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Abstract
Restoring degraded land is essential for regaining ecosystem services (ES) and attaining the UN-Sustainable Development 
Goals by 2030. Unfortunately, 24% of the global lands are degraded, significantly affecting the lives of 3.2 billion people 
worldwide. Therefore, innovative restoration practices are vital during ‘UN-Decade on Ecosystem Restoration.’ A meta-
analysis of 2093 documents on land degradation and restoration was conducted in this context, and 117 empirical studies 
were analyzed in detail. These studies were based on the different drivers of land degradation as per the criteria of IPBES 
and IPCC, respectively. Results suggested that woodland encroachment (18.25%), cropland expansion (18.11%), species loss/
compositional shifts (16.06%), climatic factors (14.96%), infrastructure development/urbanization (14.17%), water erosion 
(13.87%), wind erosion (9.49%) and other demographic pressures (8.66%) were the significant drivers of land degradation. 
Interestingly, there was a continent-wide change in the critical drivers of land degradation and depleting ES. The infrastruc-
ture development/urbanization, demography, and economic attributes were the essential drivers in Asia–Pacific and African 
regions. In contrast, the fire-regime shift and invasiveness were the significant drivers in Europe, and the climatic attribute 
was the crucial driver in the Americas. Out of the 117 studies selected worldwide, some ongoing restoration efforts had lit-
tle emphasis on research-driven on-site restoration for improving different ES. Furthermore, some restoration projects lack 
proper stakeholder involvement thereby, fail to attract large-scale public acceptance. Moreover, only 12.8% of the studies 
focused on improving the ES in highly degraded lands. Therefore, this meta-analysis suggests that site-specific, research-
driven, and on-site restoration strategies coupled with proper stakeholder engagement are imperative for regaining the ES 
and functions of the degraded landscape to attain UN-SDG.

Keywords  Land degradation drivers · Land restoration · Ecosystem services · Stakeholders’ involvement · Policy 
implications

1  Introduction

Ecosystem services (ES) are the key benefits humans 
derive from their ecosystems (Hu et al. 2020). Increasing 
human population and unsustainable exploitation of natural 
resources have led to the degradation of various ecosystems 

encompassing the land resources and the ES globally (Edrisi 
and Abhilash 2021; IPCC 2019; FAO 2015). These ES 
include biodiversity, infrastructure development, soil for-
mation, carbon sequestration, nutrient, and hydrological 
cycling, waste treatment, amelioration of potentially toxic 
elements, and other xenobiotics (Abhilash et al. 2013a, 
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2013b). The shrink in ES globally affects more than 3 bil-
lion people (Nkonya et al. 2016) and comes at a degradation 
cost of 60% of the ES (WHO 2005). Moreover, the land 
degradation and subsequently diminishing ES have now 
become a global issue, which is highlighted regularly by 
various researchers across the world under different time-
lines (Gonzalez-Redin et al. 2019; Nkonya et al. 2016; Sut-
ton et al. 2016; Gibbs and Salmon 2015; Gisladottir and 
Stocking 2005; Oldeman et al. 1990). Although different 
restoration measures were adopted to overcome these issues, 
there is still a need to assess land degradation thoroughly 
and monitor the adopted restoration practices. These prac-
tices must include the systematic application of appropriate 
restoration measures for the on-site land restoration accord-
ing to the land types and climatic conditions to regain the 
diverse ES.

Various organizations have assessed the land degradation 
and speculated different estimates of marginal and degraded 
lands at national and global levels (IPCC 2019; IPBES 2018; 
Edrisi and Abhilash 2016; Oldeman et al. 1990). The Global 
Assessment of Soil Degradation (GLASOD) is the pioneer 
commission of the United Nations Environment Program 
(UNEP) that mapped the worldwide human-induced degra-
dation and is still utilized today for various interpretations 
like the studies related to bioenergy production, land-use 
changes, etc. (Nijsen et al. 2012; Lambin and Meyfroidt 
2011). The GLASOD dataset classified the extent of deg-
radation in four classes (i.e., non-degraded, moderately, 
strongly degraded, and highly degraded lands). Accord-
ing to its assessment, degradation prevailed in an area of 
around 2 billion ha comprising the forest, agricultural land, 
pasture, and woodland since the mid-twentieth century. It 
depicted that most of the degradation occurred in the Asian 
and African sub-continents, estimating 453 and 321 million 
ha (Mha) of land. Moreover, the least degradation was found 
in the Australia and Pacific regions, depicted around 6 Mha 
of land (Gibbs and Salmon 2015; Oldeman et al. 1990). The 
direct drivers of such land degradation were deforestation 
(29.45%), overgrazing (34.54%), agricultural mismanage-
ment (28.08%), over-exploitation (6.77%), bio or industrial 
activities (i.e., simply the biological or anthropogenic) 
(1.17%) (Oldeman et al. 1990). Furthermore, the FAO’s 
Global Assessment of Lands Degradation and Improve-
ment project (GLADA) had enumerated Normalized Dif-
ference Vegetation Index (NDVI-based) land degradation 
events between 1981 and 2003 (Gibbs and Salmon 2015). 
The GLADA project described land degradation as the long-
term degeneration in ecosystem functioning. It evaluated a 
negative trend in the net primary productivity of 2.7 billion 
ha (21% of global land area) in tropical Africa, Southeast 
Asia, China, north-central Australia, the Pampas, and swaths 
of the boreal forest in Siberia and North America (Gibbs and 
Salmon 2015).

The global economic losses from land degradation are 
estimated to be US$300 billion year−1. Due to land-use 
and land-cover change (LUCC) and unsustainable restora-
tion approaches on viable cropland and grazing land. Sub-
Saharan Africa (22%) comprises the largest share of the 
entire global cost of land degradation. Around 46% of the 
annual global cost of land degradation is due to LUCC, out 
of which land users (deriving livelihood by working directly 
in agriculture and/or forest land) exhibit 78%. However, the 
remaining 54% is carried by the off-farm consumers of ES 
(Nkonya et al. 2016). Furthermore, land degradation resulted 
in the loss of around US$6.3 trillion year−1 of ES, represent-
ing around a 9.2% weighted average decrease in the global 
annual value of ES (Sutton et al. 2016). Moreover, the deg-
radation of productive land undermines well-being through 
under-nutrition and malnutrition (Abhilash et al. 2016). 
Over 800 million people (mostly in low-income countries) 
suffer from a deficiency in protein, calories, and micronu-
trients (like vitamin, zinc, and iodine) (WHO 2005). There-
fore, land degradation’s adverse effects on biodiversity, soil 
health, water, and other biotic components severely impact 
human health and well-being.

Though several studies and initiatives are related to the 
various aspects of land degradation at the local, regional, 
national, and even global scales, the empirical studies related 
to the factors mentioned earlier are comparatively lower. 
Therefore, assessing the trend and the extent of land deg-
radation is highly needed in different regions of the world. 
It could be addressed by the systematic classification and 
prediction of the degraded lands as previously done by var-
ious researchers (Nkonya et al. 2016; Sutton et al. 2016; 
Gibbs and Salmon 2015). Moreover, it is necessary to adopt 
ecosystem-based on-site land restoration to mitigate land 
degradation. The in situ practice that is employed directly 
into the field conditions is referred to as on-site land restora-
tion. This strategy has arrived as a science of practice that 
helps regain these services. It can potentially contribute to 
developing human well-being (Edrisi and Abhilash 2021).

