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Summary

Forests are essential ecosystems, covering approximately 35% of Europe’s land area. They
harbor a significant share of Europe’s terrestrial biodiversity and provide a wide range of
ecosystem services critical to European citizens. However, forests across Europe are
increasingly threatened by various forms of degradation, driven by multiple, often
anthropogenic factors. Many of these degradation processes originate or manifest within the
belowground ecosystem compartment. Given that an estimated 3% of European soils are
already degraded, decreasing soil health may represent a fundamental underlying cause of
forest decline. Despite the growing recognition of the need for forest restoration,
comprehensive guidelines that integrate soil health into monitoring and restoration practices
remain limited. Within the framework of the EU Horizon 2020 SUPERB project, we have
gained valuable insights into how restoration efforts - across varying scales and contexts -
impact belowground ecosystem dynamics. This report provides a synthesis of the main
findings derived from our work conducted within the framework of the SUPERB project. We
illustrate the findings in an integrated table discussing expected impacts of restoration
measures on physical, chemical, and biological aspects of soil health. Additionally, we propose
a monitoring scheme for selected scalable indicators to support long-term assessment of soil
health. We emphasize the need for context-explicit restoration measures that take into account

the inherent capacity of the soil, rather than applying blanket treatments.
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1. Introduction

1.1 Importance of conserving forests and avoiding forest degradation
Forests cover approximately 31% of the Earth’s land surface, support the livelihoods of
millions, and harbor the majority of terrestrial biodiversity. Healthy forests provide a wide range
of ecological, economic, and social benefits that sustain more than 8 billion people (De Groot
et al., 2002; Jenkins & Schaap, 2018). Among these many ecosystem services, forests play a
crucial role in climate mitigation by capturing carbon dioxide from the atmosphere and storing
it in living and dead biomass both above and belowground (Jenkins & Schaap, 2018;
Whitehead, 2011). Forest soils, in particular, are the largest terrestrial reservoir of organic
carbon (European Commission, 2011; FAO, 2020) with European forest soils estimated to
store between 1.5 (EC/UN-ECE et al., 2003) and 2.5 (De Vos et al., 2015) times more carbon
than trees themselves. Most of this carbon is stored as organic matter in the forest floor and
mineral soil. Maintaining healthy soils is essential for sustaining healthy forest ecosystems.
But what is soil health? Soil health is defined as ‘the continued capacity of soil to function
as a vital living ecosystem that sustains plants, animals, and humans” (U.S. Department
of Agriculture, 2012).

Despite their importance, forests worldwide are under increasing pressure, with global forest
area in decline and signs of widespread degradation, including increased defoliation, dieback,
and loss of forest-associated biodiversity (FAO, 2022; IPBES et al., 2019). About 3% of
European forests are damaged and as forest health deteriorates, so does its capacity to
provide ecosystem services; degraded forests may even shift from being carbon sinks to
carbon sources (FOREST EUROPE, 2020). Forest degradation is intrinsically linked to soil
degradation. Without healthy soils, forests cannot perform essential ecological functions, from
carbon storage to biodiversity support. For this reason, forest restoration can never be

considered in isolation from forest soil health and forest soil restoration.

In this context of increasing pressures, the conservation of existing forests and the
maintenance of their habitats in a good state of conservation must be the top priority:
preserving forests is a crucial first step in maintaining ecosystem stability, mitigating climate
change and safeguarding biodiversity (Pawar & Rothkar, 2015). Moreover, protecting intact
forest ecosystems is far more feasible, effective and cost efficient than trying to restore

degraded ones.

1.2 Forest degradation and its impact on soil health

Despite the importance of forest conservation, extensive degradation continues. Globally, 420

million hectares of forest were lost to deforestation between 1990 and 2020, and although the



global deforestation rate have recently declined, an estimated 10 million hectares were still
lost annually between 2015-2020 (FAO, 2022). In Europe, forest cover is steadily increasing,
and recent management strategies have been somehow effective in improving the overall
forest conditions, such as an increased in deadwood volume, forest area, biomass volume,
and overall productivity. Nonetheless, forest habitat degradation remains ongoing proxied by
increasing defoliation (FOREST EUROPE, 2020), foliar nutrient imbalances (Jonard et al.,
2015) and decreasing tree cover density and species richness of threatened birds (EEA, 2024;
FOREST EUROPE, 2020; Maes et al., 2023).

This aboveground degradation is mirrored belowground or could potentially be driven by
belowground degradation. Soil acidity levels have remained constant (too acidic), soil nitrogen
levels remain excessive despite decreases in deposition (FOREST EUROPE, 2020; Van
Groenigen et al., 2017), and soil organic carbon keeps decreasing (Maes et al., 2023). Soil
degradation - whether chemical (e.g., acidification, eutrophication, nutrient depletion), physical
(e.g., erosion, compaction), or biological (e.g., loss of biodiversity) - is weakening soil fertility,
impairing nutrient and water cycling, reducing carbon sequestration capacity, and undermining
forest resilience and sustainability. Overall soil health is declining on a European scale
(European Soil Data Centre, 2025). These trends are primarily driven by threats such as
anthropogenic pressures (including those that affect belowground ecosystem such as
eutrophication, acidification and overexploitation) in addition to severe climatic events (e.g.
drought and wildfires), new pests and diseases, and other environmental disturbances
(Ameray et al., 2021; FAO, 2020; IPBES et al., 2018; Makipaa et al., 2023; Scanes, 2018).

In summary, healthy soils are the foundation of ecosystem restoration, and their continued
decline underscores the urgent need for integrated forest-soil strategies that explicitly prioritize
soil health (Maes et al., 2023).

1.3 Importance of integrating soil health into forest restoration

When soil conservation failed and soils are degraded as a part of overall forest degradation
or as the prime cause, soil restoration is essential (Maes et al., 2023). It is clear that, forest-
and soil restoration are deeply interconnected, as soil health directly influences forest
recovery and long-term ecosystem stability (Raupp et al., 2024). Restored forests contribute
to organic matter accumulation, soil stability and improved nutrient cycling, leading to an
enhanced carbon sequestration, biodiversity conservation, and climate resilience. Conversely,
when soils are degraded forest recovery can be hindered (Jenkins & Schaap, 2018; Jiba et
al., 2024; Page-Dumroese et al., 2021; Powers et al., 2015).

Such integration is also essential within restoration frameworks. In recent years, there

has been a surge in policies aimed at forest and soil restoration (Cliquet et al., 2022; Mansuy
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et al., 2022). One prominent example is the European Green Deal, a strategic initiative
designed to make Europe climate-neutral by 2050. As part of this initiative, the Nature
Restoration Law establishes legally binding restoration targets for EU member states, aiming
to restore at least 20% of the EU’s land and sea areas by 2030 and all degraded ecosystems
by 2050. On a global scale, initiatives like the Bonn Challenge - which seeks to restore 350
million hectares of degraded and deforested land by 2030 - and the UN Decade on Ecosystem
Restoration - which mobilizes governments, communities, and businesses to take action - also
play a vital role in addressing environmental degradation. Despite these efforts, restoration
activities often prioritize above-ground biomass, such as tree growth and canopy cover, while
neglecting critical below-ground components (Aerts & Honnay, 2011; Farrell et al., 2020). This

imbalance can undermine the long-term success of restoration efforts (Nolan et al., 2021).

How forest issues are defined is shaped by ecological and socio-ecological contexts, as well
as the values and beliefs of different stakeholder groups. Understanding these diverse
perspectives is essential for effective forest restoration implementation in Europe, especially

where conflicting views may lead to disagreement (O’Brien et al., 2025).

