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1 Introduction 

Disturbances play a crucial role as natural drivers of forest ecosystem dynamics and strongly 

influence the structure and function of these ecosystems (Kuuluvainen & Aakala, 2011; Weber 

& Flannigan, 1997; Turner, 2010). In recent decades, forest disturbance patterns have 

intensified in many regions worldwide (Chapin et al., 2000; Schelhaas, Nabuurs & Schuck, 

2003; Balshi et al., 2007). In Europe, increases in the frequency of wildfire, windthrow, and 

bark beetles have been reported (Schelhaas et al. 2003; Seidl et al. 2014) and these trends 

are expected to persist due to climate change (Seidl et al 2011; Linder et al 2010). 

Consequently, changes in disturbance regimes and severities might significantly transform 

forest ecosystems, with potential negative effects for biodiversity and soil functioning and the 

ability of forests to deliver ecosystem services  (Millar & Stephenson, 2015). In turn, suitable 

forest management, including post-disturbance forest management, could play an important 

role in developing adaptive solutions to secure the long-term delivery of forests’ ecosystem 

services, while contributing to halting biodiversity loss and mitigating climate change (Asbeck 

et al., 2021).  

Soil functions are fundamental for the provision of many of the forest ecosystem services (i.e., 

primary productivity, water purification and flood control, climate regulation and carbon 

sequestration, soil biodiversity and habitat provision, and cycling of nutrients) (Baveye et al., 

2016; Pereira et al., 2018). If one or more soil functions are hampered, threats to soil 

functionality may arise (e.g., soil sealing, compaction, erosion, loss of biodiversity, loss of 

organic matter or desertification) (Creamer et al., 2010; Schwilch et al., 2016).  Still, the role of 

soils and particularly the soil biota as key contributors to the functioning and stability of 

terrestrial ecosystems (Lubbers et al., 2013) is generally overlooked in forest management 

plans. Briefly, the soil biota transforms its physical and chemical environment, modifying soil 

structure and hydrology (Robinson et al., 2019). Then soil structure among other factors 

determines whether carbon is sequestered (Jouquet et al., 2006) and whether water infiltrates 

into the soil matrix and remains available for plants. Thus, we claim that by modulating current 

management practices towards less intense management and by assisting soil with different 
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practices after disturbances (post-disturbance management practices, PDP´s), we are able 

to maximise soil conservation and related attributes such as soil biodiversity and soil functions. 

The objective, then, is to provide holistic solutions to conserve soil health as the best natural 

climate base solutions to support forest growth and stability in a climate changing world. This 

will be done by studying indicators of soil health (e.g. soil microclimate, soil biodiversity, soil 

physical and chemical properties and soil functioning) on a broad spectrum of forests, 

disturbances, forestry practices and different post-disturbance practices,  

HoliSoils has monitored forest soils after generating or simulating different types of 

disturbances and applying different post-disturbance treatments. For that, different sites in 

Europe have been selected where disturbances and post-disturbance treatments were applied 

and this covers sub-boreal, temperate, Mediterranean and Atlantic forests (Figure 1).  

 
Figure 1. Location of the study sites, where wind, fire and drought/pest disturbances were 

studied across Europe. 

 

2 Methods 
2.1. Overall experimental design  
We have established new field experiments aiming at disturbance as the main effect, while 

also making use of ongoing experiments, where soil and environmental conditions were 

manipulated (Table 1). The overall experimental design consisted of a control forest and a 

canopy and/or soil disturbance treatment (Figure 2). The experiments and disturbances shared 

a common framework, where we manipulated canopy density and, in most cases, introduced 

soil treatments after disturbance (PDP, post-disturbance practices/management 

interventions). Both the experiments and proposed PDPs were customised to the local 

conditions, and the experiments simulated the effects of the most common or most severe 
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disturbances in the corresponding region. Hence, fire effects on forest were studied at sites 

located in the Mediterranean region where forests are particularly vulnerable to this 

disturbance. Effects of tree mortality, that might be a result of drought or other natural 

disturbances, was tested at different latitudes, from central to southern Europe, but also 

including simulated effects of windthrow, typical windthrow in Northern Europe (Table 1). We 

had control plots not affected by disturbance (CTRL) and disturbed plots (DIST) where 

disturbances were applied (e.g., fire, simulated tree mortality/canopy disturbances or 

windthrow). Two PDP´s practices were tested: a standard, business as usual approach - e.g., 

salvage logging (removing the woody debris resulting from a given disturbance, or removing 

damage trees after a fire, PDP1), and a proposed best-practice approach (PDP2), which was 

adapted to the region and specific disturbance (all detailed in Table 1). As best practices, we 

here propose PDPs that could help to rapidly improve the adverse microclimatic, nutritional or 

structural conditions that a soil may suffer after a disturbance such as a massive death of trees 

or a fire, as opposed to PDPs that may have been applied in the past which may have been 

detrimental to the conservation of soil health (e.g., salvage logging). These PDP2s are 

therefore aimed at either helping to improve the recovery of soil functions and biodiversity over 

time and/or to at helping prevent the vulnerability of soils to further disturbances. Soil properties 

and functions were monitored throughout the experiments to study the recovery of soil 

biodiversity and functioning over time.  