Furthermore, such strategies can simultaneously address 
various associated United Nations Sustainable Development 
Goals (UN-SDG). For example, it targets to conserve bio-
diversity, which delivers essential services to attain Goal 
No. 14 of UN-SDG. It also focuses on increasing the con-
tribution of biodiversity to carbon stocks (Abhilash et al. 
2012) through the restoration of at least 15% of degraded 
terrestrial ecosystems (Goal No. 15). The SDG indicator 
15.3.1 (Proportion of land that is degraded over the total 
land area) could play a pivotal role in the estimation based 
on the assessment of available datasets related to three 
sub-indicators (Trends in Land Cover, Productivity, and 
Carbon Stocks) that needs to be reported and validated by 
national authorities. Besides, ecosystem-based land restora-
tion has various other multiple benefits such as agricultural 
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intensification (Abhilash et al. 2016) land degradation neu-
trality (LDN) (Keesstra et al. 2018), thereby attaining other 
UN-SDG such as no poverty, i.e., Goal No. 1, zero hunger 
(Goal No. 2), good health and well-being (Goal No. 3), gen-
der equality (Goal No. 5), decent work and economic growth 
(Goal No. 8), responsible consumption and production (Goal 
No. 12), climate action (Goal No. 13), and peace, justice, 
and strong institutions (Goal No. 16) (Edrisi et al. 2019).

In this context, the present article was aimed to conduct 
a meta-analysis to (i) assess the trend in the publications 
related to land degradation, its processes and restoration 
strategies; (ii) analyze the severity, global extent, and driv-
ers of land degradation; (iii) suggest the sustainable strate-
gies for the on-site land restoration and regaining ES and 
approaches to ensure the stakeholders’ involvement; (iv) 
highlight on the challenges of ecosystem-based land restora-
tion approaches coupled with suggestive policy implications.

2 � Methodology Employed

2.1 � Assessing the Trend on the Publications 
Related to Land Degradation and Restoration: 
Literature Search and Selection Criteria

To select research on the restoration of degraded lands, 
the scientific bibliographic databases were focused on, 
and a systematic review of the literature was conducted. 
The search parameters focused on the research associated 
with land degradation and restoration literature. This study 
used the PRISMA “Preferred Reporting Items for System-
atic Reviews and Meta-Analyses” guideline. It is a widely 
accepted approach for a systematic review (Moher et al. 
2010). The literature search was conducted using the Scopus 
database (www.​scopus.​com). The titles, abstracts, and key-
words were searched for all peer-reviewed publications. The 
searched articles were published between the start of 1990 
and the end of 2021. The published scientific documents 
were assessed to get the trends in land degradation and res-
toration studies. A combination of keywords was used under 
the ‘(TITLE-ABS-KEY (“land degradation” OR “land pol-
lution” OR “land contamination” OR “land reclamation” 
OR “land restoration” OR “restor* land” OR “land devel-
opment” OR “deforestation” OR “reforestation” OR “forest 
landscape restoration” OR “ecosystem* servic*” OR “land-
use change” OR “soil erosion” OR “land invasion” OR “land 
rehabilitation” OR “land revitalization” OR “land remedia-
tion”) AND TITLE-ABS-KEY (“trend*” OR “impact*” 
OR “strateg*” OR “action*” OR “field” OR “success*” 
OR “fail*” OR “field implication” OR “field project*” 
OR “scenario*”)),’ where “*” denotes a fuzzy search. Fur-
ther, the search was limited to only English literature. This 
search resulted in the 89,012 documents and the ‘Analyse 

Results’ option was clicked, and ‘Publication Years’ were 
closely examined to assess these results. Moreover, the same 
keywords were searched under ‘TITLE-ABS-KEY’ AND 
‘TITLE’-Article search to be more accurate. This search 
resulted in a total of 3712 document bibliographies.

Considering the framework of the Scopus database, grey 
literature was unconsciously discounted. Moreover, there is a 
chance that various land degradation and restoration studies 
could not be published in peer-reviewed literature. However, 
they are published as governmental and non-governmental 
reports and working papers. To target these studies, the first 
and second search criteria were used in Google Scholar 
at the end of December 2021. According to the relevance 
sorting, this search resulted in 19,300 possible documents, 
which was further limited to the first 1000 records. It was 
likely that the current search criteria could not capture addi-
tional grey literature that did not mention the specific key-
words mentioned above. Therefore, it is tedious to develop 
searching criteria to recognize entire land degradation and 
restoration studies.

A total of 2093 documents were screened under the first 
selection (1093 from Scopus and 1000 through Google 
Scholar) (Fig. 1). The 1093 documents from the Scopus 
database have been found by filtering as per the Bradford’s 
Law Zone representing the core publications under the 
bibliometrix package in the R-statistical software. Those 
publications were only considered, which had the men-
tion of the land degradation, restoration, and/or ES in the 
Title, Abstract, or Keywords. If the content or context was 
implicit, only abstracts were focused on identifying those 
aspects. Furthermore, the final selection considered only 
those publications published after 2002 until 2021 (last 
20 years) that resulted in a total of 117 document records 
(Fig. 1; Supplementary Information (SI); Table S1).

2.2 � Analyzing the Severity, Extent, Drivers, 
and Processes of Land Degradation

For analyzing the severity of land degradation, a global map 
was developed using the data products of GLASOD. It was 
processed under the ArcGIS Desktop 10 (copyright© 2010 
ESRI) (Data Source: GLASOD datasets, Available at http://​
www.​isric.​org/). The GLASOD datasets were recognized 
under two broad categories: first, the soil degradation by 
displacing soil materials, including water and wind ero-
sion. Second, soil degradation by the internal soil physical 
and chemical deterioration. Finally, by compiling these two 
broad categories, the parameters were set to the five cat-
egories, light, moderate, strong, extreme, and non-degraded 
types of land degradation.

Moreover, the 117 empirical studies were further catego-
rized under the different land degradation processes per the 
IPCC (2019). The IPBES (2018) suggested different land 

http://www.scopus.com
http://www.isric.org/
http://www.isric.org/
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degradation drivers (direct or indirect) were further checked 
for the explored subset of 117 empirical studies. Each of 
those empirical studies strictly dealt with the specific driv-
ers of land degradation (Table S1). The drivers of land deg-
radation in these studies were classified as per the IPBES 
(2018) and land classes (Oldeman et al. 1990). Moreover, 
these studies were further categorized according to Hobbs 
and Norton’s restoration and conservation principles (1996) 
and Fischer et al. (2006) to analyze the focus of the studied 
empirical publications.

2.3 � Statistical Analysis

The exported documents (BibTex file format) were analyzed 
under the bibliometrix package in the R-statistical software 
(version 3.6.1) copyright© 2019, The R Foundation for 

Statistical Computing for conducting the trend analysis. The 
compiled data were subjected to the R-statistical software to 
develop the heat-map graphs for further assessment accord-
ing to the methodological framework adapted by IPBES 
(2018). It was meant to analyze the extent and drivers of 
land degradation in the different regions and countries.

3 � Results

3.1 � Trend in the Publications Related to Land 
Degradation and Restoration

According to the conducted meta-analysis, the primary focus 
on highlighting the importance of land through these ES 
mainly was made on biodiversity maintenance, with 20.6% 

Fig. 1   Search criteria and methodological framework considered under the systematic literature review through a modified version of the 
PRISMA “preferred reporting items for systematic reviews and meta-analyses” guidelines and rules ( Adapted from Moher et al. 2010)
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of the studies across the reviewed empirical research. It was 
followed by the further emphasis on food, fiber, and fuel pro-
vision (19.3%), climate regulation (16.0%), carbon seques-
tration and nutrient cycling (13.0%), and so on (Fig. 2).

