.,
biogeographic models (HU Line serves as the eco-media interlinking biology and geography),
bioclimatology models (as the eco-interface for mirroring biology’s responses/feedbacks to
climate forcing), and Earth system models (as the eco-frontier interacting with all of the other
kinds of geo-factors), and their regime relationships are shown in Figure 5.
-Insert Figure 5 here-

4.1 Internal eco-effect — biogeographic model

HU Line marks the distributions of species and ecosystems over China in the geographical
space, relating to the key “distribution” branch in the domain of biogeography. Accordingly,
the future of HU Line can be projected using biogeographic models, which reflect the internal
eco-effects between biology and geography. This schematic plan has been attempted in the
previous studies. Ni et al., (2000) used an equilibrium terrestrial biosphere model BIOME3 to
yield a simulation of plant distribution, which proved to be in good agreement with the related
natural vegetation map. Later, Ni (2001) better described the vegetation distribution by further
proposing a new biome classification method that considers soil conditions, eco-physiological
parameters, and the competitions between plant functional types. Recently, macroecological
factors capable of explaining the large-scale spatial patterns of populations (Xu et al., 2015a)
have attracted more attention. Along with more such underlying bio- and geographic-relevant
factors considered, biogeographic models can better forecast the evolution of HU Line.

In order to better explore the substantially-dynamic internal eco-effects between biology
and geography, their interaction processes are increasingly concerned in the development of
biogeographic models. Tan et al., (2013) adopted such a process-based ORCHIDEE model to
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estimate the carbon fluxes and stocks of the grasslands and derive the spatial distributions of
the leaf area indices of vegetation and soil organic carbons across China. Sasai et al., (2016)
operated the BEAMS model that integrate eco-physiological and mechanistic approaches and
satellite data to predict net ecosystem production over eastern Asia, and they observed that the
integral effects of the factors capable of controlling net ecosystem productivity are positive in
the southern part of East Asia but negative in the northern and central parts of East Asia. In
the same way, with process-based biogeographic models used, the performance of HU Line
developing at the finer temporal scales can be projected further.

Studies of biogeographic patterns have also begun to take various biogeochemical factors
into account. Han et al., (2011) derived the spatially-varying modes of 11 chemical elements
such as nitrogen, phosphorus, and potassium in the leaves of 1900 plant species over China.
The concentrations of these elements proved to have significant latitudinal and longitudinal
trends, principally decided by soil and plant functional types. Such findings (Han et al., 2011)
facilitate pushing forward the introduction of more biogeochemical models into the projection
of HU Line’s evolution. In addition to environmental changes, invasion species may also alter
the ecospatial modes over China (Wu et al., 2010). To further co-characterize these effects,
more complex biogeochemical processes like soil transmitting helminthic infections (Lai et
al., 2013) can be modeled further. Lai et al., (2013) noticed that higher infection prevalence
(>20%) with the whipworm Trichuris trichiura occurred in a few regions of south China,
whereas very low prevalence (<0.1%) of hookworm and whipworm infections was mainly
found in north China. These simulations proved to fit the real spatial patterns of the invasion
species. Overall, the future evolution of HU Line can be better projected by taking its internal
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eco-effects into account more, based on the conventional biogeographic models to the newest
biogeographic models with modules capable of simulating complex biogeochemical processes
incorporated.
4.2 External eco-effect — bioclimatology model

Along with the trend of exploring biogeographic models with internal eco-effects (e.g., Ni
et al., 2001) increasingly emphasized, active external drives were also highlighted. The most
representative case is climate factors such as ambient CO, and climate changes (Gao and Yu,
1998). To reflect such external eco-effects, bioclimatology models have been introduced for
directly or indirectly investigating those macro-ecospatial patterns. The direct investigations
were fulfilled through, e.g., a coupled ocean—atmosphere general circulation model to infer a
doubled greenhouse gas scenario for 2070-2099 (Ni et al., 2000). In this simulated climatic
scenario, the carbon stocks in the deduced vegetation maps may increase significantly, both
with and without the CO,-related direct physiological effects. Via linking the Crop-C model
with the climate change scenario projected using a coupled FGOALS bioclimatology model,
crop net primary production across China for 2000-2050 was simulated (Zhang et al., 2007),
and it was projected that a higher increase would occur in a majority of regions in the eastern
and northwestern China. Sun and Mu (2013) proposed a new CNOP-P (conditional nonlinear
optimal perturbation related to parameter) method of to generate a possible climate scenario
and to study the influence of climate change on the simulated net primary production in China
with a LPJ-DGVM dynamic global vegetation model. It was also realized that net primary
production decreases in northern China and increases in northeast and south China when the
temperature varies as a result of a CNOP-P-typed temperature change scenario (Sun and Mu,
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2013). Jing and Li (2015) reported that when regarding the eco-spatial pattern, the projected
net primary production and net ecosystem production decreases were primarily located in the
tropical and temperate regions. These studies suggested that bioclimatology models can be
used to project the dynamic eco-spatial patterns of China in the future.

