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HIGHLIGHTS

e Most of the studies on post-mining active revegetation were performed in temperate climates.

e The most widely evaluated treatments were the addition of amendments and fertilizers.

o The effectiveness of the treatments varied plant species and the local context.

e Organic amendments were the most effective treatment based on indicators of plant performance.

ARTICLE INFO ABSTRACT

Keywords: Knowing the state of the art on research related to post-mining active revegetation can help to improve reveg-

Establishment etation success and identify research gaps. We performed a systematic review about active revegetation after

gme. mining and identified 203 relevant studies. Most studies were performed in the USA (34%), in regions with a

Ra}?tll;'llg't " temperate climate (59%) and in abandoned coal mines (45%). The studies were focused on the plantation of
enabilitation . . . .

Sowing woody species (59%) or sowing of herbaceous species (39%). The most widely evaluated treatments were the

Treatments addition of amendments (24%) and fertilizers (21%), mainly with positive and neutral effects; in general, organic

amendments presented more positive effects than inorganic amendments and fertilizers. We also identified studies
on the effects of plowing, inoculation of microorganisms, nurse plants, herbivore exclusion and watering. The
results of these treatments should be taken with caution, because they can vary according to the functional
strategies of the introduced species and the local context, such as the degree of nutrient limitation in the mining
area and abiotic conditions. Further research is needed in non-temperate climates, involving long-term moni-
toring and with detailed descriptions of the interventions to better interpret results and general implications of
active revegetation of mining areas.

1. Introduction generates particularly stressful conditions, such as nutrient depletion and

poor physical structure of the substrate, which slow down vegetation

Mineral demands for multiple purposes have increased in the last
centuries, with mining activities causing profound alterations that can
persist for a long time after mine closure (Kesler, 2007). Mining destroys
the vegetation and soil profile, not only through soil excavation for
mineral extraction but also through waste deposition; thus, mining

* Corresponding author.
E-mail address: silnaral34@gmail.com (S.E. Navarro-Ramos).

https://doi.org/10.1016/j.heliyon.2022.e09179

establishment (Di Carlo et al., 2019).

Revegetation has an important role in reversing degradation pro-
cesses in areas that have been subject to mining activities. Plants help to
protect the soil from erosion through the development of the root sys-
tems, which stabilizes the soil and reduces its compaction. Moreover,
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plant aboveground biomass protects the soil from the action of rain and
wind, increases soil organic matter, and forms micro-reliefs that reduce
surface runoff, favouring the infiltration of water into the soil (Faver-
o-Longo et al., 2009; Li et al., 2014).

Active revegetation practices in sites degraded by mining include the
introduction of plants through sowing and planting, in some cases after
the reconstitution of the topsoil (Plamping et al., 2016; Torroba-Balmori
et al., 2015). Another practice is passive regeneration, which consists of
spontaneous vegetation recovery with no interventions of any type after
abandonment of mines and active revegetation without soil reconstitu-
tion (Frouz et al., 2015; Spargo and Doley, 2016). Passive regeneration is
sometimes chosen for conservation reasons, because spontaneous re-
covery may lead to increased biodiversity (Kirmer et al., 2008; Prach and
del Moral, 2015). Other times, active revegetation without soil recon-
stitution is used because reconstitution of the topsoil is complex,
expensive and, in many cases, unsuccessful (Frouz, 2021; Sebelikova
et al., 2016). Legislation in some countries requires the salvage and
stockpiling of topsoil for later use during revegetation (Hu, 2014). Native
topsoil can improve the soil physical, chemical and biological charac-
teristics, and helps succession of native vegetation through the seed bank
(Hall et al., 2010; Macdonald et al., 2015). However, the topsoil, con-
sisting of the A-horizon, is a scarce resource; indeed, in some regions, it
can be a few centimeters in depth (Darmody et al., 2009). Moreover,
topsoil is hardly ever stored for reuse in mined lands; instead, it is usually
borrowed from nearby areas, causing further degradation (Sheoran et al.,
2010). When topsoil is stored for reuse, the time spanned between its
initial removal and its final deposition on the reclaimed area can be long;
thus, soil properties deteriorate, until the soil becomes biologically
non-productive (Sheoran et al., 2010).

