SCIENCE ADVANCES | RESEARCH ARTICLE

ECOLOGY

Evolution and effects of the social-ecological system
over a millennium in China’s Loess Plateau

Xutong Wu'?, Yongping Wei3, Bojie Fu>**, Shuai Wang*, Yan Zhao?, Emilio F. Moran®

Understanding the regime shifts of social-ecological systems (SES) and their local and spillover effects over a long
time frame is important for future sustainability. We provide a perspective of processes unfolding over time to
identify the regime shifts of a SES based on changes in the relationships between SES components while also ad-
dressing their drivers and local and spillover effects. The applicability of this approach has been demonstrated by
analyzing the evolution over the past 1000 years of the SES in China’s Loess Plateau (LP). Five evolutionary phases
were identified: “fast expansion of cultivation,” “slow expansion of cultivation,” “landscape engineering for high-
er production,” “transition from cultivation to ecological conservation,” and “revegetation for environment.” Our
study establishes empirical links between the state (phase) of a SES to its drivers and effects. Lessons of single-goal
driven and locally focused SES management in the LP, which did not consider these links, have important implica-
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tions to long-term planning and policy formulation of SES.

INTRODUCTION

Global sustainability challenges, such as maintaining multiple eco-
system services, are closely intertwined across space and time (1).
Their solution often requires holistic approaches (I, 2), which can
incorporate human and natural components simultaneously (3), re-
duce regional and cross-scale environmental impacts (4), and identify
system-level management strategies and priorities (5). These ap-
proaches thus avoid uncoordinated and unintentional impacts on
global sustainability (1).

A social-ecological system (SES) perspective provides an integra-
tive framework that could lead to better understanding of the inter-
actions between human and natural systems (6, 7). Regime shifts, i.e.
large, abrupt, and persistent changes in system structure, function,
and feedbacks, occur across a wide range of SES (8, 9). Identifying
the evolutionary phases (regime shifts) of a SES and the drivers of
regime shifts for a long time frame is critical to successful future sys-
tem management (10). Sustainable development efforts should be
directed at maintaining desirable regimes (e.g., those that underpin
human well-being and maintain a well-balanced set of ecosystem
services such as food and water provisioning, biodiversity, and cli-
mate regulation) and/or avoiding undesirable regimes, by managing
the drivers that affect key feedback processes (10).

Identifying the regime shifts that have their foundations in inter-
twined social-ecological dynamics remains a scientific challenge and
is an emerging frontier of SES research (10). There are an increasing
number of studies analyzing the social or more ecological regime
shifts. These studies use statistical methods—for example, the se-
quential T test and F test for the difference between two or more re-
gimes (11)—or early warning signals, such as increasing variability,
growing autocorrelation, and slower recovery rates from disturbance
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(12). The SES regime shifts identified in these studies are mainly based
on the change points of a single social and/or ecological component,
with the interactions between them often being neglected. However,
the critical dynamics of a SES crossing the system thresholds are of-
ten determined by the interaction between multiple variables (pro-
cesses) (13, 14). Therefore, these methods may fail to capture some
key regime shifts (15). In addition, through reciprocal processes, a
SES can generate spillover effects beyond the system boundary (16).
Thus, regime shifts in a SES may also affect the sustainability of dis-
tant systems (8). However, current regime shift studies focus mainly
on the local effects, with spillover effects being ignored.

Here, we propose a framework for identifying the regime shifts
of a SES based on the change of interactions between system com-
ponents while also addressing their drivers and both local and spill-
over effects. We take the evolution of the SES in China’s Loess Plateau
(LP) over the past 1000 years as a case study to demonstrate the ap-
plicability of this framework. Because the past and present are inex-
tricably bound to the future, it is expected that the findings of this
study will assist in achieving an understanding of how SES problems
emerged in the past, how they were dealt with, and their implications
for future SES management.

Framework

The LP (Fig. 1A) is a well-recognized SES case suitable for under-
standing social-ecological interactions and their effects (17). Chi-
nese culture originated in the LP and adjacent areas approximately
7000 years ago (17). The region was recognized for its fertile loess
soil and was an early and long-lasting center of cultivation (18). The
LP is located at the forest-steppe ecotone, which is suitable for both
farming and grazing. The location of the farming-grazing boundary
shifted southward in cold and dry periods or northward in warm
and wet periods, with change of the balance of power between ara-
ble farmers and nomadic pastoralists (19). With increasing popula-
tion pressure, especially in the past 1000 years, cultivation expanded
rapidly throughout the loess areas and even into steeply sloping hills
(18). This expansion of agriculture resulted in vegetation destruc-
tion and exacerbated the problem of soil erosion (20). These issues
affected downstream areas by raising riverbed levels (21) and caus-
ing delta expansion (22) in the lower Yellow River (YR). The LP used
to be the YR’s largest source of sediment, providing nearly 90% of
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Fig. 1. Study area. (A) Location of the LP and selected provinces. (B and C) Land-
scape on the LP before and after the GTGP, respectively. Photo credit: Y. Liang and
Z.Wu, Office of the GTGP of Yan'an City.

the sediment load (23). For many years, severe erosion, sparse veg-
etation, high population, low agricultural productivity in the LP,
and high sediment load in the YR were notorious (17). Since the
1960s, the Chinese government has implemented various strategies
to address these challenges, with the Grain to Green Program (GTGP)
from 1999 being one of the best known (Fig. 1, B and C) (24). Under
the GTGP and numerous landscape engineering works such as ter-
racing, check dams, and reservoir construction, the sediment load
of the YR decreased (23) and the vegetation coverage of the LP nearly
doubled (21). However, large-scale vegetation restoration led to soil
desiccation and other adjoint problems in some areas of the LP (25);
the downstream ecosystems of the YR and its delta were affected by
substantial reductions in runoff and sediment load in the lower YR
and an accompanying change in the water-sediment dynamics (22).

