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ABSTRACT

Ecological restoration has gained increased attention to combat the global biodiversity and habitat loss driven by human
activities and climate change. To address these impacts, restoration efforts apply interventions aimed at recovering native

ecosystems on degraded lands. However, they tend to centre on vegetation-based interventions, with limited attention to

aboveground and belowground linkages. Soil health, including its physicochemical, biological and functional attributes, is

fundamental to ecosystem resilience and sustainability, provision of services, and human well-being. This synthesis explores
how a deeper understanding of soil-vegetation interactions can support restoration and conservation efforts. We discuss how
restoration interventions can be applied from early to later stages of restoration, future directions and novel approaches that

target aboveground and belowground processes to promote soil health and successful plant community establishment. We

propose that integrating practices that explicitly consider linkages among vegetation, soil properties and biota can lead to more

effective restoration outcomes and the establishment of resilient, self-sustaining ecosystems.

1 | Context and Importance of Soil Health in
Ecological Restoration

Ecological restoration is becoming more important than ever as
the world faces ongoing ecosystem degradation and habitat loss
driven by human activities which is confounded by climate
challenges (Aronson and Alexander 2013; The Nature Con-
servancy 2021). Human activities, including deforestation for
agriculture or timber production, urbanisation and mining,
have pushed many ecosystems to the brink (Scanes 2018;
Winkler et al. 2021), making restoration efforts urgent. In
addition, remnant natural ecosystems are critical to support
viable populations of plants and animals, but many are highly
degraded and fragmented (Robinson et al. 2024). This poses
significant concerns for current and future conservation efforts
which rely on suitable habitats to support target species. Re-
cognising this, the United Nations has declared 2021-2030 the

‘UN Decade on Ecosystem Restoration’, urging global action to
prevent, halt and reverse the degradation of our planet's eco-
systems (The United Nations Environment Agency 2019). This
initiative aims to restore hundreds of millions of hectares of
land, emphasising that large-scale restoration is essential for
preserving biodiversity and ecosystem services and achieving
critical global goals related to climate change, food security and
human well-being.

Achieving such ambitious goals requires a holistic approach
that considers the scale of degradation and tailors restoration
strategies accordingly. Ecosystems vary widely in their degree of
degradation, ranging from highly degraded sites, where natural
vegetation and soil health are severely compromised, to areas
that retain much of their ecological integrity (Stanturf 2021).
Currently, approximately 75% of the world's soils are affected by
degradation (Robinson et al. 2024), with anthropogenic land use
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causing long-lasting (i.e., decades) soil physicochemical and
biological legacies that can be notoriously difficult to ameliorate
(Parkhurst, Prober, Farrell, et al. 2022; Turley et al. 2020).
Restoration efforts generally aim to return ecosystems to a self-
sustaining state closely resembling reference conditions to
reestablish populations of native species and natural processes
where degradation is less severe (Hobbs and Harris 2001).
However, where the native vegetation and soil attributes are
almost entirely lost, the immediate goals of restoration may be
more modest (Hobbs and Harris 2001). Here, the focus might be
improving soil health, increasing or replacing vegetation cover,
and enhancing ecosystem functions, for example, water reten-
tion and nutrient cycling, rather than fully restoring the eco-
system to its original state. This approach recognises that
restoration is not a one-size-fits-all solution but must be adapted
to each site's specific conditions and challenges (Hobbs and
Harris 2001).

When restoring ecosystems, soil health is increasingly re-
cognised as a foundational element for long-term success
(Farrell et al. 2020; Nolan et al. 2021). Despite this recognition,
it is often overlooked in practice, partly because soil health
assessment is not straightforward (Lehmann et al. 2020). Unlike
more easily measured soil properties, for example, pH, nutrient
content or organic matter levels (Masha et al. 2023), soil health
refers to soil's ongoing capacity to support essential functions to
maintain the well-being of plants, animals, humans and the
environment (Lehmann et al. 2020). This broader, more holistic
view can make it challenging to define specific thresholds or
targets for what constitutes healthy soil (Fierer, Wood, and
Bueno De Mesquita 2021), leading to its neglect in some res-
toration efforts. A key constraint is that soil health can only be
gauged relative to the desired condition of a particular eco-
system, which requires comprehensive knowledge of the char-
acteristics of a suitable reference ecosystem, which may not
always exist or be accessible.

Thus, healthy soils are not just about their properties but their
strong connection and feedback with the aboveground commu-
nity, which together sustains ecosystem functions. However, in
general, healthier soils tend to have a well-structured profile with
adequate pore spaces, facilitating the movement of air, water,
nutrients, roots and soil organisms that are suitable for an eco-
system (Gammack et al. 1991; Parkinson and Willson 2021).
Organic matter and essential nutrients, including carbon, nitro-
gen and phosphorus, are also present in the appropriate pro-
portions to support native plant growth (Lehmann and
Kleber 2015). Moreover, recent studies have emphasised the
importance of the composition and diversity of soil biota,
including microorganisms such as bacteria, archaea, fungi,
viruses and protists (Eisenhauer et al. 2017; Harris 2009;
McKinley 2019) and multicellular soil fauna such as nematodes
and earthworms (Nielsen, Wall, and Six 2015). The right balance
of these organisms and their interactions, which regulate the
cycling of organic matter, nutrients and soil structure mainte-
nance, is essential for supporting multiple soil functions and
must align with the ecosystem's requirements (Nielsen 2019;
Wagg et al. 2014; Wall et al. 2012). Additionally, healthier soils
may exhibit lower levels of compaction and greater aggrega-
tion, which allows roots to grow deeply and water to infiltrate
efficiently and prevents the loss of topsoil and its nutrients

(Shah et al. 2017). These attributes provide the foundation for
strong aboveground-belowground interactions, ecosystem
resilience to environmental stressors and ecosystem services,
including carbon sequestration, water purification and support
for biodiversity (Bardgett and Van der Putten 2014).