Vegetation establishment after mining can be difficult due to severe
limitations of soil properties caused by mining activities. Soil removal for
mineral extraction and waste deposition generates open areas of bare soil
without organic matter, soil compaction and high exposure to weath-
ering agents (Clemente et al., 2004). These open areas have low capacity
to retain seeds until germination; the few seeds that are retained are
subjected to highly stressful environmental conditions for germination
and establishment due to the lack of nutrients and soil microorganisms,
and to water stress (Espigares et al., 2011). Vegetation establishment also
depends on the availability of seed sources near the mined area and on
the presence of seed dispersers. Thus, the degree of isolation of the mined
area can play an important role in vegetation recovery (Milder et al.,
2013), and vegetation recovery without human intervention may be a
slow process. Active revegetation may be a good option, even without
soil reconstitution, since different factors can be managed to drive plant
communities to desired goals (Holl and Aide, 2011). However, the de-
cision on the use of passive or active revegetation will depend on the
specific goals of the revegetation project, the social and economic as-
pects, and the specific conditions of the site (Masoumi et al., 2014;
Mborah et al., 2016; Prach et al., 2020).

Managers can apply different techniques to increase plant establish-
ment, ranging from the selection of plants with desired characteristics to
the application of treatments, such as watering and amendments. Plant
selection involves type of vegetation and specific species to be used, and
will depend on the main goal of revegetation, which could be to stabilize
terraces, control soil erosion, recover plant community, or even improve
the aesthetics of the area (Lei et al., 2016; Lima et al., 2016). In some
cases, plants used in revegetation projects are those locally available,
favoring native and locally adapted species (Pedrini et al., 2020). In other
cases, revegetation projects take advantage of commercial seed mixtures,
which may contain non-ecologically selected species or potentially
invasive non-native species (Martinez-Ruiz et al., 2007; Skousen and
Zipper, 2014). Moreover, both the selection of plants and the application
of treatments to improve plant establishment in mined lands can be
focused on accelerating plant cover and retaining soil, regardless of the
recovery of biodiversity and successional processes (Hernandez-Santin
et al., 2019).
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The Society for Ecological Restoration defined ecological restoration
as “the process of assisting the recovery of an ecosystem that has been
degraded, damaged, or destroyed”, and described the aims of ecological
restoration as “to move a degraded ecosystem to a trajectory of recovery
that allows adaptation to local and global changes, as well as persistence
and evolution of its component species” (SER, 2004). In this sense,
ecological restoration based on the knowledge of the local ecosystem
may provide successful results. However, there are major knowledge
gaps and, therefore, restoration actions use the best “tools at hand”, such
as species available in the market or cost-effective techniques adapted to
the available and usually limited time and resources (Aronson et al.,
2010). Thus, ecological restoration research is also driven by existing
restoration experiences based on available resources rather than on the
ecological basis of natural succession of the ecosystem (Falk et al., 2016).
For this reason, it is crucial to identify and quantify the practices and
treatments that have been investigated. Since mining is a widespread
activity and vegetation establishment after mining is a complex process,
it is important to determine if research on mining site restoration has
encompassed a wide range of treatments to improve plant establishment
or if some aspects, such as the role of biotic interactions on establishment,
have been poorly considered. Knowing the state of the art about active
revegetation after mining around the world can help to identify well
established successful practices and therefore drive future research to
improve the success of mining site restoration.

In this study, we performed a systematic review of the peer-reviewed
literature on active revegetation after mining to identify the main
research trends and gaps. We analyzed 203 peer-reviewed published
studies and attempted to answer the following questions:

(1) What is the context of the active revegetation research regarding
countries, climate regions and types of mineral extracted?

(2) What is the most frequent type of active revegetation —in terms of
sowing and planting- addressed in published studies? What
practices have revegetation studies focused on in relation to life
forms and species origin? Which treatments to improve vegetation
establishment have been studied and which ones have been
understudied?

(3) What treatments have been applied with most frequent positive
results in terms of plant establishment, survival and growth?

After answering these questions, we discuss the lessons learned from
this review and make recommendations for further research based on the
treatments that we identified as possible tools to improve active reveg-
etation after mining. To the best of our knowledge, this is the first sys-
tematic review addressing these topics.

2. Materials and methods

We performed a systematic review of the scientific literature in July
2017, following the method proposed by Pickering and Byrne (2014). A
database of studies about active revegetation after mining activities
published in English was obtained by systematically searching the web
using Google Scholar, ISI Web of Science and Scopus databases
(Figure 1).

Our search was based on three groups of keywords linked with the
operator AND: (1) Keywords of the restoration processes (*establish* OR
succession* OR *colonize* OR regeneration OR rehabilitation OR rest*
OR claim); (2) Keywords of the organism to be restored (*vegetat* OR
wood* OR shrub* OR herbaceous OR bush*); (3) Keywords of the
disturbance before restoration (quarr* OR mine OR extraction OR
extracted). The truncation symbol “*” was used to retrieve citations
including a root word.

