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Abstract

Degradation of grassland ecosystems severely impacts global ecological secu-
rity, livelihoods of residents in grassland regions, and the development of grass-
land cultural diversity. Restoration of degraded grasslands relies on drawing
upon effective research cases; cases with different study durations serve dis-
tinct reference roles for setting objectives in ecological restoration practices and
formulating restoration plans, while research cases with guiding value are typi-
cally long-term studies. Based on an investigation of 149 ecological restoration
cases of degraded grasslands both domestically and internationally, this paper
comprehensively analyzes the distribution of study durations, restoration objec-
tives, restoration methods, effectiveness, and methods for acquiring long-term
research data for degraded grassland ecological restoration, summarized as fol-
lows. (1) Cases with durations less than 10a are relatively numerous and focus
more on continuous research; longer-term studies rely more on revisiting previ-
ous research cases. (2) Relatively speaking, longer-term study results exhibit
higher reliability and their restoration technologies are more persuasive; studies
on productivity generally have shorter case durations than those on ecological
functions. (3) In the ecological restoration of degraded grasslands, the top three
restoration objectives are biodiversity, vegetation coverage, and soil carbon pool.
(4) Studies on animal communities are very rare among the investigated research
cases. (5) The most frequently applied restoration methods for degraded grass-
lands are artificial seeding, fencing for restoration, and grazing management.
(6) Longer-term research studies mostly adopt the method of case revisiting to
obtain data comparable with previous studies. Finally, it is recommended that
special attention should be paid to the application of case revisiting methods,
and that more field data acquisition should be conducted before comprehensive
big data integration, as this is more reliable.
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Abstract

Degradation of grassland ecosystems severely impacts global ecological secu-
rity, livelihoods of residents in pastoral areas, and the development of grass-
land cultural diversity. Restoration of degraded grasslands depends on drawing
lessons from effective research cases, which typically involve different study dura-
tions that provide varied references for setting restoration goals and formulating
restoration schemes. Moreover, obtaining research cases with guiding value usu-
ally requires long-term investigations. Based on a survey of 149 international
cases of degraded grassland ecological restoration, this paper comprehensively
analyzes the distribution of study durations, restoration effects, and methods
for acquiring long-term research data. The main conclusions are as follows:
(1) Among the 149 cases, most studies lasted less than 10 years and focused
on continuous annual experiments, whereas long-term studies (>10 years) re-
lied on field revisiting. (2) Studies with long-term monitoring and surveys pro-
duced more reliable results and provided more useful guidelines for restoration
techniques. Generally, productivity-focused studies had shorter durations than
those targeting ecological functions. (3) The three most common restoration
goals were biodiversity, vegetation coverage, and soil carbon pool. (4) Very few
cases addressed animal communities. (5) The most frequently applied restora-
tion method was artificial seeding. (6) Studies with longer time spans primarily
used field revisiting methods to obtain comparable data from the same sites. In
conclusion, we recommend emphasizing the application of field revisiting meth-
ods in monitoring and evaluating grassland restoration effects. More on-site
field measurements should be conducted before performing big-data synthesis,
as this approach yields more reliable results.
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Introduction

Over the past century, global grassland ecosystems have experienced the most
severe threats in human history, leading to extensive and multifaceted grass-
land degradation. Consequences include biodiversity loss, weakened ecosystem
functions, and diminished livelihoods for local residents. As developing coun-
tries enter stages of rapid production growth, grassland ecosystems are following
the path of industrial-scale destruction. Media reports have consistently claimed
that approximately [percentage missing] of grasslands globally are in a degraded
state. Since the beginning of this century, global degraded grassland restoration
has faced enormous challenges in improving livelihood sustainability and ecolog-
ical service functions. Restoration ecologists have long focused on degraded
grassland ecosystem recovery, dedicating themselves to research and practical
work.