Investigating the potential to restore or improve soil health is
crucial for supporting ecosystem function and resilience. Pio-
neering work by Distinguished Professor Diana Wall, honoured
in this special issue, has advanced our understanding of soil
health by demonstrating the critical role soil biodiversity plays
in ecosystem productivity and resilience. This provides a
foundation for exploring how interactions between soil orga-
nisms, their properties, and vegetation can be applied in res-
toration efforts. Building on this, this synthesis paper examines
aboveground and belowground interactions, particularly how
they are altered by land use degradation and how they impact
soil health and restoration success. Most papers considering
soils for restoring ecosystems have focused mostly on physico-
chemical properties (Palmer, Zedler, and Falk 2016) or micro-
organisms in isolation (Peddle et al. 2024; Robinson et al. 2024).
This leaves a gap in research integrating aboveground and be-
lowground biological attributes and processes and developing
comprehensive strategies to address soil health and its func-
tions. We also discuss aboveground and belowground inter-
ventions that have the potential to promote soil health and
successful plant community establishment in restoration proj-
ects. By doing so, we hope to offer new perspectives on
designing and implementing restoration interventions that are
more effective in promoting long-term ecosystem resilience.

2 | The Role of Aboveground-Belowground
Linkages

A comprehensive understanding of aboveground and below-
ground linkages (Figure 1) can assist restoration efforts by
providing insights into how changes aboveground can affect soil
physicochemical, biological and functional properties, and vice-
versa (Kardol and Wardle 2010). The relationships between
aboveground and belowground components are relatively well-
known in healthy and diverse plant communities (De Deyn and
Van der Putten 2005; Scherber et al. 2010; Schuldt et al. 2017).
It, however, remains less clear how degradation alters these
relationships and how this affects soil health.

In natural ecosystems of good condition, the relationships
between aboveground and belowground parameters are usually
complex and interdependent, involving positive feedback loops
that enhance ecosystem resilience and productivity (Kardol and
Wardle 2010; Wardle et al. 2004). The principal pathways for
these aboveground and belowground relationships are mediated
through roots and litter, which play key roles in the exchange
and cycling of resources within the ecosystem (Brussaard, De
Ruiter, and Brown 2007). The roots serve as a direct physical
connection, absorbing water and nutrients from the soil, which
are essential for plant growth and survival (Ryan et al. 2016).
Roots also release exudates and various chemical compounds
(e.g., sugars and amino acids) into the soil that can shape soil
pH, nutrient availability, and the composition and activity of
the microbial community (Shi et al. 2011; Wen et al. 2022).
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FIGURE 1 | Dynamic interactions between aboveground and belowground processes in an ecosystem. Plants, through both their litter and roots,
influence the interconnected physical, chemical and biological soil processes, contributing to the nutrient pool and influencing belowground

organisms and soil structure. At the same time, this belowground process supports plant growth and various ecosystem functions. Soil decomposers,

microbial grazers (i.e., bacterial and fungal feeding microfauna including nematodes and protists), predators (including predatory nematodes,

mesostigmatid mites and ants) and symbionts, pests and pathogens influence various chemical (e.g., breaking down organic matter and contributing

to nutrient cycles and availability) and physical (e.g., supporting root growth and affecting soil structure) processes. Restoration outcomes can be

improved by better understanding how these interactions regulate ecosystem structure and function and then implementing interventions to steer

recovery.

Finally, roots can also form symbiotic relationships with
mycorrhizal fungi, rhizobia and plant growth-promoting rhi-
zobacteria (Badri and Vivanco 2009), enhancing nutrient up-
take and plant resistance to environmental stresses. For
example, Ortas, Rafique and Cekig (2021) highlighted that plant
associations with mycorrhizae increase their resistance to
drought and salinity. On the other hand, roots can also form
negative associations with parasitic plants, pathogenic
microbes, and invertebrate herbivores. These negative interac-
tions help control plant populations in healthy ecosystems,
preventing specific species from becoming too dominant, which
in turn promotes biodiversity and resilience (Bever 2003). For
example, studies have shown that soil pathogens can regulate
plant community composition by suppressing dominant or
invasive-prone species in their native range, allowing less
competitive species to coexist (Maron et al. 2014). This dynamic
contributes to the stability and multifunctionality of ecosystems
by maintaining a diversity of species, each contributing to dif-
ferent ecological roles (Bagchi et al. 2014).