The external effects of climate on macro-ecospatial modes may also be indirectly done by
changing the other biology-related environmental factors. Wang et al., (2012) run the variable
infiltration capacity model to assess the implications of climate change for water resources in
China, and their findings indicated that the annual runoff over China as a whole will probably
increase by about 3-10% by 2050 but with uneven spatial distributions. The prevailing mode
of "north dry and south wet" in China is likely to be exacerbated under global warming (Wang
et al., 2012). Chen and Frauenfeld (2014) further projected that by the end of the 21* Century,
temperature may increase by 1.7-5.7 °C, with strengthened warming over northern China and
the Tibetan Plateau. Four regional climate models were used to simulate the climate of the last
20-year summers (1989-2008) across China, and both the observed and simulated linear trend
of precipitation shows a drying trend over the Yangtze River Basin and wetting in south China
(Wang et al., 2016). Based on 17 models in the Coupled Model Intercomparison Project phase
5 (CMIP5), the simulation of precipitation extremes in China was assessed under the baseline
climate condition compared to a gridded daily observation dataset CN05.1 (Guo et al., 2016).
From water resource to temperature extreme, their links to the biology in the bioclimatology
models can also help to project the possible changes of spatial patterns involving HU Line.

Although the reviewed bioclimatology models can help to give more dynamic information,
it was also realized that different models may give predictions with biases. For example, Jing
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and Li (2015) indicated that the differences in the accelerating terrestrial carbon losses due to
global warming estimated by the CMIP5 models ranged from 6.0 Tg C yr? in CESM-BGC to
52.7 Tg C yr? in MPI-ESM-LR. Given the complexity of vegetation dynamic patterns under
global climate change, multi-scale spatiotemporal explicit models are necessitated in order to
account for land surface heterogeneity. Chen and Frauenfeld (2014) examined the changes
under three emission scenarios in the 21* Century on the basis of a multi-model ensemble of
20 general circulation models under the CMIP5 frame. Qiu et al. (2016) further proposed a
Multi-Scale Spatio-Temporal Modeling framework to derive, reconstruct, and test multi-scale
vegetation dynamic patterns under global climate change in China. These strives suggested
that current bioclimatology models can handle the prediction uncertainties such as the scaling
effects (Qiu et al., 2016), and hence, we proposed also using bioclimatology models for better
projecting the specific evolutions of HU Line for its different segments.
4.3 Integral eco-effect — Earth system model

Those representative biogeographic and bioclimatology models as reviewed above are still
far from enough for comprehensively characterizing all of the geo-factors that may trigger the
changes of the macro-ecospatial patterns over China. To reflect the integral effect by all of the
potential impact factors on the future evolution of HU Line, we proposed a potential strategy
of fusing multiple models, which can be heterogeneous or homogenous. As we know, parallel
with the schematic frames of biological plus geographic models and biological plus climatic
models, different land surface models could be coupled with four regional climate models to
reconstruct the summer climate (1989-2008) in China (Wang et al., 2016); the combination of
multiple climate models was attempted to reproduce the spatial distribution of precipitation
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extremes over China (Guo et al., 2016); those multimedia models like POPSLTEA (Song et al.,
2016) were also developed to assess the possible impacts of climatic change on the fate and
transport of polycyclic aromatic hydrocarbons in East Asia. Overall, this model-combination
proposal can help people to better infer the future of HU Line by just grasping limited kinds
of models.

The second strategy is to expand the area of analysis beyond China, even out of terrestrial
Asia. China is annually affected by the Pacific monsoons. Wang et al., (2008) used a coupled
regional ocean-atmosphere model of P-sigma RegCMg-POM to derive the spatial patterns of
the climatic mean extreme precipitation thresholds, which were characterized by a few huge
value centers covering north and part of northeast China, Yangtze-Huaihe River valleys, and
south China. Siew et al., (2014) evaluated future climatic changes through the representative
concentration pathways, using ten coupled atmosphere-ocean general circulation models in
the CMIP5. Such models can help to deeply understand HU Line at the broader scales. At the
same time, macrosystem ecology (Heffernan et al., 2014) substantially constructed under the
hierarchical framework also highlights the eco-effects at fine scales. More functional modules
capable of exposing the underlying associations between local restoration efforts and regional
ecological patterns (Xiao, 2014) need to be developed and operated. With the broad and fine
scales interlinked, the puzzles concerning macro-ecospatial ‘chains’ can be more easily solved
under these scenarios.

The extreme solution plan is to use Earth system models to integrally simulate the various
effects. After all, the Earth factors potentially influencing the spatial pattern of HU Line are of
considerable diversity, ranging from underground to ionosphere. For example, groundwater
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depletion impacts crop productions in the major global agricultural regions and has negative
ecological consequence (Doll et al., 2014). Doll et al., (2014) used a new version of the global
hydrological model — WaterGAP and found that India, United States, Iran, Saudi Arabia, and
China showed the highest groundwater depletion rates in the first decade of the 21% Century.
This analysis can be strengthened by enhancing the spatial resolution in China. Wang et al.,
(2010) fused the tropospheric atmosphere chemistry TACM model with the regional climate
RegCM3 model to build a new regional climate chemistry modeling system RegCCMS model
for the purpose of analyzing the spatial-temporal distributions of anthropogenic nitrate aerosol,
radiative forcing and climate effect in China. With such models, people can adapt the settings
of their parametric conditions to explore the potential influences of the intentionally-positive
anthropogenic effects, e.g., artificially adding vegetation covers close to HU Line to examine
their surrounding evolutions via the operations of the model simulations, but the inferences
may be different due to the varying data availability and temporal periods of interest. Overall,
as we proposed, with more comprehensive Earth system models used, the future evolutions of
HU Line, no doubt, can be more accurately and stably projected.
5 Summary