As per the reviewed studies, the processes leading to land 
degradation were broadly induced by cropping and grazing 

that has crossed the potential of the land during adverse 
conditions such as droughts, floods, etc. (Table S1). Gen-
eral documents (89,012 according to Scopus database) on 
land degradation, restoration, and ES have significantly 
increased over the years (Fig. 3). The assessed empirical 
studies included 8 biomes in 46 countries encompassing all 

Fig. 2   A Ecosystem services based on the meta-analysis provided by the land systems (the numbers represent the concerned services mentioned 
in the table. B The number shows the percentage of the studies depicting the concerning ecosystem services
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continents except Antarctica. The most frequent countries in 
the scientific production among the studied keywords were 
China (19 studies), USA (14), Spain (9), Germany, Sweden 
(5 each), Brazil (4), Australia, Chile, Ethiopia, Indonesia 
(3 each), India, Italy, Mexico, Nepal, Portugal, Thailand, 
Uganda, Zambia (2 each), and rest of the countries have 
shared single empirical studies (Fig. 4). The most pre-dom-
inating socio-ecological systems were the cultivated systems 
encompassing the croplands and grazing lands representing 
(55 studies) followed by forest ecosystems (54), urban sys-
tems (20), grassland ecosystems (11), coastal ecosystems 
(6), dryland ecosystems (5), Karst and mining areas (1 each) 
(Table S1).

Moreover, the empirical studies also focused on the differ-
ent land degradation processes classified accordingly based 
on IPCC-identified land degradation processes. The primary 
degradation process was found to be soil erosion by water 

(28.2%), followed by woodland encroachment (25.6%), Spe-
cies loss/compositional shifts (24.8%), Nutrient depletion 
(12%), Organic matter decline (6.8%), Invasions/woody 
encroachments (5.1%), Salinization/Compaction/Hardening 
(4.3%), Drying of continental waters/wetland/lowlands, Soil 
microbial and mesofaunal shifts, Soil erosion by wind (3.4% 
each), Coastal erosion, and Increased burning (2.6% each), 
Acidification/Over-fertilization/Metal toxicity/Pollution, 
Biological soil crust destruction, and Flooding (1.7% each), 
Sodification, Subsidence, and Waterlogging of dry systems 
(0.8% each) (Fig. 5). Furthermore, these studies utilized var-
ious kinds of suggestive restoration or conservation strate-
gies, which included afforestation, reforestation, no-tillage, 
agroforestry, reduced tillage, integrated ES valuation and 
management, monitoring studies, nature-based solutions, 
organic farming practices, urban agriculture, urban settle-
ment management, and various others (Table S1). 

Fig. 3   Number of publications 
on various aspects of land 
degradation and its restoration 
as per the Scopus-based survey 
(www.​scopus.​com)

Fig. 4   Country-wise distribution of empirical studies (n = 117) on the ‘land degradation,’ ‘land restoration,’ and ‘ecosystem services’

http://www.scopus.com
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3.2 � Drivers, Severity, and Extent of Land 
Degradation

Drivers are the factors that trigger land degradation pro-
cesses (IPBES 2018). These drivers can be direct (natural 
and anthropogenic) or indirect. The significant drivers of 
degradation documented in the explored empirical publica-
tions were grouped according to the categories described by 
the IPBES (2018). These drivers were the Cropland expan-
sion (31 studies), Infrastructure development and urbaniza-
tion (28), Climatic (26), Socio-economic (24), Demography 
(20), Non-timber natural resource extraction (11), Grazing 
land mismanagement (8), Cultural (7), Energy production 
and extractive industrialization (7), Fire regime change (5), 
Institution and governance (5), Invasion occurrences (3), 
Lifestyle (3), and Science, knowledge, and technology (2) 
(Table S1). The extent and the severity of global land deg-
radation have been depicted in Fig. 6 as per the datasets 
accessed from http://​www.​isric.​org/. According to Fig. 6 
majority of the land area was moderately degraded, followed 
by light, strong and extreme. Moreover, from the empirical 
studies, it was also found that most of them were moderately 
degraded (47%), followed by light (27.4%), strong (2.6%) 
(Table S1).

Furthermore, from the reviewed empirical studies, a 
heat-map graph was prepared as per the methodological 
framework of IPBES (2018), shown in Fig. 7. Accord-
ing to the results obtained, it was anticipated that there 

was a more significant impact of land degradation in 
the Asia–Pacific and African regions than that of the 
American and European nations. The critical drivers 
in Asia–Pacific and African regions were infrastruc-
ture development/urbanization, demography, economic 
attributes depicting the extreme decrease in land viabil-
ity, and ES. However, the fire-regime shift and invasive-
ness were the significant drivers in European countries. 
In contrast, the climate attribute was the emerging driver 
in the American context. Moreover, essential drivers 
among all reviewed studies were the cropland expansion 
(18.11%) followed by climatic (14.96%), infrastructure 
development and urbanization (14.17%), and demogra-
phy (8.66%), contributing for more than 55% among the 
enlisted and identified land degradation drivers. Also, 
these drivers were affected from moderate to extreme 
strength and depicted an increasing trend in many regions 
of the world (Fig. 7a–d). 

4 � Discussion

4.1 � International Initiatives Related to Significant 
Land Restoration Projects

Ecosystem restoration is a process that currently encom-
passes the basic science of revitalizing the disturbed eco-
system (Edrisi and Abhilash 2021). Agencies worldwide 

Fig. 5   Empirical 117 studies classified as per the IPCC-based identified land degradation processes after the manual review and assessment

http://www.isric.org/
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are undertaking various initiatives to restore degraded eco-
systems. For example, a UNEP report suggests that restor-
ing 350 Mha of degraded land during the years 2019 to 
2030 could generate ES worth US$9 trillion in and capture 
an additional 13 to 26 Gt of GHGs from the atmosphere 
(UNEP: www.​unep.​org). Currently, 57 countries, several 
governmental bodies, and private agencies have a consen-
sus to convoy more than 170 Mha of the restoration pro-
gram (Chazdon et al. 2017). This target has developed from 
regional efforts such as the Initiative 20 × 20 in Latin Amer-
ica to restore 20 Mha of degraded lands by 2020. Besides, 
the AFR100 African Forest Landscape Restoration Initia-
tive targets the restoration of 100 Mha of degraded lands by 
2030. Moreover, 20 Mha of degraded forests was targeted 
to be restored by 2020 across different Central and South 
American countries. This initiative has been supported by 
US$365 million from the investors (World Resources Insti-
tute: www.​wri.​org).

Similarly, some efforts have been emphasized to combat 
desertification—a mosaic of forest plantings across Africa. 
This initiative is partnered by more than 20 countries with 
several NGOs as well as industry partners that funded 
around US$ 1.1 billion from the investors (The World Bank: 
www.​world​bank.​org). Currently, a global target is to restore 
around 150 Mha of disturbed and degraded land ecosys-
tems, under priority of the United Nations Rio + 20 Confer-
ence on Sustainable Development (IUCN: www.​iucn.​org). 