The duration of research cases is closely linked to restoration effectiveness and
method validity. Successful ecological restoration outcomes are often based
on long-term research experience and accumulation. Cases with different study
years provide different guidance values for practice. In ecological restoration, ac-
curate assessment of grassland vegetation evolution must be based on long-term
monitoring results to enable detailed evaluation of biodiversity and vegetation
ecological functions. Long-term grassland restoration ecology research has re-
ceived early attention and implementation, beginning in Europe and America,
where long-term is generally defined as 20-50 years or more. Without long-term
restoration experience, management schemes may be counterproductive. High-
lighting the long-term characteristics of ecological restoration can better alert
policymakers to consider environmental impacts carefully. Understanding re-
search cases with different durations can provide references for China’ s current
large-scale ecological restoration projects and offer benchmarks for objective
evaluation of these efforts. This paper comprehensively analyzes the temporal
patterns, restoration goals, and study duration characteristics based on 149 de-
graded grassland restoration cases surveyed from China and abroad, aiming to
provide reference value for current degraded grassland restoration efforts.

1. Temporal Scope

Contemporary ecological research has broken through traditional boundaries,
as evident from its broad temporal span. Jackson (2001) identified three time
scales in ecological research: the first is general ecological research time (real-
time), ranging from years to decades; the second is Q-time (quaternary); and the
third exceeds 100 years (deep-time), belonging to paleontology and geographical
change research. According to this classification, grassland restoration ecology
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generally falls under real-time, as degraded grasslands recover relatively quickly,
making most grassland ecology research time spans relatively short. Long-term
ecological research is typically defined as 20-50 years.

Time-related degraded grassland restoration research cases mainly focus on mon-
itoring after restoration technique implementation, using results to evaluate
restoration effectiveness. Among 149 randomly surveyed grassland restoration
cases, most time scales were less than 10 years, with the next most common
being 10-20 years. This indicates that most cases assess degraded grassland
restoration based on relatively short-term results. Long-term research methods
in restoration ecology mainly include: (1) long-term continuous monitoring of
the same plots, (2) chronosequence studies, and (3) revisiting of intermittently
studied plots. Among these 149 cases, many long-term studies rely on revisit-
ing previous research sites based on literature or documented records to obtain
evaluable data.

[Figure 1: see original paper| The number of 149 grassland restoration study
cases across different time periods

[Figure 2: see original paper]| Evaluation of restoration effects for 149 grassland
restoration cases

2. Restoration Effects

In the comprehensive comparison of 149 grassland restoration cases, restoration
outcomes represent the degree of negative and positive effects after restoration
technique implementation. Artificial scoring was conducted based on restora-
tion goals and final achieved effects. Statistical results show no relationship
between restoration outcomes and duration—both short-term and long-term
restoration results can be good or bad, demonstrating the importance of match-
ing appropriate restoration techniques with restoration time. However, longer
durations generally lead grassland restoration toward positive succession, often
achieving good results, with result significance depending on duration length.
For restoration techniques, degraded grassland recovery should preferably use
disturbance-exclusion methods. Currently, various degraded grassland restora-
tion techniques implemented in China are difficult to evaluate in the short term,
requiring long-term tracking to gain deeper understanding of ecological restora-
tion effects.

Different grassland types and observation objects yield substantially different
results. Cases with negative outcomes mainly concentrate on target species
and community structure restoration, soil function or nitrogen level restoration.
Soil system restoration over longer periods is generally difficult to achieve tar-
gets. Cases with reduced vegetation coverage are related to climate variability.
In grassland ecosystems, measures that exclude disturbance generally deviate
from expected goals to some extent. Appropriate restoration techniques can usu-
ally achieve positive effects on biodiversity and vegetation coverage. Grazing,
burning, fertilization, and tillage can all demonstrate positive restoration effects
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after implementation. However, for meadows with high nutrient heterogeneity
and high species richness, results are more uncertain.

3. Global Distribution and Temporal Patterns of Research
Cases

The duration of long-term degraded grassland restoration cases is closely related
to regional research capacity. Europe has strong research infrastructure and nu-
merous long-term research stations, with many reported cases across different
durations that become longer-term cases over time. American research is mainly
concentrated in the United States, with long-term studies increasing in recent
years, particularly through the U.S. Long-Term Ecological Research program.
Asian grassland restoration research is primarily distributed in China, mixing
long-term station research with multiple revisiting cases. With increased Chi-
nese scientific investment in recent years, research has gradually been enriched
and improved. Australia and Africa have relatively few cases, but Africa’ s
long-term degraded grassland restoration work is well-maintained and worthy
of reference.