Another critical interaction pathway between aboveground and
belowground compartments is litter, composed of dead plant
material such as leaves, stems, branches and roots (Wardle
et al. 2004). As litter decomposes, it supplies organic matter to
the soil, improving soil structure and increasing water-holding
capacity and the soil's ability to support diverse biotic commu-
nities (Bashir et al. 2021; Murphy 2015). This decomposition
process is driven by soil organisms, including bacteria, fungi and
invertebrates, that break down the litter into simpler compounds
that plants can absorb as nutrients (Lavelle et al. 2006). Soil
nutrient availability can furthermore be impacted by the quantity
and chemical composition of the litter by directly influencing
decomposition rate, nutrient cycling and whether nutrients are
immobilised or mineralised by microbes (Freschet et al. 2013;
Wu et al. 2023). In addition, litter can affect the decomposition of
existing organic matter (sensu priming), influencing nutrient
storage (Fanin, Alavoine, and Bertrand 2020). However, these
interactions can become disrupted or simplified in ecosystems
experiencing degradation by land use changes.
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Degradation commonly results in a loss of native vegetation
cover and diversity and an increase in exotic abundance,
alongside increased soil compaction, erosion, nutrient im-
balances (deficit or excess) and shifts in biodiversity, composi-
tion and functional capacity of biological soil communities
(Nielsen 2019). These conditions can reduce native plant root
growth, exudation, and association with beneficial organisms.
Reduced root growth directly affects the ability of plants to
access water and nutrients; lower exudation rates can affect soil
biota composition and activity and decrease carbon and nutri-
ent cycling; and fewer interactions with beneficial microbes can
compromise nutrient acquisition and stress tolerance
(Chapman et al. 2012; Ma et al. 2022). Altogether, this can
create a cycle of soil degradation and decline that is difficult to
reverse. For example, the symbiotic relationships between some
plant roots and arbuscular mycorrhizal fungi (AMF) are often
disrupted in degraded soils. In these cases, AMF communities
are usually altered and can reduce phosphorous uptake by
plants and promote plant invaders, creating a feedback loop
that further enhances degradation and declines in soil health
(Ba, Facelli, and Facelli 2018; Van Der Heijden et al. 2015).

Moreover, reductions in native vegetation cover and diversity in
degraded sites can alter litter input and quality, resulting in
shifts in organic matter content that negatively impact soil
structure and fertility (Bardgett and Wardle 2010). Invasive
species can exacerbate these changes by modifying litter char-
acteristics and competing with native plants for resources
(Ehrenfeld 2003). This disrupts aboveground and belowground
interactions and may create positive plant-soil feedbacks that
further favour exotic species. For instance, sites dominated by
Alliaria petiolate and Lonicera japonica, invasive plants in
North American forests, have accelerated decomposition rates
and increased inorganic nitrogen availability (Ashton
et al. 2005). This increased nutrient availability will favour
faster-growing and higher-productivity exotic species over
slower-growing native species (Dukes and Mooney 1999),
reinforcing a degradation feedback loop.

Beyond the direct role of roots and litter, land degradation impacts
the entire soil food web by disrupting the critical interactions
between plants, microbes and soil fauna. Soil microfauna (e.g.,
protists and nematodes), mesofauna (e.g., mites and springtails),
and macrofauna (e.g., earthworms and arthropods like ants), play
critical roles in soil processes. They contribute to the breakdown of
organic material, the formation of soil aggregates, carbon and
nutrient cycling (Bardgett and Van Der Putten 2014), and the
regulation of microbial populations, including pathogens, through
selective feeding (Chandarana and Amaresan 2022; Micciulla,
Shor, and Gage 2024). These processes regulate soil fertility and
support plant growth, especially in healthy and functioning eco-
systems (Clarholm 1985). However, in degraded soils, the abun-
dance and diversity of soil fauna may change due to habitat loss,
leading to a cascade of negative effects (e.g., slower decomposition
rates), further impairing plant growth and ecosystem recovery
(Wall et al. 2012). Soil decomposers are often less diverse and
active in these conditions (Krauss et al. 2010), potentially reducing
nutrient cycling. For example, simple disruptions or exclusions of
soil invertebrates can reduce litter decomposition rates by 35%
(Garcia-Palacios et al. 2013) and alter the control of nutrient
release by litter quality (Carrillo et al. 2011). These shifts could

alter regimes of nutrient availability affecting productivity and
plant community composition, or slow down organic matter
breakdown, resulting in poorer soil structure, lower water reten-
tion and higher erosion vulnerability (Hooper et al. 2005). These
disruptions create a negative feedback loop that further compli-
cates ecosystem recovery.

In addition, the disruption of the soil food web associated with
degradation also affects higher trophic levels, as predators,
including predatory nematodes and mesostigmatid mites, rely
on a healthy and diverse prey population (Ferris 2010). As the
food web base shrinks, the entire system becomes more vul-
nerable to further degradation and less resilient to environ-
mental stresses. For example, the loss of key macrofauna soil
organisms, such as earthworms and ants, often considered
ecosystem engineers, can severely affect their environment
(Lavelle et al. 2006). Earthworms, for example, create tunnels
that enhance aeration and water infiltration and facilitate the
decomposition of organic matter (Tiwari et al. 2022). A decline
in earthworm populations due to habitat loss and poor soil
conditions can lead to compacted soils that are less capable of
supporting plant growth.

Despite their clear importance, soil fauna are often neglected in
restoration contexts, even in studies solely discussing restoring
soil biodiversity (Robinson et al. 2024). This neglect overlooks
the essential role of soil fauna in maintaining ecosystem func-
tions and their potential to accelerate restoration processes.
Effective restoration efforts should consider reestablishing soil
fauna assemblages and the broader soil food web to ensure
long-term success and the resilience of restored ecosystems.

2.1 | Case Studies and Examples

Successful ecological restoration requires a holistic approach that
recognises how soil communities and processes support the
building and strengthening of aboveground-belowground link-
ages and, thereby, ecosystem functioning. Simply revegetating
degraded areas without addressing soil health, particularly the
microorganisms and invertebrates that drive nutrient cycles,
risks achieving suboptimal restoration outcomes. Research has
shown that soil microbial recovery is often slow or incomplete
following restoration. For example, a study in South Australia
using advanced DNA sequencing found that the soil microbiota
had not recovered to expected levels 6 years after native planting
(Lem et al. 2022). Similarly, a recent meta-analysis of 42 studies
across 16 countries indicated that while aboveground restoration
approaches generally improve soil chemical (e.g., carbon and
nitrogen content) and physical (e.g., bulk density and porosity)
attributes, these attributes often remain below reference condi-
tions, and soil invertebrate communities showed no consistent
recovery (Parkhurst, Standish, and Prober 2022). However, spe-
cific soil restoration practices can drive ecosystems closer to
reference conditions. Gerrits et al. (2023) highlighted that resto-
ration success depends on the ecological context, including initial
land conditions and local biodiversity. As such, intervention
strategies should be tailored to these factors and carefully mon-
itored to ensure long-term success. In fact, long-term monitoring
combined with adaptive management is crucial, as restoration
often occurs in severely degraded landscapes (e.g., agricultural
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areas) where soil improvements may not lead to full ecological
recovery (Parkhurst, Prober, Hobbs, et al. 2022).