In the case of China that occupies the critical terrestrial transition zone — HU Line and has
made massive restoration endeavors, this study examined the potential of anthropogenically
breaking macro-ecospatial ‘chains’, ranging from their natural causes, spatiotemporal stability,
complexity of human-nature interaction in eco-effect to model simulation, through reviewing
the relevant studies and integrative data analyses. The piled-up knowledge is of implications
not only for biogeosciences on regional\global changes but also for biosphere conservation,

24



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

529

530

531

532

533

534

535

536

537

538

539
540
541
542
543
544

545
546
547

548
549
550
551

552
553
554
555

556
557

558
559
560

561
562
563

climate adaption, environment maintaining, nature protection, and macroecosystem ecology.
Finally, the proposal of using various simulation models has pointed out a way for exploring
the anthropogenic effect on critical transition zones. Yet, it must be noted that there have been
none models, even with Earth system models counted in, capable of fully characterizing the
complex processes of human-nature interactions and clearly identifying the positive\negative
eco-effects of people’s, even though intentionally-positive, feedbacks to nature. This means
that the question, substantially, shall be posed to the whole community, and it is expected that
this review will inspire more studies in this direction — anthropogenic eco-effect on nature and
its macro-ecospatial pattern.

References

Alberti, M., Asbjornsen, H., Baker, L., Brozovic, N., Drinkwater, L., Drzyzga, S., Jantz, C.,
Fragoso, J., Holland, D., Kohler, T., Liu, J., McConnell, W., Maschner, H., Millington, J.,
Monticino, M., Podesta, G., Pontius, R., Redman, C., Reo, N. and Urquhart, G.:

Research on coupled human and natural systems (CHANS): Approach, challenges, and
strategies, Bull. Ecol. Soc. Am., 92, 218-228, https://doi.org/10.1890/0012-9623-92.2.218,
2011.

Alvarado, F., Escobar, F. and Montero-Munoz, J.: Diversity and biogeographical makeup of
the dung beetle communities inhabiting two mountains in the Mexican Transition Zone,
Org. Divers. Evol., 14, 105-114, https://doi.org/10.1007/s13127-013-0148-0, 2014.

Cai, W.-J.,, Hu, X., Huang, W.-J., Murrell, M., Lehrter, J., Lohrenz, S., Chou, W.-C., Zhai, W.,
Hollibough, J., Wang, Y., Zhao, P., Guo, X., Gundersen, K., Dai, M. and Gong, G.-C.:
Acidification of subsurface coastal waters enhanced by eutrophication, Nat. Geosci., 4,
766-770, https://doi.org/10.1038/nge01297, 2011.

Chand, P., Sharma, M., Bhambri, R., Sangewar, C. and Juyal, N.: Reconstructing the pattern
of the Bara Shigri Glacier fluctuation since the end of the Little Ice Age, Chandra valley,
north-western Himalaya, Prog. Phys. Geog., 41, 643-675,
https://doi.org/10.1177/0309133317728017, 2017.

Che, H., Zhang, X., Li, Y., Zhou, Z. and Qu, J.: Horizontal visibility trends in China
1981-2005, Geophys. Res. Lett., 34, https://doi.org/10.1029/2007GL031450, 2007.

Chen, C., Baethgen, W. and Robertson, A.: Contributions of individual variation in
temperature, solar radiation and precipitation to crop yield in the North China Plain,
1961-2003, Clim. Change, 116, https://doi.org/10.1007/s10584-012-0509-2, 2012.

Chen, J. and Bordoni, S.: Orographic effects of the Tibetan Plateau on the East Asian summer
monsoon: An energetic perspective, J. Clim., 27,
https://doi.org/10.1175/JCLI-D-13-00479.1, 2014.

25



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

564
565
566

567
568
569

570
571
572

573

574
575

576
577

578
579
580
581

582
583
584

585
586
587
588

589
590
591

592
593
594

595
596
597

598
599
600
601

602
603
604

605
606
607

Chen, L. and Frauenfeld, O.: Surface air temperature changes over the twentieth and
twenty-first centuries in China simulated by 20 CMIP5 models, J. Clim., 27, 3920-3937,
https://doi.org/10.1175/JCLI-D-13-00465.1, 2014.

Chen, M., Gong, Y., Li, Y., Lu, D. and Zhang, H.: Population distribution and urbanization on
both sides of the Hu Huanyong Line: Answering the Premier’s question, J. Geogr. Sci.,
26, 1593-1610, https://doi.org/10.1007/s11442-016-1346-4, 2016.

Chen, X. and Xu, L.: Temperature controls on the spatial pattern of tree phenology in China's
temperate zone, Agric. For. Meteorol., s 154-155, 195-202,
https://doi.org/10.1016/j.agrformet.2011.11.006, 2012.

China Statistical Yearbook, China Statistics Press: Beijing, 2010.

Crumley, C.: Analyzing historic ecotonal shifts, Ecol. Appl., 3, 377-384,
https://doi.org/10.2307/1941906, 1993.

Curran, P. and Hussong, A.: Integrative data analysis: The simultaneous analysis of multiple
data sets, Psych. Meth., 14(2), 81-100, https://doi.org/10.1037/a0015914, 2009.

Doell, P., Miller Schmied, H., Schuh, C., Portmann, F. and Eicker, A.: Global-scale
assessment of groundwater depletion and related groundwater abstractions: Combining
hydrological modeling with information from well observations and GRACE satellites,
Water Resour. Res., 50(7), 5698-5720, https://doi.org/10.1002/2014WR015595, 2014.