After the literature search, we selected studies based on the rele-
vance of the title and abstract; whenever necessary, we assessed the
full text before making a decision on selection. We included studies
describing results after an active in situ revegetation on terrestrial
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Figure 1. Flow chart of the methodology used for database construction. N:
number of studies selected at each step (see main text for details).

mined areas without reconstitution of the organic horizon, namely
without topsoil reconstitution. We considered active revegetation
those activities such as planting or sowing of vascular plants at sites
affected by mining activities, both at extraction sites and spoil heaps.
We excluded studies that: (a) focused only on spontaneous vegetation
establishment; (b) described research conducted in greenhouse or
experimental areas, because we considered only in situ restoration; (c)
located in aquatic or sub-aquatic environments, such as mangroves,
beach dunes, peat bogs and wetlands; (d) related to the uptake of
pollutants by vegetation; and (e) did not analyze results using infer-
ential or descriptive statistics.

After the selection process, a total of 203 studies were included in a
database for review and analysis (Appendix A1). Studies were analyzed
independently by two reviewers; disagreements were solved through
group discussion (Figure 1). The information extracted from each study
was classified into three categories:

(1) Context of the research: (a) year of publication; (b) country where
the restoration was carried out; (c) climatic zone using the
geographic coordinates of the mine or of the midpoint between
mines whenever more than mine one was involved. The climate
was identified using the Koppen classification (Koppen, 1936),
which recognizes five principal groups of world climates (dry,
continental, tropical, temperate and cold); (d) type of extracted
mineral, considering the following 13 groups: building materials,
calcium derivatives, clay and sedimentary rocks, igneous rocks,
metals, metamorphic rocks, mineral coal, mineral mix, oil sands
and shale, phosphates, precious stones, rocks and serpentine
minerals; (e) Year of vegetation introduction; (f) year of cessation
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of mining activities; and (g) interventions made in the area before
plant introduction.

(2) Practices of active revegetation: (a) type of introduction (sowing/
planting); (b) life form of the introduced plants (herbaceous/
woody); (c) origin of the introduced plants (native/non-native);
(d) treatments implemented to improve vegetation establishment;
(e) number of species used in the study; and (f) number of mines
involved. Regarding the treatments implemented to improve
vegetation establishment, we classified them into five groups: (i)
treatments applied to the soil: fertilization, application of
amendments (organic and inorganic) and mechanical treatments
such as plowing. We also included studies that assessed revege-
tation success among different types of soil, topographies, slopes
and degree of soil compaction; (ii) watering and hydrogel appli-
cation; (iii) treatments that included manipulation of the vegeta-
tion surrounding the target plants, such as nurse-based planting/
sowing, herbicide application, weed control and herbivore
exclusion; (iv) treatments applied to seeds and saplings before the
introduction of the plants in the field, including inoculation of
microorganisms such as mycorrhiza and bacteria, and the appli-
cation of fungicides and seed coating; and (v) treatments based on
the use of different sowing and planting techniques, such as
different depths of sowing, planting seasons and sowing/planting
densities.

(3) Success of most frequently implemented treatments: (a) number of
species with positive, negative and neutral results reported in the
study; (b) monitoring time in months; (c) indicator of plant per-
formance (response variable), e.g. plant cover of sown species,
survival of planted saplings, etc.

3. Results and discussion
3.1. Context of reviewed research

The 203 studies reporting active revegetation after mining without
soil reconstitution were published between January 1979 and July 2017.
The number of studies increased over time, from 2 in 1979 to 14 in 2016,
with a high number of them having being published between 2009 and
2016 (Figure 2). Wortley et al. (2013) reported a similar increase in the
number of studies assessing ecological restoration success as of 1990,
with a greater increase of studies having been published in the last four
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Figure 2. Number of studies identified through the literature search per year of
publication. Gray bars (left Y-axis) represent the absolute number of reviewed
studies per year. The black line (right Y-axis) represents the cumulative number
of studies per year. Note: the literature search in 2017 includes works published
up to July (N = 203).
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years of the reviewed period. In addition, in recent years mining activ-
ities have increased due to a growing use of digital technologies
(UNCTAD, 2020). Therefore, the increase of active revegetation studies
has responded to the need to mitigate the impact of these activities.

The studies were published in 100 different journals, reflecting the
trans-disciplinary interest in this topic. Thirty-three journals accounted
for 67% of the total number of studies. The most representative journals
were Ecological Engineering (8.4%), Restoration Ecology (7.4%), Inter-
national Journal of Surface Mining, Reclamation and Environment
(6.4%) and Journal of Applied Ecology (5.4%). Other journals were
represented by five or fewer studies (<2.5%) (Appendix A2).