Restoration efforts that promote soil biodiversity can signifi-
cantly enhance ecosystem functions. For example, a study in
farmland under restoration for over 30 years looked at the
biodiversity of soil organisms and how they interact as a net-
work to understand how carbon and nitrogen move through the
soil food web. They found that prey and predator interactions
became more closely linked, improving the efficiency of carbon
and nitrogen transfer compared to degraded systems (Morrién
et al. 2017). In addition, Wang et al. (2021) recently showed that
passive (40 years) and active (35 years) restoration efforts had
positive strong effects on nitrogen availability, though phos-
phorus availability was less affected. These changes were
related to shifts in the abundance and composition of bacteria
with functional genes associated with nitrogen and phosphorus
cycling. This illustrates that with sufficient evidence, restoration
interventions could similarly aim to shift microbial communi-
ties that enhance or suppress certain belowground processes,
supporting restoration outcomes. Larger soil invertebrates (e.g.,
earthworms, millipedes and termites) further enhance restora-
tion outcomes given their effect on soil structure, litter
decomposition, organic matter redistribution, and biochemical
cycles (Nielsen 2019). Therefore, incorporating or stimulating
the return of these organisms into restoration efforts is vital in
improving restoration outcomes.

3 | Interventions to Promote Soil Health

Ecological restoration can be undertaken at various levels of
degradation (Figure 2). The underlying cause of degradation and
the scale of impact will directly influence the type and intensity
of interventions needed to achieve restoration objectives. Highly
degraded systems often require intensive early-stage interven-
tions involving soil management, such as site preparation to
alleviate compaction, and applying amendments and nutrients to
improve soil health and plant establishment. As ecosystems
progress closer to their target conditions, the focus of restoration
might shift towards simpler and less intensive management
practices (e.g., weed control, thinning and deposition of coarse
woody debris) to enhance ecosystem functions and long-term
stability. Here, we explore the literature on restoration inter-
ventions promoting soil health and, consequently, native plant
establishment, growth and recruitment during different restora-
tion stages. We start with suitable interventions during site
preparation and early stages of restoration of highly degraded
lands (e.g., old arable lands and mining sites). Then, we consider
interventions more suitable for encouraging soil health at later
stages of restoration and degraded remnant vegetation.

3.1 | Early to Mid-Stage Interventions to Promote
Soil Health

3.1.1 | Site Preparation Interventions

Topsoil removal is increasingly implemented globally during
site preparation to overcome land use legacies, including

decreasing weed biomass and their seed bank, and excessive
anthropogenically-derived nutrients that can hinder restora-
tion outcomes. This approach usually involves removing
5-15 cm of the topsoil, which is then moved to another part of
the site or entirely off-site, followed by direct seeding or tu-
bestock planting in the remaining subsoil. The technique can
be highly effective under the right conditions (Gibson-Roy,
Delpratt, and Moore 2024), reducing soil nutrient contents
(Jaunatre, Buisson, and Dutoit 2014), and aid in restoring both
plant and soil communities in the long term (Resch
et al. 2022). A study assessing the effects of topsoil removal
combined with mowing and biomass removal showed that it
effectively restored grassland vegetation composition, reduced
nutrient cycling as expected, and after 22 years recovered soil
fauna communities, namely nematodes, to target conditions
(Resch et al. 2019). However, the method is very intensive and
costly. It may also incur additional costs for managing or re-
moving the produced ‘waste soil’ (e.g., using it in off-site res-
toration projects, storing it for future use and treating it to
remove contaminants; Brown, Mahoney, and Sprenger 2014).
It can also cause negative impacts on the soil's physical,
chemical and biological properties, including erosion, and is
not always effective in recovering the vegetation (Cuneo
et al. 2018).

In cases where soil conditions are less concerning as constraints
for recovery, it may be more appropriate and cost-effective to
use less intensive interventions that focus on improving soil
attributes and increasing space for germination and establish-
ment of the planted species. Specifically, practices such as deep
ripping, shallow tilling, or power harrowing can create space for
and enhance the germination and growth of native species in
the seed bank (Commander et al. 2013; Turner et al. 2006).
These practices can also reduce weed loads and encourage the
germination of weedy species in the seed bank, which can be
removed before planting or sowing native species in areas with
low regeneration potential. Additionally, these practices can
modify soil biological activity, composition and biochemical
cycling to address various soil constraints. Several studies have
shown that the benefits of topsoil removal or manipulation (e.g.,
tilling and ploughing), can be enhanced by the application of
organic amendments (e.g., hay and mulch, see organic
amendments section) or inoculations of soils from donor ref-
erence ecosystems (e.g., soil transfer and soil inoculation; see
below) (Jaunatre, Buisson, and Dutoit 2014; Wubs et al. 2016).
In addition, nontarget plants can be used to alleviate excess
nutrient loads (Schelfhout et al. 2019) or even to remove con-
taminants such as heavy metals (McGrath, Zhao, and
Lombi 2001), a process known as phytomining or phytor-
emediation depending on the application, which has significant
potential to improve soil health.