In addition, the Global Land Project (GLP) has currently 
endorsed the HERCULES Project that deals with the Sus-
tainable futures for Europe’s heritage in cultural landscapes. 
Findings of this project could help in developing tools for 
understanding, managing, and protecting landscape func-
tions and values.

Moreover, the REDD-PAC project is under the GLP that 
indulges in land-use modeling at the global and regional 
scales to support national and regional REDD + policies. 
There are several other projects of GLP such as ‘Impacts 
of Reducing Emissions from Deforestation Degradation 
and Enhancing Carbon Stocks (I-REDD +),’ ‘Ecosystem 
Services, Well-being, and Justice: Developing Tools for 
Research and Development Practice’ and ‘Agricultural 
Landscapes under Global Climate Change: Processes and 
Feedbacks on a Regional Scale.’ Similarly, Global Envi-
ronmental Facility (GEF), in association with Society for 
Ecosystem Restoration (SER), promotes several other land 
restoration initiatives. The Global Soil Biodiversity Initiative 
(GSBI) has also been associated with revitalizing degraded 
soil resources.

Moreover, various landscape-level implications have been 
undertaken to restore different marginal and degraded lands 
worldwide (Fig. 8), supported by multiple governmental and 
non-governmental organizations such as the World Bank, 
Initiatives 20 × 20, Plant It 2020, Capital Region Land-keep-
ers Trust, etc. These international initiatives aim to restore 

Fig. 6   Extent and severity of global land degradation: the class with 
‘light’ terrain degradation shows slightly reduced suitability for the 
agricultural practices but is still suitable for utilization in the local 
farming systems. The ‘moderate’ deterioration depicts the consider-
ably declined agricultural productivity but can be utilized under local 

farming systems. Furthermore, the class ‘strong’ degradation shows 
the terrain cannot be reclaimed at the farm level practices. It requires 
significant engineering works for its restoration. The ‘extreme’ type 
of category indicates that the terrain is irreclaimable. (Data  source: 
http://​www.​isric.​org/)

http://www.unep.org
http://www.wri.org
http://www.worldbank.org
http://www.iucn.org
http://www.isric.org/
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the degraded lands with specific timeline targets. Such a 
restoration program often depends on the complexities of 
ecosystems, land-use scenarios, and ongoing degradation.

However, some restoration programs face various critical 
difficulties in their accomplishments. Since around 30% of 
the restoration scenario usually fails, and another 35% do 

Fig. 7   Trend and strength of land degradation and its subsequent 
impact on the land viability and ES in different countries and regions: 
the 117 empirical studies were digitized to develop a heat map in 

the R-Statistical software. The IPBES 2018, has already prescribed 
the land degradation drivers. (Detailed data has been provided in 
Table S1)
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not accomplish properly, there are possible failures in some 
restoration programs (Brasser and Ferwerda 2015). Simi-
larly, as shown in Fig. 8, most restoration projects are in their 

mid-way of accomplishments, and some are getting com-
pleted with certain shortcomings in line with obtaining the 
diverse ES. Therefore, it is necessary to focus on the aims of 

Fig. 7   (continued)
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LDN and UN-SDG with an approach toward transdiscipli-
nary research (Edrisi and Abhilash 2021). Consequently, it 
must be mediated through ecosystem-based land restoration 
under holistic and on-site restoration of degraded lands for 
regaining diverse ES.

4.2 � Strategies for Land Restoration and Regaining 
ES

From the reviewed studies, it was observed that several 
approaches were utilized to restore the degraded lands. The 
current research classified these approaches as per the guid-
ing principles for the restoration and conservation strate-
gies proposed by Hobbs and Norton (1996) and Fischer 
et al. (2006) (Fig. 9). Most of the studies (43.6%) aimed to 
enhance the restoration/conservation values in the degraded/
protected/productive landscapes. Only 14.5% of the studies 
(17 studies) emphasized the “improvement of the reproduc-
tive potential in the degraded production lands,” and 12.8% 
(15 studies) targeted the “restoration of the highly degraded 
lands.” Therefore, it is suggested that more focus should be 

made on the studies related to guiding principles highlighted 
above for land restoration, which could ensure the success 
of the restoration projects.

Moreover, it has been observed from the reviewed studies 
that the adoption of appropriate on-site restoration practices 
in the degraded land systems enhanced the biodiversity and 
ES. Contrastingly, various off-site restoration measures have 
significantly improved the soil quality but failed under field 
conditions (Benayas et al. 2009). Hence, an emphasis must 
be delivered frequently on bridging the gap between science 
and the practice of restoration (Menz et al. 2013). Since the 
associated ES are directly related to human well-being, the 
on-site land restoration will have a high impact.

Literature provides ample shreds of evidence related 
to the various on-site land restoration measures. A study 
from the Indian Himalayas suggests that stubble retention 
under conservation tillage enhances the yield and fod-
der production from the crops like wheat and rice. It also 
results in the carbon sequestration potential over the con-
trol by 0.61 Mg ha−1 year−1 (Bhattacharyya et al. 2015). 
Moreover, the measures that reduce the soil organic matter 

Fig. 8   Field level major restoration initiatives undertaken all across 
the world: (1) Restoration of Temperate Grassy Woodland in South 
eastern Australiaa; (2) Eco-restoration of degraded landscapes of 
Gondwana Link, Australiab; (3) Single species approach in Vietnamc; 
(4) Desertification control and ecological protection in Ningxia, 
Chinad; (5) Three-North forest shelterbelt ‘green wall of China’e, (6) 
Sodic  lands  reclamation  in Uttar Pradesh,  Indiad; (7) Integrated for-
est ecosystem restoration in Kyrgyz Republicd; (8) Climate adaptation 
in arid and semi-arid lands of Kenyad; (9) Restoration beyond carbon 
in Ugandac; (10) Integrated biodiversity conservation in Azerbaijanf; 
(11) Decentralised forest and woodland restoration in Burkina Fasod; 
(12) Acacia-based carbon sequestration for restoring degraded lands 

of Nigerd; (13) Afforestation and reforestation of abandoned lands in 
Albaniad; (14) Soil and non-renewable natural resources conserva-
tion in the Moldova of Europed; (15) Silvicultural management prac-
tices in the degraded forest of Belarus, Europed; (16) Reforestation 
program in Peru by PlantIt 2020 g; (17) Reforestation in the grazing 
land of Colombiad; (18) Widespread reforestation in Costa Ricah; (19) 
Ecosystem restoration of Ozark Highlands in USA, (20) New York’s 
million tree initiativee. [awww.​landk​eepers.​org.​au, bMoreno-Mateos 
et  al. 2012; cBrasser and Ferwerda 2015, dwww.​proje​cts.​world​bank.​
org, eDavid et  al. 2016, fUNCCD 2017, gwww.​plant​it2020.​org, hAn-
dam et al. 2018]

http://www.landkeepers.org.au
http://www.projects.worldbank.org
http://www.projects.worldbank.org
http://www.plantit2020.org
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loss are usually the conservation tillage, crop residue man-
agement, and integrated crop-livestock-forestry systems 
(Cowie et al. 2011). The technical sink potential through 
these management practices is estimated to be 0.3–0.5 Pg C 
year−1 as compared to the desertification control (Lal et al. 
1999). Moreover, it varied from 0.4 to 1.0 Pg C year−1 for 
restoring the salt-affected soils (Lal et al. 2010). Introducing 
cover crops leads to sequestering the carbon between 0.1 and 
1 t C ha−1 year−1 (Smith et al. 2008). Furthermore, it has 
been estimated that 0.12 Pg C year−1 could be captured glob-
ally through highly efficient restoration practice. It would 
compensate for 8% of the direct annual GHG emissions from 
agriculture in the arid regions (Poeplau and Don 2015).

