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Restoration involves the recovery and repair of environments because environmental 
damage is not always irreversible, and communities are not infinitely resilient to such 
harm. When restoration projects are applied to nature, either directly or indirectly these 
may take the form of ecological, forestry or hydrological restoration, for example. In 
the current scenario of global climate change and increasing intensity of disturbances 
the importance of restoration in all types of ecosystems in order to adapt to the new 
conditions (so called prestoration) is evident. Whatever the objective of the restoration 
initiative, there is a lack of consensus as regards common indicators to evaluate 
the success or failure of the different initiatives implemented. In this study, we have 
carried out an extensive meta-analysis review of scientific papers aiming to evaluate 
the outcomes of restoration projects. We have done a review and selected 95 studies 
implemented in Europe. We explored the main pre-restoration land cover in which 
restoration initiatives have been implemented, the main causes of degradation, the 
objective of the restoration action and the indicators selected to analyze the success 
or failure of the action. We identified a total of 84 indicators in the analyzed papers and 
compared with the ones proposed for forest in the recent Nature Restoration Law. 
The analysis revealed five indicators commonly used for the evaluation of restoration 
initiatives (abundance, coverage, density, Ellenberg indicator, and richness), even 
where the initial objective has not yet been achieved. Our findings underscore both 
the benefits and challenges associated with a specific set of harmonized indicators 
for evaluating the success or failure of restoration initiatives.
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1 Introduction

Among the manifestations of global climate change are those of increased temperature 
due to human-induced atmospheric emissions and loss of biodiversity (Butchart et al., 2010; 
Halpern et al., 2008). The emerging risks associated with climate change include ecosystem 
degradation and biodiversity loss, which result from interactions between climatic factors, 
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ecosystems (including biodiversity) and society (Field et al., 2018). 
The United Nations Intergovernmental Panel on Climate Change 
(IPCC) has warned that the global climate is changing and that it is 
likely to continue changing at an increased rate into the future as a 
consequence of increasing greenhouse gas emissions (IPCC, 2007a,b; 
Pörtner et  al., 2023). These changes have led to a general biotic 
homogenization (Mori et al., 2018) and widespread loss of biodiversity 
(Urban, 2015). On the one hand, due to the increasing temperatures 
drought periods will be more frequent and longer, making conditions 
less suitable for plant growth (Stylianou et al., 2020). On the other 
hand, these longer drought periods will further increase the risk and 
magnitude of wild fire occurrence (Casas et al., 2016; Flannigan et al., 
2009; Stephens et al., 2013), leading to increased soil erosion and land 
degradation (Shakesby, 2011; Shakesby and Doerr, 2006), especially in 
more susceptible areas such as the Mediterranean basin (Caon et al., 
2014; Doerr and Cerdà, 2005; Koutsias et al., 2013; Mayor et al., 2007; 
Ramón Vallejo et al., 2012). In the case of forests, these effects will alter 
the environments in which they grow, modifying site conditions such 
as soil and air temperatures, atmospheric humidity, soil water content 
or snow cover depth, as well as influencing the duration of the 
growing-season (Ashraf et  al., 2015). The future of forests is 
particularly important as they are major carbon sinks (Harris et al., 
2021) and embrace much of the terrestrial biodiversity (FAO and 
UNEP, 2020). Moreover, deforestation has a highly negative impact on 
habitat provision, since the capacity to support a diversity of wildlife 
is closely linked to the structural diversity of vegetation and tree 
dominance or coverage (Berg, 1997; Breuste et al., 2013). Changes in 
society since the 1960s have exacerbated the natural climate-change 
driven consequences. These human-induced changes include 
increased water demand, alterations in stream-flow patterns, and the 
expansion of intensive agriculture at the expense of abandoned 
farmland in other areas (Moreira et  al., 2011; Rey Benayas and 
Bullock, 2012). About 40% of terrestrial natural ecosystems have been 
converted to agricultural land (FAO, 2018) in order to meet the 
demands for commodities from an increased population, leading to a 
decline in provisioning, cultural and regulatory ecosystem service 
(Bullock et al., 2011; Landis, 2017). These shifts in land use have been 
significant drivers of habitat loss, fragmentation, and reduced spatial 
diversity (Gavier-Pizarro et al., 2012; Klar et al., 2012).

Given the state of deterioration of our ecosystems and the 
abovementioned effect of global climate change, restoration is of 
prime importance. This has been reflected in the declaration by the 
United Nations as the “Decade of Restoration” (Dollinger et al., 2023). 
Consequently, legislation and strategies have been developed to 
address restoration as a necessary aspect of management at 
international, national, and regional levels. In September 2011, The 
Bonn Challenge, launched by the Government of Germany and the 
International Union for Conservation of Nature (IUCN), focused on 
bringing 150 million hectares of degraded and deforested landscapes 
into restoration by 2020 and 350 million hectares by 2030. Ten years 
after in 2021, the European Commission adopted the New EU Forest 
Strategy for 2030, mainly focused on the greenhouse gas emission 
reduction target of at least 55% by 2030 and climate neutrality by 2050, 
to contribute to achieving the EU’s biodiversity objectives (European 
Commission, 2021). In June 2022, the European Commission 
proposed a binding “Nature Restoration Law” (NRL) (European 
Commission, 2022) aimed at restoring ecosystems, habitats, and 
species across both land and sea areas as a fundamental component of 

the EU Biodiversity Strategy (European Commission, 2020). In 
November 2023, representatives from the Council presidency and the 
European Parliament reached a provisional political agreement on the 
proposal. However, before the final text can become EU law, each 
institution must adopt the provisional agreement. This proposal 
mandates that member states undertake restoration measures to cover 
at least 20% of the EU’s land and sea areas by 2030. It is also noteworthy 
that the Kumming-Montreal Global Biodiversity Framework (United 
Nations, 2022) was adopted as a global policy framework in December 
2022 at the 15th meeting of the Conference of the Parties to the 
Convention on Global Biodiversity. This framework aims to halt and 
reverse biodiversity loss by 2030, with particular emphasis on Target 
2, which focuses on ecosystem restoration.

