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Abstract: Nature-based solutions (NBSs) for risk reduction produce environmental effects that must 

be assessed to evaluate their performance. In a context of climate change and growing concern about 

the loss of biodiversity, indicators informing about ecosystem complexity, resilience and stability 

are required. NBS projects hardly ever include environmental monitoring programs and, at best, 

NBS performance is evaluated based on elementary indicators that provide poor information about 

ecosystem functions and services. Within the framework of the PHUSICOS (EU, H2020) project, a 

NBS approach is being applied to reduce the hydrometeorological risks (rock falls and snow ava-

lanches) that threaten a transnational road and a very populated town in the Pyrenees range. In 

both cases, the planned actions are modifying soil and vegetation structure and functioning as well 

as the environmental services they provide. Here we present a set of soil and plant indicators de-

signed to be included in the postoperation monitoring plan of both NBS projects. We provide a 

description and information about the range of values of every indicator measured in the study sites 

together with indications about analytical methods and sampling calendar. We discuss the trade-

offs between monetary cost, expertise requirements and meaningfulness of the indicators.  

Keywords: NBS monitoring; hydrogeological risks; environmental services; soil bioindicators; plant 

indicators; rock falls; snow avalanches.  

 

1. Introduction 

The IPCC report on the management of the risks of extreme events and disasters [1] 

warned about increasing frequency of extreme climate events (such as heavy rainfalls, 

drought and heat waves) over many areas of the globe during the 21st century. The con-

sequences of this upsurge for Europe in the form of glacier retreat, increase in landslides 

and rock slope failures and changed occurrence of extreme river discharges and floods 

were documented two years later [2].  

Landslides, including the fall of rocks from vertical surfaces and rock and sediment 

topples and avalanches are important threats for soil conservation in mountainous and 

hilly areas across Europe [3]. Besides the natural instability of the land due to steep slopes 

and susceptible lithology [4], full water saturation after long lasting heavy rainfall and 

improper land cover (i.e., deforestation after forest fire) or land management (i.e., steep 

road cuts, changes in hydrology) are key factors in landslide occurrence. In the 2015–2017 

period, landslides caused 39 deaths and 155 injuries in Europe, and 48 million people are 
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currently exposed to landslide hazard [5]. In high mountain areas, changes in snow pat-

tern and glacier melting are altering the quantity and quality of water and the seasonal 

hydrological regime of the rivers, particularly where melting water accounts for a large 

fraction of the streamflow [6]. In some regions, snow avalanches caused by unstable wet 

snow have increased, and glacier retreat and permafrost thaw are lessening the stability 

of mountain slopes. Snow cover, glaciers and permafrost will continue to decline through-

out the 21st century while increasing number of people and infrastructures are exposed 

to the subsequent hazards because of growing population, tourism and socioeconomic 

development [7]. 

For many years, landslide and rock fall prevention has been based on hard engineer-

ing solutions under four main approaches: (I) regrading the slope, (II) draining it to reduce 

the pore pressures and (III) reinforcing the slope internally or externally with retaining 

and anchor walls or (IV) with different types of surface textiles in the less severe cases 

[8,9]. Engineered snowpack supporting structures (rigid or nets) are classical methods to 

anchor the snow cover, to impede fracture propagation in the snow, and to stop small 

avalanches before they gain momentum and volume. Although being very expensive to 

build and maintain, these measures are used extensively when protecting inhabited or 

highly frequented zones [10]. 

Recently, as an alternative to these engineered or so-called “grey” solutions, a new 

set of “nature-based solutions” (NBSs) that exploit natural elements and processes have 

been proposed for risk reduction. The NBS concept was openly launched to the public in 

the 2012 IUCN World Conservation Congress (Jeju, Republic of Korea) as an overarching 

framework to face climate change, to guarantee food and nutrition security and to foster 

economic and social development [11]. In 2013, the European Commission (EC) began to 

stimulate city greening by NBSs [12] and, in 2015, the Sendai Framework for Disaster Risk 

Reduction acknowledged NBSs as promising tools in reducing the risk of hydrogeological 

disasters [13]. NBSs are “solutions that are inspired and supported by nature, which are 

cost-effective, simultaneously provide environmental, social and economic benefits and 

help build resilience” [14]. From an integrative perspective, NBSs are intended to be effi-

cient in risk reduction while producing collateral benefits in the societal and environmen-

tal fields. NBSs are required to provide environmental cobenefits in the field of climate 

change mitigation as well as to cooperate in biodiversity conservation and recovery [12]. 

Together with innovative approaches in the social arena (particularly concerning democ-

ratization in decision-making, although this part is beyond the scope of the present study), 

the NBS strategy incorporates well-stablished landscape management practices. 