A framework for understanding the evolution of the SES in the LP
was developed (Fig. 2). The relationships between SES components
were used to represent the interactions between system components
and their transition. We assumed that, in a stable evolutionary phase
or regime of a SES, the interactions between the system components
remain unchanged. Thus, the transition of any relationship from pos-
itive to negative, or vice versa, represents a SES move from one evo-
lutionary phase to another. Drivers from human activities and climate
change determine the social-ecological interactions and then gener-
ate both local effects and spillover effects in distant systems. By de-
tecting the abrupt changes in the relationships between the system
components based on piecewise linear regression (PLR; see Methods),
we divided each relationship into several periods. By identifying the
periods during which all the relationships remain unchanged, the
evolutionary phases of the SES can be determined and the evolution
of SES can be analyzed.
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Fig. 2. A framework for understanding the evolution of the SES in the LP. Double-
sided arrows represent the interactions between system components. The transi-
tion of any relationship from positive to negative, or vice versa, represents a SES
move from one evolutionary phase to another.

Population and the accompanying food demand have been the
core issue facing society in the LP throughout its long history. Pop-
ulation was therefore selected as the indicator for the social subsys-
tem component. Forest coverage was selected as an indicator for the
ecological subsystem component, because not only it can influence
the local environment through the carbon cycle, regional hydrology
(26), and soil erosion (27) but also, compared to other vegetation
types, long-term historical data exist. Cropland area, as a link be-
tween social and ecological subsystems through land use, was also
selected as an indicator for the ecological subsystem component, which
plays an enormous role in food security. The competition for land
use between forest and crop growth has existed for thousands of years
(17). The interactions of these three indicators represent the relation-
ship between the development of society (population growth) and its
demand for both food supply and a sustainable environment.

To reflect the complexity of SES, we selected as many as possible
the political, climatic, and socioeconomic drivers that might affect
social-ecological interactions. Climate drivers include temperature
anomalies (28), a proxy precipitation index for historical periods (29),
recorded precipitation after 1949, and extreme drought and flood
events (30). Socioeconomic drivers include the level of agricultural
technology and management (reflected by grain production per
hectare) (31), war frequency (32), and shift of the farming-grazing
boundary on the LP (33). Policy initiatives such as policy priorities
and reform of tax policy (34) were also qualitatively analyzed on the
basis of the published literature.

To analyze the effects generated by social-ecological interactions
in different regimes, we selected several indicators reflecting the lo-
cal and spillover effects. Grain production in the LP was chosen to
reflect the local food security. Considering that the LP is the largest
sediment source and an important water source for the YR (17), the
sediment load and natural runoff of the YR were selected to reflect
both the conditions of soil erosion and water yield in the LP and
their effects on downstream systems. Because sediment in the YR af-
fects the downstream riverbed (21) and the YR delta (22), YR delta
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area changes, and natural breaches of the lower YR were specified as
the spillover effects of the LP on the downstream system.

We chose the past 1000 years as our study period. During this
period, the LP experienced rapid population growth and cultivation
expansion (18), environmental deterioration, and restoration (17).
Although the LP covers seven provinces of China, our study area
was focused on the Shaanxi and Shanxi provinces (Fig. 1A), primar-
ily because these provinces cover most parts of the loess region in
the LP (17). Because of the long study period, the datasets we used
are combinations of historical records, reconstructed data for his-
torical periods, and observational and statistical data after 1949 (see
Methods and tables S1 and S2).

RESULTS

Evolutionary phases identified by the interactions between
system components

On the basis of the changes of interactions between the system com-
ponents (Figs. 3 and 4 and sections S1 and S2), five evolutionary
phases of the SES in the LP were identified during the past 1000 years:
1(1100 to 1750s), IT (1750s to 1950s), TTT (1950s to 1970s), IV (1980s
to 1990s), and V (2000s to the present; Fig. 3D).

The first phase (1100 to the 1750s) can be identified as “fast ex-
pansion of cultivation.” In this phase, population was positively
correlated with cropland area but negatively correlated with forest
coverage, while cropland area was negatively correlated with forest
coverage. The population increased from 6 million in 1100 to 16 mil-
lion in the 1750s, while cropland area increased from 2.33 x 10° ha to
8.57 x 10° ha and forest coverage decreased from 33 to 18%.

The second phase (the 1750s to the 1950s) can be characterized
as “slow expansion of cultivation.” The relationship between popu-
lation and cropland area became nonsignificant, and the negative
regression slope between cropland area and forest increased. The
population increased to 28 million in the 1850s but dropped to
19 million in the 1880s and then gradually increased to 27 million
in the 1950s, while cropland area fluctuated around 8.5 x 10° ha and
forest coverage decreased from 18 to 9%.

The third phase from the 1950s to the 1970s can be described as
“landscape engineering for higher production.” The relationship be-
tween population and cropland area became negative and that be-
tween population and forest coverage became positive. Numerous
terraces and check dams were constructed in this phase to control soil
erosion and improve production. The cropland area increased to
about 9 x 10° ha in the late 1950s and decreased to about 8 x 10° ha
in the 1970s, while population increased steadily to 53 million and
forest coverage increased to 15%.

The phase from the 1980s to the 1990s can be identified as “tran-
sition from cultivation to ecological conservation.” The negative
regression slope between population and cropland area decreased
in this phase. The population increased steadily to 68 million, while
cropland area decreased to about 7 x 10° ha and forest coverage in-
creased to about 20%.

The final phase can be characterized as “revegetation for envi-
ronment.” The relationship between population and cropland area
and that between cropland and forest coverage became irrelevant,
while the positive regression slope between population and forest
coverage increased. The population increased to 76 million, while
cropland decreased to about 6 x 10° ha and forest coverage in-
creased to 33%.
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Drivers of changes in social-ecological interactions

The changes in the chosen political, climatic, and socioeconomic
drivers during the study period are shown in Fig. 5 and section S3.
We found that there existed significant changes in some drivers
during shifts of the evolutionary phases of SES in LP identified by
our approach.