 
 

Figure 2. Experimental design. We simulated a disturbance in the field, After the disturbance, 
we applied two different treatments: 1. We applied a post-disturbance practice (PDP) to 
accelerate soil recovery in time. 2. We leave half of each plot with no PDP, simulating the the 
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usual practice after a disturbance (non-intervention, no-PDP). The figure represents also our 
hypothesis, i.e. PDP application will aid soil health to recover pre-disturbance values, hence 
confirming the importance of applying post-disturbance management in scenarios of 
increasing disturbances 
 

 
Table 1. HoliSoils’ seven disturbance test sites (TS) studied. The current post-disturbance 
practice (PDP) at all sites is salvage logging. TS: SP=Spain; FI=Finland; FR=France; 
RO=Romania. Climate according to Köppen classification. 

 
2.2. Experimental study sites 
2.2.1. Fire: CdC-SP, M-SP and C-SP sites 

The research has been conducted in three study areas located in Girona province (Table 1). 

The selection of the study areas, the implementation and delimitation of the plots and the type 

of management carried out have been done together with the Fire and Rescue Service 

(Generalitat de Catalunya), the Torroella de Montgrí City Council, the Cap de Creus Natural 

Park, and the Catalan Forest Ownership Centre (CPF, Generalitat de Catalunya) 

 

 

 

 

 

 

TS Location & 
organisation  

Tree species  Soil type  Climate  Disturbances  Proposed PDP 

CdCP Cap de Creus 

(Girona) (UB) 

Q. ilex Lithic xerorthent Bsh Wildfire  Totally burnt 

M-SP Montgrí (Girona) (UB) P. halepensis Lithic xerorthent Bsh Wildfire Standing trees 

C-SP Cadiretes (Girona) 

(UB) 

P. pinaster/Q. 

suber 

Typic 

Haploxerept 

Bsh Wildfire  Standing trees 

remaining 

G-SP Gamiz (BC3, CEA 

Vitoria)  

Q. faginea Luvisol  Cfb  Tree mortality Standing trees, woody 

debris 

C-FR Christol-d’Albion 

(AMU)  

Q. pubescens Calcosol  Csa  Tree mortality  Standing trees, woody 

debris 

D-RO Dumbravita, Brasov 

county (UTBV) 

Q. robur Planosol   Dfb Tree mortality Standing trees, woody 

debris 

R-FI Ränskälänkorpi 

(Luke)  

P. abies  Drained fen Dfc Windthrow Fallen tree residues 

remaining 
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Figure 2. Cadiretes site (left); Montgrí low-intensity wildfire simulation (centre) and Cap de 

Creus (right). Red and orange colour means burned, yellow and green means not burned.  

The first study area is located in “Cap de Creus” (CdC-SP) in northeast Girona province 

(42°20’12.41″N; 3°9’20.93″E) where a recent wildfire affected 415 hectares in July 2021. First 

sampling took place in November 2021. With the aim of studying whether the grazing by 

livestock, normally introduced by administrators as a post-fire management to maintain low 

vegetation cover, is an effective PDP, the area was divided into four treatments: burned, 

burned and cattle passage (cows) (0,15 UBM/ha/year), unburned and unburned and cattle 

passage (cows) (Figure 2 right). 

The second area of research in this region is in Montgrí massif (M-SP) (42°4′59.84N; 

3°9′55.738″W) where the effects of a prescribed fire as forest PDP have been studied. The 

prescribed burning was carried out in March 2022 by the Catalan Fire and Rescure Department 

(CFRS) with the objective of reducing the forest fuel in an abandoned pine plantation (Pinus 

halepensis Miller) further preventing large wildfires. The area was divided into two plots, one 

burned with prescribed burning, and the other unburned (Figure 2 centre). 

In the third study area, Cadiretes massif (C-SP) (41°78’40″N; 2°86’46″E) the aim was 

to assess the long-term effects of a wildfire that happened in 1994 (i.e., 28 years after the fire), 

and to evaluate the development of soil properties in areas that undergo wildfires of low and 

high fire intensity, without any post-disturbance forest management i.e., letting the system to 

recover naturally to obtain information on time-scales of soil recovery after disturbances of 
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different intensities. Drone flights have been carried out to capture images of the forest's fuel 

load (accumulation of combustible material), to analyze the potential for this unmanaged forest 

to sustain a high-intensity wildfire that could cause severe damage to the soil. The research 

team is currently developing a forest management proposal for this area (Figure 2 left). 