In particular, forest management has been claimed for quite some time [15–17] to be 

a good solution to prevent a wide range of hydrogeological hazards [13] and is the base 

of the “protection forest” concept, documented in Europe since the 16th century [18]. More 

commonly, vegetation and particularly dense and well-managed forests have proved to 

be profitable tools to reduce soil erosion and landslide occurrence after heavy rains thanks 

to plant-induced soil water suction [19] and to the anchoring effect of roots [20]. In the 

same direction, scientists have been claiming for more than two decades that revegetating 

degraded bare lands has a great potential for soil stabilization and mitigation of risks de-

rived from climate change [21,22]. Concerning snow avalanches, it is known that vegeta-

tion increases the roughness of the ground surface, which is a key to reduce snow gliding 

and to reinforce the anchorage of the snow cover to the slope surface [23,24].  

Assessing the preoperative state of the environment and monitoring the effects on 

climate and biodiversity of the NBSs overtime is key for keeping restoration efficient since 

environmental impacts, very often, unfold over long periods [25]. However, this assess-

ment is hindered by the lack of robust systems of environmental indicators suitable to be 

applied across a broad range of geographic and temporal scales. A variety of indicators 

are available to assess ecosystem response to restoration actions, most of them relying on 

plant community structure and composition [26,27], and recently some of them have been 

refined to monitor ecosystem resilience to climate change [28,29]. However, there is still 
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an alarming lack of indicators informing about soil response to manipulation. Postresto-

ration trajectories of biodiversity and of ecosystem services are extremely variable in pat-

tern (including stochastic responses) and in rate of change. In temperate regions, in par-

ticular, postimpact ecosystem evolution is slow, and the restored system might not attain 

the desired state within the timeframe of the restoration projects [30]. This is particularly 

true for effects on soil, since most indicators can take more than 50 years to recover [31]. 

In view of this scenario, to facilitate the evaluation of the success of NBSs in providing 

cobenefits, monitoring programs must be accurately designed before any action is carried 

out. Monitoring programs should include: (a) sectoral-specific sets of indicators that sat-

isfy the basic criteria of meaningfulness, relevance, accuracy, understandability, standard-

ization potential, cost-efficiency, and applicability [32,33], (b) a preoperative assessment 

of the base-line for each indicator, (c) a clear postoperational sampling and analytical pro-

gram matching those applied for the base-line description, and (d) reference values for 

the each indicators over time.  

Here we present a methodological framework designed to monitor the collateral ben-

efits of NBSs designed for hydro-meteorological related risk reduction on important en-

vironmental services (climate change mitigation and biodiversity) provided by soil and 

vegetation. The framework includes soil (organic C (carbon), C sequestration, water ero-

sion, structure, stability, water holding capacity, fertility, microbial and invertebrate func-

tional diversity) and vegetation (aboveground tree carbon stock, species diversity, inva-

sive species, total and non-woody species cover and plant moisture and flammability) 

indicators. To demonstrate the validity of the proposed methodology, the framework has 

been tested in two locations of the French and Spanish Pyrenees. Both the methodological 

framework and the locations are provided based on the PHUSICOS project (EU, H2020). 

We also discuss the pros and cons of each indicator and to what extent it meets the above-

mentioned requirements.  

2. The Work Cases  

2.1. Snow Avalanches in the Capet Forest (Barèges, France) 

Barèges (Hautes-Pyrénées, 42.895994, 0.062309) is located at the base of the Capet 

mountain (2328 m.a.s.l.). With a stable population of 170 people, this is a popular holiday 

destination thanks to its proximity to sky resorts and thermal baths. The town is threat-

ened by destructive snow avalanches that are well documented since 1644 [34]. The Capet 

Forest, a 147 ha public national forest above Barèges, was planned as an antiavalanche 

protective forest in 1860 which prompted the active reforestation of the area with conifer-

ous trees [34]. To reinforce the protection provided by the forest, dry stone walls were 

built in 1892 and, from then on, the defence system has been significantly improved and 

densified. Currently, about 900 protective structures (5232 lineal meters) are maintained 

by the ONF/RTM (National Forest Office/Mountain Land Restoration) staff (Figure 1). 

Notwithstanding this deployment of protective measures, the avalanches continue to 

cause damages.  
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Figure 1. Anti-avalanche structures in Thiel corridor above Barèges. 

A new approach to risk reduction is now being tested which aims at preventing snow 

avalanches from the very beginning of their formation at the top of the avalanche corri-

dors. The proposed solution consists of supporting reforestation with snow glide tripods 

of 2.5 m-long sides (Figure 2) to favour tree establishment in drop shaped plantation areas 

of 4 × 5 m. This strategy is very common in the Alpine region and, in its original version, 

the tripods are placed in groups less than 1.5 m from each other to mimic the clumpy 

structure of the subalpine forests [35]. Under each tripod, seedlings are planted following 

the “nucleation” strategy.  