However, there is no consensus within the scientific community 
as to what is considered ecosystem restoration. In most cases, the 
main concept is the same but with slight nuances and differences in 
details. In Lenz and Haber (1992) stated that restoration requires a 
thorough investigation and understanding both of the causes of 
disturbances and the possibilities for restoration. The International 
Society for Ecological Restoration defined restoration as the process 
of assisting the recovery of an ecosystem that has been degraded, 
damaged or destroyed, in order to retrieve its environmental 
functions and ecosystem services (Carabassa et  al., 2019). 
Furthermore, the Society of Ecological Restoration International 
Science and Policy Working Group (SER) (Martelletti et al., 2020) 
focuses the concept of restoration ecology on counteracting the 
human impact on the environment, through the creation of an 
ecosystem that is self-supporting and resilient to future disturbances. 
The SER has also defined a list of ecological attributes. However, they 
did not consider natural disasters and other non-human negative 
impacts of the environment as possible causes of environmental 
damage in their definition. Some authors also include in their 
definition the idea of recovery of degraded ecosystems and habitats 
through revegetation and multi-species planting to restore 
biodiversity, ecosystem functioning and the supply of ecosystem 
services (Ibáñez and Rodríguez, 2020; McDonald et al., 2016). By 
contrast, the main idea of the definitions proposed by White and 
Walker (1997), Blázquez-Cabrera et al. (2018) and Heitkamp et al. 
(2008) is the recovery of the previous conditions of the ecosystem to 
be restored, using nearby, undisturbed areas as a reference. However, 
the previous state is not always know. Seastedt et al. (2008) pointed 
out that, at times, after restoration measures are implemented, 
nature may follow its own trajectory, which may differ from its 
previous state. This does not necessarily mean that the restoration 
was unsuccessful. In addition, there are several other terms 
commonly used as synonyms for restoration, such as rehabilitation, 
reclamation or compensation. However, as stated by Lenz and Haber 
(1992), these terms only refer to certain aspects of the restoration. 
The first of these terms, rehabilitation, refers to restoration in terms 
of a “demanding reconstruction.” The second term, reclamation, 
refers to the re-creation of a socially acceptable and productive 
ecosystem. Finally, the term compensation embraces the balance of 
detrimental and beneficial influences. In the EU Nature Restoration 
Law, “restoration” means the “process of actively or passively 
assisting the recovery of an ecosystem toward or to good condition, 
of a habitat type to the highest level of condition attainable and to its 
favorable reference area, of a habitat of a species to a sufficient 
quality or quantity, or of species populations to satisfactory levels, as 
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a means of conserving or enhancing biodiversity and ecosystem 
resilience.” Additionally, Seastedt et  al. (2008) introduced the 
concept of “prestoration” in 2008, suggesting that global climate 
change should be addressed by acknowledging that aiming to restore 
ecosystems to their previous state within the historical range of 
biotic and abiotic characteristics and processes may not always 
be  feasible. Therefore, management activities should focus on 
maintaining genetic and species diversity while promoting desirable 
species under the new environmental conditions.

In addition to the lack of a consensual definition for restoration, 
there is an even greater lack of consensus on what success means in 
restoration initiatives and still more on how this success should 
be  measured. There is also an absence of common indicators for 
evaluating the success or failure of a restoration initiative (Di Filippo 
et al., 2017; Engst et al., 2016; Turnhout et al., 2007; Vermaat et al., 
2016; Versluijs et al., 2019). SER and partners have undertaken large 
stocktaking exercises to develop lists of indicators. However, they 
present the information from a different perspective. Sometimes, even 
where information is available, outcome indicators are inconsistent 
from one project to another (Gatt et  al., 2022). In most cases, 
restoration processes require very long periods of time before the 
success or failure of the measures implemented in the ecosystem can 
be evaluated. In many cases, this time requirement together with the 
absence of monetary policies for monitoring the ecosystem after 
restoration makes it even more difficult to evaluate the success or 
failure of the measures implemented. In the Nature Restoration Law, 
six indicators were proposed for forest monitoring regardless of the 
restoration objectives pursued: standing deadwood; lying deadwood; 
share of forests with uneven-aged structure; forest connectivity; 
common forest bird index; and stock of organic carbon. However, it 
has not been analyzed if these indicators are commonly used to 
monitor and evaluate forest restoration.

In this context, we performed an analysis of the existing scientific 
literature from a broad range of restoration initiatives aiming to 
compile the state of the art about the indicators used to evaluate 
restoration outcomes. To achieve this, the secondary objectives of this 
study were to: (i) evaluate the indicators used to analyze the results of 
the restoration initiatives; (ii) identify the main causes degradation in 
European ecosystems; (iii) examine the feasibility of harmonizing 
indicators for assessing restoration outcomes based on the specific 
objectives of each restoration action; and (iv) identify and outline the 
main knowledge gaps in current restoration projects.

2 Methodology

2.1 Data collection

We conducted an extensive meta-analysis of the existing 
scientific literature that was not limited to any particular country or 
journal. This was carried out in October 2023 through the Web of 
Science (Core collection of Web of Science) using different key words 
for the search. Specifically, the combination of keywords used in the 
search was: ((indicator* OR descriptor* OR parameter* OR 
measure*) AND (restoration* OR reveget* OR rehabilit* OR 
rewilding* OR renaturaliz*) AND (evaluat* OR success* OR 
monitor* OR assess) AND (Europe*) AND (forest* OR broadleaf* 
OR conifer* OR woodland* OR shrubland* OR grassland* OR 

riverside*)). Each paper was examined to determine whether the 
study was related to ecological restorations. The search returned an 
initial result of 1,030 articles, with 945 articles finally being selected 
after filtering according to type of article and removing those in the 
form of proceedings, book chapters or editorial materials. The 
studies not related to restoration initiatives, not undertaken in a 
European country, and not written in English were removed. Where 
there was uncertainty, we included the study and critically evaluated 
its suitability by reviewing the full text. Full-text screening was 
performed on the 715 studies. Within the scope of the SUPERB 
Project (H2020-LC-GD-2020, Grant Agreement number 
101036849), the objectives have been outlined to categorize all 
restoration initiative undertaken in recent years at the European level 
(Table 1).