3.1.2 | Plant Community-Based Interventions

The early stages of restoration projects often involve introduc-
ing desirable native species through planting or direct seeding,
although natural regeneration may be preferred where condi-
tions are favourable (i.e., native species nearby or present in the
seed bank; limited degradation of soil physicochemical prop-
erties). Managing the plant community (e.g., composition and
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FIGURE 2 | Conceptual illustration of how ecological restoration interventions can be implemented to encourage ecosystem recovery towards
target ecosystems. The x-axis and y-axis represent gradients of soil health and vegetation condition, respectively, with the diagonal indicative of
ecological restoration towards the target condition. Along this gradient, various interventions are applied to restore ecosystem functions. Inter-
ventions in the brown focus on belowground processes, such as site preparation (e.g., deep ripping), organic amendments (e.g., biochar), nutrient
manipulations, and inoculation of soil microbiota that encourage soil health. Aboveground-cantered interventions are shown in the top green
background and include weed control (e.g., fire), coarse wood debris addition, and planting design (e.g., nitrogen-fixing legumes), with the final
stages involving refining ecosystem composition and structure (e.g., plant enrichment and thinning) and rewilding efforts. Achieving the target
ecosystem supports biodiversity, soil structure, root-microbe interactions, habitat provision, carbon and nutrient cycling, and water regulation, all of
which contribute to the overall resilience and functionality of the ecosystem. Applying interventions to enhance vegetation conditions and soil health

in concert is likely to result in greater outcomes.

diversity) can shape restoration trajectories via influences on
soil health. Planting high diversity is one strategy that can be
adopted early or later (i.e., plant enrichment) in the restoration
process to support aboveground diversity, and, in turn, promote
belowground diversity. For example, Hamonts et al. (2017)
found that plant diversity positively influenced soil bacterial
diversity, with plant community composition predicting bacte-
rial and fungal diversity. Moreover, the establishment of certain
native species can improve some soil conditions relative to
suitable reference ecosystems. This was evident in a recent
study showing that broad-leaved woodland restoration in the
United Kingdom improved soil organic C contents—a key
indicator of soil health—within 50-100 years to levels equiva-
lent to those in comparable old woodland over 400 years old
(Ashwood et al. 2019). The study further found an impact of
woodland restoration on earthworm biomass and diversity,
indicative of a change towards the reference condition.
Similarly, in a recent study rehabilitating old mining sites,
temporal changes in vegetation composition and structure, soil
properties, and microbial assemblages revealed that ecosystem
multifunctionality increased over time. In addition, plant litter
had a prominent effect on the recovery of soil health proxies

including soil integrity, microbial biomass, and respiration
(Eldridge et al. 2022), indicating that restoring a dynamic litter
layer can contribute to restoration outcomes and improve soil
health.

However, planting responses on soils can be highly variable and
have unpredictable effects. Therefore, plant traits and their
strategies should be carefully considered in planting to en-
courage desirable changes in soil physicochemical and biolog-
ical attributes, which will support long-term outcomes. For
example, incorporating legumes or other nitrogen-fixing plants
can improve soil nitrogen inputs and fluxes given their
nitrogen-fixing ability, which can be particularly important in
highly degraded soils. These plants also support distinct soil
microbial and faunal communities (Gilarte et al. 2021). By
contrast, nitrogen-fixing plants may be less suitable in areas
where high N levels are already a problem or soil carbon-to-
nitrogen ratios are low. Moreover, certain plants can be im-
plemented to alter soil physical characteristics including en-
hancing soil structure and infiltration (Prober et al. 2014),
which will have cascading effects on soil organisms and pro-
cesses (Nielsen, Wall, and Six 2015).
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3.1.3 | Organic Amendments and Coarse Woody Debris

Mulch and other organic amendments are widely adopted
techniques used frequently in early restoration phases to
improve soil health, facilitate the establishment of native plant
species and manage weeds (Wu et al. 2024), but can also be
applied in later stages or less degraded ecosystems (Francisco
et al. 2022). Organic mulches, including straw, wood chips, and
leaf litter, act as a protective layer that covers the soil surface
and decomposes over time, gradually improving soil conditions
(Li, Li, and Pan 2021). They can enhance soil microbial activity,
nutrient cycling, aggregation, and other properties. For ex-
ample, Wang et al. (2017) showed how different types of mulch
can improve soil moisture and temperature regulation, which
are critical for native plant establishment, especially in semi-
arid environments. Mulching can also help suppress weeds and
decrease resource competition (Silva and Vieira 2017). Besides
mulch, amendments can help shift the balance of nutrient
availability (stoichiometry) in soils, balancing the ratios of es-
sential elements like carbon and nitrogen. For example, adding
labile carbon (e.g., white sugar) to nutrient-enriched soils can
help reduce excess inorganic nitrogen availability, favouring
native plant species adapted to nutrient-poor conditions (Prober
et al. 2005) and reducing introduced species (Driscoll 2017).
Importantly, amendments can be tailored to steer the restora-
tion trajectory in the desired direction based on current con-
ditions and programme goals. For example, increasing nutrient
availability may be beneficial in nutrient-poor areas where
growth is limited, while reducing nutrients may be necessary
where excess nutrients favour exotic plant species.