 

Figure 2. Seedling plantation in microterraces under woody tripods. 
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The resulting small patches of trees will later act as focal areas for forest recovery 

across the slope. The ensuing vegetation pattern is expected to increase soil roughness 

which will impede snow gliding at its origin. This, in turn, will prevent the snowpack 

from gaining momentum [36]. In the Capet Forest, 30 to 50 tree seedlings of coniferous 

species (mainly Pinus uncinata) are currently being manually planted under each tripod 

in small microterraces to avoid soil disturbance. 

2.2. Rock Falls in the Santa Elena Road Cut (Biescas, Spain) 

The very busy A-136 transnational road from Biescas (Spain) to Laruns (France) is 

threatened by rock falls from a road cut excavated perpendicular to a Quaternary moraine 

(42.659647, −0.324108). The cu�ing is triangular and 35 m high with a base 150 m long and 

75° slope (Figure 3).  

 

Figure 3. Sediment instability in the Santa Elena road cut. 

To stabilize the cutting, the proposed NBS is a small-scale adaptation of the success-

ful restoration of the, at the time, fully deforested Arratiecho watershed (42.629104, 

−0.308481), undertaken in 1903 [37]. The works included the stabilization of the hillsides 

by terracing, the drainage of the rainwater and the reforestation of the terraces mainly 

with Pinus sylvestris and Hippophae rhamnoides (Figure 4). Although the last details of the 

works included in the proposed NBS still are under debate, it is clear that, after cutting 

sanitation, the stable rocky outcrops will be spared to guarantee heterogeneity and, fi-

nally, terracing and water drainages will be implemented before revegetation. 
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Figure 4. Stabilization terraces in the Arratiecho watershed. 

3. A Set of Indicators for NBS Effects on Soil and Vegetation 

The NBSs considered in our study cases have significant effects on the environmental 

services provided by soil and vegetation in terms of climate change mitigation and biodi-

versity conservation. To assess these effects, we selected the set of indicators shown in 

Table 1. Selection was performed under the activities of the PHUSICOS project (EU 

H2020). In 2018, a first tentative list of environmental indicators was proposed, based on 

consultation to experts. During 2019, this preliminary matrix was presented individually 

to the responsible of the demonstrator sites for selection of the indicators to be specifically 

applied at each site. Based on this selection, we worked in profiling the best methods to 

adjust these indicators to the specificities of each study case. Here, we describe the envi-

ronmental interpretation of each of them.  
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Table 1. Set of indicators used in this work to evaluate the environmental effects of nature-based solutions (NBSs) for hydrogeological risk reduction. The indicators 

refer to soil and vegetation services associated to climate change mitigation and biodiversity provision. The range of values shown in the table have been measured 

or simulated for the two work sites. (1) Erosion control—EC, hydrological control—HC, climate change mitigation—CCM, carbon sequestration—CS, biodiversity 

protection—BP, maintenance of the green infrastructure—GI; (2) erosion—E, landslides—L, snow avalanches—SA, biological invasions—BI, fire risk prevention— 

FP, no competent—X, (3) if yes, threshold value; (4) none—N, measurable by trained persons—T, experts required—E; (5) Cmin: mineralizable carbon; (6) MWD: 

mean weight diameter; (7) the extremely high value of 156 Mg soil ha−1 yr−1 corresponds to the bare soil zones of the Santa Elena road cut. In the vegetated slopes of 

the Santa Elena and Capet Forest areas, the highest erosion tax is 4.6 Mg soil ha−1 yr−1. 

 Environmental Services Indicators 
Range of 

Values 
Units 

Optimal Value  

(if Pertinent) 

Related Ecological 

Functions  

(1)  

Competence for Risk 

Reduction  

(2)   

Flag Value 

Required?  

(3) 

Expertise 

Required (4) 

S
o

il
 

Belowground C 

sequestration 

Organic carbon in the topsoil (15 top cm) 50-400 Mg C ha-1 >20 CCM,CS,BP  E <5 T 

Recalcitrant C 23-95 %   >20 CCM,CS,BP  E <5 T 

Labile C in microaggregates 0-88 % Cmin (5) ? CCM,CS,BP  E no T 

C mineralisation by the soil food web 20-1600 kg C ha-1 yr -1 1600  CCM,CS,BP  X no E 

Soil physical resilience  

Water erosion  0.04-156 (7) 
Mg soil ha-1 

yr-1 
  CCM, CS E >1,45 T 

Soi aggregate stability  0.75-3.3 MWD (6) >2 CCM,CS,BP  E,L <0.4 T 

Soil water holding capacity  0.2-1.3 g H2O g -1 soil >1 BP  E,L <0.5 T 

Soil fertility 
Nutrients: total nitrogen (Kjeldahl) 15-120 Mg N ha-1 variate CS,BP  X  variate T 