The studies were distributed in 33 countries. The leading country was
the USA (69 studies, 34% of the total number), followed by China (18
studies, 9%), Canada (17 studies, 8%), India (17 studies, 8%), and
Australia (11 studies, 5%). A total of 15 countries were represented with
one study (Figure 3). The USA, Russia and China are among the countries
with the highest mineral extraction (U.S. Energy Information Adminis-
tration, 2019). However, Russia and China were not represented with a
high number of studies in comparison with the USA, indicating that the
mineral extraction rates per se are not enough to explain the number of
studies. In the USA, there are laws dating back to 1977 that oblige mine
companies to perform after-mining restoration of the vegetation cover
(Macdonald et al., 2015); this fact may help to explain the high interest in
the topic in the scientific community. Other countries with intense
mineral extraction, such as China and Russia, also have laws regulating
mine reclamation since 1986 and 1968, respectively (Bond and Piepen-
burg, 1990; Cheng and Skousen, 2017); however, in practice, this legis-
lation is not enforced (Cao, 2007; Faizuldayeva, 2016). Countries with
greater compliance with restoration laws are likely to make greater in-
vestments and be more interested in restoration research to contribute to
the success of reclamation initiatives. However, it should be noted that
results could be language-biased. If we assume that implementers very
often do not understand foreign languages and that researchers are
interested in reaching that audience, an important amount of articles may
be published in the local language and those countries with language
other than English would be under-represented in our analysis.
Furthermore, our results may be influenced by the fact that the USA is
one of the countries that publishes the highest number of peer-reviewed
articles on ecological restoration (Aronson et al., 2010).

Most of the surveyed research was carried out in regions with
temperate climate (119 studies, 59%), mainly because this is the
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prevailing climate in the USA. Plant germination, survival and growth
could be hampered by harsh abiotic conditions in some temperate cli-
mates (Pueyo and Alados, 2007; Shriver et al., 2018). Seasonally dry
ecosystems in the USA are particularly vulnerable due to low and vari-
able precipitation, and the invasion by non-native species (Evans et al.,
2013; Andrus et al., 2018). The need for restoration in these ecosystems
could partially explain the higher number of studies conducted in
temperate climate regions than in other regions (Copeland et al., 2018).
A lower success of passive restoration in terms of species composition is
reported in areas with tropical climates than in those with temperate
climates (Prach and Walker, 2019). However, in tropical climates, plant
establishment and vegetation recovery (in terms of plant cover) can be
faster than in temperate climates because precipitations and temperature
are higher than in other climates, which implies higher growth rates
(Novianti et al., 2018). This could partially explain the lower number of
studies in tropical areas. Furthermore, UNESCO Science Report (2010)
indicates that the governments of countries with a tropical climate, such
as Brazil and Indonesia, invest little in research and development (low
gross domestic spending in research and development relative to gross
domestic product). Therefore, the lack of economic resources to do
research may also influence the number of studies found in areas with
tropical climate.

Most of the reviewed research works involved coal mines (45%, 91
studies), followed by metal mines (27%, 55 studies), and mines
exploiting clay and sedimentary rocks (8%, 17 studies), and calcium
derivatives (7%, 14 studies). The other nine mineral groups were rep-
resented by four or fewer studies each, and seven studies (3%) did not
inform the type of mineral that had been extracted in the revegetated
area. Coal is widely used as a fuel source to generate electricity in the
USA. It is also used in the production of steel, cement, and for home and
commercial heating throughout the world (USGS, 2019); therefore, it is
not surprising that coal is one of the most widely represented minerals in
the reviewed studies.

After-mining introduction of vegetation with no direct assessment of
plant performance was reported in 58 of the 203 studies (29%). These
studies focused on the monitoring of plant community development in
terms of biomass and changes in floristic composition (Figure 4).
Assessment of the introduced plant performance after sowing or planting
was reported in 145 studies (71%). Success was evaluated in terms of
plant survival and growth, among other indicators of plant performance
(Figure 4).

Figure 3. Distribution of reviewed studies by country
and climatic region. a) Number of studies reviewed by
country. To synthesize the data, countries with the
same number of studies were grouped (Groups 1 to 5).
For example, Group 1 includes Spain and Brazil, with
six studies each, totaling 12 studies. Group composi-
tion is described in the box (in parentheses, the
number of studies per country). Dark and light orange
bars represent the number of studies per country and
the total number of studies per group, respectively.
The numbers above the bars represent the number of
studies per country or group of countries. b) Map of
global distribution of studies on active revegetation
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Figure 4. Flowchart showing the number of studies in the main categories into which they were classified and information obtained from each study.