Additionally, based on the study by Evju et al. (2020), we used the 
definition of ecological attributes in the SER standards (Gann et al., 
2019) and key ecosystem attributes necessary to evolve toward the 
short and long-term objectives in ecological restoration. The first four 
categories coincide exactly with SER ecological attributes. 
Additionally to these ecological attributes, we  included two extra 
categories, as none of the SER attributes cover these adequately. The 
fifth category was “Products and services” in order to embrace 
restorations focused on local climate regulation, pollution mitigation, 
CO2 capture, fostering of wood/biomass production, improvement of 
the provision of non-timber products, or human health and 
wellbeing. The last new category established was “Other,” to consider 
other restoration aspects not considered in any of the other categories. 
Table 1 presents the categories of ecological attributes considered for 
the corresponding objectives of the restoration action established 
within the framework of SUPERB Project, subcategorized within the 
ecological attributes.

A minimum threshold of more than 5% of the selected articles 
was set to ensure that all ecological attributes considered in this article, 
encompassing the restoration objectives proposed within the SUPERB 
Project, were representatively analyzed. The articles were then 
classified according to the impact factor of the journal and number of 
citations of each paper so as to identify those focusing on the methods 
and indicators most commonly used and of greatest impact. As a 
result, 95 articles related to ecological restorations were selected. A 
PRISMA (Page et al., 2021) diagram of the identification and screening 
process can be found in Supplementary material.

2.2 Classification of papers

The set of relevant papers selected were examined further to 
extract information about the restoration projects, detailed attributes 
such as country in which the projects were carried out, year of 
implementation, study period, ecological or socioeconomic aspects 
analyzed and indicators used to measure the outcome of the 
restoration. Figure  1 provides a comprehensive overview of the 
distribution of selected European restoration papers. This figure also 
includes two studies carried out in Russia in close proximity to the 
European border. Certain studies were not included in Figure  1 
because they embrace more than one country. These studies were 
undertaken in: (i) The Mediterranean area, (ii) Worldwide, (iii) 
Portugal and France, (iv) USA and Spain, and (v) Netherlands, 
Germany, Norway, UK, Sweden and France.
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We categorized the papers according to the different 
pre-restoration land cover in which the studies were undertaken. 
These categories were as follows: Forest ecosystems including all forest 
types, other woodlands or other lands, according to Food and 
Agriculture Organization (2020); Grasslands included semi-natural 
grasslands, inland grasslands on sandy soils; Bare areas; Agricultural 
lands; and Wetlands including riversides. We also included a category 
for “other” pre-restoration land covers, including for example 
spontaneous vegetation growth after restorations, heathlands 
or shrublands.

The types of restoration targets varied widely across the studies, 
encompassing diverse ecosystems and objectives such as reforestation, 
afforestation, and ecological restoration. Additionally, several studies 
addressed measures aimed at mitigating the negative impacts of factors 
like wildfires. Depending on the type of restoration implemented or 
evaluated in the study, we established five categories: post-disturbances 
such as fires, wind, storms, pests or mining; hydromorphology, species 
restoration (such as animals, shrubs or trees); landscape fragmentation; 
and degradation/abandonment recovery.

Once all the papers had been classified into different categories, a 
correspondence analysis of the keywords used in the papers was 
conducted to qualitatively analyze any common words typically 

selected as keywords in restoration studies using T-LAB 10 (T-LAB di 
Lancia Franco) software.

We also extracted data on the different evaluation indicators 
generated by the studies. In the analysis conducted in this study, any 
variable directly measured in the field, derived from others, parameter, 
etc., utilized in the various articles to assess the success or failure of 
the restoration efforts, has been regarded as an “indicator.” This 
compilation and posterior analysis allowed us to establish indicator 
categories depending on the type of restoration or ecosystem. All the 
aspects and parameters evaluated for classifying the selected papers 
are summarized in Table 2.

3 Results

3.1 General description of the dataset

In total, our dataset included 95 papers related to different types 
of restoration initiatives carried out in the Eurasia area. Almost half of 
these papers (54.55%) were published in the first quartile of journals 
in this field (Q1 journals), 32.95% in Q2, 11.36% in Q3, and only one 
paper (1.14%) was published in a Q4 Journal. The number of citations 
of the analyzed papers ranged from 0 citations in the case of the two 
articles published last year (2023) to a maximum of 189 citations of an 
article published in 2003. The mean number of citations for all these 
studies was 50.5, with almost half of the analyzed papers (49.44%) 
being cited less than 20 times. The selected papers were published 
between 1992 and 2023.

A first analysis of the keywords in the selected papers revealed 
“RESTORATION” as the main keyword considered by the authors 
among the 49 most common keywords used. This keyword frequently 
appears alongside others like “SOIL,” “MANAGEMENT,” “FOREST” 
and “CONSERVATION” (sand color, Figure 2), as indicated by their 
shared color in the co-occurrence analysis shown in Figure 2 (T-LAB 
10 software, T-LAB di Lancia Franco). This analysis, based on 
Sammon method for Multidimensional Scaling (MDS), also 
highlighted the frequent co-occurrence of keywords like 
“INDICATOR” and “WILDFIRE” (dark blue, Figure  2), 
“DISTURBANCE,” “ECOLOGICAL” and “EROSION” (yellow, 
Figure 2), or “ABANDONMENT,” “LAND” and “CHANGE” (red 
color, Figure 2).

The restauration projects addressed in most of the analyzed papers 
were undertaken in Germany or Spain (18 and 22, respectively, 
Figure 1). These two countries accounted for almost the same number 
of papers as the remaining 15 countries together. The time since the 
restoration initiative was implemented varied greatly, from 1930 to 
2014. More than half of the studies the timing of the restoration 
project (year in which the restoration action was implemented) was 
not stated, some were ongoing, and in other cases the restoration 
measures had been implemented repeatedly. Hence, the variable of 
time since restoration was not further employed. The times or periods 
in which measurements of the restoration sites were carried out also 
varied among the studies. In some cases there was no mention of the 
measurement period or date and in those studies where it was 
mentioned, measurements tended to be  taken directly after the 
implementation of the restoration initiative, with repeated 
measurements after a given number of years.

