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Abstract Ecosystem restoration projects (ERPs)
facilitate land degradation neutrality (LDN). How-
ever, the response dynamics and interactions of sec-
tors within ecosystem-agriculture-economy nexus
(EAEN) have not been sufficiently explored, which
constrains the coordinated efficacy of LDN efforts. To
bridge the knowledge gaps, the present study selected
a land restoration hotspot in southeastern China as a
case to investigate the simultaneous responses of the
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EAEN sectors to ERPs from a novel social-ecologi-
cal system (SES)-based LDN perspective. Various
biophysical models and Manne-Kendall trend test as
well as multi-source spatially explicit data and socio-
economic statistics were applied to quantify the co-
evolution of natural and socioeconomic indicators.
ERPs converting cropland to woodland and grassland
promoted vegetation restoration, reduced soil ero-
sion, and enhanced carbon sequestration. However,
cropland loss initially resulted in a decline in grain
productivity. Policy adjustments and improvements
in ecosystem restoration efforts and agricultural
production conditions improved food security and
increased agricultural production capacity. Effective
policymaking and favorable resident engagement
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accelerated the transformation from a grain-produc-
tion-based agriculture to diversified industries and, by
extension, economic output, income, and population.
The success of socioeconomic development under the
SES framework for LDN demonstrated that this strat-
egy could achieve the desired environmental, agri-
cultural, and economic targets. EAEN under the SES
conceptual framework provides an inclusive, compre-
hensive LDN perspective and improves ERP efficacy.
The findings of the present work might be applica-
ble to other land restoration areas challenged by the
complex interactions among multidimensional fac-
tors. Comparably successful implementation of these
ERPs could be realized if individual environmental
and socioeconomic conditions are thoroughly consid-
ered during the formulation of coordinated develop-
ment policies.

Keywords Co-evolution - Nexus sectors -
Ecosystem restoration - Social-ecological system -
Win-win outcomes

Abbreviations
AVHRR Advanced very-high-resolution radiometer

CASA Carnegie-Ames-Stanford approach
ERPs Ecosystem restoration projects

ES Ecosystem service

EAEN Ecosystem-agriculture-economy nexus
FRC Forest restoration and conservation
GDP Gross domestic product

LDN Land degradation neutrality
LUC Land use/cover

MODIS Moderate-resolution imaging
spectroradiometer

NPP Net primary productivity

NDVI Normalized difference vegetation index

RCWG  Returning cropland to woodland and
grassland

RUSLE Revised universal soil loss equation

SES Social-ecological system

SWCPs  Soil and water conservation projects

SLM Sustainable land management

TEK Traditional ecological knowledge

Introduction

The land in > 23% of all global terrestrial regions has
undergone degradation (FAO, 2019). Consequently,
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ecosystem sustainability has been challenged and ~
1.5 billion people worldwide are affected by this dete-
rioration (Pasquale et al., 2020). If the current rate of
intensive exploitation is not effectively controlled, >
90% of the surface of the Earth could be degraded
by the year 2050 (Pasquale et al., 2020; Wuepper
et al.,, 2020). Land degradation neutrality (LDN)
was proposed to mitigate and reverse anthropogenic
terrestrial deterioration. It is regarded as a major
sustainable development goal of the United Nations
(UNCCD, 2016; United Nations, 2015). Massive eco-
system restoration projects (ERPs) and soil and water
conservation projects (SWCPs) have been launched
in both developed and developing countries across
the globe to mitigate and reverse land degradation,
sustain ecosystems, and ensure adequate ecosystem
service (ES) supply (Adams et al., 2016; Bednarska
et al., 2018; Cao et al.,, 2018, 2020; Danneyrolles
et al., 2017; Hruska et al., 2017; Sanchez Meador
et al., 2017). However, numerous ecosystem restora-
tion efforts have failed (Arsénio et al., 2020; Buisson
et al., 2018; Staentzel et al., 2019). This deficiency
implies the existence of complex interactions such
as trade-offs, synergy, and nonlinear relationships
among multiple natural ES. Positive and negative
interactions occur between ecological systems and
human society (Hausner et al., 2018). In drylands,
there are also trade-offs between soil retention and
water yield as well as positive correlations between
carbon sequestration and soil retention (Abera et al.,
2019). Urban expansion and socioeconomic devel-
opment have negative impacts on agricultural pro-
duction and biodiversity maintenance (Pereira et al.,
2018, 2020). Trade-offs and synergistic relationships
undergo strong spatiotemporal variability across geo-
graphical regions and changes in regime and stage
(Torday & Miller, 2015).

In a complex social-ecological system (SES)
consist of multiple nexus sectors, natural and
human interventions such as climate variabilities,
landscape transformations, and other internal and
external disturbances might trigger system feed-
backs and chain reactions, in particular for co-evo-
lution and regime shifts of nexus sectors as well as
their determinants and critical thresholds, which
have generally been ignored or poorly understood
(Lu et al., 2021; Safriel, 2017; Virapongse et al.,
2016). Even if the nexus perspective was integrated
into ERP and LDN efforts, existing literatures
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mostly depended on a few narrow indicators such
as biomass (Cao et al., 2020), vegetation cover (Hu
et al., 2021), surface runoff (Zhuang et al., 2021),
groundwater (Lu et al., 2021), and other biophysi-
cal indicators (Okpara et al., 2018). Therefore, a
lack of systematic, comprehensive, and dynamic
assessments of SES incorporating nexus approaches
fails to support formulation of targeted and adaptive
environmental governance strategies and schemes
(Orr et al., 2017).