1.4 When & Where? Restoration is context dependent!

The success of measures focus on forest restoration and soil restoration vary considerably
and are underpinned by site conditions and context. This means that a one-size-fits-all
approach is not possible and site characterization is fundamental for successful restoration
(Hobbs & Harris, 2001). To make this context-dependency clear, we adopt the framework of
McBratney et al. (2014, 2019) who introduces five key dimensions of soil value with capacity,
referring to the soil's inherent potential, and condition, referring to the current state of soil
health, as most important in the context of practical restoration. The other dimensions
refer to capital, reflecting the economic worth of soils influenced by markets, productivity, and
land ownership; connectivity, emphasizing the role of knowledge, resources, and interactions
with environmental and social systems in maintaining soil health; and codification, involving
the policies and knowledge systems that guide soil management, varying by region and
culture, but are not used in the below described guidelines. Together, these dimensions
highlight that effective and sustainable soil management depends on local context and a long-

term approach (A. McBratney et al., 2014; Alex. B. McBratney et al., 2019).

First, it is important to evaluate the inherent potential of certain sites and establish a baseline.
Therefore we adopt the concept of soil capability that refers to the soil's inherent potential to
perform specific functions such as supporting plant growth and ecosystem services, which
varies with local climate, topography, and soil type. Capability is shaped by decades of land

evaluation research and contains a set of long time-scale or very slowly changing



characteristics. For example, soil texture greatly determines the potential of a certain site for
forest ecosystem functioning as it affects overall soil fertility, water holding capacity, acid
buffering capacity. Yet soil texture is not a variable that can be (easily) changed through
management and is therefore a fixed boundary condition to understand a certain soil condition.
Second, soil condition encompasses the latter, i.e. the manageable physical, chemical and
biological soil properties to assess the current state of the soil, influenced by land use
practices, pollution, and conservation efforts and is being assessed on a short-term
management timescale. The condition of the soil refers to its ability to function within land use
and ecosystem boundaries and will vary to how it is managed. A combination between
condition and capability results in the productivity/performance of the soil. Effective monitoring

can only be executed when both soil capability as soil condition are evaluated.



2. Aim and methodology

This report aims to provide a comprehensive overview of the lessons learned from SUPERB
and general guidelines for forest restoration, with a particular focus on restoring and
monitoring soil health after forest and soil restoration measures are taken. By addressing three
fundamental questions: what to restore (focus on soil properties), how to restore (focus on
measures that target forest and soil restoration), and how to monitor restoration efforts (focus
on soil capacity and condition) we aim to integrate the dual aspects of soil within forest
ecosystems. By disentangling the concepts of soil capacity and soil condition/health we

emphasize the importance of context when taking a certain measure and monitoring its impact.

2.1 SUPERB project

These guidelines are part of the European Union’s Horizon 2020 SUPERB project, which aims
to restore thousands of hectares of forests in Europe. Through a predetermined field set-up in
12 European countries (Figure 1), soil samples were taken, covering various stages of
restoration. This comprehensive soil sampling provided valuable data and insights, which

formed the basis for the recommendations and strategies outlined in this report.

Our 12 demonstration areas (demos) represent
diverse stressors on European forests and a wide
range of necessary restoration action

S

Among other common
stressors

T
Drought Scotland
\ Denmark
Bark beetle ..

Intense harvesting
Nethg
Climate change

Figure 1: Overview of the SUPERB project network: 12 demonstration areas representing different
degradation problems and restoration challenges across Europe. lllustration by SUPERB (SUPERB,
2024).

2.2 What to restore?
Although we adopt a clear definition of soil health in this report (see section 1.1), it does not
come with specific guidelines for how to measure or monitor it in practice (Fierer et al., 2021).

Particularly, which variables are most relevant to assess the soil’s condition. It is clear that soll



health cannot be defined by a single ‘optimal’ state, as it varies across ecosystems and land
uses (Bunemann et al., 2018; Lehmann et al., 2020). Still, certain indicators are consistently
useful for assessing soil health. For instance, healthy soils typically are well-structured
(physical health/condition), contain sufficient SOC to bind water and nutrients (chemical
health/condition) and are full of life (biological health/condition) (Frene et al., 2024;
Raghavendra et al., 2020; Stewart et al., 2018; Wang & Zhang, 2024). Effective soil restoration
addresses these three key categories of soil properties, i.e. physical, chemical, and biological
(Raghavendra et al., 2020; Stewart et al., 2018). In this chapter, we propose a set of indicators
for each category, some of which are considered ‘scalable’, i.e. designed to be applicable
across diverse ecosystems, cost-effective, and easy to implement. Table 1 provides an
overview of scalable physical, chemical and biological indicators, and ‘nice-to-have’ indicators.
Indicators shown in bold represent those measured in the SUPERB project.

Table 1: Scalable and ‘nice-to-have’ physical, chemical and biological indicators. Indicators shown in
bold represent those measured in the SUPERB project.

Physical Chemical Biological

Scalable indicator | Bulk density Carbon Metabolic activity
Aggregate stability Nitrogen
pH
EC
Nice-to-have Water holding capacity CEC Catabolic microbial
activity and diversity
Water infiltration rate Specific nutrient status | Biomass fine roots
(NO3-, NH4+, P, K,
base cations)

2.2.1 Physical properties

Within the physical properties we propose to evaluate bulk density and aggregate stability as
they influence the interconnectivities between plants and soils and can be influenced by
human activities. Soil texture is also an important physical measure, yet as it is not variable
under management it proxies more the soil’s capacity than its condition. Therefore, soil texture

is discussed in the section “how to monitor”.

Bulk density, expressed in mg/cms3, is a key indicator of soil compaction and overall soil
health, influencing water infiltration, root development, and carbon stock estimates (Lee et al.,
2009; Panagos et al., 2024; Vogt et al., 2015). It measures the dry mass of soil per unit volume
and varies with management practices (Al-Shammary et al., 2018). Sampling methods include
direct (core, clod, excavation) and indirect (radiation, regression) approaches; while indirect
methods are more accurate, they are also costlier and require specialized skills (Vogt et al.,
2015). Consistent fixed-depth sampling - ideally five samples per stand - is recommended to
account for variability with depth (Cools & De Vos, 2010). In the SUPERB project, bulk density
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was measured using the core method at 0-5 cm (100 cm? Kopecky ring), and an 18 mm auger
for 5-15, 15-40, and 40-80 cm layers (FunDivVEUROPE, 2011). Samples were oven-dried at

105 °C, weighed, and bulk density was calculated as dry mass divided by sample volume.

Additionally, aggregate stability is an important indicator for soil health because it is related
to erodibility and soil-water dynamics (Rieke et al., 2022). Rieke et al., 2022 evaluated four
methods for aggregate stability and concluded that all four methods were viable options.
Considering cost-effectiveness, method accessibility, and time efficiency, the slaking test,
adapted from the SLAKES smartphone image recognition software, offers a practical and
scientifically robust approach for assessing aggregate stability in the field. This method is also

preferred by the soil health institute (https://soilhealthinstitute.org/our-work/initiatives/slakes/).

2.2.2 Chemical properties

The chemical properties refer to the soil's composition and reactions. These properties
determine how well soil can supply essential elements to plants and other soil organisms and
buffer against pollutants. Here we propose to measure total soil carbon, total soil nitrogen and
soil pH. Other properties that could be interesting to evaluate the soil's chemical condition are
cation exchange capacity (CEC), as it reflects the soil’s ability to retain and supply nutrients,
electrical conductivity (EC), as it indicates soil salinity, and the soils status for specific nutrients

that plants need to grow (e.g. NO3-, NH4+, P, K, base cation contents).

Measuring soil carbon helps to track how much carbon forests are sequestering and how
environmental changes affect this role. Additionally, soil carbon is closely linked to soil fertility,
structure, water retention and biological activity. Withing SUPERB, sampling for carbon was
through the same method as for bulk density (FunDivEUROPE, 2011). Soil carbon occurs in
both organic molecules and inorganic carbonates. Different analysing techniques are used
depending on the type of carbon being measured. Methods for determining total carbon are
through dry combustion or wet oxidation (Vogt et al., 2015). Within SUPERB, total carbon was
analyzed. Soil samples were dried and crushed to obtain finely ground soil and analysed with
the Flash 2000 Organic Elemental. This analysis works via dry combustion (T = 950 °C)
followed by gas chromatography (Robertson, 1999). When carbonates were present in the

soil, first hydrochloric acid was added to the soil sample to only obtain the soil organic carbon.