Most studies did not provide detailed information of the year of
cessation of mining activities or the year of plant introduction (155 of the
203 studies, 76%). Therefore, it was not possible to determine the period
between the cessation of mining activities and plant introduction and, as
a consequence, made it difficult to interpret the role of plant introduction
in vegetation recovery after mining. The time elapsed since the cessation
of mining activities affects the arrival of propagules and the establish-
ment of a plant community dominated by opportunistic native or non-
native species (Trepanier et al., 2021). In some cases, plants were
introduced for research purposes by a team other than the mining com-
pany. Thus, detailed information about the cessation of mining activity in
some cases is difficult to acquire and, therefore, not reported (Hernan-
dez-Santin et al., 2019).

3.2. Practices of active revegetation

We identified 145 studies that assessed the performance of the
introduced plant. Most studies were focused on the plantation of woody
species (86 out of 145 studies, 59%) or sowing of herbaceous species (56
out of 145 studies, 39%), whereas a few studies focused on the plantation
of herbaceous species or the sowing of woody species (Figure 5). Planting
trees after mine closure, mainly pine species, was a common practice
between 1940 and 1970 in the USA, even in a context of no legal re-
quirements and little emphasis on revegetation, with the only intention
to rehabilitate the land (Skousen and Zipper, 2014). In Australia, planting
pine and eucalyptus species was also the most extended practice for mine
revegetation before 1980 (Grant and Koch, 2007). In India, reclamation
with tree plantation has also been a common practice among mining
companies (Kumari and Maiti, 2019). In the USA, sowing herbaceous
species, i.e. grasses and clover, was the most extended after-mining
practice in the 1980s and 1990s, with the aim to stabilize the soil and
develop pastures for livestock grazing over a short period and at low cost
(Skousen and Zipper, 2014). In the Mediterranean region of Spain,
hydroseeding with herbaceous plants was also widely used (Oliveira
et al., 2013). The extensive use of these practices can mostly explain a
greater number of studies focused on the plantation of woody species and
the sowing of herbaceous species, in comparison with the few studies on
the plantation of herbaceous and the sowing of woody species. Moreover,
sowing woody species usually results in low establishment rates, mainly
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Figure 5. Number of studies focused on sowing and/or planting, and life form
of the introduced species (herbaceous or woody), of a total of 145 studies that
assessed the performance of the introduced plants.

in degraded areas with severe biotic and abiotic limitations (Carabassa
et al., 2019).

Concerning the origin of the introduced species, 65 of 145 studies
(45%) use mainly native species, 14 (10%) use non-native species, and 82
(57%) did not report the origin of the introduced species. Since some
studies used multiple species, native, non-native or undetermined spe-
cies, the total exceeds 100%. Using native or non-native species is a very
important issue, since plant invasion of non-native species is one of the
global concerns for biodiversity conservation (Foxcroft et al., 2017).
Non-native plants can prevent the establishment of native woody and
herbaceous plants, and can cause changes in hydrological or disturbance
cycles, i.e. fire regimes, with permanent consequences on successional
trajectories (Kirmer et al., 2012). The reasons for using non-native spe-
cies for after-mining revegetation can be related to their lower cost than
that of native ones, their availability in the market and their fast plant
establishment to achieve soil retention. Thus, soil erosion is prevented
and laws regarding the cessation of mine activities are complied with
(Bochet et al., 2010). A few well-studied species, usually highly
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competitive grass and legume species, e.g. Festuca ovina, Trifolium pra-
tense and Cynodon dactylon, are usually used for these purposes. They are
included in low diversity commercial mixtures to revegetate mining
areas (Martinez-Ruiz et al., 2007). Some of these species are invasive
outside their natural distribution range, like Cynodon dactylon, which is
naturally distributed in Africa and southern Europe, and highly invasive
in some areas of southern USA (Farthing et al., 2018). In recent years,
increased emphasis has been given to the importance of using native
plants adapted to the local climatic conditions, which has increased
success in reforestation and conservation of local biodiversity (Macdon-
ald et al., 2015).