Nutrients: P (Olsen) 0.01-0.04 Mg P ha-1 variate CS,BP  X  variate T 

Biodiversity provison  

Microbial community physiological 

profiling (Eveness Index) 
0.92-0.98 Unitless -   CS,BP  BI no E 

Bacterial genetic diversity (Eveness index) 0.39-0.44 Unitless -  CS,BP  BI no E 

Bacterial genetic diversity (Richness index) 105-199 Unitless -   CS,BP  BI no E 

Biological resilience Food web stability (s) 0.001-0.02 s 0.001 CCM, CS,BP  X no E 

V
eg

et
at

io
n

 

Aboveground C 

sequestration 
Aboveground tree C stock 0-100 Mg C ha-1 >50 CCM, CS E, L, SA <20 T 

Biodiversity provision & 

trheats 

Plant species diversity (Shannon index) 0-5 
Bit/sampling 

unit 
1.5-2 CCM, BP  BI 1 E 

Exotic/Invasive species 0-100 % 0 BP, GI BI >0 T 

Soil protection 
Total vegetation cover 0-100 % 100 CCM, CS, EC; HC E, L, SA <50 T 

Non-woody plant cover 0-100 % > 80 EC E < 20 T 

Wildfire risk mitigation 
Plant Moisture Index 40-200 % >100 EC, HC,GI E, FP <40 T 

Plant Flammability Index 1-5 Unitless <3 EC, HC, GI E, FP >3 E 
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3.1. Soil Indicators 

For monitoring purposes, our soil indicators are designed for calculation in the upper 

15 centimetres of the soil profile.  

3.1.1. Soil Organic Carbon (SOC) Content  

Organic carbon is the main component (about 58%) of the soil organic matter (SOM) 

and is often used as a proxy for it. SOM is made of plant and animal substances in various 

stages of decomposition, as well as of microbial cells and products, and is vital for the 

delivery of soil ecosystem services. At the local scale, SOM plays a crucial role in soil fer-

tility, soil resistance to erosion and soil water holding capacity. At the global scale, SOM 

dynamics is a key factor in the global carbon and nitrogen cycle and in ecosystem resili-

ence [38]. SOC global stocks are estimated at an average of 1500 PgC in the first meter of 

the soil profile [39], which is more than all carbon contained in the atmosphere and ter-

restrial vegetation combined [40]. For all these reasons, SOM and SOC are fundamental 

for soil quality evaluation, and are always included in postrestoration monitoring pro-

grams [41]. A comprehensive review of the current and emerging methods for soil C esti-

mation can be found in Nayak et al. [42].  

Under the geographical and climatic conditions of our study cases, SOC is expected 

to increase over time after the application of the NBSs. As ecosystem recovery progresses, 

SOC in the affected zones is expected to converge to those levels measured in the neigh-

bouring mature land units. In the monitoring program, SOC should be measured every 

five years.  

3.1.2. Carbon Sequestration in Soil: Chemical and Physical Protection 

Soil organic matter mineralization (or “decomposition”) is the consequence of micro-

bial nutrition and metabolism. Heterotrophic microbes exploit SOM as a source of energy 

and, as a product of their respiration, the SOM-C is released into the atmosphere as CO2. 

At the same time, other nutrients retained in SOM are made available to plants [43].  

SOM includes a variety of chemical forms of different decomposability. Depending 

on their attractiveness for soil microbial attack, three different SOM fractions may be iden-

tified: a small labile fraction, very actively utilized by the microorganisms with a turnover 

within two or three years; a slow fraction, with a turnover of 20–40 years; and a large 

passive fraction, very recalcitrant and with a turnover >2500 years. The labile fraction is 

extremely responsive to changes in climate, plant composition and soil manipulation, and 

alerts of incipient soil degradation/rehabilitation faster that chemical and physical soil in-

dicators. The causes of SOM recalcitrance are complex, with both chemical and physical 

factors involved [44].  

Largely, SOM recalcitrance depends on the chemical properties of the primary plant 

material, with polyaromatic structures among the most recalcitrant chemical species, and 

carbohydrates, proteins, or phospholipid fatty acid among the most labile [45]. Evidence 

is growing that SOM recalcitrance also depends on its physical preservation into the soil. 

SOM can remain stored for millennia into organo-mineral complexes (produced by the 

sorption between SOM and clay minerals and metallic colloids), and SOM occlusion 

within small-size soil aggregates significantly delays microbial attack [46].  

Here we propose to use the percentage of carbon belonging to the recalcitrant fraction 

of the SOM in relation to total organic carbon as an indicator of SOC chemical recalci-

trance.  