[Figure 3: see original paper| Distribution of all 149 study cases across different
continents (Australia, Africa, America, Europe, and Asia) and periods (years)

4. Restoration Goals

Degraded grassland restoration goals are similar to those of other ecosystem
restorations but have detailed distinctions in specific cases. Among randomly
surveyed cases, goals concentrated on two functions: ecological function and pro-
ductivity. The three most common restoration goals were biodiversity (24.28%),
vegetation coverage (29.48%), and soil carbon pool (13.87%). Other goals like
soil microorganisms, plant community structure, soil seed banks, and forage
grasses were relatively rare. Many studies actually had multiple restoration tar-
gets, such as vegetation coverage and productivity, or biodiversity and produc-
tivity. Restoration goals are more or less related to the ecological and biological
characteristics of research objects and researchers’ expertise.

Biodiversity restoration research appears more frequently in long-term ecolog-
ical studies. For example, in Australia, biodiversity recovery in abandoned
cultivated grasslands reached [duration missing], while North American steppe
grassland monitoring reached [duration missing]. In European controlled exper-
iments, the effect of management factors on herbaceous plant diversity recovery
can be monitored for [duration missing]. Productivity restoration research cases
generally have shorter durations, indicating that ecological function is primary
in long-term ecological research, while productivity function is more influenced
by human demand and has temporary characteristics. Soil systems are always
considered key in grassland restoration, appearing across all study durations.
Soil microorganisms have received increasing attention with technological devel-
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opment in recent years, but the microbial system is complex with difficult-to-
define restoration targets, generally considered together with soil nutrients.

Animal community research is very rare in the surveyed cases. Only two studies
addressed ants and butterflies in grassland restoration. These reports represent
typical cases considering animals, particularly insects, in grassland restoration.
One 3-year study examined ant communities in savanna grassland under enclo-
sure restoration, showing longer restoration was more beneficial for ant commu-
nity recovery. A butterfly report studied the effects of shrub clearing and other
methods on butterflies in abandoned grasslands over 5-15 years, showing arti-
ficial seeding after abandonment had good restoration effects. Another insect
community study with a 40-year interval reported insect community recovery in
eastern German dry grasslands under woody plant control, with good results.

[Figure 4: see original paper] Percentage of different restoration goals among
149 degraded grassland restoration cases

5. Restoration Measures

Ecological restoration techniques have always been an important research di-
rection for restoration ecologists, yet universally applicable techniques remain
elusive. For degraded ecosystems, the most general approach is disturbance elim-
ination, though the lengthy recovery time sometimes necessitates faster restora-
tion techniques for landscape and ecological functions. For degraded grassland
ecosystems, restoration techniques concentrate on artificial reseeding or sowing,
fencing (grazing exclusion), grazing utilization, fertilization, and burning. Other
techniques like shrub clearing, topsoil transplantation, woody plant control, hay
covering, and water addition have strong regional characteristics.

Among these grassland restoration techniques, artificial seeding deserves special
attention. This technique is generally used in Europe and America for relatively
rapid restoration of grassland ecological functions, typically using local native
plant seeds with mixed sowing. A crucial issue is that reported artificial seeding
in European and American grassland restoration generally involves mixed sow-
ing of many species, not the 2-3 species commonly used in China. Researchers
in Nebraska, USA, considered 5-species mixes as low-diversity and 15-20 species
as high-diversity mixes for analyzing artificial community stability and recovery
capacity. In China, very few grass species are used in mixed sowing for degraded
grassland restoration, sometimes only one species, which should be prohibited
as it leads to extremely unstable artificial grasslands, wasting substantial human
and material resources and causing rapid re-degradation—an important reason
for failed restoration efforts.

Burning measures in surveyed cases had relatively long durations, with many
long-term studies. For example, U.S. woodland-grassland burning restoration re-
search lasted [duration missing], southern Australian grassland burning restora-
tion lasted [duration missing], and Swedish dry grassland burning restoration
lasted [duration missing]. Many grassland restoration techniques focus on clear-
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ing expanding or invasive shrubs from grasslands, often combined with grazing
or artificial seeding.