Interventions made before the introduction of vegetation were
mentioned in 80 out of 145 studies (55%); they were aimed to improve
unfavorable soil conditions, including amendment application, fertiliza-
tion, plowing and irrigation, and to ameliorate biotic limitations, such as
herbivore exclusion and herbicide application. Those interventions were
not the focus of the studies and, consequently, were not evaluated;
however, they may have had a crucial role in the success of subsequent
revegetation. In some cases, these interventions were part of mine closure
operations and were performed many years before the study.

Regarding the treatments to improve vegetation establishment that
were assessed in the studies, the most widely evaluated treatment was
the addition of amendments (48 studies, 33%). Of those 48 studies, 24
(17%) used only organic amendments, such as waste compost, manure,
peat, cellulose fiber, and wood debris; and 5 studies (3%) used only
inorganic amendments, like lime, sandstone and marl. A total of 19
studies (13%) involved both organic and inorganic amendments.
Amendment applications can increase soil water retention capacity and
porosity, reducing some widespread soil limitations in mined lands and
increasing vegetation growth (Li et al., 2019; Macdonald et al., 2015).
The second most widely evaluated treatment was the use of inorganic
fertilizers, such as NPK, nitrates, phosphates and ammonium (42 studies,
29%). Fertilizers help initiate nutrient cycling processes and stimulate
the growth of implanted vegetation in degraded areas (Ortiz et al., 2012).
The third most widely evaluated group of treatments included those that
made interventions in the soil (e.g. plowing, the use of different types of
soil or different topographic characteristics, such as slope and aspect)
inside the mine to carry out sowing and/or planting (32 studies, 22%).
Plowing is widely used to reduce compaction and increase water reten-
tion, infiltration, and root growth, all of which improve plant survival
and growth, especially in dry years (Angel et al., 2018). Slope and aspect
can influence the establishment of vegetation through variations in solar
radiation, soil humidity and water stress (Alday et al., 2010).

A total of 31 studies (21%) compared plant performance of different
species after their introduction. Species selection is an important aspect
in many restoration projects; however, basing species selection only on
fast plant implantation may be detrimental to other important factors,
such as adaptation to site conditions or species origin (Gastauer et al.,
2018).

A set of treatments were based on taking advantage of positive in-
teractions or on avoiding negative interactions between organisms.
These treatments, which were applied to seeds and/or saplings before
sowing and planting in the field, respectively, were evaluated in 17
studies (12%), including inoculation of microorganisms and fungicide
application. The inoculation of microorganisms such as mycorrhizal
fungi and rhizobia improves nutrient absorption, nitrogen fixation and
stress tolerance of host plants (Matias et al., 2009; Navarro Ramos et al.,
2018). Soil pathogenic fungi often cause seed mortality; therefore, the
application of fungicides to seeds can help increase seed survival (Hou
et al., 2021). Treatments that included the manipulation of the vegeta-
tion surrounding the target plants, such as the use of nurse plants, weed
control and herbivore exclusion, were assessed in 15 studies (10%). It is
well established that plant-plant interactions and plant-animal in-
teractions greatly influence plant establishment (Van Andel, 2005).
Positive plant interactions can be used to optimize the performance of
introduced vegetation (Torres and Renison, 2015). Likewise, decreased
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competition can be necessary to improve plant survival and growth; thus,
weed control can be a good alternative to favor vegetation establishment
(Passaretti et al., 2020). Herbivore incidence can also limit the estab-
lishment of plants and the subsequent regeneration of the ecosystem;
therefore, herbivore exclusion can reduce the negative effects on reveg-
etation (Torres and Renison, 2015).

Different sowing and/or planting techniques, such as sowing at
different depths and planting in different seasons, were analyzed in 14
studies (10%). Plant performance at early stages of establishment, i.e.
germination and early survival and growth, is highly dependent on soil
conditions, like humidity and temperature, which are highly variable in
different seasons, especially in degraded areas (Ottavini et al., 2019). A
total of 12 studies (8%) compared plant performance at different times
after vegetation introduction. Vegetation monitoring over time is rare in
the reviewed papers, even though plant performance can change over
time in accordance with resource availability and stress tolerance of the
introduced species (Schiffers and Tielborger, 2006). Watering and/or
hydrogel application after plant introduction was assessed in 10 studies
(7%). The importance of water stress on plant performance depends on
several factors such as climate and substrate types (Zettl et al., 2011).
However, water stress can be a limiting factor not only in arid ecosystems
but also in most of the regions with a dry season (Mediterranean and
Monzonic regions), even where annual precipitation is high, e.g. in some
seasonally dry tropical and subtropical forests. Additionally, in degraded
areas water stress increases due to the changes in soil structure and
composition (Abella et al., 2015). However, the effect of watering and/or
hydrogel application on plant performance has been poorly studied,
probably due to the high cost of applying irrigation in post-mining areas,
which are often far from a water source (Josa et al., 2012). Finally, two
studies (1%) evaluated the effect of the distance to the nearest forest and
one study (0.7%) tested the influence of different climatic regions (with
variations in temperature and humidity) on vegetation (Figure 6).