Fang, X., Roe, T. and Smith, R.: Water shortages, intersectoral water allocation and economic
growth: the case of China, China Agric. Econ. Rev., 7, 2-26,
https://doi.org/10.1108/CAER-02-2014-0014, 2006.

Feng, X., Fu, B.-J., Piao, S., Wang, S., Ciais, P.,, Zeng, Z., Lu, Y., Zeng, Y., Li, Y., Jiang, X.
and Wu, B.: Revegetation in China's Loess Plateau is approaching sustainable water
resource limits, Nat. Clim. Chang, 6, 1019-1022, https://doi.org/10.1038/nclimate3092,
2016.

Foley, J., Monfreda, C., Ramankutty, N. and Zaks, D.: Our share of the planetary pie, Proc.
Natl. Acad. Sci. USA, 104, 12585-12586, https://doi.org/10.1073/pnas.0705190104,
2007.

Gao, Q. and Yu, M.: A model of regional vegetation dynamics and its application to the study
of Northeast China Transect (NECT) responses to global change, Glob. Biogeochem.
Cycle, 12, 329-344, https://doi.org/10.1029/97GB03659, 1998.

Gao, Z., Liu,J. and Zhuang, D.: The relations analysis between ecological environmental
quality of Chinese land resources and population, Int. J. Remote Sens., 3:,66-70 , 1999.
(in Chinese, with English abstract).

Gaughan, A., Stevens, F., Huang, Z., Nieves, J., Sorichetta, A., Lai, S., ye, X., Linard, C.,
Hornby, G., Hay, S., Yu, H. and Tatem, A.: Spatiotemporal patterns of population in
mainland China, 1990 to 2010, Sci. Data, 3, 160005,
https://doi.org/10.1038/sdata.2016.5, 2016.

Guan, Y., Zheng, F., Zhang, P. and Qin, C.: Spatial and temporal changes of meteorological
disasters in China during 1950-2013, Nat. Hazards, 75, 2607-2623,
https://doi.org/10.1007/s11069-014-1446-3, 2015.

Guo, X., Huang, J., Luo, Y., Zhao, Z.-C. and Xu, Y.: Projection of precipitation extremes for
eight global warming targets by 17 CMIP5 models, Nat. Hazards, 84, 2299-2319,
https://doi.org/10.1007/s11069-016-2553-0, 2016.

26



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

608
609

610
611
612
613

614
615
616
617
618

619
620
621

622
623

624
625
626

627
628
629

630
631
632
633

634
635
636

637
638
639
640

641
642
643

644
645
646
647

648
649
650

651
652

Hadley, O. and Kirchstetter, T.: Black-carbon reduction of snow albedo, Nat. Clim. Change, 2,
437-440, https://doi.org/10.1038/nclimate1433, 2012.

Han, X.-W., Fang, J.Y., Reich, P., Woodward, I. and Wang, Z.: Biogeography and variability
of eleven mineral elements in plant leaves across gradients of climate, soil and plant
functional type in China, Ecol. Lett., 14, 788-796,
https://doi.org/10.1111/].1461-0248.2011.01641.x, 2011.

Heffernan, J., Soranno, P.A., Jr, M., Buckley, L., Gruner, D., Keitt, T., Kellner, J., Kominoski,
J., Rocha, A., Xiao, J., Harms, T., Goring, S., Koenig, L., McDowell, W., Powell, H.,
Richardson, A., Stow, C., Vargas, R. and Weathers, K.: Macrosystems ecology:
understanding ecological patterns and processes at continental scales, Front. Ecol.
Environ., 12, 5-14, https://doi.org/10.1890/130017, 2014.

Hou, P, Liu, Y., Xie, R., Ming, B., Ma, D., Li, S. and Mei, X.: Temporal and spatial variation
in accumulated temperature requirements of maize, Field Crop. Res., 158, 55-64,
https://doi.org/10.1016/j.fcr.2013.12.021, 2014.

Hu,H-Y.: The distribution of population in China, with statistics and maps, Journal of
Geographical Science (2) , 1935. (in Chinese, with English abstract)

lii, H.J. and Tufford, D.: The State of the Nation's Ecosystems: Measuring the Lands, waters,
and living resources of the United States, Cambridge University Press: New York, NY,
USA, 2003.

Jin, R., Zhang, T., Li, X., Yang, X. and Youhua, R.: Mapping surface soil freeze-thaw cycles
in China based on SMMR and SSM/I brightness temperatures from 1978 to 2008, Arct.
Antarct. Alp. Res., 47, 213-229, https://doi.org/10.1657/AAAR00C-13-304, 2015.

Jing, Z., Deng, S., Shen, F,, Yang, X., Liu, G., Guo, H., Li, Y., Hong, X., Zhang, Y., Peng, H.,
Zhang, X., Li, L. and Wang, Y.: Modeling the relationship between energy consumption
and economy development in China, Energy, 36, 4227-4234,
https://doi.org/10.1016/j.energy.2011.04.021, 2011.

Kaiser, D. and Qian, Y.: Decreasing trends in sunshine duration over China for 1954-1998:
Indication of increased haze pollution?, Geophys. Res. Lett., 29, 38-1-38-4,
https://doi.org/10.1029/2002/GL016057, 2002.

Keersmaecker, W., Lhermitte, S., Honnay, O., Farifteh, J., Somers, B. and Coppin, P.: How to
measure ecosystem stability? An evaluation of the reliability of stability metrics based on
remote sensing time series across the major global ecosystems, Glob. Change Biol.,
20(7), 2149-2161, https://doi.org/10.1111/gcb.12495, 2014.