Soil pH is perhaps the most important factor in soil fertility and a critical indicator of soil quality,
significantly influencing forest health and ecosystem functioning by affecting various biological
and chemical processes. It also plays a crucial role in the activity and diversity of soil bacteria
and fungi and is essential for the specific pH preferences of different tree species. (O’Neill et
al., 2005; Singh et al., 2011; Thomas, 1996; Vogt et al., 2015). The soil pH was sampled using
the same method as for soil carbon and pH (FunDivEUROPE, 2011). Regarding lab analysis,
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there is no standard procedure for measuring pH and can vary from laboratory to laboratory.
pH can be measured using rapid field methods or more precise laboratory techniques: pH-
H.0 and pH-KCL. pH-H,0 is determined by adding soil with water and measures only the free
hydrogen ions (H*) in the soil solution. It does not account for hydrogen ions that are attached
to clay and organic matter. The pH-KCl is determined by mixing soil with a potassium chloride
solution. The potassium ions (K*) replace the hydrogen ions bound to clay and humus, so pH-
KCI measures both the free and the exchangeable hydrogen ions in the soil (Van Ranst et al.,
1999). Within SUPERB, pH-H>O was measured on a 1g:10mL soil:liquid extract for the forest
floor samples and a 1g:5mL soil:liquid extract for the mineral soil samples (Van Ranst et al.,
1999). These ratios also apply when using the pH-KCI method with KCI 1M.

2.2.3 Biological properties

Soil biological properties consists of living organisms present in the soil, encompassing both
microorganisms and macroorganisms, including plants and animals. This report focuses on
soil microorganisms. Soil microbes break down the organic matter through catabolic
processes. Additionally, they play a pivotal role in nutrient cycling, soil structure formation and
overall soil fertility. Microorganisms are highly responsive to environmental changes, making
them valuable indicators for assessing forest restoration. Various methods are available for
determining soil microbial diversity, including culturing, microscopy, DNA-methods and image
analysis (Vogt et al., 2015). In SUPERB, we report the potential catabolic activity/diversity and

metabolic activity.

Assessing catabolic microbial activity and diversity is essential for understanding soil
health. By evaluating potential catabolic activity, we can quantify the efficiency of microbial
communities in mineralizing organic substrates, thereby releasing essential nutrients and
contributing to the soil’'s nutrient pool (Vogt et al., 2015). Within SUPERB, we selected the
Biolog EcoPlate™ method to measure this parameter (Gaublomme et al.,, 2006).
Microorganisms inoculated onto different carbon sources leave a response pattern over atime
(Biolog, 2023). To ensure accurate assessment, samples were collected in a sterile way by
using disposable gloves, with all equipment sterilized using ethanol 90% and a gas burner.
Samples were stored under cool conditions (7°C) and analyzed withing 14 days
(FunDiVEUROPE, 2013). In the lab, the fresh samples were being diluted and pipetted onto
the Biolog EcoPlates™, containing 31 different carbon sources and 1 control in triplicates. The
inoculated plates were placed in an incubator at 25°C for a period of 48 hours. The absorbance
was measured after filling the ecoplates (day 0) using a VERSAmax microplate reader (OD590
nm) and on day 3 and 5. With the obtained data the average well color development and the

Shannon diversity index can be expressed.
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The metabolic activity is a sensitive indicator of many belowground processes and ecological
interactions. Soil respiration is an indirect index for soil biological activity and can be used to
assess microbial biomass (Vogt et al., 2015). Soil microorganisms respire carbon dioxide as
a byproduct of metabolism while degrading organic matter and cycling nutrients (Rieke,
Cappellazzi, et al., 2022). Within SUPERB, the microbial biomass was measured by
incubating rewetted dried and sieved soil (10-15 gram) in a jar during 24 hours at 24°C
(Comeau et al., 2023; Moebius-Clune, 2016; Soil health institute, 2022; Vogt et al., 2015).
After 24 hours, CO; levels were measured using the LICOR 7810. The measurement was
done by collecting the gas with a syringe and injecting the sample into the closed loop of the
LICOR system (Comeau et al., 2023). The CO; levels were calculated by using the volume of
the closed loop and the CO- concentration before and after the injection. A more cost-effective
and simpler alternative for measuring carbon levels (compared to the LICOR) is the

Checkpoint Dansensor.

Additionally, the biomass of the fine roots can also be determined. Fine roots are a key
indicator of belowground productivity and nutrient uptake, as fine roots are primarily
responsible for water and nutrient absorption. Measuring fine root biomass helps assess
ecosystem functioning, soil-plant interactions, and the impact of environmental changes or
restoration on root dynamics (Likulunga et al., 2022; Magalhdes & Mamugy, 2020; Vogt et al.,
2015). Within SUPERB, fine root sampling was conducted using the same methodology as for
soil carbon (FunDiVEUROPE, 2011). Because laboratory analysis of fine roots can be labor-
intensive and time-consuming, we selected a less intensive sampling method to balance
feasibility with data quality. For each sample, fine root picking was carried out for 5 minutes
on the dried but unsieved soil, and fine root biomass was calculated by dividing the mass of
the collected roots by the total volume of the dried sample (Likulunga et al., 2022; Magalhaes
& Mamugy, 2020).

2.3 How to restore

Multiple forest restoration strategies are studied within the framework of SUPERB, of which
some barely impact soil health and others are explicitly targeted on soil health. A full
explanatory list of forest restoration measures for every demonstration area can be found here:

https://forest-restoration.eu/demo-areas/. Figure 2 provides an overview of the different

restoration actions happening within SUPERB.
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Figure 2: Overview of different restoration actions within SUPERB. lllustration by SUPERB (SUPERB,
2024).

The list of adopted restoration strategies within SUPERB is further specified and subsequently
divided into three categories in the guidelines (Table 2): (i) afforestation/reforestation
techniques, (ii) forest regeneration techniques and (iii) nursing techniques. Forest restoration
measures that directly impact the soil are indicated by an * in table 2. This distinction is crucial
as it recognizes that soil is both an integral and essential part of the forest ecosystem and a
critical component that requires specific attention and management. Chapter 2.3.1 “Guidelines
for restoration” discusses these same restoration techniques and their impacts on soil

properties.
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Table 2: List of restoration techniques in the guidelines divided into three categories: (i) afforestation/reforestation techniques, (ii) forest regeneration techniques
and (i) nursing techniques.

Afforestation/reforestation techniques Forest regeneration techniques Nursing techniques

Assisted migration Clearcutting (followed by planting/natural regeneration) | Controlled burning

Enrichment planting Coppice management Control of invasive species
Natural regeneration Creation of microhabitats Fencing

Planting with broadleaved and coniferous species | Deadwood retention Fire breaks

Planting with broadleaved species *Dilution of soil contaminants Pest and disease control

Seeding *Fertilization Pesticide application

*Site preparation: tilling/ploughing Girdling Protection of old growth remnants
*Site preparation: mulching Harvesting individual trees Protection of riparian forest

*Site preparation: heavy machinery Harvesting group of trees (selection cut) Veteranization of trees
Underplanting *Inoculation of microorganisms

*Liming/rock dust application
*Qrganic amendments
Pruning

Re-introduction of key species
*Rich litter species

*Soil scarification

Thinning
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2.3.1 Guidelines for restoration

Figure 3 presents a partial overview of the restoration guidelines containing restoration
techniques and their short- and long-term influence on different aspects of soil health (proxied
by the proposed scalable indicators). The effects of the different techniques are categorized
using symbols (arrows), indicating if the soil parameter in question increases or decreases,
and colors, indicating the intensity of the effect on the soil parameter. This table serves as a
practical reference for assessing the potential benefits and drawbacks of each approach in

soil restoration and management.