In ancient China (phases I and II), increasing food demand was
mainly achieved by increasing cropland area (34). The government
encouraged cultivation for the increasing population, and large areas
of forest were cleared (35). Owners of newly developed or reclaimed
croplands were allowed to postpone the paying of land taxes, and
officials responsible for regional reclamation were rewarded (34). In
the early 18th century, the emperor Kangxi of the Qing dynasty decided
to permanently freeze the corvée tax quotas for each local govern-
ment, and no extra corvée taxes were collected because of popula-
tion increase. This reform of tax policies greatly stimulated both the
population and cultivation during the whole period of the Qing dy-
nasty (34). Crops from the Americas with high productivity such as
maize, potato, and sweet potato were introduced and popularized
by the government of the Qing dynasty in the 18th century (19, 34).
The improvement in agricultural productivity (Fig. 5D) caused by
these high-yield crops and improvements in irrigation systems (34)
made it possible to feed the increased population with a relatively
stable cropland area. This improvement resulted in the slow expan-
sion of cultivation and a nonsignificant relationship between popu-
lation and cropland area in phase II. These new exotic crops are also
resistant to drought and cold and can be grown on land of poor
quality—land that was not suitable for traditional crops (36). Thus,
although the climate was cold in phase II (Fig. 5A), the farming-
grazing boundary on the LP shifted northward rather than southward,
and more grazing lands were converted into croplands (19, 36).
Meanwhile, large numbers of immigrants swarmed into mountain
regions and cut down forests for cultivation on steep slopes (19, 37),
which explains the increased negative slope between cropland area
and forest coverage in phase II. As a traditional agrarian society,
population in the LP in the first two phases was sustained by agri-
cultural production that was contingent upon climate and weather
conditions (38). Reduction of thermal energy input in cold climate
periods or extreme drought and flood events could impede agricul-
tural production (32, 39), which brought price inflation and social
conflicts. These, in turn, led to war and population decline (40).
Thus, war outbreaks and population decline mostly followed a de-
cline in temperature or more extreme drought and flood events
(Fig. 5). Population decline caused the abandonment of some crop-
lands (34), which explains the decrease of cropland area in the cold
late 19th century (Figs. 4 and 5A).

Food security was still the priority in the third phase from the
1950s to the 1970s (41). In the 1950s, the Chinese government im-
plemented a policy known as Take Grain as the Key Link (16). The
sharp rise in population led to a large increase of farming on sloping
land and a continuous reduction of forest and grassland during the
1950 to 1960s (20). To efficiently reduce slope and gully soil erosion
and to improve cultivation, numerous soil erosion control measures
including terracing, afforestation, and conservation tillage practices
were implemented beginning in the 1960s (20). The Chinese govern-
ment encouraged check dam construction in the LP from the 1950s
to the mid-1970s, because it is the most effective way to control soil
erosion on the LP (17) and offered the additional advantage of devel-
oping large, flat areas behind the dams, the productivity of which is
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Fig. 3. Changes of interactions between system components and the evolutionary phases of the SES in the LP. (A) Relationship between population and cropland
area. (B) Relationship between population and forest coverage. (C) Relationship between cropland area and forest coverage. (D) Evolutionary phases of the SES in the LP.

8 to 10 times higher than that of sloping land (42). The increased
agricultural productivity (Fig. 5D) caused by landscape engineering
and technological advancements such as the use of chemical fertil-
izer led to the negative relationship identified between population
and cropland area in phase III. The economy of China developed
rapidly following the Reform and Opening-up policy at the end of
the 1970s (43). The agriculture production mode had been shifted
from expanding the croplands to improving the productivity and
revenue (41). The policy “comprehensive management of small wa-
tersheds” was launched to integrate the management of hills, water,
forests, and cropland, with the aim of reducing sediment and flood-
ing, and improving agricultural production (20, 43). By the end of
1998, a total of 4.6 x 10* km” of sloping farmland on the LP had
been converted into terraces (17). The Three-North Shelterbelt For-
est Program, which was implemented in 1978 and involved more than
half of the LP, increased the vegetation cover in the low-coverage
areas in the northwest of the LP (17, 44). Furthermore, higher agri-
cultural productivity (Fig. 5D) was achieved through rational
land-use practices such as diversified land use for more revenue and
increases in chemical fertilizer use, agricultural machinery, and irri-
gated area (20, 41). These processes led to the negative relationship
between population and cropland area and the positive relationship
between population and forest coverage in phase IV. Major floods
and droughts in the late 1990s triggered Chinese government ac-
tions on maintaining and restoring ecosystem services for national
ecological security and sustainable development (45, 46). With the
increasing awareness of the need for environmental protection, the
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central government implemented the GTGP (41), which aimed to
reduce natural disaster risk by restoring forest and grassland, while
improving livelihood options and alleviating poverty (47). The LP
was prioritized as a pilot region for the GTGP (48). By the end of
2014, 37.38 billion yuan (in 2015, 6.28 yuan = US$1) had been in-
vested in the Shanxi and Shaanxi provinces, and the total forested
area in the two provinces was 39.37 x 10° km?, of which about 30%
was converted from cropland (48). Consequently, forest coverage in
the LP increased (48), explaining the enhanced positive relationship
between population and forest coverage in phase V. Because the con-
version of cropland to forest and afforestation of barren land oc-
curred simultaneously, the relationship between cropland and forest
coverage became nonsignificant in phase V. The GTGP also released
rural labor from crop production and promoted the shift to non-
farm activities (49), while economic development, industrialization,
and urbanization have also played important parts in improving farm-
household income and reducing the pressure on land to provide
livelihoods (45, 50).