3.3. Success of the most frequently implemented treatments

In the last part of our analysis, we focused on the effects of the two
most frequently reported treatments, i.e. fertilizer and amendment
application, on plant performance. Therefore, the relevant articles were
reduced to 51 studies (Figure 4). The used success indicators are detailed
in Table 1.
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Figure 6. Number of studies assessing the effect of different types of treatments
on plant performance after sowing, planting, or sowing and planting (one study
may include multiple treatments) of a total of 145 studies that assessed the
performance of the introduced plant.
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Table 1. Indicators of plant performance used in 51 sowing and planting studies
evaluating the success of the most frequently implemented treatments.

Variable Indicator Number of studies

Sowing success Proportion of plant cover 18
Dry mass 14
Plant density 8
Number of emerged plants 2
Maximum height of plants 2
Individual height 1
Stem basal diameter 1
Crown width 1

Seedling growth Height increment 18
Stem basal diameter 12
Dry mass 8
Proportion of plant cover 2
Canopy width 1
Crown width 1

Besides the 51 studies described here, 13 other studies that assessed
fertilizer and amendment application did not include an untreated con-
trol or applied two or more treatments simultaneously; therefore, we
cannot clearly categorize the results as positive, negative or neutral. The
effects of fertilizers and amendments reported in these 51 studies are
shown in Table 2. Regarding sowing of herbaceous species, most studies
reported positive or neutral effects of the application of inorganic fer-
tilizers, organic amendments and inorganic amendments, whereas a few
studies reported negative effects. With respect to the survival of planted
woody species, most studies reported neutral effects of inorganic fertil-
izers and inorganic amendments, whereas for organic amendment
application, a similar number of studies reported positive and neutral
effects, and a few studies reported negative effects. Concerning the
growth of planted woody species, most studies reported positive and
neutral effects of inorganic fertilizers and organic amendments, whereas
for inorganic amendment application most studies reported neutral ef-
fects, and only a few studies reported negative effects.

Considering the great impact of mining activities on the soil, we ex-
pected that treatments that added organic matter and nutrients to the
soil, such as fertilization and amendments, would improve vegetation
establishment. However, surprisingly, many studies reported neutral ef-
fects. This finding could be due to several reasons. On the one hand, the
effect of fertilization and the addition of amendments may depend on the
functional strategies of the introduced species, since plants differ in
biomass allocation when there is an increase in nutrient availability
(Oliet et al., 2013; Ploughe et al., 2021). Unlike late-successional species,
pioneer species tend to allocate more resources to aerial parts than to
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roots (Portsmuth and Niinemets, 2007); thus, the effect of nutrient
addition can depend on the indicator used to assess growth. In addition,
the effects of these treatments may benefit neighboring plants, which
compete for resources with the implanted vegetation. Therefore, the
negative effects of neighboring plants on the performance of the treated
vegetation are probably offset by the positive effects of fertilization or the
addition of amendments, resulting in neutral or negative effects on the
establishment of the treated vegetation (Soliveres et al., 2012). The
neutral effects of some inorganic amendments, such as gypsum and lime,
can be also explained by the long time they take to dissolve; therefore,
nutrients become available a long time after their application, with their
effect on vegetation growth possibly being significant several years later
(Reid and Naeth, 2005). In contrast, organic amendments and inorganic
fertilizers are available in the short- and mid-term, showing positive ef-
fects earlier than inorganic amendments (Antonelli et al., 2018).
Furthermore, the success of fertilization and amendments may vary with
the context, such as the degree of nutrient limitation in the mining area
and local abiotic conditions. It is known that the lower the nutrient
amount in the soil, the greater the absorption by the vegetation after
nutrient addition (Harrington et al., 2001). Local abiotic conditions, such
as rainfall and temperature, also influence the success of amendments
and fertilizers. Leaching from fertilizers can increase with increasing
rainfall and temperatures (Jabloun et al., 2015). In addition, organic
amendments are more effective in warmer climates, since nutrients are
mineralized faster and may be available to plants more rapidly (Ploughe
et al., 2021). In turn, in semi-arid climates, where rainfall is scarce, rapid
nutrient mineralization can lead to increased salinity and, consequently,
water stress (Fuentes et al., 2007). Finally, application rates may have
also influenced the results. It is known that low or very high nutrient
application rates can have neutral or negative effects on vegetation
establishment (Fuentes et al., 2010). Only a few studies reviewed here
tested different rates of fertilizers and amendments on vegetation in
order to identify the most appropriate dose.