When interpreting this table, several important disclaimers should be taken into account. First,
previous land use plays a critical role in shaping the trajectory of soil recovery during
restoration. Soil carbon, in particular, often reflects strong legacy effects from historical land
use, which can persist for decades and influence the apparent success or failure of restoration
interventions. Second, the way restoration measures are implemented significantly affects
their impact. The quality and precision of management practices matter greatly. For example,
when clearcutting is carried out using fixed skid trails, the extent of soil degradation is
substantially reduced compared to more ad hoc approaches. Likewise, during soil preparation
activities like ploughing, it is crucial to avoid excessive disturbance: ploughing too deeply can
lead to long-term damage to soil structure and function. These nuances of implementation,
which can determine the effectiveness of a restoration measure, are not captured in the table
but are essential for accurate interpretation. Third, fire management practices such as
controlled burning or the establishment of firebreaks can have localized negative effects on
soil properties at the site of application. However, these interventions may provide important
protective benefits at the landscape level by reducing the risk and severity of uncontrolled
wildfires. As such, while their immediate impact on soil may appear detrimental, their broader
role in preserving forest integrity must also be considered. Finally, these guidelines represent
an initial expert-based assessment of the potential effects of forest restoration measures on
soil properties. They are mostly informed by interviews with specialists, our own fieldwork and
a limited body of scientific literature. Due to limited availability of these peer-reviewed data,
some evaluations remain qualitative or preliminary. As such, the guidelines should not be
interpreted as definitive, but rather as a starting point for discussion and refinement. To
advance this process, we propose organizing a stakeholder and expert workshop within the
SUPERB framework, with the aim of validating and enriching these initial findings. The full

table can be found in the excel file Forest Soil Restoration Guidelines_table.xIsx.

Using two demo cases from SUPERB we will illustrate the use of the table.
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short- onlong- short- onlong- short- onlong- short- onlong- onshort-onlong- short- onlong-onshort-onlong- short- long- short- onlong-
term term term term term term term  term term term term term term term term term term term

Afforestation/reforestation techniques
Natural regeneration ¥ 3 E) EY
Seeding ¥ v * + * » * + £ *
Planting with broadleaved and
coniferous species ¥ ¥ + o 4y
Planting with broadleaved species 0% 3 3 S Y ~ S ~
Underplanting + 12 ~* + + o ~ * S *
Enrichment planting ¥ v + o o T o o 2 T
Assisted migration 4 v ~ 1 2 o + + A +
*Si one tilli : = ¥
Site preparation: tilling/ploughing o / / = { ;@é' | 3 - ir _‘3: I x
*Site preparation: mulching
+ + + * * i + * +
*Site preparation: heavy / / T
Forest regeneration techniques
Re-introduction of key species - | I : < |
¥ + + * * Ly * T * + & + T N + T )l
*Rich litter species ¥ v + B * * D h T . £ * “ B3 ™
Legend
Symbol

T Increase of soil property

+ Decrease of soil property

1 Effect on sail property depends
1 No effect on soil property

? Uncertain

Colour

I &/ positive effect on soil property
Positive effect on soil property
Neutral effect on soil property (very small positive effect, no negative effect)
No effect on soil property

[ Negative effect on soil property

I 5ig negative effect on soil property

I Can sither have a negative or positive effect on soil property

*  Directly soil related measure

Figure 3: Partially overview of the table with guidelines containing forest restoration measures and their impact on different soil parameters. The legend explains
how to interpret the colours and symbols. Colours indicate a positive or negative effect, while the arrows indicate if there is an increase or decrease of the soil
properties.
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Case 1. Rich litter tree species planting in the Netherlands

In the Dutch demo site of SUPERB (de Graaf & Raats, 2024), pine plantations are
characterized by low vitality and diversity as a consequence of acidified sandy soils and
nutrient imbalances. The acidification is a consequence of centuries of heathland
management, followed by more recent atmospheric sulphur and nitrogen depositions. The
restoration measures that are taken by the Dutch partner include underplanting with
broadleaved rich litter species, fertilization and liming/rock dust application. All of these
measures are targeted on counteracting soil acidification and thus have a positive effect on

soil pH.

Figure 4 shows an overview of the restoration measures applied in the Dutch demo area.
Overall, these restoration measures pose a positive influence on the different soil properties
(green colour) on the short- and long-term. All techniques lead to a decrease (arrow down) in
bulk density and an increase (arrow up) of all other properties. The effects of enrichment
planting and underplanting on soil pH can vary (red/green colour and double arrow)
depending on the functional traits of the introduced species. In the Dutch demo area, where
soils are already affected by acidification, the selected species for underplanting and
enrichment are expected to contribute to an increase in soil pH due to their less acidifying litter
inputs and associated biogeochemical processes. The colour intensity shows how strong the
impact of each restoration measure is, e.g. liming/rock dust application will impact bulk density

less compared to enrichment planting.
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Forestrestoration techniques Physical soil properties Chemical soil properties : Biological soil properties
Water holding = Water infiltration Functional Metabolic Biomass fine

Bulk density capacity 3 rate pH C N ‘catabolic diversity activity roots

Effecton  Effecton Effecton Effecton = Effecton  Effecton Effecton Effecton  Effecton  Effecton  Effecton Effecton Effecton  Effecton Effecton Effecton Effecton  Effecton
short-term  long-term  short-term  long-term | short-term  long-term  short-term  long-term  short-term  long-term short-term long-term _ short-term  long-term  short-term long-term  short-term  long-term

Afforestation/reforestation techniques
Planting with broadleaved species |
Underplanting
Enrichment planting
Forest regeneration techniques
*Rich litter species
*Fertilization

*Liming/rock dust application

Legend

Symbol
1 Increase of soil property
¥ Decrease of soil property
T Effect on soil property depends
/' No effect on soil property
? Uncertain

Colour

I &g positive effect on soil property

[ Positive effect on soil property
Neutral effect on soil property (very small positive effect, no negative effect)
No effect on soil property

[ Negative effect on soil property

- Big negative effect on soil property

- Can either have a negative or positive effect on soil property

*  Directly soil related measure

Figure 4: Printscreen of restoration guidelines for relevant strategies for the Dutch demo area and their impact on soil properties.

19



Case 2: Converting spruce monocultures facing windthrow to continuous cover forestry in
Scotland, UK.

In the the UK demo area (Locatelli et al., 2024), large areas in Queen Elizabeth Forest Park

have historically been dominated by Sitka spruce monocultures. The predominance of

waterlogged soils with gleyic properties makes these stands highly susceptibility to wind

damage. Current restoration efforts aim to deliver a wider range of ecosystem services by

introducing Continuous Cover Forests (CCF) in spruce stands with thinning and future

retention trees.

Figure 5 shows an overview of the restoration measures applied in the Scottish demo area.
Overall, site preparations through tilling/ploughing do not have an optimal influence on all
soil properties on the short-term (red colour) by disrupting soil structure, breaking up fungal
hyphae, and altering microbial habitat conditions. On the long-term, there can be a positive or
negative evolution depending on the context. pH can be both on the short-and long-term
positively or negatively influenced. For example, localized acidification can be neutralized by
mixing soil layers; and enhanced aeration can promote microbial processes. However, tillage
can also accelerate the oxidation of soil organic matter, producing acidic by-products. Bulk
density typically decreases immediately following ploughing due to the loosening and aeration
of the topsoil, but again can go in both ways on the long-term. The metabolic activity will be
positively influenced on the short-term, while diversity can go both ways. Planting with
broadleaved and coniferous species and thinning overall has a positive influence (green
colour) on all soil parameters with a decrease for bulk density and an increase for all other

parameters.
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Forest restoration techniques Physical soil properties Chemical soil properties Biological soil properties

Water holding Water Functional Metabolic  Biomass fine
Bulk density capacity  infiltration rate pH C N catabolic activity roots
Effect Effect Effect Effect Effect Effect Effect

on Effect on Effect Effecton Effect on Effect Effect Effect on Effect Effect Effect on on on Effect
short- onlong- short- onlong- short- onlong- short- onlong- onshort-onlong- short- onlong-onshort:onlong- short- long- short- onlong-
term term term term term term term term term term term term term term term term term term
Afforestation/reforestation techniques
Planting with broadleaved and ‘
coniferous species ¥
*Site preparation: tilling/ploughing ‘