TABLE 1 Ecological attributes considered and the categorization of the 
objectives of the selected restoration papers to be analyzed.

Ecological 
attributes

Objective of the restoration 
action

No.

Species composition Increase the population of species/expand the 

distribution of species

1

Change in species composition 2

Promote tree species regeneration 3

Structural diversity Improve structural diversity 4

Increase microhabitat abundance of diversity 5

Promote habitats of interest 6

Physical conditions Erosion protection 7

Soil improvement 8

Water provisioning 9

Water quality 10

Hydrological stability against floods 11

Ecosystem 

functioning

Increase the resilience of the ecosystem 12

Increase landscape complexity 13

Increase landscape connectivity 14

Improvement of other ecological functions not 

previously mentioned

15

Products and 

services

Foster wood/Biomass production 16

CO2 capture 17

Improve provision of non-timber products 18

Pollution mitigation 19

Local climate regulation 20

Human health and wellbeing 21

Other 22

The objectives were numbered (N°) to facilitate subsequent citation.
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The most frequently studied pre-restoration land cover was Forest 
(61), followed at a considerable distance by Agricultural lands (9) or 

Bare areas (8), whereas the other pre-restoration land covers were 
more sparsely represented (Figure 3). The analysis revealed that in 
some cases the studies were undertaken in more than one 
pre-restoration land cover. In this regard, four types of pre-restoration 
land cover combinations were observed: (i) Forest + Grasslands, (ii) 
Bare areas + Agricultural lands + Grasslands, (iii) Forest + Bare areas, 
and (iv) Forest + Bare areas + Agricultural lands.

Among the different reasons for restoration action to 
be undertaken, the analyzed articles reflected that “post-disturbance” 
and “degradation/abandonment” recovery were the most common. 
Restoration initiatives related to hydromorphology were the least 
common. As with the studies dealing with multi pre-restoration land 
cover, there were two case studies which described a combination of 
two types of restoration initiative (species restoration + degradation/
abandonment recovery) (Figure  4). An in-depth analysis of post-
disturbance studies (Figure  5), highlighted the importance of fire 
disturbance in the analyzed papers, this being the main type of 
disturbance requiring subsequent restoration (20 out of a total of 43 
articles dealt with restoration initiatives following fire disturbance). 
After fire disturbance, the next most common were mining and other 
disturbances (intensive management).

Depending on the type of pre-restoration land cover, the type of 
restoration implemented varied slightly (Figure  6). As shown in 
Figure 4, post-disturbance was the most common type of restoration, 
this type being categorized in different pre-restoration land covers, 
specifically 31% in the case of Forests, 7% in Bare areas, 2% in 

FIGURE 1

Map showing the distribution gradient for the number of papers selected and analyzed.

TABLE 2 Aspects and parameters used to classify the studies.

Category Levels

Year Year in which the article was written

Country Country/countries

Type of article Review or not

Pre-restoration land 

cover

Forest, grassland, bare areas, agricultural lands, urban 

lands, wetlands, other.

Type of restoration Post disturbances (fire, wind, storms, pests, 

mining…), hydromorphology, species restoration 

(animals, trees, shrubs…), landscape fragmentation, 

degradation/abandonment recovery

Restoration date Year of the implementation of the restoration action

Measurement dates Years of data collection

Attributes measured Variables measured in the area

Objective of the 

restoration action

Species composition, structural diversity, physical 

conditions, ecosystem functioning, species traits, 

products and services, others (Table 1)

Indicators Indicators established to describe the success or failure 

of the restoration implemented
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Wetlands and 1% in Other pre-restoration land covers, respectively. 
The second most frequent type of restoration initiatives addressed 
were those for degradation/abandonment recovery, this type being 

present in all the pre-restoration land covers except for the Bare areas, 
for which the studies only addressed Post-disturbance and Species 
restoration initiatives. Studies dealing with landscape fragmentation 

FIGURE 2

Co-occurrence analysis of the 49 most repeated keywords selected by the authors in the 95 analyzed papers. Each color represents the keywords that 
frequently co-occur in the analyzed studies. The size of the circles represents the number of times these words have been employed as a keyword in 
the study papers.
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FIGURE 3

Types of pre-restoration land covers where the restoration studies have been implemented.
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and Degradation/Abandonment recovery are common to both 
Agricultural lands and Forest.

Overall, 67 studies (70.53%) dealt with more than one 
restoration objective. The remaining studies (29.47%) only dealt 
with one main objective of the restoration initiative analyzed. 
Within this data it was found that the 22 possible objectives of the 
restoration projects were reflected in 207 cases (Figure 7). Almost 
half of these cases (40%) were corresponded to objectives 1, 2 and 

8 (see Table  1. Increase the population of species/expand the 
distribution of the species, Change in species composition, and Soil 
improvement, respectively). In terms of number of cases, the next 
most prevalent were objectives 3, 4, and 7 (To promote tree/plant 
regeneration, Improve structural diversity, and Erosion protection, 
respectively), which were dealt with in 7, 7 and 8% of the analyzed 
papers, respectively. Among the Other objectives of the restoration 
project, 5% of the analyzed papers addressed aspects such as 
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conservation of species, economic rehabilitation, climate change 
adaptation, or hydrologic retention. The analysis revealed that there 
were no studies which focused on Hydrological stability against 
floods as the main objective of the restoration initiative.

3.2 Identification of indicators

We identified a total of 84 indicators in the analyzed papers. 
Supplementary Table S2 summarizes all the indicators according to 
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the objective of the restoration initiative implemented. Table  3 
provides a summary of the quantified indicators identified in 
alignment with the corresponding objectives of the restoration 
initiative. Indicators provide the most objective way to monitor and 
analyze the success or failure of a restoration initiative. Despite the 
importance of such indicators, this information is still lacking in some 
cases. In the analyzed studies, the authors sometimes proposed more 
than one objective of the restoration projects. Therefore, the detail 
among the different indicators for each objective varies substantially. 
The concept underlying the selected indicators in the studies was often 
the same, such as assessing abundance. In these cases, the various 
indicators have been grouped as a single indicator to streamline the 
analysis. However, in seven of the studies, the authors made no 
mention of any success/failure indicators related to the proposed 
objective in the restoration initiative analyzed. This aspect leaved 
objectives 11, 13, and 18 without any proposed indicator. There was 
no consensus around a common indicator for any of the proposed 
objectives of the restoration initiatives. However, the analysis of the 
selected papers revealed five indicators, mainly focused on biodiversity 
aspects, which are commonly used for the analysis of different 
restoration objectives. Table 4 presents these shared indicators and the 
corresponding restoration objectives.