To achieve sustainable land management (SLM)
and mitigate land degradation, SES and nexus
approaches should be integrated into ERP challenges
(Orr et al., 2017). This innovative strategy could help
elucidate the complex interactions between land sys-
tems and human society (Cowie et al., 2018). SES
is a complex, adaptive, coupled human-environment
system that encompasses the human society and bio-
logical ecology subdomains (Fischer et al., 2015;
Leslie et al., 2015). In the context of LDN, the SES
approach furnishes a novel interdisciplinary frame-
work for integrating multiple spatiotemporal changes
in land systems and provides guidance for framing
interlinked human and ecological systems (Verburg
et al., 2015). Adoption of this approach could clarify
the changes in SES shape, influence the ecological
functions of terrestrial ecosystems, and eventually
mitigate and reverse land degradation (Okpara et al.,
2018; Safriel, 2017).

To realize the LDN target, the livelihoods of resi-
dents, institutions, enterprises, and other socioeco-
nomic sources must be considered (Barkemeyer et al.,
2015; Reed et al., 2015). Traditional land manage-
ment practices regard human interventions as external
drivers that lead to the deterioration of soil quality and
the loss of ecological function (Cowie et al., 2018;
Reed & Stringer, 2016). Conventional command-and-
control methods provide steady-state resource man-
agement and facilitate reactive, top-down hierarchal
processes (Akhtar-Schuster et al., 2017; Sietz et al.,
2017). However, the complex spatiotemporal interac-
tions among nexus sectors and conflicting stakeholder
perspectives have required resources managers and
stakeholders to develop innovative, integrated envi-
ronmental management approaches that integrate
evolving social and ecological systems from a nexus
perspective (Lu et al., 2021; Zhuang et al., 2021).
In this manner, social re-orientation is stimulated,
the management mode is upgraded, and conflicts

with traditional management approaches are created
(Ostrom, 2010; Westley et al., 2011).

An integrated nexus approach under the SES
framework facilitates LDN within the context of rapid
environmental change and intensive human activity
because it is a self-adaptive management mode that
emphasizes the interactions among biophysical pro-
cesses and stakeholder collaboration (Safriel, 2017,
Sims et al., 2017). The engagement of local residents
and communities is essential for combating land deg-
radation challenges (Stavi & Lal, 2015). For this rea-
son, it is crucial to understand the perceptions, plans,
and actions of stakeholders in response to complex
biophysical processes (Kust et al., 2017). The nexus-
based LDN approach under the SES framework
achieves LDN by integrating ecological, agricultural,
and economic factors across multiple spatiotempo-
ral scales and ecosystems (Okpara et al., 2018). In
this way, it supports policy formulation, guides pro-
ject implementation, and addresses land degradation
(Chasek et al., 2015; Virapongse et al., 2016).

In China, adverse climate conditions and inten-
sive human disturbances such as unsustainable agri-
cultural reclamation and inappropriate urbanization
have temporarily increased short-term economic
profit and grain provisions (Nkonya et al., 2016).
They have nonetheless resulted in the degradation
of > 27.5% of the territory and further aggravated
ES degradation (Taniguchi & Yamanaka, 2017).
Environmental degradation threatens resident liveli-
hoods which leads to poverty (Wuepper et al., 2020).
The latter worsens ecosystem degradation and devi-
ates the affected region from sustainable develop-
ment through ecosystem-agriculture-economy nexus
(EAEN) effects and “poverty trap” feedback (Cao
et al., 2017, 2020). Here, Longyan City in the hilly
red soil region of southern China was selected as the
target study area because it presents with severe soil
loss and rapid ecosystem restoration. It served as a
representative case study to determine the responses
of the EAEN sectors to human interventions and
policy adjustments and establish their implications
for ecosystem restoration efforts. The objectives of
this research were to (1) explore the spatiotemporal
responses of the EAEN sectors (including soil loss,
carbon sequestration, grain production, and economic
profit) to ERPs and SWCPs; (2) identify and justify
the regime shifts and critical timings of the changes
in the nexus sector; and (3) use the SES-based LDN

@ Springer



1215 Page4 of 19

Environ Monit Assess (2023) 195:1215

approach to clarify the roles of engineering practices,
stakeholder engagement, and policy adjustments in
achieving target ERP efficacy. The EAEN under the
SES conceptual framework offers a comprehensive
LDN perspective that includes multiple dimensions,
which could eventually optimize and improve the effi-
cacy of ecosystem restoration efforts.