+
Forest regeneration techniques
Thinning . 2EEESEEwsES EE2EEw 49|
Legend
Symbol

1 Increase of soil property
¥+ Decrease of soil property
{ Effect on soil property depends

/' No effect on soil property
? Uncertain

Colour

- Big positive effect on soil property
Positive effect on soil property
Neutral effect on soil property (very small positive effect, no negative effect)
No effect on soil property

I Negative effect on soil property

I &g negative effect on soil property

-Can either have a negative or positive effect on soil property

*  Directly soil related measure

Figure 5: Printscreen of restoration guidelines for relevant strategies for the demo area in Scotland, UK, and their impact on soil properties.
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2.4 How to monitor

2.4.1 Establish a baseline by mapping solil capability

In order to effectively monitor the impact and success of restoration, it is important to establish
a baseline that provides a detailed inventory of the existing forest conditions and allows to
see if forest restoration is effective. For this, using the BACI design (Before-After-Control-
Impact) is a good strategy, which is a scientific method to assess the effects of an intervention
by comparing conditions before and after the event. The same is true for the soil compartment,
restoration cannot be monitored properly without mapping the soil capability (see chapter
1.4) as it provides critical insights into the intrinsic potential of a site. Accurate mapping allows
practitioners to identify areas of degradation, prioritize sites for intervention, monitor
restoration progress, and assess ecosystem recovery over time. Maps of underlying geology
and soil types are particularly important, as they provide essential baseline information that
influences restoration strategies and long-term forest development. Comparing these maps to
relevant literature, such as journal articles on forest or soil conditions in the region or historical
land use studies, further strengthens site interpretations by connecting field observations with
broader regional patterns and historical context. High-resolution spatial data, combined with
advances in remote sensing, geographic information systems (GIS), and field surveys,
enables a precise understanding of landscape conditions both before and after restoration
interventions. Modern technologies such as drone-based aerial surveys, LIiDAR (Light
Detection and Ranging), and satellite imagery (e.g., Sentinel) have vastly improved the ability
to map forest structure, canopy cover, species composition, and soil properties across large
and often inaccessible areas. Field-based site observations however, remain crucial and
should follow standardized methods for soil description, such as those outlined in national or
international soil survey guidelines (e.g., FAO Guidelines for Soil Description:
https://www.fao.org/4/a0541e/a0541e.pdf). These standardized descriptions can be

integrated with GIS to build comprehensive spatial databases that support targeted, evidence-

based forest restoration planning.

Soil texture is an important soil property to evaluate in this context. Soil texture serves as a
fundamental, non-modifiable property that underpins many soil functions and processes, yet
it cannot be altered through restoration efforts. It refers to the relative proportions of sand, silt,
and clay patrticles and plays a crucial role in shaping the physical and chemical properties of
soil. The texture will be determining for the total amount and distribution of pore space, which
affects water retention, drainage, and aeration, making soil texture a key factor for plant growth
(Eshel et al., 2004; van Es et al., 2017). Understanding soil texture variability is essential for
developing site-specific management strategies. It is also a key characteristic that influences

the carbon cycle in forest - affecting both tree growth, soil organic matter retention and
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microbial activity- and can therefore modulate the impacts of climate change (Gémez-
Guerrero & Doane, 2018). Within SUPERB, soil texture was determined using a Beckman-
Coulter LS 13 320. To do this, dry and sieved soil samples were pretreated with 10%
hydrochloric acid and 35% hydrogen peroxide to remove carbonates and organic components.
To ensure proper dispersion of clay particles, ultrasonication was applied. During analysis, an
obscuration level between 19% and 22% was maintained for optimal accuracy. Particle size
classes were defined as follows: clay 0.04 um-8 um, silt 8 um-58um, and sand 58 um-2000
um (Eshel et al., 2004). When working in the field and immediate information about soil texture
is needed, the hand texture method offers a quick and practical assessment. This technique
allows you to estimate soil texture by feeling the soil’s consistency, grittiness, and stickiness.

This method ideally should be done by experienced people (Vogt et al., 2015).

In addition to mapping capability, it is important to clearly understand the underlying
degradation problems affecting the forest sites. This includes identifying the causes of
degradation, assessing current ecological conditions and recognizing site-specific limitations
or threats. Further, it is important to establish clear restoration targets. Restoration targets
define the desired outcomes of a restoration project and provide a measurable framework for
success. They should be based on ecological reference conditions, site potential, and broader
landscape objectives. Clear targets guide the selection of appropriate species, management
actions, and monitoring indicators. They also help align stakeholder expectations and enable

adaptive management if conditions change.

2.4.2 Monitor soil condition before and after restoration using scalable indicators

Post-restoration mapping enables the tracking of vegetation regrowth, soil recovery, carbon
sequestration, and biodiversity returns over time, providing evidence of restoration success or
highlighting areas needing additional support. For the follow up of soil conditions we
recommend to evaluate the properties proposed in table 1of section “What to restore”. The
actual monitoring guidelines presented in table 3 outline the scalable indicators for monitoring,
including recommended sampling frequency, sampling time, sampling and analysing

methodologies and costs.

2.4.3 Guidelines for monitoring

Table 3 provides an overview of scalable indicators for monitoring along with their sampling
and analytical methods (same sampling and analysis methods as described in chapter 2.2).
Further information regarding this table can be found in the guidelines for developing MRV

reports (Measuring, Reporting and Verification of Forest Restoration), published by SUPERB.

23



Table 3: Scalable indicators and corresponding sampling and analysing methodologies.

Carbon

Nitrogen

Bulk density

Biomass fine
roots

Functional
catabolic

diversity

Metabolic activity

Soil property Chemical Chemical Chemical Physical Biological Biological Biological
Importance Soil organic matter | Plant growth Nutrient It reflects soil | Nutrient and water | Microbial Living component
availability, compaction, uptake functional capacity | of soil organic
microbial influencing multiple matter
communities and | soil functions
decomposition rate
Sampling before | Yes Yes Yes Yes Yes Yes Yes
every
intervention?
Sampling after | Yes Yes Yes Yes Yes Yes Yes
every
intervention?
Long-term Every 10 years Every 10 years Every 10 years Every 5 years Every 5 years Every 5 years Every 5 years
sampling
frequency
Sampling depths | OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH
0-5cm 0-5cm 0-5cm 0-5cm 0-5cm 0-5cm 0-5cm
5-15cm 5-15cm 5-15cm 5-15cm 5-15cm 5-15cm 5-15cm
15-40 cm 15-40 cm 15-40 cm 15-40 cm 15-40 cm
40-80 cm 40-80 cm 40-80 cm 40-80 cm 40-80 cm
Sampling time (3 ~1 hour ~30 minutes
augerings per
site) *
Sampling Sampling for soil | Sampling for soil | Sampling for soil | Manual on | Sampling for soil | Sampling for | Sampling for
method carbon stocks carbon stocks carbon stocks methods for | carbon stocks microorganisms microorganisms
harmonized
sampling
assessment
monitoring and
analysis
Analysed depths | OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH OL+OF+OH 0-5cm
0-5cm 0-5cm 0-5cm 0-5cm 0-5cm 0-5cm
5-15cm 5-15cm 5-15cm 5-15cm 5-15cm 5-15cm
15-40 cm 15-40 cm 15-40 cm 15-40 cm
40-80 cm 40-80 cm 40-80 cm 40-80 cm
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http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Sampling-of-soil-for-assessment-of-soil-carbon-stocks_Mar-2011.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Micro-organism-sampling_Jan_2013.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Micro-organism-sampling_Jan_2013.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Micro-organism-sampling_Jan_2013.pdf
http://project.fundiveurope.eu/wp-content/uploads/Sampling_Protocol_Micro-organism-sampling_Jan_2013.pdf