In the 51 studies assessing plant performance after the application of
fertilizers and amendments, monitoring time ranged from 2 to 360
months. Of them, 37 studies (73%) monitored plant performance for 36
months (three years) after revegetation. This period is used in many plant
establishment studies (Gomez-Aparicio, 2009) and is considered appro-
priate to understand the most vulnerable phases of establishment and to
assess the accomplishment of revegetation goals in mined areas, such as
fast soil cover and prevention of soil erosion (Herrick et al., 2006).
However, long-term monitoring can be necessary to assess successional
trajectories after the introduction of plants (Macdonald et al., 2015).

The number of species assessed per study ranges from 1 to 54; how-
ever, 40 of the 51 studies (78%) evaluated between 1 and 6 species.
Importantly, several studies focusing on the performance of sowing
herbaceous plants did not distinguish between introduced and non-

Table 2. Number of studies reporting positive (+), negative (-) or neutral effects on plant performance after fertilizer or amendment application. Numbers between
brackets represent the total number of species evaluated in all studies of each group. Number of species preceded by a “>" indicates an unknown higher number due to

the use of a mixture of species.

Plant performance Effect Treatments
Inorganic fertilizer Organic amendment Inorganic amendment
Herbs Woody Herbs Woody Herbs Woody
Sowing success (cover, biomass, density) + 8 (>41) 11D 11 (>23) 101 507) 1)
- 103 0 (0) 2 (>5) 0 (0) 0 (0) 11
Neutral 5(>8) 0 (0) 7 (>74) 0 (0) 6 (>26) 0 (0)
Seedling survival (proportion of live individuals) 4 1) 103 0 (0) 6 (15) 1) 14
- 12 1(3) 0 (0) 2(2) 0 (0) 0 (0)
Neutral 1(8) 11 (35) 0 (0) 8 (22) 109 4 (14)
Seedling growth (biomass, cover, diameter increase, + 1@ 8 (19) 0 (0) 8 (19) 0 (0) 1(D
height increase, dry mass) B 0 (0) 2(2) 0 (0) 2(2) 0 (0) 0(0)
Neutral 0(0) 10 (25) 0(0) 5(13) 0(0) 4(12)
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introduced plants. These studies quantified success in terms of plant
cover or accumulated biomass of all established plants, which usually
includes species spontaneously regenerated through a natural succession
process. Moreover, when plant monitoring occurs a long time after plant
introduction, either by sowing or planting, success measures usually
include non-introduced species. Thus, the number of species reported as
positive, negative or neutrally affected may be overestimated. Further-
more, many sowing experiments include a mixture of seeds but do not
report the number of species; therefore, it is even more difficult to clearly
identify the number of species with positive, negative and neutral results.

4. Conclusion

In this study, we provide a global perspective of the active revege-
tation of mining areas without soil reconstitution based on peer-reviewed
literature. Research on active revegetation of mining areas increased
from the 1980s to 2017, and is highly biased towards studies in the USA,
temperate climate and coal mines.

Most of the research works selected and analyzed in this review
focused on treatments that improve soil conditions, with fewer articles
being referred to other ecological aspects influencing plant establish-
ment, such as biotic interactions. Furthermore, few studies tested the
effects of watering and hydrogel treatments. Further research involving
long-term monitoring is needed to obtain more robust outcomes on some
of the studied treatments.

Although fertilization and addition of inorganic amendments have
been widely used as treatments to enhance the quality and productivity
of degraded soils, their effects on vegetation establishment in post-
mining areas are not clear.

The results of this review suggest that organic amendment, another
widely used treatment, could be a good choice to improve soil charac-
teristics and, in turn, favor the establishment of implanted vegetation in
post-mining areas. In addition to the positive effects on vegetation
establishment, organic amendment is a good alternative to take advan-
tage of urban, agricultural and forestry waste, and has a low economic
and environmental cost, which could benefit the recovery of mining areas
in developing countries. However, we must be cautious when general-
izing about the success of these kinds of treatments, since it can vary with
several factors related to the context of the intervention and thus a local
assessment should always be performed. Finally, a more detailed
description of the interventions may be useful to interpret results and
general implications of active revegetation of mining areas. Therefore,
special attention should be paid to these issues in future articles evalu-
ating treatments to improve the active revegetation of mining areas.
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