Materials and methods
Study site descriptions

Longyan City in Fujian Province is located in the sub-
tropical zone of southeastern China and has an area
of 19,027 km? (Fig. 1a). Its landscape is dominated
by low mountains and hills (Fig. 1b), with an eleva-
tion varying from 98 to 1695 m, and the relatively
high mountains lay around central and eastern border

areas. Its long history of agricultural cultivation has
resulted in soil loss and severe erosion (Zhong et al.,
2013). In response to the pressure of rapid population
growth and extensive agricultural production, wood-
lands, grasslands, and wetlands have been converted
into croplands (Cao et al., 2017, 2018). Land recla-
mation rapidly increased in the hilly areas and the
cultivation slope has become steeper (Li et al., 2020;
Wang et al., 2020; Zhong et al., 2013). Between 1949
and 1998, the population and the cultivated land area
in the region have increased by 1.74 million and
72,189.9 ha, respectively. The area has numerous
slopes with gradients of 15-25° and > 25°. Sloping
cropland accounts for > 50% of the total cropland
area. Deforestation and wasteland reclamation have
worsened soil erosion, increased the frequency of
drought and flood disasters, and reduced ecosystem
sustainability (Li et al., 2020; Wang et al., 2020). The
upper and middle reaches of the Ting and Jiulong
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Rivers around Changting County (Fig. 1b) present
with the most severe soil erosion in the hilly red soil
region of southern China because of deforestation,
grassland reclamation, and slope cultivation (Cao
et al., 2017, 2018). Over 2.46 million tons of eroded
sediment accumulate annually in the Ting and Jiulong
Rivers, and 2/3 of it originate from sloping cropland
(Chen et al., 2020).

To combat land degradation, several ecosystem
restoration projects (ERPs) and soil and water con-
servation projects (SWCPs) have been conducted in
Longyan City and the surrounding mountain areas
over the past few decades (Cao et al., 2017, 2018;
Zhong et al., 2013). Forest restoration and conser-
vation (FRC) and returning cropland to woodland
and grassland (RCWG) are two of the most aggres-
sive ERPs implemented. They were initiated in the
late 1970s and 1999, respectively (Li et al., 2020).
FRC and RCWG comprise afforestation and refor-
estation in barren hills, wasteland areas, terraces, and
croplands with steep slopes, 15-25° slope in impor-
tant water source areas, or severe desertification and
pollution. Other measures include forest conserva-
tion and hillside closure to facilitate afforestation
(Fig. S1). As of 2007, the RCWG was suspended to
achieve > 0.12 billion ha target cropland area and
safeguard food security. This measure prevented any
further cropland occupation. Nevertheless, hillside
closure to facilitate afforestation is ongoing.

As of 2005, the government has allocated ¥1.9
billion to consolidate RCWG efforts and ensure the
long-term livelihoods of the affected residents. The
funds were used mainly to establish grain fields and
rural energy facilities, promote ecological migration,
and develop other industries. The local communi-
ties provided training to help restore employment
and income for the affected farmers. The latter were
encouraged to interplant beans and other dwarf crops
and develop the forest economy to mitigate the loss
of vegetation and soil. Between 2007 and 2016, the
average annual per capita growth rate of disposable
farmer income affected by the RCWG was 14.7%,
and it was 1.8% higher than the national mean. The
RCWG caused the rural labor force to migrate to
other areas, and the annual income of migrant work-
ers has reached ¥50 million. The production structure
was transformed from a grain-based to a diversified
economy. Grain production changed from extensive
planting and thin harvesting to intensive farming.

Animal husbandry moved from bulk farming to pen
feeding. The introduction of RCWG helped concen-
trate agricultural production factors; promoted the
development of wood, grain, and oil, fruits, and ani-
mal husbandry; and improved agricultural production
capacity (Cao et al., 2017, 2018; Zhong et al., 2013).

Conceptual framework and study workflow

In theory, the EAEN-based LDN approach under
the SES framework considers land system dynam-
ics as both natural and societal processes (Safriel,
2017). It also integrates nexus evolution into LDN
efforts. However, application of this approach to miti-
gate and adapt to environmental change in SLM has
not previously been explored (Okpara et al., 2018).
This strategy for the achievement of LDN is a sys-
temic worldview interlinking environmental govern-
ance perspectives with land restoration. It also con-
siders humans as part of nature rather than external
drivers. From the nexus perspective under the SES
framework, land systems are open nonlinear systems
involving complex trade-offs, synergy, and interac-
tive socioeconomic and biophysical domains and pro-
cesses across multiple spatiotemporal scales (Fig. 2a;
Chasek et al., 2015; Fischer et al., 2015). Changes in
human perception, management practice, resource
use mode, and other interventions such as ecosystem
conservation investments, agricultural technology
developments, and industrial structure transforma-
tions constantly modify and feed back to the land
(Virapongse et al., 2016). The successful accomplish-
ment of LDN requires a comprehensive understand-
ing of ecological, agricultural, and socioeconomic
dimensions. The mechanisms by which socioeco-
nomic variables interact with the land system and the
direct and indirect responses of their associated eco-
logical functions must be elucidated. To improve ERP
efficacy, the EAEN-based LDN approach under the
SES framework must identify the dominant drivers
and pressures such as ecological, agricultural, social,
economic, and cultural variables that influence land
degradation. It must also assess close interactions
across multiple spatiotemporal scales (Fig. 2a) and
environmental variables such as climatic conditions,
soil properties, vegetation species, and topographic
structures that influence the ongoing and existing
degradation and their regime shifts and critical transi-
tion points. SLM and LDN must also consider human
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interventions, promote and coordinate the engage-
ment and contributions of land managers and multi-
ple stakeholders in land degradation and restoration
efforts, and maximize reciprocal benefits (Okpara
et al., 2018; Palomo et al., 2011).