Analysing Standard Soil | Standard Soil | Manual for the Soil | Manual on | Likulunga et al., | An_indicator for | Potential Carbon
method Methods for Long- | Methods for Long- | Chemistry and | methods for | 2022 Microbial Mineralization
Term  Ecological | Term  Ecological | Fertility Laboratory | harmonized Magalhdes et al., | Biodiversity in
research research sampling 2020 Forest Soils (p115-
assessment 117)
monitoring and
analysis
Cost per sample | 100 euros 100 euros 100 euros 50 euros 200 euros 200 euros 150 euros
(per fixed depth)

* The time needed for soil sampling is influenced by the physical state of the soil, including factors such as stoniness, moisture conditions (e.g.,

dry or wet soils), and soil texture, all of which can affect sampling feasibility.
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https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://academic.oup.com/book/52746
https://biblio.ugent.be/publication/113771
https://biblio.ugent.be/publication/113771
https://biblio.ugent.be/publication/113771
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.icp-forests.org/pdf/manual/2020/ICP_Manual_part10_2020_Soil_version_2020-1.pdf
https://www.frontiersin.org/journals/forests-and-global-change/articles/10.3389/ffgc.2022.955327/full
https://www.frontiersin.org/journals/forests-and-global-change/articles/10.3389/ffgc.2022.955327/full
https://www.sciencedirect.com/science/article/pii/S0341816220302435
https://www.sciencedirect.com/science/article/pii/S0341816220302435
https://purews.inbo.be/ws/portalfiles/portal/5385511/Gaublomme_etal_2006_IndicatorMicrobialBiodiversityForestSoils.pdf
https://purews.inbo.be/ws/portalfiles/portal/5385511/Gaublomme_etal_2006_IndicatorMicrobialBiodiversityForestSoils.pdf
https://purews.inbo.be/ws/portalfiles/portal/5385511/Gaublomme_etal_2006_IndicatorMicrobialBiodiversityForestSoils.pdf
https://purews.inbo.be/ws/portalfiles/portal/5385511/Gaublomme_etal_2006_IndicatorMicrobialBiodiversityForestSoils.pdf
https://soilhealthinstitute.org/app/uploads/2022/06/SOP_Cmin_V1.pdf
https://soilhealthinstitute.org/app/uploads/2022/06/SOP_Cmin_V1.pdf

3. Information on documents in the Annex

As already described in chapter 2.3.1, we provide a table containing restoration techniques
and their short- and long-term influence on different aspects of soil health. The effects of the
different techniques are categorized using symbols (arrows), indicating if the soil parameter in
guestion increases or decreases, and colors, indicating the intensity of the effect on the soll
parameter. This table serves as a practical reference for assessing the potential benefits and
drawbacks of each approach in soil restoration and management. The full table can be found

in the excel file Forest Soil Restoration Guidelines_table.xIsx.

4. Conclusion

Forests and forest soils are critical components of terrestrial ecosystems, delivering a wide
range of ecosystem services, including carbon sequestration, climate regulation, nutrient
cycling, and water filtration. Therefore, their conservation should be prioritized wherever
feasible to maintain ecological function and long-term sustainability. In cases where
conservation is no longer viable due to anthropogenic disturbance or natural degradation,
ecological restoration becomes necessary. Restoration efforts should adopt a holistic
approach that promotes the recovery of soil health, including soil physical, chemical, and
biological properties, while recognizing the intrinsic interconnection between forest and soil
restoration. To effectively guide restoration, it is essential to assess both the condition and the
capability of soils through spatial mapping and site-specific diagnostics. This enables the
selection of appropriate restoration strategies that align with soil constraints and potential.
Furthermore, soil capability mapping can inform realistic expectations for ecosystem service
recovery. Restoration itself can consist of multiple techniques and interventions, which are
being summarized in this report along with their impact on different soil parameters. This
practical tool allows selecting context-appropriate interventions that effectively support soil
health recovery and ecosystem resilience. Monitoring is a critical component to guide and
evaluate restoration success by using scalable indicators that are cost-effective, time-efficient
and applicable across spatial scales. These indicators enable cross-site comparisons and
long-term assessments. Mapping soil capability and condition prior to restoration allows for
the identification of site-specific limitations and potentials. Monitoring should begin with a pre-
restoration baseline to establish reference conditions and guide indicator selection.
Additionally, ldentifying degradation problems is an important step in the pre-monitoring
phase. Post-restoration monitoring must be structured, consistent, and longitudinal, capturing
short- and long-term soil responses. The use of scalable indicators facilitates tracking of soil

recovery across heterogeneous landscapes, improving comparability and policy relevance.
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Adaptive management relies on such monitoring to evaluate progress and refine restoration
strategies. Overall, integrated soil-focused restoration strategies are essential for rebuilding

degraded forest ecosystems and securing the services they provide.

5. Resources

¢ SUPERB Project poster

¢ SUPERB Project flyer

e SUPERB restoration Workplan: Southern Netherlands

o SUPERB restoration Workplan: Queen Elizabeth Forest Park, Scotland

6. Acknowledgement

We gratefully acknowledge the entire SUPERB network for their invaluable support in locating
stands, designing the experimental setup, and assisting with fieldwork. Without their
dedication and collaboration, we would not have had the tools or data necessary to write this
report. Additionally, we would also like to thank Maaike de Graaf for reviewing the report and

providing us with thoughtful and constructive feedback.

Finally, we are grateful to the KU Leuven technicians for their assistance both in the field and
in the laboratory: Lore Fondu, Steven Luypaers, Eric Van Beek, Remi Chevalier and Kim
Vekemans as well as the hard work of the MSc graduates Karen Van De Putte, Astrid Geets,

Ada Heylen, Fleur Van Lieshout and Robin Claes.

This project has received funding from the European Union’s Horizon 2020 research and

innovation programme under grant agreement no. 101036849.

7. References

Aerts, R., & Honnay, O. (2011). Forest restoration, biodiversity and ecosystem functioning.
BMC Ecology, 11(29), 29. https://doi.org/doi: 10.1186/1472-6785-11-29

Al-Shammary, A. A. G., Kouzani, A. Z., Kaynak, A., Khoo, S. Y., Norton, M., & Gates, W.
(2018). Soil Bulk Density Estimation Methods: A Review. Pedosphere, 28(4), 581—
596. https://doi.org/10.1016/S1002-0160(18)60034-7

Ameray, A., Bergeron, Y., Valeria, O., Montoro, G., & Cavard, X. (2021). Forest Carbon

Management: A Review of Silvicultural Practices and Management Strategies Across



SUPERB — Deliverable 6.4

Boreal, Temperate and Tropical Forests. Cham: Springer International Publishing
Current Forestry Reports, 7(4), 245-266.

Biolog. (2023). Biolog Microbial Community Analysis.

BUnemann, E. K., Bongiorno, G., Bai, Z., Creamer, R. E., De Deyn, G., De Goede, R.,
Fleskens, L., Geissen, V., Kuyper, T. W., Mader, P., Pulleman, M., Sukkel, W., Van
Groenigen, J. W., & Brussaard, L. (2018). Soil quality — A critical review. Soil Biology
and Biochemistry, 120, 105-125. https://doi.org/10.1016/j.s0ilbio.2018.01.030

Cliquet, A., Telesetsky, A., Akhtar-Khavari, A., & Decleer, K. (2022). Upscaling ecological
restoration: Toward a new legal principle and protocol on ecological restoration in
international law. Restoration Ecology, 30(4), e13560.
https://doi.org/10.1111/rec.13560

Comeau, L.-P., MacKinley, K., Unc, A., & Vallotton, J. (2023). Ex situ soil respiration
assessment using minimally disturbed microcosms and dried—sieved soils;
comparison of methods to assess soil health. Canadian Journal of Soil Science,
103(1), 143—151. https://doi.org/10.1139/cjss-2021-0143

Cools, N., & De Vos, B. (2010). Sampling and Analysis of Soil. Manual Part X,. In Manual on
methods and criteria for harmonized sampling, assessment, monitoring and analysis
of the effects of air pollution on forests (p. 208).
http://link.springer.com/10.1007/BF00477148

de Graaf, M., & Raats, L. (2024). SUPERB restoration Workplan: Southern Netherlands (No.
2).