4 Discussion

This review of scientific literature on restoration initiatives reveals 
a high diversity of ecological indicators used to evaluate the success or 
failure of restoration projects. These differences are even more 
pronounced when considering the methods for measuring each 
indicator in the field.

Ecological restoration initiatives have become more frequent 
globally (Evju et al., 2020) because of their importance in mitigating 
the impacts of climate change by restoring ecosystems and enhancing 
their resilience. Many scientific papers have emphasized the necessity 
for adequate evaluation documenting the impacts and progress of 
restoration initiatives in degraded areas (Kurth and Schirmer, 2014; 
Palmer et  al., 2005; Wortley et  al., 2013). In fact, the number of 
scientific studies based on empirical evaluations of the outcomes of 
restoration initiatives has increased in recent years (Ruiz-Jaen and 
Aide, 2005; Wortley et  al., 2013), mainly due to awareness of the 
necessity for such studies in the context of global climate change. 
Monitoring and evaluation are often regarded as the most cost-
effective phases in the implementation of a restoration project. Despite 
the fact that in many cases, budget constraints of other factors mean 
that monitoring and evaluation are not carried out, they are perhaps 
the best way to evaluate the success or failure of a restoration project 
(Nilsson et al., 2016), given that attribute and indicator measurements 
provide the necessary data to perform such evaluations. Hence, the 
EU Nature Restoration Law considers it necessary to compile an 
inventory of the various restoration initiatives implemented. 
Unfortunately, there is a lack of common information for assessing the 
outcomes of restoration projects, as observed in this review of the 
scientific literature. The diversity of indicators reported in this study 
clearly reflects the complexity of standardization in this regard. Evju 
et al. (2020) and Strange et al. (2024) also acknowledge this situation, 
primarily associated with the wide range of physical conditions, 
ecosystem types, life forms or variety of goals pursued in the 

restoration projects. However, without clear metrics and evaluation 
criteria, it is very difficult to determine the efficacy of 
restoration initiatives.

4.1 Indicators based on restoration 
objectives

Our analysis revealed five indicators as those most commonly 
used in restoration projects: abundance, canopy/plant/species cover, 

TABLE 3 Quantification of different indicators identified for each 
restoration objective.

No. Objective Number of 
different indicators

1 Increase the population of species/

expand the distribution of species

15

2 Change in species composition 22

3 Promote tree species regeneration 8

4 Improve structural diversity 9

5 Increase microhabitat abundance of 

diversity

6

6 Promote habitats of interest 1

7 Erosion protection 8

8 Soil improvement 14

9 Water provisioning 3

10 Water quality 5

11 Hydrological stability against floods -

12 Increase the resilience of the ecosystem 3

13 Increase landscape complexity -

14 Increase landscape connectivity 7

15 Improvement of other ecological 

functions not previously mentioned

3

16 Foster wood/Biomass production 2

17 CO2 capture 3

18 Improve provision of non-timber 

products

-

19 Pollution mitigation 2

20 Local climate regulation 4

21 Human health & wellbeing 5

22 Other 6

TABLE 4 Most common indicators used to quantify success or failure in 
different objectives.

Indicator Objective

Abundance 1, 2, 5

Coverage 1, 2, 3, 4, 5, 7, 8, 12, 15, 19

Density 1, 2, 3, 5

Ellenberg indicator 1, 2, 4, 8

Species richness 1, 2, 3,4, 5, 15, 21

The explanation of the number of the objectives can be consulted in Table 1.
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density, Ellenberg indicator, and species richness. These indicators 
were used to quantify the success or failure of the same or of different 
restoration objectives. Abundance was used as an indicator when 
analyzing species composition or structural diversity attributes, 
specifically when the objective of the restoration initiative was to 
increase the population of species, induce a change in species 
composition or increase microhabitat abundance or diversity. For 
instance, in studies such as Alday et al. (2017), Castro et al. (2010), 
Sampaio et al. (2021), Bell et al. (2015), Vymazalová et al. (2021) or 
Woodcock et al. (2012), abundance was used to quantify the success 
or failure of their respective initiatives in terms of increase in species 
population or expansion of their distribution (objective 1). On the 
other hand, while maintaining the concept of abundance, other 
authors have expressed it in terms of the number of species, eggs or 
fledglings, thus adapting it in more detail to their studies (Ganatsas 
et  al., 2012; Spanos et  al., 2010; Versluijs et  al., 2019). When 
considering objectives such as change in species composition 
(objective 2) or increased microhabitat abundance or diversity 
(objective 5), all the studies reviewed explicitly mentioned abundance 
as an indicator of success (Albrecht et  al., 2010; Palo et  al., 2013; 
Penttilä et al., 2013). The analysis by Evju et al. (2020) of restoration 
projects also reflects the importance of abundance as an indicator, this 
being the most commonly used indicator (74% of the analyzed 
studies) for assessing species composition attributes. The concept of 
coverage in ecosystems was commonly applied as an indicator in 
studies focused on increasing the population of species (objective 1), 
changing species composition (objective 2), promoting tree/plant 
regeneration (objective 3), improving structural diversity (objective 
4), increasing microhabitat abundance or diversity (objective 5) or soil 
improvement (objective 8). Depending on the type of study, this 
coverage concept took the form of vegetation cover (Baeten et al., 
2010; Borchard et al., 2014; Borchard and Fartmann, 2014; Carabassa 
et al., 2019; Fernández and Vega, 2016; Fernández and Vega, 2014; 
Halassy et al., 2021; Hekkala et al., 2014; Jírová et al., 2012; Maccherini 
et al., 2019; Mench et al., 2003; Mudrák et al., 2010; Pasanen et al., 
2016; Príncipe et al., 2014; Sampaio et al., 2021; Spanos et al., 2010; 
Strubelt et al., 2019), canopy cover (Brunet et al., 2012; Ganatsas et al., 
2012; Turunen et al., 2017; Vega et al., 2015) or basal area (Mazziotta 
et al., 2016). Density (number of individuals per unit of surface area) 
was considered as an indicator in studies focused on increasing the 
population of species (objective 1) (Tomao et al., 2018), changing 
species composition (objective 2) (Borchard et al., 2014; Borchard 
et  al., 2013; Borchard and Fartmann, 2014; Penttilä et  al., 2013), 
promoting tree/plant regeneration (objective 3) (Trout et al., 2012) 
and increasing microhabitat abundance or diversity (objective 5) 
(Paquet et al., 2006). Ruiz-Jaen and Aide (2005) also observed these 
slight variations in the concept of coverage as an indicator for 
evaluating outcomes in restoration projects in which planting or 
seeding is used to restore a site. The Ellenberg indicator was selected 
as an indicator for restoration initiatives in degraded or abandoned 
areas aimed at increasing the population of species (objective 1) 
(Helbing et al., 2023), changing species composition (objective 2) 
(Douda et al., 2017), improving structural diversity (objective 4) (Palo 
et al., 2013), or soil improvement (objective 8) (Oelmann et al., 2017). 
All these objectives are covered, to a greater or lesser extent, by the 
definition of this indicator, which is based on an ordinal classification 
of plants according to their position or realized ecological niche along 
an environmental gradient. This provides an expert-based estimate of 