Effects of social-ecological interactions in different phases

The effects generated by social-ecological interactions varied over
time (Fig. 6 and section S3). By identifying different evolutionary
phases, better understanding of how SES problems emerged and how
they were dealt with can be achieved. In phase I, phase II, and the
early part of phase III, the government only pursued the solution of
local food demand while sidelining the importance of environment.
Expansion of cultivation and forest clearance resulted in environmental
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Fig. 4. Changes of the system component indicators over the past 1000 years. (A) Population. (B) Cropland area. (C) Forest coverage.

degradation and severe soil erosion (18). The latter led to increased
sediment load in the YR (33, 35) and, subsequently, more frequent
levee breaches in the lower YR (19) and faster extension of the YR
delta (33) (Fig. 6). In these phases, the LP had been trapped in a vi-
cious circle: Overcultivation and excess deforestation caused im-
paired soil fertility, and the subsequent decline in grain yield further
intensified the need for more cultivation and deforestation (17). In
phases Il and IV, landscape engineering, including terracing, check
dams, and reservoir construction, significantly contributed to the
decreasing sediment load of the YR and the following slower exten-
sion of the YR delta (Fig. 6, B and D) (23). The Three-North Shelterbelt
Forest Program in phase IV also helped control soil erosion in the
LP. Unfortunately, the program did not properly consider the im-
portance of species diversity and landscape pattern, and the trees
used too much soil water (25). In phase V, the priority has moved
from food security to environmental protection. Large-scale vege-
tation restoration reduced soil erosion in the LP and the sediment
load of the YR (Fig. 6B) (23). However, the accompanying change of
water-sediment dynamics generated cross-scale effects, which re-
sulted in a shift of the YR delta to an erosional phase (Fig. 6D) (51),
potentially affecting more than 2 million people and biodiversity in
distant but coupled environments (52). The increased evapotrans-
piration caused by large-scale revegetation caused soil desiccation
(25) and affected water availability (53). In some areas, mismanage-
ment of the planted vegetation, including the introduction of exotic
plant species and high-density planting, has led to the formation of
dry soil layer (21), which may be a serious obstacle to sustainable
land use (25). The average natural runoff in the lower YR in phase
V decreased compared with that in phase IV, although the average
precipitation in this phase is higher than that in phase I'V (Figs. 5B and
6C). Without considering the conflicting demands for water be-
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tween the ecosystem and humans, local revegetation is approaching
sustainable water resource limits (53). Although the grain produc-
tion in the whole LP still increased in phase V (Fig. 6A), grain pro-
ductions in some counties decreased because of the conversion of
cropland to forest and grassland (48). Further expansion of the GTGP
may threaten local food supply (21). In addition, as cropland area
declined (Fig. 4B), local people commonly increased agrochemical
inputs to maintain and enhance land productivity for food security
(54). Consequently, diffuse pollution from agriculture has increased,
which has affected the quality of local land, groundwater, surface water,
and agricultural product quality (54).

DISCUSSION
The success or failure of many environmental policies and manage-
ment practices depends on their ability to address the complex tem-
poral and spatial relationships of SES (55). Our study provides a
temporal lens for understanding the dynamics of SES.

Unlike current approaches for identifying the regime shifts of
a SES based on the change points in a time series of social and/or
ecological variables (10), we examined the regime shifts from the
perspectives of interactive processes between SES components, and
we identified five evolutionary phases (regimes) as fast expansion of
cultivation, slow expansion of cultivation, landscape engineering
for higher production, transition from cultivation to ecological con-
servation, and revegetation for environment in the LP in the past
1000 years. These identified evolutionary phases were highly aligned
with historical reality—there existed significant changes in some
drivers and local and spillover effects during shifts of the evolution-
ary phases. Our findings, although from an empirical study, is im-
portant to call for more theoretical investigation in the future.
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flood years in north China. (D) Grain production per hectare. (E) War frequency in north China.

In addition, as our framework links the states (phases) of the SES
to their drivers and effects, it could provide an explicit roadmap for
future SES management by identifying which state (phase) we would
like our SES to be in and which drivers (policies and technology/
engineering) should be used for reaching that state. Our approach
may shed light on other large SES management regions with long
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development histories and cross-scale effects, e.g., the Amazon, the
Congo, and the Mekong River basins (56).

The implications of our findings on the evolution and effects of
the SES in the LP are significant. One of them is the lessons from
single-goal driven and locally focused SES management in the LP.
The SES practices focused on food security in the first three phases,
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resulting in local environment degradation and generating negative
spillover effects in distant coupled systems. The soil erosion control
measures and revegetation in the LP reduced soil erosion and sedi-
ment load in the YR but contributed to the shift of the YR delta into
an erosion state (51). Furthermore, mismanagement of the planted
vegetation in some areas caused formation of a dry soil layer (25),
which had negative influences on both water availability and food
production. Therefore, SES management needs an integrated and
systemic perspective, which progresses from pursuing a single goal
to considering social-ecological interaction (55) and from focusing
on local effects to considering cross-scale effects. With such a per-
spective, some undesired regimes can be avoided, e.g., the vicious
circle of overcultivation and degradation in phases I, II, and III
in the LP. But the question on how we should manage these social-
ecological interactions remains; it needs further study, acknowledg-
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ing the drivers of climate change and increasing human activities in
the Anthropocene (8, 23).

It should be noted that the use of multiple data sources, in par-
ticular, use of less data and reconstruction data in the historical pe-
riods, could lead to less accurate conclusions. These different data
sources with their different degrees of reliability have been high-
lighted during the analysis (section S4 and table S1). It should also
be noted that the system components of the SES could be more
complex and the relationships between system components may be
nonlinear (I). Looking ahead, the mechanisms of social-ecological
interaction change should be explored to predict future changes (10),
with the ultimate objective of defining, achieving, and maintaining
a desired or sustainable state of SES.

In conclusion, we proposed a framework for identifying the re-
gime shifts of a SES based on the change of interactions between
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system components and use it to analyze the evolution of the SES in
the LP over the past 1000 years. By empirically linking the state
(phase) of the SES in the LP to its drivers and effects, we can better
understand how SES issues emerged and how they should be ad-
dressed. Lessons of single-goal driven and locally focused SES man-
agement in the LP highlight the necessity of an integrated and systemic
perspective in future SES management.