Based on the available data and the prevailing
environmental challenges of the research area, veg-
etation cover, carbon sequestration, and soil erosion
modules were selected to reflect the natural changes

@ Springer

Co-benefit policy formulation for LDN
and environmental governance

occurring within the context of ecosystem restora-
tion (Fig. 2b). ERPs affect food supply (crop pro-
ductivity), economic output value, gross domestic
product (GDP), population, and resident income and
expenditure. These ecological and social variables
are widely applied to reflect the evolution of EAEN
in SES and may be evaluated via biophysical model
simulations and statistical records (Cowie et al.,
2018; Okpara et al., 2018; Orr et al., 2017; Torday
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& Miller, 2015). The workflow of the present study
is shown in Fig. 2b.

Data collection and preprocessing

The timespan of the present study was set as
1985-2017. Although the time series of indi-
vidual socioeconomic indicators were longer than
1985-2017, some of them even started from 1970,
the model-based natural indicators can only date back
to 1985 because the bad data availability of remote
sensing images and other datasets before 1985, which
were used as input parameters of biophysical models.
Therefore, we unified the timeframe of multiple indi-
cators to present consistent analyses for this study.
Multisource datasets including soil, vegetation,
climate, topography, land use/cover (LUC) maps, and
socioeconomic records were compiled for the LDN
and EAEN assessments (Table S1). They were col-
lected according to the input parameters of the revised
universal soil loss equation (RUSLE) (Jiang et al.
2019b,b) and the Carnegie-Ames-Stanford approach
(CASA; Potter et al., 1993) used to quantify soil loss
and carbon sequestration, respectively. LUC maps
with 30 m X 30 m spatial resolution for 1985, 1990,
1995, 2000, 2005, 2010, 2015, and 2017 were plotted
by machine learning techniques and visual interpreta-
tion of Landsat TM/ETM/OLI_TIRS images for the
corresponding periods (Liu et al., 2014). The LUC
maps were used to quantify LUC transformations and
estimate RUSLE input parameters. To reduce pos-
sible error in visual interpretation, the accuracies of
the LUC map analyses were cross-validated by com-
paring them against the China land cover and other
LUC datasets (Yang & Huang, 2021) using global
land cover products with a fine classification system
at 30 m (Zhang et al., 2021), and the original satel-
lite images from different time periods (Figs. S2 and
S3). The overall interpretation accuracy was > 94%
which exceeded the basic accuracy requirements for
a regional scale assessment. Maps of climate, soil,
vegetation, and topography were used to estimate
rainfall erosivity, soil erodibility, land surface cover,
management, slope length, and steepness factors in
RUSLE. Gauge-based climate and spatially explicit
vegetation cover datasets were applied to assess car-
bon sequestration. The spatial data were preprocessed
and resampled to unify projection and coordinate sys-
tems (i.e., World Geodetic System-1984) and spatial

resolutions (i.e., 1 km X 1 km) on ArcMap Platform
and to avoid uncertainty and error arising from model
simulations and data outputs. In consideration of a
long timeframe for more than three decades, two nor-
malized difference vegetation index (NDVI) datasets
including an advanced very-high-resolution radiom-
eter (AVHRR) [third-generation product (GIMMS-
3g)] with 8 km X 8 km spatial resolution and a mod-
erate-resolution imaging spectroradiometer (MODIS)
MOD13A3 dataset with 1 km X 1 km spatial resolu-
tion were adopted for consistent generation of a long-
term product with the same radiation features and
spatial resolution. Data were radiometrically and geo-
metrically corrected (Sun et al., 2015).

Methodology

The study uses soil loss and carbon sequestration as
indicators to represent ecosystem sector in EAEN
because these two variables are easily assessed and
commonly used indicators to reflect direct impacts of
ERPs (Ouyang et al., 2016). Generally, the ecologi-
cal impacts of ERPs include but not limited to soil
loss and carbon sequestration, such as habitat main-
tenance, water yield, climatic regulation, and aquatic
purification (Ouyang et al., 2016). While the 33-year
scale assessment for these indicators rely on relatively
complex biophysical models and input parameters,
they are the indirect aspects of LDN efforts, which
are not as close associate with vegetation restoration
as that of soil loss and carbon sequestration. The core
and direct target of ERPs is to achieve LDN target and
further support carbon neutrality strategy; thus, this
study does not include other ecological indicators.

Soil loss assessment by RUSLE

Soil loss is widely used as an indicator of regional-
scale (catchment, county, district, country, or con-
tinent) land degradation and soil quality (Panagos
et al., 2015; Zare et al., 2017). It was empirically
demonstrated that RUSLE is a highly reliable model
for soil loss quantification especially in the northern
drylands of China (Chen et al., 2020; Ferreira et al.,
2018; Jiang et al. 2019b,b; Li et al., 2020; Pereira
et al.,, 2020; Sousa & Srbek-Araujo, 2017). The
RUSLE method was gradually developed from site
experiments conducted on specific soil degradation
and landscape-scale processes. It was upscaled to
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spatial units based on generalized empirical param-
eters and the regression relationships between in situ
plot experiment measurements and remote sensing
images (Duan et al., 2020; Gardner et al., 2019; Mace
et al., 2018). The primary RUSLE formula is

where SL; is the soil loss (erosion modulus) at unit i
and time j, Ry, K, Ly;, Sij, G, and P;; are rainfall ero-
sivity, soil erodibility, slope length, slope steepness,
surface cover, management, and support practice at
unit { and time j, respectively. Calculations and spe-
cific formulae are shown in Table S2.