Green manure crops, particularly Sesbania acu-
leata, accumulate 133 kg N ha−1 with the dry matter produc-
tion of 23.2 t ha−1. Similarly, other crops such as Sunnhemp, 
cowpea, and Pillipesara sp. are known to assimilate 134, 74 
and 102 kg N ha−1, and dry matter production of 30.6, 23.2, 
and 25.0 t ha−1, respectively, thereby suggesting an efficient 
technology and economically viable strategy to conserve and 
enhance soil organic carbon (SOC) and nutrients, especially 
nitrogen (Kumar et al. 2013). Moreover, an organic carbon 
input of around 1.5 Mg C ha−1 year−1 has been observed in 
the Green manure legume-based cropping system compared 
to the bare fallow systems with an average carbon capture 
potential of 0.55 Mg ha−1 year−1 (Dabin et al. 2015).

Furthermore, compost application via ‘scoop and dump 
technique’ is also one of the novel approaches utilized by 
Sax et al. (2017), under which the urban marginal lands are 
restored. They reported that various soil quality indicators 
such as bulk density, water holding capacity, and organic 
matter improved significantly to 0.89 g cm−3, 0.22%, and 

8.43%, respectively, in the compost treated lands as com-
pared to the degraded control with values 1.47 g  cm−3, 
0.15%, and 3.23%, respectively, during the 12 years of the 
study period. Conservation tillage (CT) is another practical 
technique for crop residues utilization to enhance and main-
tain the soil carbon pool. Carbon sequestration potential by 
4913 Tg C if 417 Mha enhances the land area under CT. It 
represents the global carbon sequestration rate of 0.125 Pg 
C year−1, resulting in a worldwide increase of SOC con-
tent by 0.002% year−1 (Lal 1997). However, effective water 
utilization is one of the critical challenges in the dryland 
and barren areas raised due to excessive water harvesting. 
Around 130,000 ha of abandoned and degraded lands in 
central Burkina Faso have been restored by adopting an 
indigenous practice—tassas and zaï. Cereal yields in these 
regions rarely achieved 300 kg ha−1. However, the improved 
lands resulted in cereal production ranging from 700 to 
1000 kg ha−1 (Pretty et al. 2003).

All the strategies described above and approaches have 
been directed towards restoring or remediation of specific 
soil attributes or contaminants, uplifting mostly the single 
type of ES such as food, fodder, or fiber yield, above- or 
below-ground biodiversity, etc. However, sustainable inte-
grative technologies (Upadhyay and Edrisi 2021) can ensure 
efficient restoration processes. Therefore, we propose that 
local knowledge systems should be coupled with an appro-
priate validation measure. This would support sustainable 
restoration depending on the type of degradation and regain-
ing multiple ES. Development of marginal and degraded 
lands for regaining diverse ES could also provide value-
added bioproducts, including bioplastics, biocomposites, 
biofuels, biosurfactants, pharmacologically active products, 

Fig. 9   Guiding principles for the restoration measures and conservation strategies on the degraded lands from the reviewed empirical studies
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industrially important solvents, and many others. This would 
undoubtedly enhance the viability of the land ecosystems 
and develop resistance towards ecological perturbations. 
Land restoration thus could help to mitigate further land 
degradation, ultimately contributing towards LDN and 
UN-SDG.

4.3 � Strategies to Ensure the Stakeholders’ 
Involvement

One of the challenges for managing and remediating 
degraded lands is to include all the concerned stakeholders 
in the process actively (Okpara et al. 2020). For remedia-
tion and containment of degraded land resources, we have to 
involve different stakeholders, including landowners, finan-
ciers, environmental or engineering consultants. Besides, we 
also must focus on other stakeholders like pressure groups, 
local councils, residential associations, etc. Currently, there 
is a lack of insight into how to facilitate the learning between 
these multiple stakeholders involved in the restoration and 
management of degraded lands. Intensive and frequent 
interaction is required between the stakeholders involved in 
restoring and managing degraded land resources (Hou and 
Al-Tabbaa 2014). Active involvement of the restoration tech-
nology experts and policymakers would support the involve-
ments of the owners/managers of degraded land. It could 
also enhance the social acceptability of new technologies 
and policies (Hou and Al-Tabbaa 2014). Rapid land degrada-
tion over the years has aroused the demand for economically 
sustainable remediation initiatives; hence, it requires vari-
ous financial and regulatory incentives to ensure stakehold-
ers’ involvement (Hou and Al-Tabbaa 2014). As degraded 
land is too a valuable asset, site owners often require rapid 
and sustainable restoration practices (Abhilash et al. 2016). 
According to the United States Environmental Protection 
Agency (USEPA), remediation with current remediation 
practices such as bioremediation of already contaminated 
sites may require 100–200 years (USEPA 2004). However, 
even slow technologies like bioremediation and phytoreme-
diation could help in generating a green economy. It would 
be possible to utilize the generated biomass as a substrate 
for food, feed, producing biofuels, biosurfactants, platform 
chemicals, etc. (Edrisi et al. 2019; Edrisi and Abhilash 
2015a). It will also offer socio-economic benefits by diver-
sifying the regional manufacturing into newer products that 
may provide local labor employment, helping enhance par-
ticipation of the involved stakeholders (Hou and Al-Tabbaa 
2014; Edrisi and Abhilash 2015b).

Continuously increasing land degradation also demands 
a reconsideration of strategies making land restoration a 
joint-learning process. It should target different stakehold-
ers taking account of local traditions, knowledge, mind-
sets, and the microclimatic conditions. De Pina Tavares 

et al. (2014) described a hybrid combination to solve the 
desertification problem in the Cape Verde archipelago. 
This approach considered the experiences and skills of 
the local people with the scientific knowledge of external 
stakeholders. The active involvement of stakeholders also 
requires initiatives from government agencies by making 
policies and regulatory guidelines and providing a technol-
ogy toolkit to promote sustainable practices in contami-
nated site clean-up (Manero et al. 2020). For example, a 
traditional technique of fire ban adopted by the Portuguese 
government agencies and integrated restoration of range-
land areas by improved incorporation of scientific and 
technological knowledge has helped stakeholders’ involve-
ment in designing effective strategies to reduce fire risk, 
thus offering increased safety and sustainable restoration 
of land resources (Carreiras et al. 2014).