METHODS

Data sources

The data required for describing the components of the SES in the
LP and their relationships and the drivers for, and effects of, the
changes in relationships based on the proposed framework (Fig. 2)
are summarized in tables S1 and S2. The datasets we used are com-
binations of historical records and reconstructed data for historical
periods, together with observational and statistical data for the period
after 1949. Historical population data were obtained from the
chronicles of the two study area provinces, which are official gov-
ernment publications and are widely used in historical studies (19, 57).
Data regarding historical cropland areas were extracted from pub-
lished literature that integrated data from official government pub-
lications and local chronicles authorized by the government (31, 34).
The data for historical grain production were estimated on the basis
of the cropland area and grain yield per unit area in the different
periods. Hence, provincial grain yields per unit of cultivated area
were collated for 1400, 1776, and 1851 CE (31). No data regarding
grain yields were available for dates earlier than 1400 CE.

The historical forest cover in the LP has been a controversial
topic. Some historical literature indicate slightly more than 50% of
the plateau was forested between the Western Zhou dynasty (1066 to
771 BCE) and the Spring-Autumn period (770 to 221 BCE) (58).
In contrast, some paleoenvironmental records, such as pollen, indi-
cate that dense forests were only distributed in mountain areas of
the LP during the Holocene (59). However, the pollen studies are
mainly at the fossil pollen sites, and the interval of vegetation distri-
bution change on the LP derived from pollen data is 1000 years (59),
which is too coarse to be analyzed in any detail in our study. In ad-
dition, both historical literature and paleoenvironmental records
agree that the forested area of the LP steadily declined as population
increased during the historical period (57). Thus, we chose to use
the historical records to reflect the forest coverage of the entire
region. The historical forest coverage in the LP during the Song
dynasty (960 to 1280 CE) and Ming dynasty (1368 to 1644 CE) was
derived from the published literature (57, 58). These documents are
the only sources that estimate the forest cover of the LP over the
past 1000 years. In addition, forest coverage for each individual
province, for the period 1700-1949, was obtained from a previ-
ously published paper (37), which estimated the forest cover based
on historical documents of the Qing Dynasty, modern surveys,
and statistics.

The reconstructed winter half-year temperature for eastern China,
the proxy precipitation index (dry-wet index) dataset for north
China, the extreme drought and flood events and war frequency in
north China, and the shift of the farming-grazing boundary in the
LP during the past 1000 years were garnered from previous works
(28-30, 32, 33). The sediment load of the YR within different peri-
ods in the past 1000 years was obtained from published literature
(35), which is the only source of the historical sediment load of the

Wu et al., Sci. Adv. 2020; 6 : eabc0276 7 October 2020

YR and has been widely used in other studies (21). The natural run-
off of the YR at Sanmenxia station was derived from a previously
published paper (60). It was estimated from YR flood alarm data
during the Qing dynasty and from the drought and flood distribu-
tion of China in the last 500 years and is the only source of historical
runoff data for the YR. The change in area of the YR delta was col-
lected from published papers (61, 62), which use historical infor-
mation. The natural breach of the lower YR, which is derived from
official and local historical records spanning more than 2000 years,
was obtained from a published paper (19).

The population, cropland area, and grain production data of
Shaanxi and Shanxi provinces from 1949 to 2018 were obtained
from the National Bureau of Statistics of China (www.stats.gov.cn).
The forest coverage of the two provinces after 1949 was collated
from national forest resource surveys for the following periods:
1950-1962, 1973-1976, 1977-1981, 1984-1988, 1989-1993, 1994-1998,
1999-2003, 2004-2008, 2009-2013, and 2014-2018 (www.forestry.
gov.cn). We chose the sediment load at Tongguan station (Fig. 1A),
where the YR flows out of the LP, to represent the sediment load of
the YR. The sediment load at Tongguan station from 1950 to 2018
and the natural runoff at Sanmenxia station were obtained from the
Bureau of Hydrology, the Yellow River Conservancy Commission
and collated from the Yellow River Water Resources Bulletin (www.
mwr.gov.cn/sj/). Annual precipitation and temperature after 1949
were obtained from the National Meteorological Administration
of China (http://data.cma.cn). The data are used in official govern-
ment publications and have been widely used in previous research
(23, 37). The change in area of the YR delta and extreme drought
and flood events in north China were collated from published
papers (52, 62, 63).

Identification of the evolutionary phases of a SES

First, we detected times of abrupt changes in the relationships be-
tween the system components. These turning points in the relation-
ships during the study period were analyzed using a PLR method.
PLR is a statistical method that allows switching regressions to give
separate results for several segments of an independent variable (64).
We used PLR to perform linear regression in two segments accord-
ing to time. The boundary time between the segments is considered
to be the turning point. PLR can be expressed as

_ {Q1X+b1,T < Tl
- d2X+b2,T> T1

where Y is the dependent variable, X is the independent variable, a,
and g, are the slopes of the linear segments, b; and b, are the inter-
cepts of the linear segments, and T is the turning point. T; was se-
lected using two criteria: (i) the time point with the least residual
sum of squares of the regression lines and (ii) either P value of the
two regression lines before and after the breakpoint being less than
0.05. After the identification of a turning point, the other turning
points of the segment (if they exist) were determined by the same
method, until no further time points met the criteria of turning point
identification.

By detecting the turning point in the relationships, each rela-
tionship between system components can be divided into several
periods. Then, the evolutionary phases of the SES can be deter-
mined by identifying the periods in which all the relationships re-
main unchanged.

80of 10


http://www.stats.gov.cn
http://www.forestry.gov.cn
http://www.forestry.gov.cn
http://www.mwr.gov.cn/sj/
http://www.mwr.gov.cn/sj/
http://data.cma.cn

SCIENCE ADVANCES | RESEARCH ARTICLE

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/41/eabc0276/DC1

REFERENCES AND NOTES

1.

20.

21.

22.

23.

J. Liu, H. Mooney, V. Hull, S. J. Davis, J. Gaskell, T. Hertel, J. Lubchenco, K. C. Seto, P. Gleick,
C. Kremen, S. Li, Systems integration for global sustainability. Science 347, 1258832
(2015).

. H.A.Mooney, A. Duraiappah, A. Larigauderie, Evolution of natural and social science

interactions in global change research programs. Proc. Natl. Acad. Sci. U.S.A. 110,
3665-3672 (2013).