Coarse woody debris can be similarly used to alter habitat
characteristics and modify soil attributes to enhance soil health.
Coarse woody debris, for example, logs and branches, can be
deposited in the early stages of restoration or added to ecosys-
tems in later stages to enhance complexity, modify soil micro-
climate and biochemical cycling (Goldin and Hutchinson 2013),
and create habitat for invertebrates and other small fauna.
Besides direct impacts on invertebrates and vertebrates through
habitat creation, coarse woody can modify hydrological cycles
and contribute to nutrient content and carbon sequestration
(Goldin and Hutchinson 2014; Zhang et al. 2023). These soil
effects are often localised, creating spatial heterogeneity across
the landscape (Parkhurst, Prober, Hobbs, et al. 2022). However,
it is important to note that coarse woody debris can also
increase fire risk (Skinner 2002), and it is a labour-intensive
intervention. Therefore, the effort required for its implementa-
tion should be balanced with the risks and expected ecological
benefits, ensuring that it aligns with long-term restoration
goals.

Another amendment, biochar, a form of charcoal produced
from materials such as wood or manure, has gained recent
attention in restoration efforts for its ability to improve carbon
sequestration and soil health (Chen et al. 2016; Lu et al. 2020).
Biochar has demonstrated potential in agricultural contexts to
reduce soil acidity (Atkinson, Fitzgerald, and Hipps 2010),
increase nutrient availability (Lehmann et al. 2003), mitigate
climate change, reduce greenhouse gas emissions (e.g., meth-
ane) from soil (Lehmann et al. 2011), and because of these
changes, enhance plant establishment, and growth

(Joseph et al. 2021). However, achieving these benefits may
depend heavily on soil characteristics, including nutrient limi-
tations and pH, and the type of biochar (see Joseph et al. 2021).
This includes the choice of organic materials to produce biochar
and the pyrolysis conditions, that is, temperature, heating rate
and duration of production, which determine its physico-
chemical properties. Moreover, overapplication or improper
application, for example, leaving it on the soil surface without
incorporation, can compromise outcomes (Joseph et al. 2021).
This underscores the need for specific guidelines on biochar use
in restoration efforts.

3.1.4 | Inoculating Soil Microbiota and Invertebrates

Soil inoculation is another promising technique increasingly
studied as a tool to support soil health, promote native plant
establishment and growth, and suppress exotic plants, mainly in
early restoration phases. The application of microbial inocu-
lants was recently reviewed by Peddle et al. (2024), so we will
not discuss this in detail here. In brief, inoculation can be
applied in various ways depending on the specific restoration
goal and generally involves directly translocating whole soil,
either on a large or smaller scale, from a target ecosystem
(donor) to a degraded one (Wubs et al. 2016). Whole soil
translocation typically uses topsoil from a target ecosystem to
transfer a broad spectrum of soil biota and plant propagules to
restore degraded sites (Gerrits et al. 2023). This technique is
often applied where soil conditions are highly altered and
challenging to recover or improve, for example, mining recla-
mation. It has a high cost and labour-intensive nature but has
generally been shown to lead to the rapid re-establishment of
native microbial communities and improve native plant diver-
sity (Gerrits et al. 2023; Wubs et al. 2016).

In other cases, inoculation can be done by translocating smaller
portions of soil, which can enhance seedling survival and
reduce non-native species reinvasion (Duell, O'Hare, and
Wilson 2023). Here, it often targets microorganism communi-
ties and microfauna while larger soil fauna (e.g., earthworms),
which are limited by active movement (Bardgett and Van Der
Putten 2014), might need to be actively introduced. Similarly,
litter transplants have recently been shown to enhance litter
decomposition in restored eucalypt woodlands while influen-
cing the detritivore community composition (Contos
et al. 2024). It has also been shown that litter transposition from
reference areas to degraded soils is an effective method for
restoring AMF communities (Medeiros, Goto, and Ganade
2021). Therefore, combining soil inoculation and litter trans-
plants may have greater effects by (i) adding both soil and litter-
dwelling organisms, (ii) protecting the soil surface and (iii)
moderating microclimatic conditions. However, applying soil
and litter transplants as effective management interventions is
often limited by access to suitable substrates from appropriate
reference ecosystems and the risk of introducing native or
exotic detrimental pests and pathogens. To alleviate the risk of
disease outbreaks, soil and litter used for transplants could be
analysed for harmful organisms, with quarantine measures
applied if necessary. Moreover, soil microbiomes can be culti-
vated in pots or directly in the field for target restoration species
and later used for inoculation.
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Another inoculation alternative is targeting a specific beneficial
microbial community, such as AMF, which has well-established
roles in nutrient cycling and improving soil conditions like be-
lowground biodiversity (Asmelash, Bekele, and Birhane 2016).
Moreover, it can increase plant biomass, species richness, and the
establishment of target species (Neuenkamp et al. 2019), espe-
cially in degraded soils where native AMF populations have been
diminished (Brundrett 2009). To achieve these positive outcomes,
a review led by Asmelash, Bekele and Birhane (2016) indicates
that inoculants are better as a consortium of native late seral
fungi, working as a powerful tool to improve belowground and
aboveground restoration success of degraded lands. Inoculation
with other beneficial microbes, including nitrogen-fixing bacteria
(e.g., Rhizobium), can also improve soil fertility and plant health
(Graham and Vance 2003).

An advancing approach is to directly inoculate synthetic soil
communities (SynComs; De Souza, Armanhi, and Arruda
2020), which are plant growth-promoting microbes isolated
from target plant species or communities, using seed en-
hancement technologies, for example, coating and biopriming.
There are various types of seed coating, including pelleting and
film coating. Pelleting alters the physical structure of seeds to
help with planting while offering the opportunity for microbial
inoculation, and film coating typically involves a thinner ‘coat’
with an emphasis on adding beneficial microbes and chemical
additives like growth enhancers and protective agents (see
Pedrini et al. 2020). In biopriming, seeds are treated with ben-
eficial microbes and hydration to enhance germination (Sarkar
et al. 2021). A recent review has highlighted that this method
protects seeds from diseases, salts, and heavy metals, helps
seeds grow faster and more evenly, and could maintain soil
legacies of helpful soil organisms for a long time, leading to
healthier soils (Singh et al. 2023).