De Groot, R. S., Wilson, M. A., & Boumans, R. M. J. (2002). A typology for the classification,
description and valuation of ecosystem functions, goods and services. Ecological
Economics, 41(3), 393—408. https://doi.org/10.1016/S0921-8009(02)00089-7

De Vos, B., Cools, N., llvesniemi, H., Vesterdal, L., Vanguelova, E., & Carnicelli, S. (2015).

Benchmark values for forest soil carbon stocks in Europe: Results from a large scale



SUPERB - Deliverable 6.4 e

forest soil survey. Geoderma, 251-252, 33-46.
https://doi.org/10.1016/j.geoderma.2015.03.008

EC/UN-ECE, de Vries, W., Reinds, G. J., Posch, M., Sanz, M. J., Krause, G. H. M.,
Calatayud, V., Renaud, J. P., Dupouey, J. L., Sterba, H., Vel, E. M., Dobbertin, M., &
Gundersen, P. (2003). Intensive Monitoring of Forest Ecosystemsin Europe,
Technical report 2003. (p. 163) [Technical report]. EC/UN-ECE.

EEA. (2024). Nature protection and restoration [European Environment Agency].
https://www.eea.europa.eu/en/topics/in-depth/nature-protection-and-restoration

Eshel, G., Levy, G. J., Mingelgrin, U., & Singer, M. J. (2004). Critical Evaluation of the Use of
Laser Diffraction for Particle-Size Distribution Analysis. Soil Science Society of
America Journal, 68(3), 736—743.

European Commission. (2011). Soil: The hidden part of the climate cycle. Publications
Office. https://data.europa.eu/doi/10.2779/30669

European Soil Data Centre. (2025). EUSO Soil Degradation Dashboard. JOINT RESEARCH
CENTRE European Soil Data Centre (ESDAC).
https://esdac.jrc.ec.europa.eu/esdacviewer/euso-dashboard/

FAOQ. (2003). FAO Digital Soil Map of the World (Version 3.6) [Dataset].

FAOQ. (2020). Global Forest Resources Assessment 2020: Main report. Rome.

FAO. (2022). The State of the World’s Forests 2022. Forest pathways for green recovery
and building inclusive, resilient and sustainable economies. FAO.

Farrell, H. L., Léger, A., Breed, M. F., & Gornish, E. S. (2020). Restoration, soil organisms,
and soil processes: Emerging approaches. Restoration Ecology, 28(S4).
https://doi.org/10.1111/rec.13237

Fierer, N., Wood, S. A., & Bueno De Mesquita, C. P. (2021). How microbes can, and cannot,
be used to assess soil health. Soil Biology and Biochemistry, 153, 108111.
https://doi.org/10.1016/j.s0ilbio.2020.108111

FOREST EUROPE. (2020). State of Europe’s Forests 2020.



SUPERB — Deliverable 6.4

Frene, J. P., Pandey, B. K., & Castrillo, G. (2024). Under pressure: Elucidating soil
compaction and its effect on soil functions. Plant and Soil.
https://doi.org/10.1007/s11104-024-06573-2

FunDivEUROPE. (2011). FunDivEUROPE field protocol: Sampling of soil for assessment of
soil carbon stocks.

FunDivEUROPE. (2013). Micro-organism sampling.

Gaublomme, E., De Vos, B., & Cools, N. (2006). An indicator for Microbial Biodiversity in
Forest Soils. INBO.

Gbémez-Guerrero, A., & Doane, T. (2018). The Response of Forest Ecosystems to Climate
Change. In Developments in Soil Science (Vol. 35, pp. 185-206). Elsevier.
https://doi.org/10.1016/B978-0-444-63865-6.00007-7

Hobbs, R. J., & Harris, J. A. (2001). Restoration Ecology: Repairing the Earth’s Ecosystems
in the New Millennium. Restoration Ecology, 9(2), 239-246.
https://doi.org/10.1046/j.1526-100x.2001.009002239.x

IPBES, Garibaldi, L. A., Polasky, S., Zayas, C., Mastrangelo, M., Nkongolo, N., & Shrestha,
U. B. (2019). 2.3 Chapter 2.3. Status and Trends—Nature’s Contributions to People
(NCP).

IPBES, Scholes, R., Montanarella, L., Brainich, N., Barger, N., ten Brink, B., Cantele, M.,
Erasmus, B., Fisher, J., Gardner, T., Holland, T. G., Kohler, F., Kotiaho, J. S., Von
Malititz, G., Nangendo, G., Pandit, R., Parotta, J., Potts, M. D., Prince, S., ...
Willemen, L. (2018). Summary for policymakers of the assessment report on land
degradation and restoration of the Intergovernmental Science- Policy Platform on
Biodiversity and Ecosystem Services.

Jenkins, M., & Schaap, B. (2018). Background Analytical Study: Forest Ecosystem Services.

Jiba, W., Manyevere, A., & Mashamaite, C. V. (2024). The Impact of Ecological Restoration
on Soil Quality in Humid Region Forest Habitats: A Systematic Review. Forests,

15(11), 1941. https://doi.org/10.3390/f15111941



SUPERB - Deliverable 6.4 ot

Jonard, M., Flrst, A., Verstraeten, A., Thimonier, A., Timmermann, V., Poto€i¢, N., Waldner,
P., Benham, S., Hansen, K., Merild, P., Ponette, Q., De La Cruz, A. C., Roskams, P.,
Nicolas, M., Croisé, L., Ingerslev, M., Matteucci, G., Decinti, B., Bascietto, M., &
Rautio, P. (2015). Tree mineral nutrition is deteriorating in Europe. Global Change
Biology, 21(1), 418—430. https://doi.org/10.1111/gcb.12657

Jones, A., Montanarella, L., & Jones, R. (2005). Soil Atlas of Europe. The European Soil
Bureau, Joint Research Centre.

Lee, J., Hopmans, J. W., Rolston, D. E., Baer, S. G., & Six, J. (2009). Determining soil
carbon stock changes: Simple bulk density corrections fail. Agriculture, Ecosystems
& Environment, 134(3—4), 251-256. https://doi.org/10.1016/j.agee.2009.07.006

Lehmann, J., Bossio, D. A., Kégel-Knabner, I., & Rillig, M. C. (2020). The concept and future
prospects of soil health. Nature Reviews Earth & Environment, 1(10), 544-553.
https://doi.org/10.1038/s43017-020-0080-8

Likulunga, L. E., Clausing, S., Krlger, J., Lang, F., & Polle, A. (2022). Fine root biomass of
European beech trees in different soil layers show different responses to season,
climate, and soil nutrients. Frontiers in Forests and Global Change, 5, 955327 .
https://doi.org/10.3389/ffgc.2022.955327

Locatelli, T., Hair, J., Nicoll, B., Jacobs, S., Kremer, K., & Horstmann, N. (2024). SUPERB
restoration Workplan: Queen Elizabeth Forest Park, Scotland.