To validate and calibrate the RUSLE estimates for
Longyan City, the present study cross-compared the
spatiotemporal series and patterns of the assessment
against those of prior studies conducted in the same
or adjacent regions (Chen et al., 2020; Li et al., 2020;
Wang et al.,, 2020). Comparisons of the soil loss
between Longyan City and the surrounding regions
were spatiotemporally consistent. Nevertheless, the
absolute values were not identical because the input
parameters and data sources differed among studies.

Carbon sequestration assessment by CASA

The present study used the net primary productiv-
ity (NPP) index to reflect carbon sequestration. This
parameter has been widely applied to monitor veg-
etation growth and biomass assessment (Chen et al.,
2015; Chen et al., 2017; Li et al., 2021). The CASA
developed by Potter et al. (1993) was used to quantify
NPP. It was based upon the theory of light use effi-
ciency (Li et al., 2021). The principal equation is:

NPP,; = APAR; X p; @)

where NPP; ; is the NPP of unit i at time j, APAR;

is the photosynthetically active radiation at unit {
and time j, and pj is the light use efficiency param-
eter at unit i and time j estimated by Zhu et al. (2006)
and according to in situ observations and model
simulations.

Agricultural production and economic profit
assessments

The productivity levels of grain, oil, and cash crops,
forest and livestock products, and commodities

@ Springer

between 1985 and 2017 were used to indicate agri-
cultural sector changes in EAEN. City-level statistical
records of population size and composition, resident
income and expenditure, GDP, and the composition
of economic output value were used to reflect changes
in socioeconomic conditions.

Statistical analyses

The Manne-Kendall test (Kendall, 1975; Mann, 1945)
is a non-parametric statistical testing approach, which
has the advantage of not following a certain distribu-
tion or being disturbed by a few outliers. This method
can not only test the trend of changes in time series, but
also check whether there has been a mutation in the time
series. It is more suitable for type and sequence vari-
ables, with strong applicability and convenient calcula-
tion (Kendall, 1975; Mann, 1945). The Manne-Kendall
test is not only a diagnostic and predictive technique
for climate variables, but also has been widely used for
trend and mutation detections of ecological and hydro-
logical variables. Therefore, the Manne-Kendall test was
used for this study to detect change trends and abrupt
changes in the EAEN-related variables. Significance
levels of p = 0.05, p = 0.01, p = 0.001, and p = 0.0001
were used to assess the confidence level of the test.

Results
EAEN evolution and regime shifts

The NDVI, NPP, and soil erosion modulus were
selected to identify the responses of natural ecosys-
tems to ERP and reflect changes in the ecosystem
(Fig. 3). Between 1985 and 1998, vegetation cover,
carbon sequestration, and erosion modulus slightly
but nonsignificantly declined (» > 0.1). However,
they significantly (p < 0.05) increased after RCWG
was implemented in 1999 (Fig. 3). The trends in
NDVI and NPP reached significance levels of p =
0.0002 and p = 0.0001, respectively. Hence, veg-
etation was rapidly restored within the context of the
ERPs. The erosion modulus increased because of
fluctuations in rainfall. Nevertheless, the mean ero-
sion modulus between 1999 and 2017 (4.5 t ha™!) was
36.7% lower than that between 1985 and 1998 (7.1 t
ha’l). Thus, the ERPs reduced the erosion intensity.
Grain productivity rapidly increased between 1985
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Fig. 3 Temporal changes and trend slopes for a NDVI, b NPP,
and c soil erosion moduli between 1985 and 2017

and 1998 but declined after 1999 (Fig. 4a). RCWG
replaced the cropland with woodland and grassland
(Fig. 1c—d) and caused a decline in grain produc-
tion. However, the latter has steadily increased since
2008 (Fig. 4a). The EAEN regime shifts were divided
into three phases, namely, 1985-1998 (phase I),
1999-2007 (phase II), and 2008-2017 (phase III) and
were based on the transitions in grain productivity.
Interactions among the nexus sectors differed among
the three phases (Fig. 5). In phase I, aggressive agri-
cultural reclamation increased grain productivity and
economic profit but had a negative impact on vegeta-
tion cover and NPP and resulted in soil loss. In phase
II, massive ecosystem restoration efforts substantially
restored vegetation, enhanced carbon sequestration,

and reduced soil loss. However, there were nega-
tive trade-offs between the agricultural production/
economic and ecological sectors. In phase III, there
was synergy or positive feedback among all three
sectors, the ERPs and the other interventions concur-
rently sustained the ecosystem, farmer livelihood was
improved, and grain productivity increased.

Causes of EAEN evolution and regime shifts

Policy adjustment was a major cause of the regime shift
from phase II to phase III in EAEN. The ecosystem res-
toration efforts suspended the conversion of cropland
to woodland and grassland, ensured sufficient cropland
area for grain production, and safeguarded the food sup-
ply. Afforestation projects and the suspension of hill-
side cultivation promoted ecosystem restoration. Field
terracing and other agricultural production techniques
have significantly progressed since 2005 (Fig. 6). These
developments were reflected by increases in power, ferti-
lizer, plastic film, diesel, and pesticide consumption and
eventually in grain production as well (Fig. 6).