4.4 � Challenges in Ecosystem‑Based Land 
Restoration and Way Forward

It is observed that globally several restoration projects at a 
landscape level suffer from various shortcomings and fail-
ures due to the lack of communication and unawareness to 
bridge the gap between science and practice (David et al. 
2016). For instance, New York’s million tree initiative aimed 
to restore 809 ha of lands failed due to the lack of guidelines 
for species selection, placement, and monitoring (Cabin 
et al. 2010). Similarly, the four-forest restoration initiative 
in the Arizona National Forest targeted around 121,406 ha 
of lands, and the well-known mangrove restoration project, 
including 44,000 ha of lands in the Philippines, failed due 
to the lack of scientific recommendations. The later pro-
ject faced the problem of more than 90% of seedlings death 
or dismally stunted within a year of planting (David et al. 
2016). Therefore, more holistic approaches are required to 
overcome these failures, and other issues like stakeholders’ 
involvement must be emphasized. Apart from the ecosystem 
point of view, these issues could be the cost–benefit analysis 
of the process, societal justice, cumulative social impacts, 
stakeholders’ involvement, certification, and marketing of 
the products produced to achieve the large-scale utilization 
of degraded ecosystems (Fig. 10). Globally, the emphases 
are made to re-establish the concurrent restoration practices 
to achieve the goal of sustainability. This perspective also 
becomes much more intense in developing nations since the 
technologically deprived countries cannot afford upgraded 
technologies for such restoration programs. Hence, these 
local and regional frameworks usually influence the socio-
economic considerations of the concerned nations. It also 
includes the educational level, cultural aspects, and policies, 
including environmental and social targets (Liu et al. 2019).
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5 � Concluding Remarks and Policy 
Implications

The study suggested that most of the restoration works have 
focused on enhancing the conservation or restoration val-
ues, which is necessary to conserve productive lands and 
restore already degraded lands. However, the studies related 
to restoring the highly degraded land or improving its pro-
ductivity are still not meeting the demands. Therefore, it 
is highly needed to adopt the systematic science of ex situ 
restoration into the field for successful on-site land restora-
tion for regaining ES and meeting UN-SDG.

It is pertinent to identify the critical issues of the degraded 
landscape to achieve sustainable restoration. Furthermore, 
integrative technologies with the coupled local knowledge 
need promotion under proper validation approaches. It could 
offer successful restoration of ES and provide additional 
benefits to people. As per the meta-analysis, though the 
process had several success stories, still cautious learning 
is required from the concurrent shortcomings. Hence, field-
oriented implementations and restoration should be empiri-
cally adopted under long-term projects.

Moreover, several factors such as local people’s percep-
tions, stakeholders’ involvement, and youth engagements 
need to be undertaken during action plan development for 
restoring the degraded lands successfully. These factors 
could be the holistic approaches encompassing the whole 
framework of sustainable restoration (i.e., ecological, socio-
political and economical, and technological factors). How-
ever, various factors are yet to be explored and monitored 
while adopting the restoration practices for harnessing the 
multiple benefits of LDN and attaining UN-SDG.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s44177-​022-​00018-0.

Acknowledgements  The authors are grateful to the Directors, Deans, 
and Heads of their respective Institutions. SAE is grateful to SERB, 
Govt. of India for the start-up research grant, and TIET, India, for the 
seed grant.

Data Availability  All data generated or analyzed during this study are 
included in this published article [and its supplementary information 
files].

Declarations 

Conflict of Interest  The authors declare no conflict of interest.

References

Abhilash PC, Powell JR, Singh HB, Singh BK (2012) Plant-microbe 
interactions: novel applications for exploitation in multipurpose 
remediation technologies. Trends Biotechnol 30:416–420. https://​
doi.​org/​10.​1016/j.​tibte​ch.​2012.​04.​004

Abhilash PC, Dubey RK, Tripathi V, Srivastava P, Verma JP, Singh 
HB (2013a) Adaptive soil management. Curr Sci 104:1275–1276

Abhilash PC, Dubey RK, Tripathi V, Srivastava P, Verma JP, Singh 
HB (2013b) Remediation and management of POPs-contami-
nated soils in a warming climate: challenges and perspectives. 
Environ Sci Pollut Res 20:5879–5885. https://​doi.​org/​10.​1007/​
s11356-​013-​1808-5

Abhilash PC, Tripathi V, Edrisi SA et al (2016) Sustainability of crop 
production from polluted lands. Energy Ecol Environ 1:1–12. 
https://​doi.​org/​10.​1007/​s40974-​016-​0007-x

Andam KS, Ferraro PJ, Pfaff A, Sanchez-Azofeifa GA, Robalino JA 
(2008) Measuring the effectiveness of protected area networks 
in reducing deforestation. Proc Natl Acad Sci 105:16089–16094

Fig. 10   Critical factors to be undertaken for sustainable ecosystem-based land restoration

https://doi.org/10.1007/s44177-022-00018-0
https://doi.org/10.1016/j.tibtech.2012.04.004
https://doi.org/10.1016/j.tibtech.2012.04.004
https://doi.org/10.1007/s11356-013-1808-5
https://doi.org/10.1007/s11356-013-1808-5
https://doi.org/10.1007/s40974-016-0007-x


193Anthropocene Science (2022) 1:179–194	

1 3

Benayas JM, Newton AC, Diaz A, Bullock JM (2009) Enhancement 
of biodiversity and ecosystem services by ecological restora-
tion: a meta-analysis. Science 325:1121–1124. https://​doi.​org/​
10.​1126/​scien​ce.​11724​60

Bhattacharyya R, Ghosh BN, Mishra PK et al (2015) Soil Degrada-
tion in India: challenges and potential solutions. Sustainability. 
https://​doi.​org/​10.​3390/​su704​3528

Brasser A, Ferwerda W (2015) 4 Returns from landscape restoration. 
Commonl Found 1–59

Cabin RJ, Clewell A, Ingram M, McDonald T, Temperton V (2010) 
Bridging restoration science and practice: results and analysis 
of a survey from the 2009 society for ecological restoration 
international meeting. Restor Ecol 18:783–788. https://​doi.​org/​
10.​1111/j.​1526-​100X.​2010.​00743.x

Carreiras M, Ferreira AJ, Valente S, Fleskens L, Gonzales-Pelayo 
Ó, Rubio JL, Stoof CR, Coelho CO, Ferreira CS, Ritsema CJ 
(2014) Comparative analysis of policies to deal with wildfire 
risk. Land Degrad Dev 25:92–103. https://​doi.​org/​10.​1002/​ldr.​
2271

Chazdon RL, Brancalion PH, Lamb D, Laestadius L, Calmon M, 
Kumar C (2017) A policy driven knowledge agenda for global 
forest and landscape restoration. Conserv Letters 10:125–132. 
https://​doi.​org/​10.​1111/​conl.​12220

Cowie AL, Penman TD, Gorissen L et al (2011) Towards sustain-
able land management in the drylands: scientific connections 
in monitoring and assessing dryland degradation. Clim Change 
Biodivers 260:248–260. https://​doi.​org/​10.​1002/​ldr.​1086

Dabin Z, Pengwei Y, Na Z, Zheng W, Changwei Y, Qunhu C, Wei-
dong C, Yajun G (2015) Responses of winter wheat production 
to green manure and nitrogen fertilizer on the loess plateau. 
Agron J 107:361. https://​doi.​org/​10.​2134/​agron​j14.​0432

David E, Dixon KW, Menz MHM (2016) Cooperative extension: a 
model of science-practice integration for ecosystem restoration. 
Trends Plant Sci 21:410–417. https://​doi.​org/​10.​1016/j.​tplan​ts.​
2016.​01.​001

De Pina TJ, Ferreira AJ, Reis EA, Baptista I, Amoros R, Costa L, 
Furtado AM, Coelho C (2014) Appraising and selecting strate-
gies to combat and mitigate desertification based on stakeholder 
knowledge and global best practices in Cape Verde archipelago. 
Land Degrad Dev 25:45–57. https://​doi.​org/​10.​1002/​ldr.​2273

Edrisi SA, Abhilash PC (2015a) Book review: socio-economic 
impacts of bioenergy production. Front Bioeng Biotechnol 
3:310. https://​doi.​org/​10.​3389/​fbioe.​2015.​00174