Maes, J., Bruzén, A. G., Barredo, J. |., Vallecillo, S., Vogt, P., Rivero, I. M., & Santos-Martin,
F. (2023). Accounting for forest condition in Europe based on an international
statistical standard. Nature Communications, 14(1), 3723.
https://doi.org/10.1038/s41467-023-39434-0

Magalhaes, T. M., & Mamugy, F. P. S. (2020). Fine root biomass and soil properties following
the conversion of miombo woodlands to shifting cultivation lands. CATENA, 194,

104693. https://doi.org/10.1016/j.catena.2020.104693



SUPERB - Deliverable 6.4 e

Makipaa, R., Abramoff, R., Adamczyk, B., Baldy, V., Biryol, C., Bosela, M., Casals, P., Curiel
Yuste, J., Dondini, M., Filipek, S., Garcia-Pausas, J., Gros, R., Gdmdryova, E.,
Hashimoto, S., Hassegawa, M., Immonen, P., Laiho, R., Li, H., Li, Q., ... Lehtonen, A.
(2023). How does management affect soil C sequestration and greenhouse gas
fluxes in boreal and temperate forests? — A review. Forest Ecology and Management,
529, 120637. https://doi.org/10.1016/j.foreco.2022.120637

Mansuy, N., Hwang, H., Gupta, R., Mooney, C., Kishchuk, B., & Higgs, E. (2022). Forest
Landscape Restoration Legislation and Policy: A Canadian Perspective. Land,
11(10), 1747. https://doi.org/10.3390/land 11101747

McBratney, A., Field, D. J., & Koch, A. (2014). The dimensions of soil security. Geoderma,
213, 203—-213. https://doi.org/10.1016/j.geoderma.2013.08.013

McBratney, Alex. B., Field, D., Morgan, C. L. S., & Huang, J. (2019). On Soil Capability,
Capacity, and Condition. Sustainability, 11(12), 3350.
https://doi.org/10.3390/su11123350

Moebius-Clune, B. N. (2016). Comprehensive assessment of soil health: The Cornell
framework manual (Third edition). Cornell University.

Murphy, B. (2017). Testing the Links Between Soil Security, Sustainable Land Management
Practices and Land Evaluation. In Global Soil Security (pp. 87-97).

Nolan, M., Stanton, K. J., Evans, K., Pym, L., Kaufman, B., & Duley, E. (2021). From the
ground up: Prioritizing soil at the forefront of ecological restoration. Restoration
Ecology, 29(8), e13453. https://doi.org/10.1111/rec.13453

O’Brien, L., Konczal, A., Begemann, A., Fleckenstein, S., & Winkel, G. (2025). Forest
restoration paradigms and conflicts in Europe. International Forestry Review, 27(1),
1-19.

O’Neill, K. P., Amacher, M. C., & Perry, C. H. (2005). Soils as an Indicator of Forest Health: A
Guide to the Collection, Analysis, and Interpretation of Soil Indicator Data in the

Forest Inventory and Analysis Program.



SUPERB - Deliverable 6.4 ot

Page-Dumroese, D. S., Busse, M. D., Jurgensen, M. F., & Jokela, E. J. (2021). Sustaining
forest soil quality and productivity. In Soils and Landscape Restoration (pp. 63-93).
Elsevier. https://doi.org/10.1016/B978-0-12-813193-0.00003-5

Panagos, P, De Rosa, D., Liakos, L., Labouyrie, M., Borrelli, P., & Ballabio, C. (2024). Soil
bulk density assessment in Europe. Agriculture, Ecosystems & Environment, 364,
108907. https://doi.org/10.1016/j.agee.2024.108907

Pawar, K. V., & Rothkar, R. V. (2015). Forest Conservation & Environmental Awareness.
Procedia Earth and Planetary Science, 11, 212-215.
https://doi.org/10.1016/j.proeps.2015.06.027

Powers, R. F., Tiarks, A. E., & Boyle, J. R. (2015). Assessing Soil Quality: Practicable
Standards for Sustainable Forest Productivity in the United States. In M. B. Adams,
K. Ramakrishna, & E. A. Davidson (Eds.), SSSA Special Publications (pp. 53—-80).
Soil Science Society of America. https://doi.org/10.2136/sssaspecpub53.c3

Raghavendra, M., Sharma, M. P., Ramesh, A., Richa, A., Billore, S. D., & Verma, R. K.
(2020). Soil Health Indicators: Methods and Applications. In Soil Analysis: Recent
Trends and Applications (pp. 221-253).

Raupp, P., Carrillo, Y., & Nielsen, U. N. (2024). Soil Health to Enhance Ecological
Restoration and Conservation. Journal of Sustainable Agriculture and Environment,
3(4), e70022. https://doi.org/10.1002/sae2.70022

Rieke, E. L., Bagnall, D. K., Morgan, C. L. S., Flynn, K. D., Howe, J. A., Greub, K. L. H., Mac
Bean, G., Cappellazzi, S. B., Cope, M., Liptzin, D., Norris, C. E., Tracy, P. W., Aberle,
E., Ashworth, A., Bafiuelos Tavarez, O., Bary, A. |., Baumhardt, R. L., Borbén Gracia,
A., Brainard, D. C., ... Honeycutt, C. W. (2022). Evaluation of aggregate stability
methods for soil health. Geoderma, 428, 116156.
https://doi.org/10.1016/j.geoderma.2022.116156

Rieke, E. L., Cappellazzi, S. B., Cope, M., Liptzin, D., Mac Bean, G., Greub, K. L. H., Norris,

C. E., Tracy, P. W., Aberle, E., Ashworth, A., Bafuelos Tavarez, O., Bary, A. |.,



SUPERB - Deliverable 6.4 ot

Baumhardt, R. L., Borbdn Gracia, A., Brainard, D. C., Brennan, J. R., Briones Reyes,
D., Bruhjell, D., Carlyle, C. N., ... Honeycutt, C. W. (2022). Linking soil microbial
community structure to potential carbon mineralization: A continental scale
assessment of reduced tillage. Soil Biology and Biochemistry, 168, 108618.
https://doi.org/10.1016/j.s0ilbio.2022.108618

Robertson, G. P. (Ed. ). (1999). Standard soil methods for long-term ecological research
(Vol. 2). Oxford University Press.

Scanes, C. G. (2018). Human Activity and Habitat Loss: Destruction, Fragmentation, and
Degradation. In Animals and Human Society (pp. 451-482). Elsevier.
https://doi.org/10.1016/B978-0-12-805247-1.00026-5

Singh, B. P, Cowie, A. L., & Chan, K. Y. (Eds.). (2011). Soil Health and Climate Change (Vol.
29). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-20256-8

Soil health institute. (2022). Potential Carbon Mineralization.

Stewart, R. D., Jian, J., Gyawali, A. J., Thomason, W. E., Badgley, B. D., Reiter, M. S., &
Strickland, M. S. (2018). What We Talk about When We Talk about Soil Health.
Agricultural & Environmental Letters, 3(1), 180033.
https://doi.org/10.2134/ael2018.06.0033

SUPERB. (2024). SUPERB: Upscaling Forest Restoration. SUPERB: Upscaling Forest
Restoration.

Thomas, G. W. (1996). Soil pH and Soil Acidity. In Methods of Soil Analysis: Part 3 Chemical
Methods, 5.3.

U.S. Department of Agriculture. (2012). Natural Resources Conservation Service. Soll
Health. https://www.nrcs.usda.gov/conservation-basics/natural-resource-
concerns/soils/soil-health

van Es, H., Schindelbeck, R., Ristow, A., Kurtz, K., & Fennell, L. (2017). Soil Health Manual

Series—Soil Texture. Cornell University.



SUPERB — Deliverable 6.4

Van Groenigen, J. W., Van Kessel, C., Hungate, B. A., Oenema, O., Powlson, D. S., & Van
Groenigen, K. J. (2017). Sequestering Soil Organic Carbon: A Nitrogen Dilemma.
Environmental Science & Technology, 51(9), 4738—4739.
https://doi.org/10.1021/acs.est.7b01427

Van Ranst, E., Verloo, M., Demeyer, A., & Pauwels, J. M. (1999). Manual for the Soil
Chemistry and Fertility Laboratory. Analytical Methods for Soils and Plants
Equipment and Management of Consumables.

Vogt, D. J., Tilley, J. P., & Edmonds, R. L. (2015). Soil and Plant Analysis for Forest
Ecosystem Characterization.

Wang, N., & Zhang, T. (2024). Soil pore structure and its research methods: A review. Soil
and Water Research, 19(1), 1-24. https://doi.org/10.17221/64/2023-SWR

Whitehead, D. (2011). Forests as carbon sinks—Benefits and consequences. Tree

Physiology, 31(9), 893-902.