Lai, Y.-S., Zhou, X.-N., Utzinger, J. and Vounatsou, P.: Bayesian geostatistical modelling of
soil-transmitted helminth survey data in the People’s Republic of China, Parasites
Vectors, 6, 359, https://doi.org/10.1186/1756-3305-6-359, 2013.

Li, B., Gasser, T., Ciais, P., Piao, S., Tao, S., Balkanski, Y., Hauglustaine, D., Boisier, J.P.,
Chen, Z., Huang, M., Li, L., Li, Y., Liu, H., Liu, J., Peng, S., Shen, Z., Sun, Z., Wang, R.,
Wang, T. and Zhou, F.: The contribution of China’s emissions to global climate forcing,
Nat., 531, 357-361, https://doi.org/10.1038/nature17165, 2016.

Li, Z., Ma, Z., Kuijp, T., Yuan, Z. and Huang, L.: A review of soil heavy metal pollution from
mines in China: Pollution and health risk assessment, Sci. Total Environ., 468-469C,
843-853, https://doi.org/10.1016/j.scitotenv.2013.08.090, 2014.

Liang F: Dynastic data for China’s households, Shanghai: Shanghai People’s Press, 1980. (in
Chinese, with English abstract)

27



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

653
654
655

656
657

658
659
660
661

662
663
664

665
666
667

668
669

670
671
672
673

674
675
676

677
678

679
680

681
682
683

684
685

686
687
688

689
690

691
692

693
694
695
696

Liu J, Dietz, T. Coupled., Carpenter, S., Folke, C. and Provencher, W.: human and natural
systems, Ambio, 36, 639-649, Https://doi.org/10.1579/0044 Carpenter, S. Carpenter,
S.7447(2007)36[639:CHANS]2.0.CO;2, 2007a.

Liu, J. and Diamond, J.: China's environment in a globalizing world, Nat., 435, 1179-1186,
https://doi.org/10.1038/4351179a, 2005.

Liu, J., Dietz, T., Carpenter, S., Alberti, M., Folke, C., Moran, E., Pell, A., Deadman, P., Kratz,
T., Lubchenco, J., Ostrom, E., Ouyang, Z., Provencher, W., Redman, C., Schneider, S.
and Taylor, W.: Complexity of coupled human and natural systems, Science (New York,
N.Y.), 317, 1513-1516, https://doi.org/10.1126/science.1144004, 2007.

Liu, J., Li, S., Ouyang, Z., Tam, C. and Chen, X.: Ecological and socioeconomic effects of
China’s policies for ecosystem services, Proc. Natl. Acad. Sci. USA, 105, 9477-9482,
https://doi.org/10.1073/pnas.0706436105, 2008.

Liu, L., Zhang, X., Wang, S., Lu, X. and Ouyang, X.: A review of spatial variation of
inorganic nitrogen (N) wet deposition in China, PloS one, 11, e0146051,
https://doi.org/10.1371/journal.pone.0146051, 2016.

Liu, Y. and Yang, Y.: Spatial distribution of major natural disasters of China in historical
period, Acta Geogr. Sin., 67, 291-300, https://doi.org/10.11821/xb201203001, 2012.

Ma, X., Huete, A., Yu, Q., Restrepo-Coupe, N., Davies, K., Broich, M., Ratana, P., Beringer,
J., Hutley, L., Cleverly, J., Boulain, N. and Eamus, D.: Spatial patterns and temporal
dynamics in savanna vegetation phenology across the North Australian Tropical Transect,
Remote Sens. Environ., 139, 97-115, https://doi.org/10.1016/j.rse.2013.07.030, 2013.

Man, W., Zhou, T. and Jungclaus, J.: Simulation of the East Asian summer monsoon during
the last millennium with the MPI Earth system model, J. Clim., 25, 7852-7866,
https://doi.org/10.1175/JCLI-D-11-00462.1, 2012.

Millennium Ecosystem Assessment Ecosystems and human well-being: Synthesis.
Washington D.C.: Island Press , 2005.

Millennium Ecosystem Assessment Ecosystems and human wellbeing: A framework for
assessment. Island Press: Washington, DC, USA, 2003.

Morrone, J.: Biogeographic areas and transition zones of Latin America and the Caribbean
islands based on panbiogeographic and cladistic analyses of the entomofauna, Annu. Rev.
Entomol., 51, 467-494, https://doi.org/10.1146/annurev.ent0.50.071803.130447, 2006.

Naughton, B.: The Chinese economy: Transitions and growth. Cambridge, Massachusetts:
MIT Press, 528, 2007.

Ni, J., Sykes, M. T., Prentice, I. C., and Cramer, W.: Modelling the vegetation of China using
the process-based equilibrium terrestrial biosphere model BIOMES3, Global Ecol.
Biogeogr., 9, 463-479, https://doi.org/10.1046/j.1365-2699.2000.00206.%, 2000.

Ni, J.: A Biome classification of China based on plant functional types and the BIOME3
model, Folia Geobot., 36, 113-129, https://doi.org/10.1007/BF02803157, 2001.

NRC (National Research Council): Ecological indicators for the Nation. National Academies
Press: Washington, DC, USA, 2000.

Peters, D., Gosz, J., Pockman, W., Small, E., Parmenter, R., Collins, S. and Muldavin, E.:
Integrating patch and boundary dynamics to understand and predict biotic transition at
multiple scales, Landsc. Ecol., 21, 19-33, https://doi.org/10.1007/s10980-005-1063-3,
2006.