After NBS application, as vegetation progresses over the restored area from herba-

ceous to wood-dominated communities, SOM recalcitrance is expected to increase [47].  
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We also propose the use of the fraction of labile C contained in soil microaggregates 

(0.53–2 μm diameter) as an indicator of the physical protection that soil provides to or-

ganic carbon [48]. After soil restoration, we expect increasing C incorporation into soil 

micro-aggregates.  

A solid overview of the physical and chemical methods for soil fractionation can be 

obtained from von Lützow et al. [49], and methods to determine soil aggregate size distri-

bution by wet sieving are available from Soinne et al. [50]. In the framework of a monitor-

ing program, SOM recalcitrance and physical protection of the soil C should be measured 

every five years.  

3.1.3. Water Erosion 

Soil erosion can be defined as the accelerated removal of topsoil from the land surface 

through water, wind, or tillage [40], and deforestation, overgrazing and construction are 

among the most powerful erosive factors in mountains [51]. The mean soil loss rate in the 

European Union erosion-prone lands (agricultural, forests and seminatural lands) is about 

2.46 t ha−1 yr−1, resulting in a total soil loss of 970 Mt yr−1 [52]. Reported rates of soil for-

mation are within a range of 0.3 to 1.45 t ha−1 yr−1 for European soils [53], which is the 

maximum tolerable erosion rate to maintain a stable soil pool.  

Water erosion, the most extensive form of erosion occurring in Europe, depends on 

several factors, including topography, plant cover, land management, rainfall erosivity 

and soil erodibility. Soil erodibility, in turn, is determined by soil intrinsic properties such 

as texture and organic matter content. In our work, erosion is calculated using the univer-

sal soil-loss equation (USLE), which considers all the above-mentioned factors [54]. The 

different terms in the USLE equation are calculated or estimated for each slope using re-

mote sensing and field data. 

Immediately after NBS application, erosion may increase due to soil disturbance 

caused by the required field work and by the poor development of the protective plant 

cover. To correctly evaluate NBS effects, erosion values should be registered previous to 

NBS implementation, immediately after and then yearly for five years. A new evaluation 

10 years after operation is advisable. In the case of the Capet Forest, where soil and plant 

cover disturbance are kept to a minimum during operation, erosion can be assessed every 

five years after NBS application.  

3.1.4. Soil Structure Stability: Aggregate Stability 

Soil aggregate stability is a key indicator of soil resistance to physical degradation. 

Soil structure partly depends on the presence of stable aggregates composed of primary 

particles and organic and inorganic binding agents. The stability of an aggregate refers to 

its ability to resist stresses such as tillage, swelling, shrinking processes and fast wetting 

by rain and, in general, to every mechanical or physical chemical disturb that causes ag-

gregate disintegration. Structure is an important soil property that exerts direct influence 

over ecosystem services provided by soil, such as supporting plant growth and animal 

life, sequestering carbon and guaranteeing water quality [55].  

The analytic methods followed in this work to measure aggregate stability can be 

retrieved from Le Bissonnais [56] and Shirazi and Boersma [57].  

Land degradation usually results in decline of soil structure. In the study cases, the 

application of the proposed NBSs is expected to improve soil structure over time and, 

consequently, to increase aggregate stability. For a correct monitoring, this indicator 

should be checked every five years.  

3.1.5. Soil Water Holding Capacity 

Soil water holding capacity (WHC) is a simple measure of soil ability to provide wa-

ter for plant growth. WHC is a hydraulic propriety of the soil and is the amount of water 

available to plants that soil can hold against the force of gravity. WHC is defined by the 
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amount of water held by soil between field capacity and permanent wilting point. WHC 

assessment in laboratory is straightforward, and several methods can be found in Dane 

and Topp [58] or other manuals about soil analyses. WHC is governed by soil texture and 

SOM content. The first depends strongly on parent material, and SOM is expected to in-

crease due to the application of NBSs that promote soil enrichment. As for other soil indi-

cators informing about physical characteristics, we recommend measuring WHC every 

five years after restoration works are completed.  

3.1.6. Soil Fertility 

Available nutrients, well-adjusted texture, correct physical structure and low or no 

salinity are required conditions for soil fertility and plant growth to improve. In any ter-

restrial environment, nutrient limitation has the capacity to transform the structure and 

functioning of ecosystems [59]. Soil acidity is a paramount factor in determining nutrient 

availability. For example, calcium, potassium and magnesium are available in basic soils, 

while iron, manganese, zinc or copper are more available in acidic soils and phosphorous 

is available to plants at intermediate values of soil acidity [60]. It is very difficult to pro-

pose reference values for each of the indicators included under the “soil fertility” um-

brella, because different plant covers have distinctive nutrient requirements, thrive under 

different soil acidity and tolerate different levels of saline stress. Preventive analytics can 

be recommended every five years.  