[Figure 5: see original paper] Percentage of different restoration techniques
among 149 grassland restoration cases

6. Continuous Monitoring Methods

Among the 149 surveyed cases, 56 involved continuous monitoring methods.
Continuous monitoring is crucial for long-term ecological research, enhancing
study credibility and understanding of ecosystem changes, but requires substan-
tial material resources. For degraded grassland restoration, continuous monitor-
ing helps demonstrate detailed restoration processes and propose more effective
management strategies. The greatest challenge is securing long-term funding
and sustainable research teams, which is difficult globally.

With automation development, continuous monitoring has become increasingly
feasible. Many short-term studies achieve continuous monitoring through an-
nual or monthly observations. Automated equipment and meteorological mon-
itoring are increasingly applied. However, complete continuous monitoring is
mainly concentrated in short-term studies, relying on stable research teams and
funding, as well as national monitoring programs. For example, one study in
Inner Mongolia, China, lasted [duration missing).

Continuous monitoring or surveys also appear in periodic revisiting studies,
where research continues with at least annual intervals. In our survey, such
strictly periodic revisiting cases were few, indicating limited application of this
method, which indeed requires long-term planning and sustained human re-
sources.

7. Aperiodic Revisiting Methods

Most long-term grassland restoration research relies on aperiodic revisiting meth-
ods. In our surveyed cases, aside from annual continuous monitoring and pe-
riodic revisiting cases, all others involved aperiodic revisiting. This method
better fits current ecological restoration research characteristics and resource
availability, providing relatively large information volumes. It is widely applied
not only in developed countries but also increasingly promoted in developing
countries with social stability.

Aperiodic revisiting is concentrated in studies exceeding 10 years, while mixed
continuous-aperiodic revisiting appears more in cases over 20 years. This
method is highly recommended for grassland restoration research in terms of
feasibility and comparability. Continuous monitoring is sometimes unnecessary,
especially during stable vegetation stages where natural succession changes
slowly. For longer-term research, sustainable results can only be obtained
through aperiodic revisiting, as sustained support across generations is limited.
Examples include studies in New Mexico desert grasslands with [duration
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missing] intervals, Texas grasslands with [duration missing] intervals, and
Czech research with [duration missing] intervals. These long-span studies
yielded meaningful results with good reference value for regional vegetation
management.

A crucial consideration for long-term aperiodic revisiting research is the availabil-
ity of previous study materials—original sites must be accurately located using
documented records with detailed information. This is more easily achieved in
areas with established experimental stations.

8. Establishment and Analysis of Big Data Time Series

Under current information technology conditions, big data analysis reliability
depends on statistical trend analysis of large datasets. In grassland restoration
ecology, big data time series analysis includes: (1) meta-analysis of aggregated
statistics, and (2) statistical analysis of field measurement data. These are often
based on integrating various experimental surveys, especially meta-analyses of
similar methods, involving case mining and dimensionless comparison of results.

In ecology, meta-analysis has faced substantial criticism, leading to a divide be-
tween data miners and experimentalists. We recommend field-based approaches
where researchers personally conduct unified-method surveys before comprehen-
sive comparison. The coordinated distributed experiments approach proposed
by Professor Fraser from Thompson Rivers University, Canada, represents an
emerging tool for testing global hypotheses in ecology and environmental sci-
ence, characterized by methodological uniformity and cross-regional applicabil-
ity. Long-term time series establishment or big data comprehensive analysis
actually relies more on aperiodic field revisiting.

9. Summary and Outlook

Through analysis of 149 reported research cases, we confirm that long-term de-
graded grassland restoration research indeed holds important value for scientific
research and restoration practice. However, it is limited by human and material
support and depends on multiple factors. Obtaining comparable long-term data
through case revisiting methods is crucial, and the long-term chronosequence
database approach in ecological restoration deserves promotion and strengthen-
ing.

No necessary relationship exists between restoration methods and duration—
effectiveness depends more on method suitability. China’ s degraded grassland
restoration using plant seeding should emphasize mixed planting with more
species rather than current methods using only 2-3 species. China has already
implemented large-scale ecological restoration research and established various
research bases, but particularly needs sustainable research design and funding
systems. Short-term field studies should implement continuous observation as
much as possible to provide more data references for future long-term research.
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From a disciplinary perspective, restoration ecology requires new paradigms to
guide theoretical and technical development.
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