28



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

697
698
699
700

701
702
703

704

705
706
707
708

709
710
711

712
713
714

715
716
717
718
719

720
721
722

723
724
725
726

727
728
729

730
731
732
733

734

735
736
737

738
739
740

741
742

Piao, S., Ciais, P., Huang, Y., Shen, Z., Peng, S., i, J., Zhou, L., Liu, H., Ma, Y., Ding, Y.,
Friedlingstein, P., Chunzhen, L., Tan, K., Yu, Y., Zhang, T. and Fang, J.: The impacts of
climate change on water resources and agriculture in China, Nat., 467, 43-51,
https://doi.org/10.1038/nature09364, 2010.

Qi, W.,, Shenghe, L., Zhao, M. and Liu, Z.: China’s different spatial patterns of population
growth based on the “Hu Line”, J. Geogr. Sci., 26, 1611-1625,
https://doi.org/10.1007/s11442-016-1347-3, 2016.

Qiu J.: The third pole, Nat., 454: 393-396. Https://doi.org/10.1038/454393a. , 2008.

Qiu, B., Wang, Z., Tang, Z., Liu, Z., Lu, F,, Chen, C. and Chen, N.: A multi-scale
spatiotemporal modeling approach to explore vegetation dynamics patterns under global
climate change, GISci. Remote Sens., 53(5), 596-613,
https://doi.org/10.1080/15481603.2016.1184741, 2016.

Rain, D., Long, J. and Ratcliffe, M.: Measuring population pressure on the landscape:
Comparative GIS studies in China, India, and the United States, Popul. Env., 28, 321-336,
https://doi.org/10.1007/s11111-007-0055-4, 2007.

Risser, P.G.: The Status of the Science Examining Ecotones: A dynamic aspect of landscape is
the area of steep gradients between more homogeneous vegetation associations,
BioScience, 45, 318-325, https://doi.org/10.2307/1312492, 1995.

Rockstrém, J., Steffen, W., Noone, K., Persson, A., Chapin lii, F.S., Lambin, E.F., Lenton, T.,
Scheffer, M., Folke, C., Schellnhuber, H., Nykvist, B., de Wit, C., Hughes, T., Van der
Leeuw, S., Rodhe, H., Sérlin, S., Snyder, P., Costanza, R., Svedin, U. and Foley, J.: A
safe operating space for humanity, Nat., 461, 472-475, https://doi.org/10.1038/461472a,
2013.

Sahu, P. and Lokhande, R.: An investigation of Sinkhole subsidence and its preventive
measures in underground coal mining, Procedia Earth Planet. Sci., 11, 63-75,
https://doi.org/10.1016/j.proeps.2015.06.009, 2015.

Sasai, T., Obikawa, H., Murakami, K., Kato, S., Matsunaga, T. and Nemani, R.: Estimation of
net ecosystem production in Asia using the diagnostic-type ecosystem model with a
10-km grid-scale resolution: Asian C-cycle anaysis, J. Geophys. Res.-Biogeosci., 121,
1484-1502, https://doi.org/10.1002/2015JG003157, 2016.

Siew, J., Tangang, F. and Juneng, L.: Evaluation of CMIP5 coupled atmosphere—ocean
general circulation models and projection of the Southeast Asian winter monsoon in the
21st century, Int. J. Climatol., 34, 2872-2884, https://doi.org/10.1002/joc.3880, 2013.

Song, J., Lee, Y. and Lee, D.: Development of a multimedia model (POPSLTEA) to assess the
influence of climate change on the fate and transport of polycyclic aromatic
hydrocarbons in East Asia, Sci. Total Environ., 569-570, 690-699,
https://doi.org/10.1016/j.scitotenv.2016.06.127, 2016.

State Forestry Administration of China, http://english.forestry.gov.cn/, 2009.

Sun, G. and Mu, M.: Understanding variations and seasonal characteristics of net primary
production under two types of climate change scenarios in China using the LPJ model,
Clim. Change, 120, 755-769, https://doi.org/10.1007/s10584-013-0833-1, 2013.

Sun, G. and Mu, M.: Understanding variations and seasonal characteristics of net primary
production under two types of climate change scenarios in China using the LPJ model,
Clim. Change, 120, 755-769, https://doi.org/10.1007/s10584-013-0833-1, 2013.

Tan, K., Ciais, P., Piao, S., Wu, X., Tang, Y., Vuichard, N., Liang, S. and Fang, J.: Application
of the ORCHIDEE global vegetation model to evaluate biomass and soil carbon stocks
29



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

743
744

745
746
747

748
749

750
751

752
753
754

755
756
757

758
759
760
761

762
763
764

765
766
767

768
769
770

771
772

773
774
775

776
777
778

779
780
781
782

783
784
785

of Qinghai-Tibetan grasslands, Glob. Biogeochem. Cycle, 24,
https://doi.org/10.1029/2009gb003530, 2010.

Tao, F., Yokozawa, M., Xu, Y., Hayashi, Y. and Zhang, Z.: Climate changes and trends in
phenology and yields of field crops in China, 1981-2000, Agric. For. Meteorol., 138,
82-92, https://doi.org/10.1016/j.agrformet.2006.03.014, 2006.

UNEP (United Nations Environment Program): Global environment outlook 3: Past, present
and future perspectives. Earth Scan Publications Ltd.: London, UK, 2002.