3.1.7. Soil Microbial and Invertebrate Functional Biodiversity 

Soil harbours a large part of the world’s biodiversity. By far the most abundant group 

of soil organisms are microbes (e.g., viruses, bacteria, archaea and fungi) that, together 

with invertebrates (mainly protozoa, nematodes, mites, springtails, enchytraeids and 

earthworms), underlie crucial soil functions and provide environmental services such as 

carbon sequestration, water cycle regulation, nutrient cycling, decontamination and bio-

remediation, plant diversity regulation and plant and human health protection. Soil bio-

diversity evaluation is also important to estimate the resilience of terrestrial ecosystems 

[33,61].  

A practical way to handle the enormous task of evaluating soil biodiversity is to sub-

stitute taxonomic diversity by functional diversity. We can do this by grouping the species 

into guilds of organisms that perform comparable functions and show similar metabolic 

and behavioural responses to environmental factors. In fact, it has been argued that it is 

functional rather than taxonomic biodiversity that is important for the long-term stability 

of an ecosystem [62]. Here, we propose assessing soil functional diversity through three 

complementary perspectives: (a) soil food webs, (b) soil bacterial functional gene diver-

sity, and (c) soil microbial community level physiological profiling. 

 Carbon mineralization by soil food webs, and soil community stability  

Food webs depict trophic relationships between different groups of the soil biota 

(who eats whom and how much each one eats of the other) and, therefore, they character-

ize the forces predators exert on their prey and vice versa. A key advantage of this ordi-

nation of soil biodiversity is that, once the biomass of each trophic group (from field sam-

pling and further classification of microbes and invertebrates) and their chemical and met-

abolic characteristics are known, the flux of energy and matter through the system can be 

calculated [63]. 

A very important output of soil food web models is carbon mineralization rate and 

consequent CO2 emissions to the atmosphere [64]. Another meaningful indicator that can 

be calculated from food web schemes is stability. Food web stability is a measure of the 

likelihood of the persistence of the soil species or functional groups following disturb-

ances or environmental impacts. Stability guarantees enduring diversity and preserving 

the provision of soil environmental services in front of environmental fluctuations, which 

is primeval under current climate uncertainty [65]. Soil food web concepts and energetic 
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food web models, addressed to calculate CO2 production and ecosystem stability (s), are 

exhaustively described in Moore and de Ruiter [66]. To facilitate the interpretation of data 

in Table 1, one must note that the lower s gets, the higher the ecosystem stability becomes.  

 Soil bacterial functional gene diversity 

Microbial functional diversity can be defined as ‘the sum of the ecological process, 

and/or the capacity to use different substrates developed by the microorganisms of a com-

munity’ [67]. The diversity of functions performed by organisms within ecosystems has 

been recognized as the missing link between biodiversity patterns and ecosystem func-

tions. Functional gene analysis is included in the list of powerful indicators aimed to mon-

itor soil biodiversity and ecosystem function across Europe [68]. Shotgun Metagenome 

Sequencing can reveal taxonomic profiling (diversity and abundance), as well as func-

tional attributes of soil microbial communities. The methodological approach followed in 

this work is reviewed in Quince et al. [69]. 

 Soil microbial community level physiological profiling  

Community level physiological profiling (CLPP) is an estimation of soil microbial 

functional diversity and indicates the metabolic ability of soil microbial community. CLPP 

can be assessed by measuring microbial utilization of a wide range of carbon sources. Mi-

croResp™ is an appropriate, rapid and sensitive method for determination of soil micro-

bial CLPPs. The MicroResp™ assay is highly recommended to monitor functional soil bi-

odiversity [68]. We posit that the ability of the soil microbial community to metabolize 

increasingly recalcitrant chemicals will rise both with time and with ecosystem matura-

tion after the application of the proposed NBSs. 

Belowground communities fluctuate seasonally, with the highest abundance and ac-

tivity occurring during the plant growing period. Therefore, sampling campaigns for soil 

biodiversity should be conducted in April–September in the two study cases of the Pyre-

nees, preferably in the same period of the year chosen to assess their pre-operational 

value. For monitoring programs, soil biodiversity should be monitored every five years, 

together with SOM status. 

3.2. Vegetation Indicators 

3.2.1. Aboveground Tree Carbon Stock 

The aboveground tree carbon stock is the amount of C stored in the aboveground of 

living trees expressed in tons of C per hectare. The stock of C in forest trees is the result of 

the balance between its increase as a result of tree growth and its decrease by tree exploi-

tation and mortality [70]. If tree growth surpasses the losses, the result is C accumulation; 

on the contrary, if losses exceed growth, the stock of C decreases. The aboveground C 

stock should be monitored every five years during the 10 years following the restoration. 