Local governments and communities encouraged
residents affected by RCWG to plant oil crops, peanuts,
sugarcane, flue-cured tobacco, and other cash crops to
develop the livestock industry. They also guided resi-
dents in the cultivation of forest products such as tea,
fruit, timber, bamboo, pine resin, palm flake, and chest-
nuts to increase economic profit and compensate for
the economic loss incurred as a result of investment in
RCWG. Figure 4b—d shows that crop productivity and
yield and the proportions of cash crops gradually but sig-
nificantly increased between 1985 and 2017. However,
grains accounted for the largest proportion of all crops.
Livestock (meat, milk, and eggs) and forest (tea, fruit,
timber, bamboo, pine resin, chestnuts, and palm flake)
products rapidly increased (Fig. 4e—h). Ecological, eco-
nomic, and timber forest accounted for > 80% of the total
afforestation area before 2010 (Fig. S1(b)), increased the
economic benefits of afforestation, and enhanced farmer
engagement in afforestation projects. The RCWG projects
did not alter increasing trends in GDP or resident income
or expenditure (Fig. 7a and d). The proportion of agri-
culture has significantly declined since 1985 (Fig. 7b, c).
Formerly predominant agriculture was gradually replaced
by animal husbandry, but both accounted for ~ 40% in
2017. The RCWG projects caused an abrupt decreases
and increases in the agricultural and non-agricultural
populations, respectively, by 2002 (Fig. 7e). Therefore,
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the industrial structure of Longyan City was transformed
from agriculture to diversified industries and the compo-
sitions of the economic output, income, and population
changed accordingly.

Discussion

Strengths of EAEN-based LDN under theoretical
SES framework

Existing ecosystem restoration efforts include affores-
tation, reforestation, and other revegetation practices

@ Springer

that outweigh direct ecological effects such as soil
loss control, carbon sequestration, and biodiversity
maintenance. Nevertheless, they do not address resi-
dent livelihood, agricultural production, or the inter-
actions among EAEN sectors driven by external
interventions and policy adjustments (Cao et al.,
2017, 2018, 2020). The Natural Forest Conserva-
tion Project does not propose or implement adaptive
strategies that ensure socioeconomic development
after LUC conversion from cropland to woodland and
grassland (Cao et al., 2017). Woodland and grassland
reduce the area of cropland available for agricultural
production and its associated goods and economic
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benefits, threaten short-term profit for local farmers
and communities, and impede the long-term success
of ecosystem conservation and restoration efforts.
The lack of timely policy interventions to sustain
agricultural production and farmer livelihood attenu-
ated the expected benefits of the Three Norths Shel-
terbelt Project initiated in 1978 (Cao et al., 2017,
2018, 2020). This project reduced cropland and
provided subsidies to mitigate the economic losses
incurred by farmers. However, the latter did not have
new types of employment. Moreover, the subsidies
disbursed during the implementation of the ecologi-
cal resettlement project did not suffice to improve the
livelihoods of the farmers participating in it (Zhong
et al., 2013). Some resettled farmers supplemented
their income by engaging in unsustainable agricul-
tural reclamation and other activity when the basic
subsidies provided by the governments were no
longer available (Cao et al., 2017). Poverty allevia-
tion and ecosystem restoration are closely associated
because the ecosystem itself is the source of resident
income and ESs. LUC conversions directly determine
the interactions between ecological (ERP efficacy)
and economic (farmer livelihood) benefits. Hence,

poverty alleviation and ecosystem restoration must
be simultaneously addressed in a coordinated manner
(Cao et al., 2017, 2018, 2020).

The present case study in Longyan City demon-
strated that the ERPs in the RCWG context delivered
ecosystem restoration-agricultural production-liveli-
hood co-benefits by integrating EAEN evolution with
LDN efforts under the SES framework. This win-win
strategy balanced the requirements of ecosystem con-
servation, grain production, and resident livelihood.
ERPs rely upon the engagement of institutions, pri-
vate enterprises, communities, non-governmental
organizations (NGOs), and local residents as they
invest in ecological industries and create employ-
ment for residents (Cao et al., 2018, 2020; Feng et al.,
2019). This new approach increases the likelihood of
achieving LDN targets through positive engagement
of the residents and advancements in economic ben-
efits and farmer livelihood.

The adaptive, co-benefiting SES-based LDN
approach is more transparent and comprehensive than
the traditional “command-and-control” governance
procedure. The former incorporates a wide variety of
theoretical and practical ecological knowledge, fosters
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Fig. 6 Temporal changes
in agricultural production
conditions between 2005
and 2017: power, fertilizer,
plastic film, diesel, and
pesticide consumption