UNEP (United Nations Environment Program): Global environment outlook 4: Environment
for development. Progress Press Ltd.: Valletta, Malta, 2007.

Wang, G., Zhang, J.-y., Jin, J., Pagano, T., Calow, R., Bao, Z., Liu, C., Liu, Y. and Yan, X.:
Assessing water resources in China using PRECIS projections and a VIC model, Hydrol.
Earth Syst. Sci., 16, 231-240, https://doi.org/10.5194/hess-16-231-2012, 2012.

Wang, P., Na, J., Zhu,H., Yan,P,, Ji,Y., Li,Q., Li.B., and Dong, J.: Analysis of yield
components and meteorological factors affecting yields in Heilongjiang Province.
Meteorol. Sci. Tech., 36, 449-452 , 2008. (in Chinese, with English abstract).

Wang, T., Li, S., Shen, Y., Deng, J. and Xie, M.: Investigations on direct and indirect effect of
nitrate on temperature and precipitation in China using a regional climate chemistry
modeling system, J. Geophys. Res.-Atmos., 115, https://doi.org/10.1029/2009JD013264,
2010.

Wang, X., Tang, J., Niu, X. and Wang, S.: An assessment of precipitation and surface air
temperature over China by regional climate models, Front.Earth Sci., 10, 644-661,
https://doi.org/10.1007/s11707-015-0548-x, 2016.

Wang, Z., Qian,Y. and Lin, H.: Analysis of numerical simulation on extreme precipitation in
China using a coupled regional ocean-atmosphere model, Plateau Meteorology, 27(1),
113-121, 2008. (in Chinese, with English abstract)

Wang, Z., Zhang, P. and Zhou, Q.: Th impacts of climate on the society of China during
historical times, Acta Geogr. Sin., 51, 329-339, htps://doi.org/10.11821/xb199604006,
1996.

Wang, Z., Zhang, P., Liu, X.,and Liu, Y.: On the ecological sensitive zone in China. Acta
Geogr.Sin., 15(3), 319-326. , 1995. (in Chinese, with English abstract)

Wasson, K., Woolfolk, A. and Fresquez, C.: Ecotones as indicators of changing environmental
conditions: Rapid migration of salt marsh-upland boundaries, Estuaries Coasts, 36,
654-664, https://doi.org/10.1007/s12237-013-9601-8, 2013.

Wu, J. and Mohamed, R.: Agent-based simulation of the spatial evolution of the historical
population in China, J. Hist. Geogr., 37, 12-21, https://doi.org/10.1016/j.jhg.2010.03.006,
2011.

WU, S.-H., Sun, H.-T., Teng, Y.-C., Rejmanek, M., Chaw, S.-M., Yang, T.Y.A. and Hsieh,
C.-F.: Patterns of plant invasions in China: Taxonomic, biogeographic, climatic
approaches and anthropogenic effects, Biol. Invasions, 12, 2179-2206,
https://doi.org/10.1007/s10530-009-9620-3, 2010.

Wu, W., Xue, X., Sun, Q. and Chen, G.: Study of spatial distribution of sandy desertification
in North China in recent 10 years, Science in China Series D Earth Sciences, 47, 78-88,
https://doi.org/10.1360/04zd0009, 2004.

30



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

786
787
788

789
790
791
792

793
794
795

796
797
798

799
800
801

802
803
804

805
806

807
808
809

810
811
812

813
814
815

816
817
818

819
820

821
822
823
824

825
826
827

828
829
830

Xiao, J.: Satellite evidence for significant biophysical consequences of the “Grain for Green”
Program on the Loess Plateau in China, J. Geophys. Res.-Biogeosci., 119, 2261-2275,
https://doi.org/10.1002/2014JG002820, 2014.

Xu, C., Bin, J., Chen, B., Abades, S., Reino, L., Teng, S., Ljungqvist, F., Huang, Z. and Liu,
M.: Macroecological factors explain large-scale spatial population patterns of ancient
agriculturalists, Glob. Ecol. Biogeogr., 24, 1030-1039, https://doi.org/10.1111/geb.12343,
2015.

Xu, X., Zhao, T., Shi, X. and Lu, C.: A study of the role of the Tibetan Plateau’s thermal
forcing in modulating rainband and moisture transport in eastern China, Acta Meteorol.
Sin., 73(1), 20-35, 2015b. (in Chinese, with English abstract)

Yang, Q., Wu, S. and Zheng, D.: A retrospect and prospect of researches on regional
physio-geographical system, Geogr. Res., 21, 407-417, 2002. (in Chinese, with English
abstract).

Yang, X. and Hanging, M.: Natural environment suitability of China and its relationship with
population distributions, Int. J. Environ. Res. Public Health, 6, 3025-3039, 3025-3039,
https://doi.org/10.3390/ijerph6123025, 2009.

Yang, X., Cheng, C. and Li, Y.: Effect of cropland occupation and supplement on
light-temperature potential productivity in China from 2000 to 2008, Chin. Geogr. Sci.,
20, 536-544, https://doi.org/10.1007/s11769-010-0429-x, 2010.

Yanlong, W. and Maohuan, H.: An outline of avalanches in China, Cold Reg. Sci. Tech., 13,
11-18, https://doi.org/10.1016/0165-232X(86)90003-0, 1986.

Yarrow, M. and Marin, V.: Toward conceptual cohesiveness: a historical analysis of the theory
and utility of ecological boundaries and transition zones, Ecosystems, 10, 462-476,
https://doi.org/10.1007/s10021-007-9036-9, 2007.