3.2.2. Plant Species Diversity: Shannon Index 

The Shannon Index (H’) is a measure of diversity and is a function of the number of 

species and their proportion [71]. This indicator is dimensionless. As a measure of species 

diversity, H’ is calculated as H’ =  pi · ln (pi) where, for each species observed in a plot, pi 

is the relative number of individuals or the proportion of total the plot cover contributed 

by the ith plant species. For the two study sites in this work, pi is based on the total plant 

cover of each species. A five-year periodicity is advisable for postrestoration plant diver-

sity monitoring.  

3.2.3. Exotic/Invasive Species 

The proportion of exotic invasive species is an indicator of the degree of ecosystem 

disturbance. A species is considered invasive when it rapidly colonizes and occupies a 

space by altering its ecological integrity and ecosystem services [72,73] by hindering the 

regeneration, establishment and growth of native species. Moreover, the presence of in-

vasive species disrupts the fundamental structure and function of the ecosystem food 
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webs, and consequently reduces native biodiversity [74]. Annual monitoring of the re-

stored areas and surroundings is recommended during the first five years to prevent the 

establishment of potential invaders. 

3.2.4. Total Vegetation Cover 

This indicator measures the proportion of soil covered by vegetation (trees, shrubs, 

herbaceous vegetation, bryophytes and lichens). A larger vegetation cover means a lower 

proportion of bare soil and, consequently, a lower risk of erosion. If vegetation is absent, 

soil is more exposed to erosive agents. The total vegetation cover should be calculated 

every five years following the restoration works. 

3.2.5. Non-Woody Plant Cover 

As “total vegetation cover”, but considering only herbaceous vegetation (grasses), 

ferns, bryophytes and lichens. Following the considerations of the previous indicator in 

relation to erodibility, it is important to take into account not only the total vegetation 

cover but also the structure of the understory vegetation (height and percent cover) to 

quantify the erosive effect of the raindrop impact on the soil. Greater coverage and low 

height of understory vegetation means higher protection of soil against erosion. Plant 

cover is crucial to control erosion and should be monitored every five years. 

3.2.6. Plant Moisture Index 

This index indicates the moisture content of fine fuel (i.e., live and dead fuel, less than 

6 mm in size and with high surface-area-to-volume ratio, that dries promptly and is rap-

idly consumed by fire when dry) of all woody species. Moisture content of fine fuels is 

known to be an important factor in flammability and fire behaviour [75]. The plant mois-

ture index (PMI) varies throughout the year depending on climate conditions, and it also 

varies between species. Some species are able to maintain a high and relatively constant 

moisture content while others have a lower moisture capacity. The PMI or water content 

(in %) is determined as:  

��� =
����� ���������� ������

��� ������
 ·100 

This indicator should be monitored every fifteen days during at least the driest pe-

riod of the year selecting various samples of the most abundant woody species. 

3.2.7. Plant Flammability Index 

Flammability is the ability of a fuel to ignite after being exposed to caloric energy 

[76,77]. The fuel flammability classification is based on the classic definitions of Anderson 

[78] and Martin [79]. Flammability of forest fuels mainly depends on the structure, sur-

face-volume ratio, bulk density, and fuel packing [80]. At each site, the flammability index 

must be calculated in the driest period of the year and reflects the relative importance of 

each plant species previously classified by its specific flammability value according to five 

categories: 1. very low flammability; 2. low flammability; 3. moderate flammability; 4. 

high flammability and 5. very high flammability. This indicator should be monitored 

every fifteen days during at least the driest period of the year selecting various samples 

of the most abundant woody species. 

4. Evaluation of Indicators after Application on the Study Sites 

All proposed soil indicators allow to evaluate the main environment cobenefits as all 

vegetation indicators (Table 1). Related to meaningfulness, almost all the indicators of soil 

physical resilience, belowground C sequestration and biodiversity provision allow to as-

sess the risk reduction of the NBSs proposed in both work cases. They are also important 

because they make it possible to evaluate the health of the soil and its capacity to carry 
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out its ecological functions. In the case of the indicators of soil biodiversity it is not possi-

ble to define an optimal value [81]. Furthermore, this kind of indicator needs an expertise 

and are expensive. 

Particularly to water erosion, the range of values for both the Santa Elena and the 

Capet Forest study cases goes from relatively low (0.04 t ha−1yr−1) to exceedingly high (156 

t ha−1yr−1) values. Some of these computed values are higher than the flag value of 1.45 t 

ha−1yr−1. The highest values correspond to the extremely erodible substrate of the Santa 

Elena road cut, but specific calibration for some parameters may be required for our mod-

els to yield accurately predictions [82], especially for catchments with very high slopes 

(>45%) like those in Santa Elena and the Capet forest study cases. 