early, positive engagements of multiple stakeholders,
and encourages collaboration among land managers
and users in decision-making and implementation. A
prerequisite for the realization of the LDN target via the
SES approach is to consider humans as a part of nature
rather than a compartment separate from it. This strat-
egy reflects the functions of humans in nature, influ-
ences the perceived roles of human activity in envi-
ronmental change, and facilitates the achievement and
maintenance of a secure, well-functioning environment
(G6mez-Baggethun et al., 2013; Verburg et al., 2015).
Human activity alters LUC and land use management
practices. Socioecological feedback is determined by
various human interventions such as ERPs and SWCPs
as well as societal beliefs and perceptions and the eval-
uation and interpretation of land resources (Braito et al.,
2017; Okpara et al., 2018; Reed et al., 2010).
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The EAEN-based LDN under the SES framework
identifies regime shifts in the ERPs from a systematic
planning perspective. It incorporates multiple sec-
tors and their interactions and guides the adjustment
and optimization of ecosystem restoration practices.
During the initial ERP period of 1999-2007 in the
study region, massive afforestation/reforestation pro-
jects facilitated ecosystem restoration but reduced the
total area of cropland available for agricultural pro-
duction, caused a rapid decline in grain productivity,
and diminished food security (Fig. 4a). As of 2008,
however, the relationship between ecosystem restora-
tion and grain production has shifted from trade-off
to synergy because of adjustments in the RCWG pol-
icy, terrace construction, and improvements in agri-
cultural production conditions. The foregoing meas-
ures gradually reconciled the cropland shortage. This
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regime shift demonstrated the advantages of EAEN
coordinating multiple dimensions. It optimized tar-
geted ecosystem restoration for specific ERP phases
from the systematic perspective of the SES frame-
work. It also showed that phase shift timings must be
identified to adopt policy regulations and other inter-
ventions that will help ensure food and ecological
security and stabilize resident livelihood.

Limitations and applications of the EAEN-based
LDN approach

In summary, the EAEN approach under the SES
framework systemically integrates ecosystems, agri-
culture, and the economy, guarantees livelihoods, and
offers a more inclusive and comprehensive perspec-
tive for LDN including social and ecological dimen-
sions. The systematic SES-based LDN approach
provides a more comprehensive insight of social and
ecological aspects of LDN efforts, examining their

multi-scale dynamics, interactions (i.e., synergies and
trade-offs), and processes, which are of vital impor-
tance to redirect LDN scheme beyond practices that
are perceived as occurring in a static context, and
substantially advance systemic processes that combat
current degradation challenges (Okpara et al., 2018).
Howeyver, it has certain limitations. It is unclear which
types of SES factors are important or how remote
social systems undermine the capacity of local com-
munities to regulate their land systems (Chazée et al.,
2017). In addition, it is still absolutely necessary to
gain an understanding of what kind of social-eco-
logical factors matter, and how to incorporate social
data into LDN planning with an assistance of elab-
orate spatially explicit datasets, which guarantees
that socio-cultural priorities can be distinctly articu-
lated in spatiotemporal terms (Verburg et al., 2015).
The current LDN scheme is static, prescriptive, and
technical and does not fully consider the multi-scale
dynamics, interactions, and processes involved in

@ Springer



1215 Page 14 of 19

Environ Monit Assess (2023) 195:1215

LDN efforts (Safriel, 2017). Hence, the dynamics,
social preferences and attitudes, and trade-offs among
multiple LDN targets must be included (Okpara et al.,
2018). There have been very few instances of the
successful practical application of SES-based LDN
theory (Braito et al., 2017). Little guidance exists on
how to move from recognition of the need to address
SES aspects of land systems, to incorporating these
into LDN planning (Reed et al., 2015). Thus, restora-
tion practices must be able to transition from address-
ing the SES aspects of land systems to incorporating
them in ERP planning.

Traditional ecological knowledge (TEK) of the
local population is vital in the EAEN-based LDN
approach and should be integrated to improve ERP
efficacy. TEK is normally derived from the direct
experience of the local people through land-related
livelihood practices and culturally transmitted across
generations (Chazée et al., 2017; Okpara et al., 2018;
Reed et al., 2010). Local TEK may enable policymak-
ers and planners to understand land degradation and
the factors driving it and help them enforce and adjust
restoration practices. Therefore, the inclusion of TEK
in SES-based LDN may facilitate ecosystem restora-
tion efforts and substantially contribute to the success
of LDN (Akhtar-Schuster et al., 2017; Alagona et al.,
2012; Braito et al., 2017).

The ecosystem-agriculture-economy co-benefits
of the LDN efforts achieved through adaptive policy
adjustments in the Longyan City scenario is applica-
ble to other regions that are also negatively impacted
by land degradation. Comparable success may be
achieved if managers and policymakers clearly under-
stand the specific environmental conditions and the
socioeconomic requirements of the residents affected
by ecosystem restoration efforts (Akhtar-Schuster
et al., 2017). Managers and policymakers should first
identify the unique, vital local resources that may be
cultivated, developed, and industrialized. They must
then identify the principal factors interfering with
sustainable socioeconomic development and the
establishment and maintenance of healthy ecosystems
(Braito et al., 2017; Feng et al., 2019).