Yu, G., Chen, Z., Piao, S., Peng, C., Ciais, P., Wang, Q.-F., Li, X. and Zhu, X.: High carbon
dioxide uptake by subtropical forest ecosystems in the East Asian monsoon region, Proc.
Natl. Acad. Sci. USA, 111, 4910-4915, https://doi.org/10.1073/pnas.1317065111, 2014.

Zhang D.: Environmental change and agricultural development in historical documentary
records for Northwest China, Adv. Clim. Change Res., 1(2), 58-64, 2005. (in Chinese,
with English abstract)

Zhang, J. and Crowley, T.: Historical climate records in China and reconstruction of past
climates, J. Clim., 2, 833-849,
https://doi.org/10.1175/15200442(1989)002<0833:HCRICA>2.0.CO;2, 1989.

Zhang, P., Wang, Z., Liu, X.: Stages of climate change in China during the past 2000 years,
Science in China (Series B), 24(9), 998-1008, 1994. (in Chinese, with English abstract)

Zhang, W., Huang, Y., Sun, W. and Yu, Y.-Q.: Simulating crop net primary production in
China from 2000 to 2050 by linking the Crop-C model with a FGOALS’s model climate
change scenario, Adv. Atmos. Sci., 24, 845-854,
https://doi.org/10.1007/s00376-007-0845-8, 2007.

Zheng, Q. and Liou, K.-N.: Dynamic and thermodynamic influences of the Tibetan Plateau on
the atmosphere in a general circulation model, J. Atmos. Sci., 43, 1340-1355,
https://doi.org/10.1175/15200469(1986)043<1340:DATIOT>2.0.CO;2, 1986.

Zhu, Z., Bi, J., Pan, Y., ganguly, s., Anav, A., Xu, L., Samanta, A., Piao, S., Nemani, R. and
Myneni, R.: Global data sets of vegetation leaf area index (LAI) 3g and fraction of
photosynthetically active radiation (FPAR) 3g derived from global inventory modeling

31



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

831
832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

and mapping studies (GIMMS) normalized difference vegetation index (NDV13g) for the
period 1981 to 2011, Remote Sens., 5, 927-948, https://doi.org/10.3390/rs5020927, 2013.

Acknowledgements

The authors would like to sincerely thank those who distributed their research results, which
have been instrumental in accomplishing this study. This study was financially supported in
part by the National Natural Science Foundation of China (Grant No. 31870531 and
31670718), and in part by the National Key Research and Development Program of China

(2017YFC0210102).

Conflict of interest

The authors have no competing interests.

Authors’ contributions

Y.L. designed the study and analyzed the data. Y.L. and M.H. both contributed to paper writing.

Data availability

The used data are available from https://nex.nasa.gov/nex/projects/1349 and www.moa.gov.cn.

32



https://doi.org/10.5194/bg-2019-418
Preprint. Discussion started: 9 December 2019
(© Author(s) 2019. CC BY 4.0 License.

855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875

876

Figure Captions

Figure 1. lllustration of China’s population distribution across HU Line and
already-implemented programs for environmental restoration. HU Line draws the distinctive
population density map of China (Census year: 2010) (We generated the image based on the
data that was published in China Statistical Yearbook, 2010). The obvious environmental
improvement from 1986 to 2016 shows the positive anthropogenic feedbacks, e.g., the “Grain
for Green” Program (GGP) (Liu et al., 2008). Note that some of the figures for illustrations in
this review did not include the data for the districts of Hong Kong, Macao, and Taiwan in

China.

Figure 2. A. China terrain elevation map; B. China average annual precipitation (AAP) map;
C. China annual average temperature (AAT) map; D. China cropland potential productivity of
radiation and temperature (PPRT) map (Census: 2000) (We generated the image based on the
data that was published in Yang et al., 2010); E. China soil erosion degree map (Census:
1995); F. China large-scale natural disaster map (We generated the images of A. B. C. E. F.

based on the related data that were published in www.moa.gov.cn).

Figure 3. A. China’s dominant terrestrial ecosystem map (Data from www.moa.gov.cn); B.

China NDVI fluctuation intensity map (1981-2011) (We generated the images based on the

NDVI3g data that were published in Zhu et al., 2013).
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Figure 4. A. China gross domestic productivity map (Census: 2010) (We generated the image
based on the data published in China Statistical Yearbook 2010); B. China inorganic nitrogen
wet deposition map (We generated the image based on the data that was published in Liu et

al., 2015).

Figure 5. Schematic framework of integrating the simulation models from different regimes
for exploring the possible evolution of HU Line. The different-regime models together can
better characterize the complicated interactions that physically, chemically, or physiologically
lead to a lot of cross-regime eco-effects capable of directly or indirectly influencing
environment. Such eco-effects cover black-carbon lowering snow surface albedo (Hadley and
Kirchstetter, 2012), eutrophication deteriorating acidification of subsurface coastal water (Cai
etal., 2011), and soil heavy metal pollutions from mines (Li et al., 2014). Through the ways
like radiative transfer, geobiochemical cycle, and atmospheric circulation, the eco-effects may
interrupt the balance of Earth processes and impact terrestrial ecosystems. This is exemplified
by the case that the increase of anthropogenic aerosols in atmosphere resulted in the increase
of extreme weather phenomena, such as haze, fog, and smog, and the decrease of visibility

and sunshine durations (Kaiser and Qian, 2002; Che et al., 2007; Zheng et al., 2008).
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