the niche position of each species on ordinal scales representing 
gradients of light, temperature, continental characteristics, moisture, 
soil reaction, nutrients and salinity. Finally, species richness was 
employed to express the success/failure of restoration initiatives in 
agricultural land, grasslands and forest areas. The main objectives 
included increasing the population of species (objective 1) (Albrecht 
et al., 2010; Bell et al., 2015; Carabassa et al., 2019; Carmona-Yáñez 
et al., 2023; Castro et al., 2010; Edwards et al., 2007; González et al., 
2016), changing species composition (objective 2) (Achilles et al., 
2021; Caprio et al., 2016; Douda et al., 2017; Ganatsas et al., 2012; 
Helbing et al., 2023; Palo et al., 2013; Penttilä et al., 2013; Pilotto et al., 
2018; Vymazalová et al., 2021; Woodcock et al., 2012), promoting tree/
plant regeneration (objective 3) (Castellano et al., 2022), increasing 
microhabitat abundance or diversity (objective 5) (Paquet et al., 2006; 
Turunen et  al., 2017), improving other ecological functions not 
previously mentioned (objective 15) (Mazziotta et al., 2016) and local 
climate regulation (objective 21) (Stoltz et al., 2016). This diversity of 
main objectives reflects the fact that this indicator is widely used as a 
measure of biodiversity and habitat quality. The first indicators 
mentioned (abundance, canopy/plant/species cover, density, Ellenberg 
indicator, and species richness) are closely related, with the first four 
combining both concepts of species composition and frequency.

As regards the studies with erosion protection (objective 7), most 
addressed post-disturbance restoration initiatives in forest areas, and 
either disturbances caused by fires or mining activities. Despite the 
lack of consensus on a single indicator, all the studies converged on 
the importance of soil cover and the capacity of materials to remain 
on-site as key factors. On the one hand, some studies focused more on 
analyzing aspects related to climate and weather, such as rainfall 
intensity, wind and rain events, with indicators such as average runoff 
coefficient, rainfall erosivity, rate of associated runoff, maximum 
rainfall intensity in 10 min, total precipitation or average yearly runoff 
(Carabassa et al., 2019; Carmona-Yáñez et al., 2023; Cerdà et al., 2017; 
Fernández and Vega, 2014; Girona-García et  al., 2021; Martelletti 
et al., 2020; Vega et al., 2015). On the other, some studies focused the 
analysis of erosion protection on soil-related factors, with indicators 
such as soil sorptivity, erosion rates, soil organic carbon content, soil 
loss, sediment yield or area affected by concentrated erosion 
(Castellano et al., 2022; Díaz-Raviña et al., 2012; Ferreira et al., 2015; 
Krautzer et al., 2011; Zethof et al., 2019).

Soil improvement was considered the primary objective in post-
disturbance and degradation/abandonment recovery restoration 
initiatives implemented in agricultural lands, forest, bare areas and 
heathlands, according to the analyzed papers. Among these studies, 
as with soil erosion, there was no consensus around a single indicator 
for soil improvement. Despite this lack of consensus, all the studies 
converged on two key ideas: (i) restoration of degraded lands should 
at least be aimed at reversing the effects of degradation by improving 
soil conditions; and (ii) short-term monitoring following a disturbance 
is insufficient to clearly determine the effect of restoration initiatives, 
especially with regard to soils. The recovery of soil properties in both 
the topsoil and the subsoil is very poor. Díaz-Raviña et al. (2012) 
highlighted the fact that there was no notable attenuation in most of 
the negative physical, chemical and microbiological effects of the fire 
disturbance on soil properties after 4 months. Moreover, Kalinina et al. 
(2013) only observed the first changes in chemical properties 4 years 
into the restoration initiative, reporting leaching of bases from the 
topsoil and increasing soil acidification. These authors also noted 
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further changes after 12 years, including a downsizing of soil structure 
elements accompanied by a decrease in bulk density, and after 17 years, 
they found a decrease in pH, loss of exchangeable cations and 
depletion of base saturation. Authors such as Oelmann et al. (2017) 
and Zethof et al. (2019) discussed longer intervals, ranging from 20 to 
40 years, in order to observe changes in soil components following the 
implementation of restoration initiatives. All the studies addressing 
post-fire restoration initiatives emphasized the importance of 
mulching the burned area to reduce evapotranspiration, increase soil 
moisture, decrease soil temperature in the first 10 cm, or decelerate the 
reduction in bioavailable P fractions over time (Carmona-Yáñez et al., 
2023; Jiménez et  al., 2016; Oelmann et  al., 2017). Primarily, the 
analysis of restoration success in the analyzed papers was based on 
three aspects: (i) changes related to the chemical composition of the 
soil, such as pH, soil organic carbon, exchangeable cations, nutrients 
or available N, P, K (Achilles et al., 2021; Baeten et al., 2010; Caon 
et al., 2014; Cihlářová et al., 2017; Jiménez et al., 2016; Kalinina et al., 
2013; Oelmann et al., 2017); (ii) structural changes measured by soil 
depth, type and number of particles, bulk density, soil acidity or 
process of deposition (Carabassa et al., 2019; Heitkamp et al., 2008; 
Lenz and Haber, 1992); or (iii) changes related to the microbial activity 
of soil, assessed through indicators such as microbial composition, 
biomass determination or respiration (Castellano et  al., 2022; 
Duddigan et al., 2020; Kurganova et al., 2019).