Existing deficiencies and further improvements of
ERP and LDN efforts

The ERPs initiated in Longyan City in 1999 were
relatively effective at mitigating soil erosion. The
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average erosion modulus between 1999 and 2017
was lower than that between 1985 and 1998 (Fig. 3c).
However, there were certain deficiencies in this
approach. The overall forest cover in the red soil
hilly area was high but the soil nutrient levels in the
severely eroded woodland areas were low and the
soil structures were poor (Chen et al., 2020). Hence,
it was difficult for vegetation to establish there (Cao
et al.,, 2017, 2018). The understory vegetation was
inadequate and consisted of a single plant species
(Zhong et al., 2013). Low biodiversity levels aggra-
vate soil erosion (Fig. 8; Li et al., 2020; Wang et al.,
2020). During afforestation, the original topography
and vegetation are destroyed, the woodland soil is
loose, and the cohesive force of the soil is attenuated
(Fig. 8a). If protective understory vegetation is lack-
ing, soil erosion may readily occur (Feng et al., 2020;
Li et al., 2020). Excessive fuelwood harvesting and
litter layer removal reduce nutrient return and dimin-
ish soil quality and erosion resistance (Wang et al.,
2020). Forest vegetation plays a vital role in soil ero-
sion control. The lack of understory vegetation results
in the inability to restrain slope runoff (Chen et al.,
2020). Therefore, tree growth should be promoted,
optimal canopy density should be maintained, the
vertical structure of forest vegetation should be devel-
oped, and understory vegetation should be restored
to reduce soil erosion. In this manner, soil nutri-
ent content and water retention may be improved
in the eroded area and ecological restoration can be
promoted (Li et al., 2020). Soil fertility should also
be enhanced through chemical and organic fertiliz-
ers. Soil structure and quality should be improved
by applying soil conditioners that effectively control
erosion.

LDN efforts and ERPs must enable timely moni-
toring of the interactions among ecological and eco-
nomic benefits and their regime shifts (Fig. 9). These
are determined by financial investments in ecosystem
conservation, socioeconomic variables, and other
interventions and they play critical roles in maintain-
ing SES and ERP sustainability (Feng et al., 2020;
Li et al., 2020; Wang et al., 2020). SES predevelop-
ment is characterized by ecosystem restoration and
LDN (phase I in Fig. 9). Ecological and economic
benefits may increase concurrently depending upon
environmental conditions and ecosystem restora-
tion practices. In this phase, the ecological benefits
exceeded the economic profits and the ERPs were
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Fig. 8 Representative ERP case area in hilly red soil region of
southern China: a land degradation and restoration in Changting
County, Longyan City (Zhong et al., 2013); b ecological restora-
tion in Zhuhai City, Guangdong Province (Zhuang et al., 2021);
and c ecosystem restoration progress in Changting County, Long-
yan City

healthy. In phase II, the economic profits rapidly sur-
passed the ecological benefits but the ERPs nonethe-
less remained at the sustainable development stage.
The subsequent rapid increase in economic profits
induced by aggressive, exploitative activity caused
the economic profits to outstrip the ecological ben-
efits. Thus, the regime was no longer in equilibrium
and it entered the reversibly unsustainable devel-
opment stage (phase III) followed by the irrevers-
ibly unsustainable development stage (phase IV).
Favorable human interventions include positive, effi-
cacious ecosystem restoration practices such as the

application of soil conditioners, the cultivation of
green manure crops, the administration of chemical
fertilizers, and topographic reconstruction such as
terracing. The foregoing practices enhance nutrient
supply and water retention and ensure long-term ERP
sustainability (Chen et al., 2020; Yuan et al., 2020).
In contrast, unfavorable human interventions such as
soil quality degradation caused by agricultural rec-
lamation, deforestation, inappropriate afforestation
practices, and urbanization mitigate ecological bene-
fits, upset the ecological-economic balance, and offset
ERP efficacy (Chen et al., 2020; Yuan et al., 2020).

Future ERPs should focus on long-term govern-
ance integrity, concentrate on improving the ecologi-
cal function of the forest community, and endeavor
to realize regional medium- and long-term ecosys-
tem conservation objectives. Close attention must be
paid to the dynamics of ecological and economic ele-
ments such as natural supply and societal demand as
well as the balance between them driven by climatic
fluctuations and socioeconomic disturbances includ-
ing industrial structure transformation, population
growth, and urban expansion. In this manner, land
management strategies may be adjusted in a timely
manner to promote ecosystem restoration and facili-
tate achievement of the LDN target.

Conclusions

This study quantified the soil loss dynamics and
EAEN evolution from 1985 to 2017 based upon
RUSLE and CASA approaches and explored the
regime shifts of nexus sectors and their interactions
and drivers from EAEN-based LDN perspective
under SES framework. The study concluded that
ERPs promoted vegetation restoration and carbon
sequestration, and substantially reduced soil loss.
Although ERPs initially reduced grain productiv-
ity, the timely and effective policy regulation and
the positive engagement of residents in ERPs rec-
onciled the trade-offs between grain production and
environmental conservation, improved agricultural
production capacity, and ensured food security. The
present study demonstrated that the EAEN-based
LDN strategy under the SES framework achieved
co-benefits in the form of ecosystem restoration,
agricultural production, and livelihood improve-
ment. Moreover, this approach is transferable to
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Fig. 9 Regime shifts in
ecological benefits and eco-
nomic profit in SES under
LDN context
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other regions affected by land degradation. A sys-
tematic EAEN-based LDN approach is inclusive,
transparent, and comprehensive, integrates social
and ecological demands, and may avert potential
conflicts and trade-offs between them. It emphasizes
the dynamic and evolving interactions and processes
and the social and ecological consequences associ-
ated with positive and negative policy interventions.
The foregoing factors are essential for re-orient-
ing LDN efforts beyond a static, prescriptive, and
technical context. However, further investigation
into the EAEN-based LDN approach is required to
identify and explain the social-ecological factors
affecting co-benefits for ecosystem restoration and
resident livelihood as well as the contributions of
perceptions, preferences, values, and stakeholder
engagement to nexus evolution. Future research
should also attempt to incorporate SES strategies
into systematic LDN planning and actions, achieve
and maintain SES resilience, and sustain LDN
targets.
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