Edrisi SA, Abhilash PC (2015b) Sustainable bioenergy production 
from woody biomass: prospects and promises. J Clean Prod 
102:558–559. https://​doi.​org/​10.​1016/j.​jclep​ro.​2015.​04.​031

Edrisi SA, Abhilash PC (2016) Exploring marginal and degraded 
lands for biomass and bioenergy production: an Indian scenario. 
Renew Sust Energ Rev 54:1537–1551. https://​doi.​org/​10.​1016/j.​
rser.​2015.​10.​050

Edrisi SA, Abhilash PC (2021) Need of transdisciplinary research 
for accelerating land restoration during the UN Decade on Eco-
system Restoration. Restor Ecol 29(8):e13531. https://​doi.​org/​
10.​1111/​rec.​13531

Edrisi SA, Tripathi V, Abhilash PC (2019) Performance analysis and 
soil quality indexing for Dalbergia sissoo Roxb. grown in mar-
ginal and degraded land of eastern Uttar Pradesh India. Land 
8(4):63. https://​doi.​org/​10.​3390/​land8​040063

FAO (2015) Soil functions: soils deliver ecosystem services that 
enable life on Earth. Available Online: http://​www.​fao.​org/​soils-​
2015/​en/. Accessed 17 Aug 2021

Fischer J, Lindenmayer DB, Manning AD (2006) Biodiversity, 
ecosystem function, and resilience: ten guiding principles for 
commodity production landscapes. Front Ecol Environ 4:80–86. 
https://​doi.​org/​10.​1890/​1540-​9295(2006)​004

Gibbs HK, Salmon JM (2015) Mapping the world’s degraded lands. 
Appl Geogr 57:12–21. https://​doi.​org/​10.​1016/j.​apgeog.​2014.​11.​
024

Gisladottir G, Stocking M (2005) Land degradation control and its 
global environmental benefits. L Degrad Dev 16:99–112. https://​
doi.​org/​10.​1002/​ldr.​687

Gonzalez-Redin J, Gordon IJ, Hill R, Polhill JG, Dawson TP (2019) 
Exploring sustainable land use in forested tropical social-ecolog-
ical systems: a case-study in the Wet Tropics. J Environ Manage 
231:940–952. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​10.​079

Hobbs RJ, Norton DA (1996) Towards a conceptual framework for res-
toration ecology. Restor Ecol 4:93–110. https://​doi.​org/​10.​1111/j.​
1526-​100X.​1996.​tb001​12.x

Hou D, Al-Tabbaa A (2014) Sustainability: a new imperative in con-
taminated land remediation. Environ Sci Policy 39:25–34. https://​
doi.​org/​10.​1016/j.​envsci.​2014.​02.​003

Hu M, Wang Y, Xia B, Jiao M, Huang G (2020) How to balance eco-
system services and economic benefits?—a case study in the Pearl 
River Delta. China J Environ Manag 271:110917. https://​doi.​org/​
10.​1016/j.​jenvm​an.​2020.​110917

IPBES (2018) The IPBES assessment report on land degradation 
and restoration. Secretariat of the Intergovernmental Science-
Policy Platform on Biodiversity and Ecosystem Services: Bonn, 
Germany.

IPCC (2019) IPCC special report on climate change, desertification, 
land degradation, sustainable land management, food security, 
and greenhouse gas fluxes in terrestrial ecosystems: Geneva, 
Switzerland.

Keesstra S, Mol G, de Leeuw J et al (2018) Soil-related sustainable 
development goals: four concepts to make land degradation neu-
trality and restoration work. Land 7:133. https://​doi.​org/​10.​3390/​
land7​040133

Kumar A, Gupta DK, Kumar M (2013) Green manure crops: a boon 
for agricultural soil. Int J Agric Environ Biotechnol 6:193–198

Lal R (1997) Residue management, conservation tillage and soil resto-
ration for mitigating greenhouse effect by CO2-enrichment. Soil 
Tillage Res 43:81–107. https://​doi.​org/​10.​1016/​S0167-​1987(97)​
00036-6

Lal R, Hassan HM, Dumanski JM (1999) Desertification control to 
sequester carbon and mitigate the greenhouse effect. In Carbon 
Sequestration in Soils: Science, Monitoring and Beyond. Rosen-
berg RC, Izaurralde Malone EL (Eds) Battelle Press, Columbus, 
USA, pp. 83–107

Lal R, Pandey G, Sharma P, Kumari K, Malhotra S, Pandey R, Raina 
V, Kohler HP, Holliger C, Jackson C, Oakeshott JG (2010) Bio-
chemistry of microbial degradation of hexachlorocyclohexane and 
prospects for bioremediation. Microbiol Mol Biol Rev 74:58–80. 
https://​doi.​org/​10.​1128/​MMBR.​00029-​09

Lambin EF, Meyfroidt P (2011) Global land use change, economic 
globalization, and the looming land scarcity. Proc Natl Acad Sci 
108:3465–3472. https://​doi.​org/​10.​1073/​pnas.​11004​80108

Liu W, Zhan J, Zhao F, Yan H, Zhang F, Wei X (2019) Impacts of 
urbanization-induced land-use changes on ecosystem services: a 
case study of the Pearl River Delta Metropolitan Region, China. 
Ecol Ind 98:228–238. https://​doi.​org/​10.​1016/j.​ecoli​nd.​2018.​10.​
054

Manero A, Kragt M, Standish R, Miller B, Jasper D, Boggs G, Young 
R (2020) A framework for developing completion criteria for mine 
closure and rehabilitation. J Environ Manage 273:111078. https://​
doi.​org/​10.​1016/j.​jenvm​an.​2020.​111078

Menz MH, Dixon KW, Hobbs RJ (2013) Hurdles and opportunities for 
landscape-scale restoration. Science 339:526–527. https://​doi.​org/​
10.​1126/​scien​ce.​12283​34

Moher D, Liberati A, Tetzlaff J, Altman DG (2010) Preferred report-
ing items for systematic reviews and meta-analyses: the PRISMA 
statement. Int J Surg 8:336–341

https://doi.org/10.1126/science.1172460
https://doi.org/10.1126/science.1172460
https://doi.org/10.3390/su7043528
https://doi.org/10.1111/j.1526-100X.2010.00743.x
https://doi.org/10.1111/j.1526-100X.2010.00743.x
https://doi.org/10.1002/ldr.2271
https://doi.org/10.1002/ldr.2271
https://doi.org/10.1111/conl.12220
https://doi.org/10.1002/ldr.1086
https://doi.org/10.2134/agronj14.0432
https://doi.org/10.1016/j.tplants.2016.01.001
https://doi.org/10.1016/j.tplants.2016.01.001
https://doi.org/10.1002/ldr.2273
https://doi.org/10.3389/fbioe.2015.00174
https://doi.org/10.1016/j.jclepro.2015.04.031
https://doi.org/10.1016/j.rser.2015.10.050
https://doi.org/10.1016/j.rser.2015.10.050
https://doi.org/10.1111/rec.13531
https://doi.org/10.1111/rec.13531
https://doi.org/10.3390/land8040063
http://www.fao.org/soils-2015/en/
http://www.fao.org/soils-2015/en/
https://doi.org/10.1890/1540-9295(2006)004
https://doi.org/10.1016/j.apgeog.2014.11.024
https://doi.org/10.1016/j.apgeog.2014.11.024
https://doi.org/10.1002/ldr.687
https://doi.org/10.1002/ldr.687
https://doi.org/10.1016/j.jenvman.2018.10.079
https://doi.org/10.1111/j.1526-100X.1996.tb00112.x
https://doi.org/10.1111/j.1526-100X.1996.tb00112.x
https://doi.org/10.1016/j.envsci.2014.02.003
https://doi.org/10.1016/j.envsci.2014.02.003
https://doi.org/10.1016/j.jenvman.2020.110917
https://doi.org/10.1016/j.jenvman.2020.110917
https://doi.org/10.3390/land7040133
https://doi.org/10.3390/land7040133
https://doi.org/10.1016/S0167-1987(97)00036-6
https://doi.org/10.1016/S0167-1987(97)00036-6
https://doi.org/10.1128/MMBR.00029-09
https://doi.org/10.1073/pnas.1100480108
https://doi.org/10.1016/j.ecolind.2018.10.054
https://doi.org/10.1016/j.ecolind.2018.10.054
https://doi.org/10.1016/j.jenvman.2020.111078
https://doi.org/10.1016/j.jenvman.2020.111078
https://doi.org/10.1126/science.1228334
https://doi.org/10.1126/science.1228334