Studies focusing on both water provisioning (objective 9) and 
water quality (objective 10) were based on research conducted in 
riparian forest affected by degradation/abandonment or post-mining 
disturbance, as well as riverside forests also affected by disturbances. 
In both cases, conductivity was a common indicator of success 
following restoration initiatives. Other indicators considered included 
pH, sediment deposition or nutrient retention/concentration. Most of 
the studies with water-related objectives point to the importance of 
considering the effects of interaction among water, soil variables and 
vegetation to optimize the design of restoration initiatives (Castellano 
et al., 2022; Crowell and Lane, 2001; Stylianou et al., 2020; Vermaat 
et al., 2016).

The objective of increasing ecosystem resilience through 
restoration projects was only observed in post-disturbance studies, 
whether the disturbance was due to fire, mining, or intensive timber 
extraction. The authors of these studies focused their analyses of 
success on aspects related to the vegetation, using indicators such as 
vegetation/regeneration cover (Ascoli et al., 2013), structure (Ibáñez 
and Rodríguez, 2020; Scotton, 2018), diversity (Mazziotta et al., 2016) 
or even the area occupied by exotic/invasive species (Carabassa et al., 
2019). Holl and Aide (2011) also highlighted the importance of habitat 
cover affecting ecosystem resilience when analyzing biodiversity 
conservation in a restored area. Recent studies have suggested that 
landscape resilience may be related to landscape structure, primarily 
landscape cover and connectivity (Pardini et al., 2010; Tscharntke 
et  al., 2005). Additionally, Hobbs et  al. (2016) suggested that this 
association of landscape cover and connectivity with biodiversity 
conservation and landscape resilience could potentially be of great 
help to those responsible for designing restoration initiatives in order 
to distinguish areas that would most benefit from restoration 
initiatives from those that can be recovered without intervention. This 
association was clearly observed in the study by Carabassa et  al. 
(2019), who focused their research on the combination of objective 12 
(increase the resilience of the ecosystem) and objectives 13 (increase 

landscape complexity) and 14 (increase landscape connectivity) when 
restoring a bare area following disturbance from mining activities. In 
the cases of these last two objectives (13 and 14), the number and 
length of the connections, in terms of corridors, paths, or networks, 
are key indicators of the analyzed restoration initiatives (Carabassa 
et al., 2019; Quine and Watts, 2009). However, as with other restoration 
objectives, there was no consensus around a definition of common 
indicators for these objectives. There were slight differences among 
studies with regard to the importance of patches when analyzing both 
the complexity and the connectivity of the landscape, with several 
different indicators being used, such as the index of connectivity, 
number of patches, mean patch size, number of times/observations or 
effective distance (Aavik et al., 2013; Blázquez-Cabrera et al., 2018; 
Carabassa et al., 2019; Klar et al., 2012; Quine and Watts, 2009).

Fostering wood/biomass production (objective 16) and CO2 
capture (objective 17) frequently appeared together in the analyzed 
papers, in most cases focusing on forest ecosystems or wetlands, 
including heathlands and riverside forests. This alignment reflects the 
understanding that biomass is one of the most significant sources of 
carbon fixation in any ecosystem. On the one hand, the analysis of 
success in the case of the first of these objectives was determined by 
quantifying the total amount of wood harvested, as observed by Evju 
et al. (2020) in their review, or the total basal area (Carmona-Yáñez 
et al., 2023; Vermaat et al., 2016). On the other hand, success with 
regard to CO2 capture was commonly estimated in terms of soil 
organic carbon stocks, encompassing both soil, and above/
belowground biomass (Castellano et al., 2022; Escobar et al., 2022; De 
Gato et al., 2009; Kalinina et al., 2013; Marañón-Jiménez et al., 2013).

Among the 95 analyzed papers, only four studies considered 
either pollution mitigation (objective 19) or local climate regulation 
(objective 20) as one of the restoration objectives, particularly when 
analyzing post-disturbances, species restoration or degradation/
abandonment recovery. The small number of studies covering these 
restoration objectives is compounded by the lack of consensus on the 
indicator used, even in these few studies. While Castellano et  al. 
(2022) emphasized aspects related to climate using mean daily air 
temperature or mean daily air humidity as indicators, Carmona-
Yáñez et  al. (2023) considered total organic carbon after fire 
disturbance as a better indicator, and El Kateb et al. (2004) focused 
more on aspects related to vegetation, using indicators such as 
production index, species cover or soil storage capacity for organic 
pollutants. However, Stylianou et al. (2020) did not consider any 
indicators in their study focused on these objectives.

The consideration of human health and wellbeing (objective 21) 
as an objective of restoration appeared in only three of the studies 
analyzed, each carried out in a different pre-restoration land cover 
(bare areas, forest and wetlands) and for different reasons (species 
restoration, degradation/abandonment recovery, and post-
disturbances, respectively). Despite these differences, all three studies 
coincided on two aspects: (i) individual attributes as well as broader 
contextual characteristics might also be taken into account in addition 
to environmental variables; and (ii) a combination of quantitative and 
qualitative indicators is necessary to analyze the success or failure of 
this type of restoration initiative (Stoltz et al., 2016; Tomao et al., 2018; 
Vermaat et al., 2016). While the authors selected species richness, 
extension of the area, biodiversity, or number of fishing licenses 
among the quantitative indicators; some of the qualitative indicators 
were fascination, serenity, culture, or physiological benefits.
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The analyzed papers encompassing other restoration objectives 
included studies focusing on species conservation, the indicators for 
which—species richness, abundance and number of species—(Penttilä 
et al., 2013; Rey-Benayas et al., 2010) coincided with those used in 
studies focused on objectives 1, 2, 4, or 5 (increase the population of 
species, change in species composition, improve structural diversity, 
and increase microhabitat abundance or diversity, respectively). A 
study by Turunen et al. (2017) considered hydrologic retention as one 
of the restoration objectives, using the percentage of sediment as an 
indicator, this being a common indicator used in studies focused on 
erosion protection, for example.