3.2 | Interventions for Late-Stage Restoration
and Degraded Remnant Vegetation

3.2.1 | Managing Vegetation Composition and
Structure

Suppressing weeds and managing invasive species remain an
important aspect of ecological restoration, both as restoration
progresses and to enhance the ecological condition of remnant
vegetation. Moreover, thinning can occur as a management
practice in ecosystems undergoing secondary succession, or
more rarely, in earlier restoration phases by removing dominant
emergent seedlings after planting (Wubs et al. 2016). Thinning
management can aim to decrease monocultures of dominant
native or exotic species, allowing the remaining plants to grow
larger and healthier by decreasing competition for resources
like light, water, and nutrients, and create open patches to
encourage understorey plant diversity, improving ecosystem
health and resilience. As described earlier, there is substantial
evidence that plant and soil biodiversity are closely related;
hence, increasing the diversity of ecosystem-relevant plants is
likely to encourage soil biodiversity and ecosystem function.
Accordingly, thinning trees has enhanced bacterial and fungal
diversity in remnant longleaf pine savanna and agricultural
lands because of changes in aboveground and belowground

interactions, including nutrient cycling and microbial compo-
sition (Turley et al. 2020).

3.2.2 | Introducing Appropriate Disturbance Regimes

Reintroducing appropriate management disturbances, such as
native grazers, soil-digging or soil-dwelling animals, and fire,
plays a critical role in maintaining most ecosystems and can
contribute to ongoing interventions that improve restoration
outcomes via impacts on vegetation and soil health. Managing
native grazing pressures and removing exotic herbivores
directly affect vegetation dynamics while influencing soil health
through shifts in aboveground-belowground linkages and
resource inputs (i.e., animal dung, urine, and plant litter)
(Bardgett and Wardle 2003; Proesmans et al. 2022; Travers
et al. 2018). Similarly, establishing appropriate fire regimes is
critical in areas where vegetation is adapted to such distur-
bances. Fire can impact vegetation dynamics by removing
exotic species, promoting the germination and growth of fire-
adapted plant species, and moderating carbon and nutrient
cycles (Watson, Bradstock, and Morris 2009). For example, a
study in Australia's grassy ecosystems contrasted the effects of
grazing and fire on two dominant plant species. The fire-
adapted species Themeda australis benefitted from regular fire,
while Poa sieberiana was negatively impacted by fire but
benefitted from reduced grazing pressures (Prober, Thiele, and
Lunt 2007). Similarly, rewilding—that is, the reintroduction of
native species that have gone locally extinct—can be an
important aspect of ecosystem management, particularly where
suitable habitat has been successfully restored through other
means. For example, Eldridge et al. (2022) explored the effects
of reintroducing soil-disturbing vertebrates, particularly bur-
rowing animals, into degraded sites as a method for soil reha-
bilitation. They found that these animals contributed to
improving soil structure, nutrient cycling, and water infiltra-
tion, though their impact can vary based on species, landscape
context and management strategies.

3.23 | Guiding Interventions and Management
Practices

Ecological restoration interventions should be tailored to meet
specific goals by selecting strategies and techniques that address
the desired outcomes (Hobbs and Harris 2001). This process
starts with pre-intervention surveys, which are essential to
guide initial interventions. These surveys provide critical base-
line data on ecosystem conditions, such as landscape history,
vegetation and soil properties, allowing for the identification of
specific barriers to recovery and informing the design of effec-
tive strategies. As described throughout this synthesis, this
should explicitly consider aboveground-belowground linkages
to guide vegetation restoration trajectories and enhanced soil
health.

Once restoration actions are underway, regular monitoring
becomes a key component of adaptive management. Adaptive
management is a systematic approach that integrates ‘learning
by doing’ in managing natural resources, which involves con-
tinuously adjusting management practices based on observed
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outcomes (Walters and Holling 1990). For example, in a study
on the adaptive restoration of degraded sand-mined areas in
New South Wales, Australia, Cummings et al. (2005) applied a
step-by-step process where restoration strategies were adjusted
based on feedback from initial attempts. The researchers ini-
tially thought competition from a dominant grass (Imperata
cylindrica) was the primary barrier to seedling establishment.
To test this, they burned the area, controlled woody weeds, and
planted seedlings in a factorial design. However, post-
intervention monitoring showed poor soil conditions and her-
bivory by native animals were more significant barriers. Sub-
sequently, they adapted their management strategy and
introduced organic mulching and fencing to reduce herbivory,
which improved seedling survival to 61%, as well as the growth
of planted species. Despite these positive outcomes, papers
using adaptative management are rare and its practical appli-
cation remains limited, particularly in large-scale restoration
efforts (Westgate, Likens, and Lindenmayer 2013). This could
be attributed to the logistical (e.g., coordinating various stake-
holders) and financial difficulties in maintaining long-term
monitoring, which is necessary for adaptative management to
work, as well as balancing the complexity and heterogeneity of
large ecosystems with immediate action and iterative learning
(Westgate, Likens, and Lindenmayer 2013).

Creating simple and effective metrics for assessing ecosystem
conditions and tracking restoration progress is critical at
every stage of restoration projects for ensuring success.
Although incorporating a comprehensive set of variables
integrating vegetation, edaphic, biological, and functional
metrics often provides a more robust evaluation of recovery
outcomes, it could be expensive and time-consuming. A
recent study, however, showed that a small number of
aboveground and belowground indicators, including vegeta-
tion condition, soil carbon dynamics and soil community
structure, were sufficient for reliable and cost-effective
monitoring of ecosystem recovery following rehabilitation
(Dorrough et al. 2023).