194	 Anthropocene Science (2022) 1:179–194

1 3

Moreno-Mateos D, Power ME, Comín FA, Yockteng R (2012) Struc-
tural and functional loss in restored wetland ecosystems. PLoS 
Biol 10(1):e1001247. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10012​
47

Nijsen M, Smeets E, Stehfest E, Vuuren DP (2012) An evaluation of 
the global potential of bioenergy production on degraded lands. 
GCB Bioenergy 4:130–147. https://​doi.​org/​10.​1111/j.​1757-​1707.​
2011.​01121.x

Nkonya E, Mirzabaev A, Von Braun J (2016) Economics of land deg-
radation and improvement: an introduction and overview. In: Eco-
nomics of land degradation and improvement: a global assessment 
for sustainable development, Nkonya E, Mirzabaev A, Von Braun 
J (Eds) Springer International Publishing: Cham, ISBN 978-3-
319-19167-6. https://​doi.​org/​10.​1007/​978-3-​319-​19168-3_1

Okpara UT, Fleskens L, Stringer LC, Hessel R, Bachmann F, Dalia-
kopoulos I, Berglund K, Velazquez FJ, Dal Ferro N, Keizer J, 
Kohnova S (2020) Helping stakeholders select and apply appraisal 
tools to mitigate soil threats: researchers’ experiences from across 
Europe. J Environ Manage 257:110005. https://​doi.​org/​10.​1016/j.​
jenvm​an.​2019.​110005

Oldeman LR, Hakkeling RT, Sombroek WG (1990) World map of the 
status of human-induced soil degradation: an explanatory note. 
In: International Soil Reference and Information Centre (ISRIC) 
and United Nations Environment Programme (UNEP) 1st (eds), 
1–41. ISBN 9066720468.

Poeplau C, Don A (2015) Carbon sequestration in agricultural soils 
via cultivation of cover crops—a meta-analysis. Agric Ecosyst 
Environ 200:33–41. https://​doi.​org/​10.​1016/j.​agee.​2014.​10.​024

Pretty JN, Morison JI, Hine RE (2003) Reducing food poverty by 
increasing agricultural sustainability in developing countries. 

Agric Ecosyst Environ 95:217–234. https://​doi.​org/​10.​1016/​
S0167-​8809(02)​00087-7

Sax MS, Bassuk N, van Es H, Rakow D (2017) Long-term remediation 
of compacted urban soils by physical fracturing and incorporation 
of compost. Urban for Urban Green 24:149–156. https://​doi.​org/​
10.​1016/j.​ufug.​2017.​03.​023

Smith P, Martino D, Cai Z, Gwary D, Janzen H, Kumar P, McCarl B, 
Ogle S, O’Mara F, Rice C, Scholes B (2008) Greenhouse gas miti-
gation in agriculture. Philos Trans R Soc B Biol Sci 363:789–813. 
https://​doi.​org/​10.​1098/​rstb.​2007.​2184

Sutton PC, Anderson SJ, Costanza R, Kubiszewski I (2016) The eco-
logical economics of land degradation: impacts on ecosystem ser-
vice values. Ecol Econ 129:182–192. https://​doi.​org/​10.​1016/j.​
ecole​con.​2016.​06.​016

UNCCD (2017) Global land outlook (First). UNCCD, Bonn, Germany. 
Available Online: https://​www.​unccd.​int. Accessed 17 Aug 2021

Upadhyay SK, Edrisi SA (2021) Developing sustainable measures to 
restore fly-ash contaminated lands: current challenges and future 
prospects. Land Degrad Develop 32:4817–4831. https://​doi.​org/​
10.​1002/​ldr.​4090

USEPA (2004) Cleaning up the Nation’s waste sites: markets and 
technology trends, 2004 Edition. United States Environmental 
Protection Agency, Washington, DC. https://​doi.​org/​10.​1007/​
s13398-​014-​0173-7.2

WHO (2005) Ecosystem and human wellbeing, health synthesis, 
a report of the millennium ecosystem assessment. Available 
Online: http://​www.​who.​int/​globa​lchan​ge/​ecosy​stems/​ecosys.​
pdf. Accessed 17 Aug 2021

https://doi.org/10.1371/journal.pbio.1001247
https://doi.org/10.1371/journal.pbio.1001247
https://doi.org/10.1111/j.1757-1707.2011.01121.x
https://doi.org/10.1111/j.1757-1707.2011.01121.x
https://doi.org/10.1007/978-3-319-19168-3_1
https://doi.org/10.1016/j.jenvman.2019.110005
https://doi.org/10.1016/j.jenvman.2019.110005
https://doi.org/10.1016/j.agee.2014.10.024
https://doi.org/10.1016/S0167-8809(02)00087-7
https://doi.org/10.1016/S0167-8809(02)00087-7
https://doi.org/10.1016/j.ufug.2017.03.023
https://doi.org/10.1016/j.ufug.2017.03.023
https://doi.org/10.1098/rstb.2007.2184
https://doi.org/10.1016/j.ecolecon.2016.06.016
https://doi.org/10.1016/j.ecolecon.2016.06.016
https://www.unccd.int
https://doi.org/10.1002/ldr.4090
https://doi.org/10.1002/ldr.4090
https://doi.org/10.1007/s13398-014-0173-7.2
https://doi.org/10.1007/s13398-014-0173-7.2
http://www.who.int/globalchange/ecosystems/ecosys.pdf
http://www.who.int/globalchange/ecosystems/ecosys.pdf

	Assessing the Realization of Global Land Restoration: A Meta-analysis
	Abstract
	1 Introduction
	2 Methodology Employed
	2.1 Assessing the Trend on the Publications Related to Land Degradation and Restoration: Literature Search and Selection Criteria
	2.2 Analyzing the Severity, Extent, Drivers, and Processes of Land Degradation
	2.3 Statistical Analysis

	3 Results
	3.1 Trend in the Publications Related to Land Degradation and Restoration
	3.2 Drivers, Severity, and Extent of Land Degradation

	4 Discussion
	4.1 International Initiatives Related to Significant Land Restoration Projects
	4.2 Strategies for Land Restoration and Regaining ES
	4.3 Strategies to Ensure the Stakeholders’ Involvement
	4.4 Challenges in Ecosystem-Based Land Restoration and Way Forward

	5 Concluding Remarks and Policy Implications
	Acknowledgements 
	References