. D.Shindell, J. C. 1. Kuylenstierna, E. Vignati, R. van Dingenen, M. Amann, Z. Klimont,

S.C. Anenberg, N. Muller, G. Janssens-Maenhout, F. Raes, J. Schwartz, G. Faluvegi,

L. Pozzoli, K. Kupiainen, L. Hoglund-Isaksson, L. Emberson, D. Streets, V. Ramanathan,
K. Hicks, N. T. K. Oanh, G. Milly, M. Williams, V. Demkine, D. Fowler, Simultaneously
mitigating near-term climate change and improving human health and food security.
Science 335, 183-189 (2012).

. S.Reis, P. Grennfelt, Z. Klimont, M. Amann, H. ApSimon, J. P. Hettelingh, M. Holland,

A. C. LeGall, R. Maas, M. Posch, T. Spranger, M. A. Sutton, M. Williams, From acid rain
to climate change. Science 338, 1153-1154 (2012).

. M. Hejazi, J. Edmonds, L. Clarke, P. Kyle, E. Davies, V. Chaturvedi, M. Wise, P. Patel, J. Eom,

K. Calvin, R. Moss, S. Kim, Long-term global water projections using six socioeconomic
scenarios in an integrated assessment modeling framework. Technol. Forecast. Soc.
Change 81, 205-226 (2014).

. A. M. Guerrero, N. J. Bennett, K. A. Wilson, N. Carter, D. Gill, M. Mills, C. D. lves,

M. J. Selinske, C. Larrosa, S. Bekessy, F. A. Januchowski-Hartley, H. Travers, C. A. Wyborn,
A.Nuno, Achieving the promise of integration in social-ecological research: A review
and prospectus. Ecol. Soc. 23, 38 (2018).

. J.Liy, T. Dietz, S. R. Carpenter, M. Alberti, C. Folke, E. Moran, A. N. Pell, P. Deadman,

T. Kratz, J. Lubchenco, E. Ostrom, Z. Ouyang, W. Provencher, C. L. Redman,
S. H. Schneider, W. W. Taylor, Complexity of coupled human and natural systems. Science
317,1513-1516 (2007).

. J.C.Rocha, G. Peterson, O. Bodin, S. Levin, Cascading regime shifts within and across

scales. Science 362, 1379-1383 (2018).

. R.Biggs, G.D. Peterson, J. C. Rocha, The Regime Shifts Database: A framework

for analyzing regime shifts in social-ecological systems. Ecol. Soc. 23, 9 (2018).

. B.Reyers, C. Folke, M.-L. Moore, R. Biggs, V. Galaz, Social-ecological systems insights

for navigating the dynamics of the Anthropocene. Annu. Rev. Env. Resour. 43, 267-289
(2018).

. T.Filatova, J. G. Polhill, S. van Ewijk, Regime shifts in coupled socio-environmental

systems: Review of modelling challenges and approaches. Environ. Modell. Softw. 75,
333-347 (2016).

. M. Scheffer, S. R. Carpenter, T. M. Lenton, J. Bascompte, W. Brock, V. Dakos,

J.vande Koppel, I. van de Leemput, S. A. Levin, E. van Nes, M. Pascual, J. Vandermeer,
Anticipating critical transitions. Science 338, 344-348 (2012).

. R.B.Norgaard, G. Kallis, M. Kiparsky, Collectively engaging complex socio-ecological

systems: Re-envisioning science, governance, and the California Delta. Environ. Sci. Policy
12, 644-652 (2009).

. Y. Wei, I. Ray, A. W. Western, L. Zhixiang, Understanding ourselves and the environment

in which we live. Curr. Opin. Environ. Sustain. 33, 161-166 (2018).

. S.J.Lade, A. Tavoni, S. A. Levin, M. Schluter, Regime shifts in a social-ecological system.

Theor. Ecol. 6,359-372 (2013).

. M. van Noordwijk, J. G. Poulsen, P. J. Ericksen, Quantifying off-site effects of land use

change: Filters, flows and fallacies. Agric. Ecosyst. Environ. 104, 19-34 (2004).

. B.Fu,S.Wang, Y. Liu, J. Liu, W. Liang, C. Miao, Hydrogeomorphic ecosystem responses

to natural and anthropogenic changes in the Loess Plateau of China. Annu. Rev. Earth
Planet. Sci. 45, 223-243 (2017).

. T.Wang, J. Wu, X. Kou, C. Oliver, P. Mou, J. Ge, Ecologically asynchronous agricultural

practice erodes sustainability of the Loess Plateau of China. Ecol. Appl. 20, 1126-1135
(2010).

. Y.Chen, J. P. Syvitski, S. Gao, |. Overeem, A. J. Kettner, Socio-economic impacts

on flooding: A 4000-year history of the Yellow River, China. Ambio 41, 682-698 (2012).

G. Zhao, X. Mu, Z. Wen, F. Wang, P. Gao, Soil erosion, conservation, and eco-environment
changes in the Loess Plateau of China. Land Degrad. Dev. 24, 499-510 (2013).

Y. Chen, K. Wang, Y. Lin, W. Shi, Y. Song, X. He, Balancing green and grain trade. Nat.
Geosci. 8, 739-741 (2015).

D.Kong, C. Miao, A. G. L. Borthwick, Q. Duan, H. Liu, Q. Sun, A. Ye, Z. di, W. Gong,
Evolution of the Yellow River Delta and its relationship with runoff and sediment load
from 1983 to0 2011. J. Hydrol. 520, 157-167 (2015).

S.Wang, B. Fu, S. Piao, Y. L, P. Ciais, X. Feng, Y. Wang, Reduced sediment transport

in the Yellow River due to anthropogenic changes. Nat. Geosci. 9, 38-41 (2015).

Wu et al., Sci. Adv. 2020; 6 : eabc0276 7 October 2020

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

X.Feng, B. Fu, N. Lu, Y. Zeng, B. Wu, How ecological restoration alters ecosystem services:
An analysis of carbon sequestration in China’s Loess Plateau. Sci. Rep. 3, 2846 (2013).