Monitoring should also be used to evaluate long-term out-
comes and ecosystem recovery. Too often, assessments of
restoration success have focused exclusively on aboveground
metrics, neglecting the important role of belowground pro-
cesses. However, there is increased recognition of the
importance of assessing the health and recovery of soils in
degraded ecosystems (Mufoz-Rojas 2018; Muifioz-Rojas
et al. 2016). Soil physicochemical and biological quality in-
dicators, for example, pH, C:N ratio and microbial activity,
as well as slow change indicators, for example, soil structure
or water holding capacity, have the potential to tackle short
to long-term changes in soil recovery (Mufioz-Rojas 2018;
Muioz-Rojas et al. 2016). However, despite the value of
these indicators, the lack of standardised procedures and
established thresholds for soil recovery often limits their use
in on-ground management. Simpler, more cost-effective soil
indicators may be more practical for managers, particularly
when combined with emerging technologies (Mufioz-
Rojas 2018). For instance, remote sensing and spectroscopic
technologies like near-infrared spectroscopy can offer rapid,
large-scale assessments of soil properties (Cécillon
et al. 2009). In a study by Paz-Kagan et al. (2014), airborne

imaging spectroscopy was used to develop a soil quality
index, allowing for rapid, large-scale soil health monitoring
across human-impacted landscapes. As these technologies
become more accessible, they have the potential to bridge
the gap between complex soil science and practical land
management, supporting more scalable monitoring of soil
health in ecosystem restoration efforts.

4 | Future Directions and Novel Approaches

Despite ongoing efforts, significant knowledge gaps remain
in improving soil health within restoration efforts, particu-
larly regarding the need for robust indicators, methods, and
expertise. A deeper understanding of soil health attributes
that support ecosystem resilience is crucial for guiding res-
toration interventions, such as conserving and monitoring
soil biodiversity (Farfan et al. 2024). By identifying principal
soil properties and biological interactions that act as resto-
ration constraints, we can develop targeted interventions to
promote ecosystem functions and ensure long-term recovery
under critical climate change. Moreover, rather than solely
assessing the effectiveness of individual restoration tech-
niques, future research should prioritise understanding and
supporting linkages between aboveground and belowground
processes (e.g., nutrient cycling, and plant-soil biotic inter-
actions), which are key to long-term recovery. For example,
studies could monitor sites under one or multiple interven-
tions (e.g., mulch, invertebrate and microbial inoculants) to
understand how they affect soil properties and functions,
plant establishment, and aboveground-belowground feed-
back over time. This deeper understanding can lead to
developing improved intervention techniques to support the
whole ecosystem.

A key challenge in restoration is that land use legacies and
ongoing pressures hamper our capacity to restore self-
sustaining ecosystems. This suggests that restoration may
require a combination of different interventions at varying
stages of ecosystem development. To overcome the logistical
difficulties of testing the impacts of many interventions through
complex factorial experiments, Rillig et al. (2024) propose a
more practical approach. This involves establishing restoration
experiments with gradients of interventions, focusing on testing
the effects of random combinations of a few to several prom-
ising interventions at a given site. By repeating this approach
across numerous coordinated global restoration projects, we can
gain fundamental insights into the effectiveness of many
interventions rather than limiting assessments to one or a few
practices. Because restoration outcomes require addressing
deficiencies in the vegetation, edaphic variables and soil biotic
communities—and through this improving soil health and
ecosystem function—a targeted approach that imposes inter-
ventions to address each of these deficiencies simultaneously
would be crucial. These interventions can include commonly
employed methods and novel techniques, including those
introduced in this review. Given the demonstrated importance
of soil health, combining interventions that encourage a diverse
plant community, improve soil structure and biochemical
cycles, and increase soil biodiversity is likely to be most
effective. Importantly, combining these interventions may
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contribute to a healthier ecosystem state transition by pushing
conditions beyond its point of resilience.

Finally, ecological restoration may need to be designed with the
recognition that human activities have impacted climate, bio-
chemical cycles and landscape characteristics, making it
unlikely to meet targets dictated by historical conditions. As a
result, novel approaches to restoration may be necessary (Volpe
et al. 2024). In some cases, it may be necessary to consider the
creation of novel ecosystems that, while not identical to his-
torical ones, still provide desirable functions, support bio-
diversity and enhance soil health.

5 | Conclusion

Overall, aboveground and belowground linkages differ across
degradation conditions and contexts, especially when com-
paring degraded and reference ecosystems. In some ecosys-
tems, reference conditions may not necessarily show increased
functionality compared to degraded systems but rather have a
different functionality profile closely linked to soil health. In
some cases, soil processes, including nutrient cycling and
microbial activity, may be slower but more balanced with
natural local conditions and species composition. These bal-
anced soil processes in reference ecosystems promote healthy
soil dynamics, making them more resilient to disturbances,
highlighting the need to carefully consider the attributes of
target ecosystems. In contrast, degraded ecosystems are often
characterised by altered soil health dynamics and functional-
ity, where invasive species and disrupted feedback loops can
increase vulnerability to disturbances compared to reference
ecosystems. Understanding how these dynamics affect soil
health is crucial for developing effective restoration strategies
to restore critical linkages, function, and resilience unique to
each ecosystem. For that, we flag the importance of consid-
ering adaptive management strategies and the need for
context-specific aboveground and belowground cantered
interventions that enhance soil health, supporting ecosystem
recovery and resilience.
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