Most of the proposed vegetation indicators allow to evaluate the main environmental 

cobenefits of the NBSs (Table 1). Related to meaningfulness, aboveground tree C stock 

and total vegetation cover allow to assess the risk reduction provided by the NBSs pro-

posed in both work cases. They are also relevant because all vegetation indicators make it 

possible to evaluate at least one of the proposed ecological functions, and understandable 

and useful, because it has been possible to associate an optimal value and a flag value to 

each of them with reference to their associated ecological functions. The days spent on 

field sampling and subsequent data treatment showed that the proposed monitoring sys-

tem is easily applicable, cost-efficient, although two out of seven proposed indicators need 

expertise and training. 

5. Discussion 

The proposed indicators are presented including potential range values and expected 

evolution. Such information is rarely offered; in fact, there are few studies about NBS in-

dicators and their use. In general, the study of nature-based solutions has increased pro-

gressively since the beginning of the 2010s until 2020, from a few articles published in the 

first half of the decade to almost 200 in 2020 alone (for the years 1998–2020, based on ISI 

Web of Science search using the topic words “nature based solution*”). However, the pro-

portion of such NBS studies including indicators remains very low, around 7% (search 

terms “nature based solution*” AND “indicator*” on ISI Web of Science). If we consider 

the soil dimension, the proportion of NBS studies that examine soils is also small, almost 

15% (search terms “nature based solution*” AND “soil”), and a similar proportion is ob-

tained when only the studies mentioning indicators are included (“nature based solu-

tion*” AND “indicator*” AND “soil”). In any case, when analysed in detail, one sees that 

all these studies are focused on urban environments, except one article [83] on catchment 

scale NBSs to reduce erosion. Although NBSs have been applied and studied using a wide 

range of different terms (e.g., green-blue infrastructure, ecological engineering, etc., 

whose analysis exceed the scope of this paper [84]), using NBSs as the single term in the 

bibliography search provides an interesting picture on the subject. 

Indicators should indeed be easy to use, but there is a balance between accuracy and 

usefulness. To be pertinent, indicators should be devised to address a clear objective (or 

target), and their design should make them useful and understandable in a management 

context [85,33]. If the objective of the NBSs is to maintain or restore soil health, several 

issues have been outlined. Indicators of soil health should relate easily and straightfor-

wardly to soil biology, should be applicable under conditions other than those of tradi-

tional agricultural systems and should provide rapid, management-relevant soil testing 

[81]. In this sense, we believe that the microbial indicators included in our studies cover a 

sufficiently wide range of considerations and are both efficient and useful. Moreover, and 

unlike well-known indicators of soil quality as the GISQ [86] or QBS-ar [87], the use of 

microbe-related indicators increases the value of the proposed methodology. 

Unfortunately, working with soil food webs requires expertise for identification and 

computation of the different groups, as well as further modelling. Therefore, monitoring 

their postoperation evolution is very desirable but not feasible unless the monitoring plan 

includes funds for contracting expert assistance. There is an urgent need to find reliable 
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relationships between soil food web complex indexes and other biological indexes of soil 

quality that are easier to calculate.  

In fact, indicators are requested to be 1) meaningful, i.e., related to important ecolog-

ical functions to ensure accuracy, 2) standardized, to ensure the comparability of data 

among sites, and 3) measurable and cost-efficient, or easy to sample, affordable, and not 

restricted to high expertise [33]. We have already discussed the meaningfulness of the 

proposed indicators and have provided the necessary information to, at least, initiate the 

necessary standardization. Although it could be argued that some of them do not fulfil all 

conditions outlined in 3), we believe that a balance between accuracy and easiness to use 

is imperative. When considering other relevant criteria such as policy relevance (for ex-

ample, by allowing comparisons between a baseline situation and an achievable target), 

spatial-temporal coverage (e.g., considering different soil types and land uses) and under-

standability and accuracy (reflecting precisely the potential changes under monitoring) 

[33], the proposed indicators meet expectations very well. 

In relation to the reliability of the proposed indicators at landscape scales, several 

considerations are properly accomplished. For example, in order to include reliable and 

robust measures that cover multiple types of land cover and management, as well as 

causes and effects, landscape indicators ought to be more consistent and based on system-

atic measurements over time of spatially explicit land qualities (among others, carbon and 

nutrient stocks, soil quality, net primary productivity, and biodiversity) [88]. 

Robust and common indicators, with well-defined monitoring schemes within and 

across habitats, are urgently needed to monitor the loss of biodiversity and the implica-

tions for the sustainable provision of ecosystem services [89]. We think that the proposed 

indicators, although in the need of more studies to be standardized and the requirement 

of a certain level of expertise, are a keystone in the establishment and monitoring of NBS 

in forested environments, especially those in risk of landslide and snow avalanche 
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