4.2 Assessment and challenges of 
indicators for forest restoration

The Nature Restoration Law (NRL), proposed by European 
Commission (2022), plays crucial roles in shaping policies and actions 
for the conservation and sustainable management of forest and 
biodiversity across the EU member states, and introduces six key 
indicators for assessing forest: (i) standing deadwood; (ii) lying 
deadwood; (iii) share of forests with uneven-aged structure; (iv) forest 
connectivity; (v) common forest bird index; and (vi) stock of organic 
carbon. The first two indicators (standing and lying deadwood) have 
been evaluated based on deadwood volume in studies such as 
Mazziotta et al. (2016) and Turunen et al. (2017), which focused on 
enhancing other ecological functions during restoration efforts. The 
stock of organic carbon, the last of the six indicators, has been 
examined in studies such as Di Filippo et al. (2017), Castellano et al. 
(2022), De Gato et al. (2009) or Kalinina et al. (2015) when analyzing 
the CO2 capture potential. However, comprehensive data on these 
NRL-proposed indicators is often lacking, and in some cases, such as 
the stock of organic carbon and the common bird index, data are 
particularly challenging and costly to obtain.

Furthermore, a holistic approach should be applied in restoration 
efforts, acknowledging not just the ecological implications of such 
initiatives but also the potential economic benefits for the region, 
employment opportunities, and the intricate interplay between 
climate, ecosystems and society as outlined by the IPCC. However, 
none of these dimensions were observed in the studies examined in 
this review, possibly reflecting the challenges associated with their 
comprehensive monitoring.

The review of restoration studies carried out revealed the 
heterogeneity in indicators for restoration initiatives implemented in 
the different pre-restoration land covers proposed. Krebs (2014) 
defined the concept of ecosystem as the biotic community and its 
abiotic environment. As a combination of different factors, both abiotic 
and biotic, ecosystems should be analyzed from different perspectives 
to cover all possible aspects acting on and evolving in them. This global 
vision was observed in many of the analyzed studies that combine more 
than one restoration objective dependent on the different actors 
involved in the given ecosystem. The lack of common indicators not 
only impedes our ability to determine whether restoration initiatives 
can be considered a success or a failure but also inhibits our capacity to 
learn from past endeavors and improve future restoration strategies. 
Therefore, establishing a harmonized set of indicators and evaluation 
frameworks is advisable to ensure that restoration initiatives effectively 
contribute to climate change adaptation and mitigation, ultimately 

safeguarding biodiversity and ecosystem services for future generations. 
Despite the problem of establishing common indicators for successful 
restoration projects, certain common points have been observed during 
this review, which could be  considered a starting point for future 
restoration initiatives. Furthermore, we  suggest that the common 
points identified in this study, along with the monitoring costs required 
for estimating indicators, be taken into consideration to enhance the 
set of NRL indicators for forests being relevant the consideration of not 
only ecological but also economic and social aspects.

It is striking that, despite recent studies highlighting the extensive 
damage caused by natural disturbances in Europe −17% of the 43.8 
million m3 of wood damaged annually by bark beetles, 46% by storms 
and 24% by fires (Forzieri et  al., 2023; Patacca et  al., 2023), this 
significance has not been clearly reflected in the scientific review 
we  conducted. Surprisingly, the number of studies focused on 
restoration efforts following wind disturbances or pest and diseases 
outbreaks has been remarkably low. Additionally, we would like to 
highlight that representative of results for Europe could be limited due 
to the consideration of English scientific papers and not subjected to 
specific regions (therefore the representation of countries is not 
balanced as shown in Figure 1) or objectives (Table 3).

To enhance the aforementioned efforts, it is imperative to gather 
additional data on past and ongoing restoration initiatives worldwide. 
Specifically, we suggest broadening research to encompass a diverse 
range of sources, including not only scientific research papers but also 
gray literature, internal documents, reports, and unpublished papers. 
It would also be highly beneficial to include documentation on local 
and regional activities along with their resulting reports.

5 Conclusion

We have provided a comprehensive overview of the types of 
restoration initiatives implemented in the European area in recent 
years and the main causes of degradation that necessitate this type of 
recovery action. To improve our knowledge of restoration, there is a 
need for integrated research that bridges scientific studies and on-the-
ground initiatives. This review of the literature partially compiles the 
existing knowledge on restoration studies in Europe within the scope 
of scientific research. Based on the compiled information, it is evident 
that the variability of pre-restoration land covers in which the 
restoration initiatives are implemented is reflected in the wide array 
of different indicators applied to quantify their success or failure. 
However, five common indicators have been identified for various 
types of restoration action (abundance, coverage, density, Ellenberg 
indicator, and species richness). These indicators were used to quantify 
the success or failure of the same or different restoration objectives. In 
order to compare the success or failure of different restoration 
initiatives, it is necessary to harmonize the indicators used to evaluate 
them. Moreover, it is crucial that they are evaluated in a consistent 
manner. Establishing standardized evaluation frameworks is advisable 
to ensure that restoration efforts effectively contribute to climate 
change goals and safeguard biodiversity for future generations. 
Therefore, a continued search for common indicators is necessary to 
facilitate future restoration strategies, while also recognizing the 
importance of combining scientific knowledge with insights gained 
from on-the-ground and in-situ initiatives. Additionally, it is 
fundamental to consider a holistic understanding of the restoration 
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ecosystem and thus, assessing not only ecological but also social, 
economic and governance aspects. Finally, we recommend that the 
common indicators identified in this study, along with the associated 
monitoring costs required for their estimation, be taken into account 
to enhance the NRL set of indicators for forests.
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