Y. Wang, M. Shao, Y. Zhu, Z. Liu, Impacts of land use and plant characteristics on dried soil
layers in different climatic regions on the Loess Plateau of China. Agric. For. Meteorol. 151,
437-448 (2011).

Y. Li, S. Piao, L. Z. X. Li, A. Chen, X. Wang, P. Ciais, L. Huang, X. Lian, S. Peng, Z. Zeng,

K. Wang, L. Zhou, Divergent hydrological response to large-scale afforestation

and vegetation greening in China. Sci. Adv. 4, eaar4182 (2018).

B.Fu, Y.Liu, Y. L{, C. He, Y. Zeng, B. Wu, Assessing the soil erosion control service

of ecosystems change in the Loess Plateau of China. Ecol. Complex. 8, 284-293 (2011).

Q. Ge, J. Zheng, X. Fang, Z. Man, X. Zhang, P. Zhang, W.-C. Wang, Winter half-year
temperature reconstruction for the middle and lower reaches of the Yellow River

and Yangtze River, China, during the past 2000 years. Holocene 13, 933-940 (2003).
J.Zheng, W.-C. Wang, Q. Ge, Z. Man, P. Zhang, Precipitation variability and extreme
events in eastern China during the past 1500 years. Terr. Atmos. Ocean. Sci. 17, 579-592
(2006).

Z.Hao, Q. Ge, J. Zheng, Variations of extreme drought/flood events over eastern China
during the past 2000 years. Clim. Environ. Res. 15, 388-394 (2010).

D. H. Perkins, Agricultural Development in China, 1368-1968 (Routledge, 2017).

D.D. Zhang, C. Y. Jim, G. C-S. Lin, Y.-Q. He, J. J. Wang, H. F. Lee, Climatic change, wars
and dynastic cycles in China over the last millennium. Clim. Change 76, 459-477
(2006).

J. Xu, Sedimentation rates in the lower Yellow River over the past 2300 years

as influenced by human activities and climate change. Hydrol. Process. 17, 3359-3371
(2003).

Q. Ge, J. Dai, F. He, J. Zheng, Z. Man, Y. Zhao, Spatiotemporal dynamics of reclamation
and cultivation and its driving factors in parts of China during the last three centuries.
Prog. Nat. Sci. 14, 605-613 (2004).

M.-e. Ren, Sediment discharge of the Yellow River, China: Past, present and future—

A synthesis. Adv. Earth Sci. 21, 551-563 (2006).

Q. Ge, Climate Change in Chinese Historical Dynasties (Chinese Science Press, 2011).

F.He, Q. Ge, J. Dai, Y. Rao, Forest change of China in recent 300 years. J. Geogr. Sci. 18,
59-72 (2008).

D. Zhang, C. Jim, C.Lin, Y. He, F. Lee, Climate change, social unrest and dynastic transition
in ancient China. Chin. Sci. Bull. 50, (2005).

Z.Hao, M. Wu, J. Zheng, J. Chen, X. Zhang, S. Luo, Patterns in data of extreme droughts/
floods and harvest grades derived from historical documents in eastern China during
801-1910. Clim. Past 16, 101-116 (2020).

D.D. Zhang, P. Brecke, H. F. Lee, Y.-Q. He, J. Zhang, Global climate change, war,

and population decline in recent human history. Proc. Natl. Acad. Sci. U.S.A. 104,
19214-19219 (2007).

Y. Guo, Y. Liu, Q. Wen, Y. Li, The transformation of agricultural development towards

a sustainable future from an evolutionary view on the Chinese Loess Plateau: A case study
of Fuxian county. Sustainability 6, 3644-3668 (2014).

Y.Wang, B. Fu, L. Chen, Y. L, Y. Gao, Check dam in the Loess Plateau of China:
Engineering for environmental services and food security. Environ. Sci. Technol. 45,
10298-10299 (2011).

S.Wang, B. Fu, W. Liang, Y. Liu, Y. Wang, Driving forces of changes in the water

and sediment relationship in the Yellow River. Sci. Total Environ. 576, 453-461 (2017).

. Q.Wang, B. Zhang, S. P. Dai, F. F. Zhang, Y. F. Zhao, H. X. Yin, X. Q. He, Analysis

of the vegetation cover chang and its relationship with factors in the Three-North Shelter
Forest Program. China Environ. Sci. 32, 1302-1308 (2012).

B. A.Bryan, L. Gao, Y. Ye, X. Sun, J. D. Connor, N. D. Crossman, M. Stafford-Smith, J. Wu,
C.He, D.Yu, Z. Liu, A. Li, Q. Huang, H. Ren, X. Deng, H. Zheng, J. Niu, G. Han, X. Hou,
China’s response to a national land-system sustainability emergency. Nature 559,
193-204 (2018).

Y. Xiong, Y. Wei, Z. Zhang, J. Wei, Evolution of China'’s water issues as framed in Chinese
mainstream newspaper. Ambio 45, 241-253 (2016).

Z.0uyang, H. Zheng, Y. Xiao, S. Polasky, J. Liu, W. Xu, Q. Wang, L. Zhang, Y. Xiao, E. Rao,
L. Jiang, F. Lu, X. Wang, G. Yang, S. Gong, B. Wu, Y. Zeng, W. Yang, G. C. Daily,
Improvements in ecosystem services from investments in natural capital. Science 352,
1455-1459 (2016).

X.Wu, S. Wang, B. Fu, X. Feng, Y. Chen, Socio-ecological changes on the Loess Plateau
of China after Grain to Green Program. Sci. Total Environ. 678, 565-573 (2019).

X.Wu, S.Wang, B. Fu, Y. Zhao, Y. Wei, Pathways from payments for ecosystem services
program to socioeconomic outcomes. Ecosyst. Serv. 39, 101005 (2019).

J.-Z.Wei, K. Zheng, F. Zhang, C. Fang, Y.-Y. Zhou, X.-C. Li, F.-M. Li, J.-S. Ye, Migration

of rural residents to urban areas drives grassland vegetation increase in China’s Loess
Plateau. Sustainability 11, 6764 (2019).

N. Bi, H. Wang, Z. Yang, Recent changes in the erosion-accretion patterns of the active
Huanghe (Yellow River) delta lobe caused by human activities. Cont. Shelf Res. 90, 70-78
(2014).

90of 10


http://advances.sciencemag.org/cgi/content/full/6/41/eabc0276/DC1
http://advances.sciencemag.org/cgi/content/full/6/41/eabc0276/DC1

SCIENCE ADVANCES | RESEARCH ARTICLE

52. Y.Zhou, H. Q. Huang, G. C. Nanson, C. Huang, G. Liu, Progradation of the Yellow
(Huanghe) River delta in response to the implementation of a basin-scale water
regulation program. Geomorphology 243, 65-74 (2015).

53. X.Feng, B.Fu, S. Piao, S. Wang, P. Ciais, Z. Zeng, Y. LU, Y. Zeng, Y. Li, X. Jiang, B. Wu,
Revegetation in China’s Loess Plateau is approaching sustainable water resource limits.
Nat. Clim. Chang. 6, 1019-1022 (2016).

54. X.Wang, J. Shen, W. Zhang, Emergy evaluation of agricultural sustainability of Northwest
China before and after the grain-for-green policy. Energy Policy 67, 508-516 (2014).

55. J.G.Liu, T.Dietz, S. R. Carpenter, C. Folke, M. Alberti, C. L. Redman, S. H. Schneider,
E. Ostrom, A. N. Pell, J. Lubchenco, W. W. Taylor, Z. Ouyang, P. Deadman, T. Kratz,
W. Provencher, Coupled human and natural systems. Ambio 36, 639-649 (2007).

56. K.O.Winemiller, P. B. McIntyre, L. Castello, E. Fluet-Chouinard, T. Giarrizzo, S. Nam,
I. G. Baird, W. Darwall, N. K. Lujan, I. Harrison, M. L. J. Stiassny, R. A. M. Silvano,
D. B. Fitzgerald, F. M. Pelicice, A. A. Agostinho, L. C. Gomes, J. S. Albert, E. Baran,
M. Petrere Jr., C. Zarfl, M. Mulligan, J. P. Sullivan, C. C. Arantes, L. M. Sousa, A. A. Koning,
D.J. Hoeinghaus, M. Sabaj, J. G. Lundberg, J. Armbruster, M. L. Thieme, P. Petry,
J.Zuanon, G.T. Vilara, J. Snoeks, C. Ou, W. Rainboth, C. S. Pavanelli, A. Akama,
A.van Soesbergen, L. Sdenz, Balancing hydropower and biodiversity in the Amazon,
Congo, and Mekong. Science 351, 128-129 (2016).

57. L.Wang, M. Shao, Q. Wang, W. J. Gale, Historical changes in the environment
of the Chinese Loess Plateau. Environ. Sci. Policy 9, 675-684 (2006).

58. N.H.Shi, E.Q. Cao, S. G. Zhu, The Vicissitude of Forest and Grass in Loess Plateau (Shaanxi
People’s Press, 1985).

59. A.Sun,Z.Guo, H.Wu, Q. Li, Y. Yu, Y. Luo, W. Jiang, X. Li, Reconstruction of the vegetation
distribution of different topographic units of the Chinese Loess Plateau during
the Holocene. Quat. Sci. Rev. 173, 236-247 (2017).

60. G.Wang, F.C.Shi, X.Y.Zheng, Z.D. Gao, Y. J.Yi, G. A. Ma, P. Mu, Natural annual runoff

estimation from 1470 to 1918 for Sanmenxia gauge station of Yellow River. Adv. Water Sci.

2,170-176 (1999).
61. L.Zhang, S.Chen, X. Liu, Evolution of the abandoned Huanghe (Yellow) River delta
in North Jiangsu province in 800 years. Oceanol. Limnol. Sin. 45, 626-636 (2014).

Wu et al., Sci. Adv. 2020; 6 : eabc0276 7 October 2020

62. J.Peng, S.Chen, The variation process of water and sediment and its effect on the Yellow
River Delta over the six decades. Acta Geogr. Sin. 64, 1353-1362 (2009).

63. J.Zheng, Y. Yu, X. Zhang, Z. Hao, Variation of extreme drought and flood in North China
revealed by document-based seasonal precipitation reconstruction for the past 300 years.
Clim. Past. 14, 1135-1145 (2018).

64. G.F.Malash, M. |. El-Khaiary, Piecewise linear regression: A statistical method
for the analysis of experimental adsorption data by the intraparticle-diffusion models.
Chem. Eng. J. 163, 256-263 (2010).

65. Q.Ge, J. Zheng, Z. Hao, Y. Liu, M. Li, Recent advances on reconstruction of climate
and extreme events in China for the past 2000 years. J. Geogr. Sci. 26, 827-854 (2016).

Acknowledgments

Funding: This research was financially supported by the National Natural Science Foundation
of China (nos. 41930649 and 41722102), the Key Program of Frontier Science (no. QYZDY-SSW-
DQC025) and the International Partnership Program (no. 121311KYSB20170004) of the
Chinese Academy of Sciences, and the Global Engagement Program of the University of
Queensland. Author contributions: B.F., XW., and Y.W. designed the research. X.W., S.W., and
Y.Z. conducted statistical analysis. X.W., Y.W., B.F., SW., Y.Z,, and E.F.M. contributed to the
interpretation and writing. Competing interests: The authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials.
Additional data related to this paper may be requested from the authors.

Submitted 1 April 2020
Accepted 18 August 2020
Published 7 October 2020
10.1126/sciadv.abc0276

Citation: X. Wu, Y. Wei, B. Fu, S. Wang, Y. Zhao, E. F. Moran, Evolution and effects of the social-
ecological system over a millennium in China’s Loess Plateau. Sci. Adv. 6, eabc0276 (2020).

100f 10