 

2.2.2. Tree canopy disturbances: Spain, France and Romania 
The study sites are located in Gamiz (G-SP), Northern Spain (42°49'2.32"N; 2°37'10.67"W), 

Saint-Christol-d’Albion (C-FR), South of France (44°02'58.0"N 5°32'35.8"E) and Dumbravita 

(D-RO), East Romania (42°49'2.32"N; 2°37'10.67"W). In the three study sites, the dominant 

vegetation are deciduous species of Quercus. Specifically, Quercus faginea Lam. in Gamiz, 

Quercus pubescens Willd. in St. Christol and Quercus robur L. in Dumbravita (Table 1). In 

St.Christol and Dumbravita the stands are Quercus monodominant, while in Gamiz, Quercus 

faginea appears together with scattered Acer campestris L. and Fraxinus excelsior L., and an 

understory dominated  by Crataegus monogyna Jacq., Juniperus communis L. and Viburnum 

lantana L.  

The experimental sites have an approximate total area of 1.5 ha. In each site, three 

plots of 0.12 ha each, replicated in four blocks, were delimited. The different plots were: control 

(no canopy disturbance treatment), 50% tree removal (CD50) and 100 % tree removal (CD100) 

(Figure 3). Disturbed treatments (50% and 100% tree removal) were further divided into two 

halves: slash resulting from logging was crushed and added on half (mulching), while the 

woody debris resulting from logging were removed on the other half. In summary, 5 treatments 

were implemented per each block: control, CD50 with and without slash and CD100 with and 

without slash. In each of the 5 treatments, two monitoring plots were established leading to a 

total of 40 monitoring plots (4 blocks x 5 treatments x 2 monitoring plots; Figure 3). Both the 

canopy disturbance and the slash addition treatments together with the fencing of the entire 

area were carried out in October 2021 in Gamiz, April 2022 in St. Christol and March 2022 in 

Dumbravita. 
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Figure 3. (a) Pictures of the three study sites, (b) common experimental design (CD50 = 50% 
canopy disturbance; CD100 = 100% canopy disturbance; +S = with slash; -S = without slash) 
and (c) monitoring plot delimited by a transect of 2 m length.  
 
 In addition to the 50% and 100% tree removal that are common to the 2 other study 

sites in Romania and Spain, 25% and 75% tree removal were also considered in France in 

order to obtain a thinning gradient. The study site comprises a total of fifty-six experimental 

plots (eight replicates per treatment) of 360 m² each (30 m x 15 m) (Figure X): five thinning 

treatments with 0% (control), 25%, 50%, 75% and 100% (clear-cut) of initial basal area 

removed and slash remaining on the forest floor, and 50 and 100% thinning intensities with 

slash removal). 

 

2.2.3. Windthrow: Finland site 
The study site Ränskälänkorpi (R-FI) is located in Southern Finland (61°10.966'N, 

25°15.985'E). This peatland site was drained for forestry before 1960’s, the annual mean 

temperature is +3.8 oC and the annual mean precipitation is 600 mm. This site is dominated 

by Norway spruce (Picea abies (L.) H.Karst), Scot pine (Pinus sylvestris L.) and Pubescent 

birch (Betula pubescens). The ground vegetation is sparse and consists of forest mosses 
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(Hylocomium splendens (Hedw.) Schimp., Pleurozium schreberi Mitt., Dicranum polysetum 

Swartz etc.), dwarf shrubs (mainly Vaccinium myrtillus L. and Vaccinium vitis-idaea L.), as well 

as forbs such as Dryopteris carthusiana (Vill.) H.P.Fuchs, Gymnocarpium dryopteris (L.) 

Newman, Trientalis europaea L., and Oxalis acetosella L.. The peat layer consists of sedge 

(Carex sp.) and wood dominated peat and the depth is mainly more than 1 m.  

In March 2021, the site was divided into three sub-blocks representing different canopy 

treatments (Figure 4a): clearcut (ca 6.1 ha), selection harvest of 60% trees removed (also 

called continuous-cover forestry or CCF, ca 10.0 ha) and non-harvested control (ca 7.3 ha). In 

September 2021, soil disturbance treatment and post-disturbance (PDP) treatment were 

established: topsoil removal, residual cover and control. The treatments were meant to 

simulate 1) soil disturbance caused by tree felling after windthrow: topsoil removal due to tree 

uprooting and 2) crown of fallen trees piled and left on site as a PDP to aid maintaining soil C 

stock, i.e., the effects of crown residue load on soil processes and emissions. Control plots 

without soil disturbance nor residue piles were also established nearby the treatment plots as 

reference. In the residue cover plots, about 50 kg spruce branches with needles cutted from 

fallen trees were piled and laid over the soil surface (2 x 1 m; Figure 4b). In the topsoil removed 

plots, the surface soil layer of 20 cm was removed (2 x 1 m; Figure 4b). Each treatment was 

replicated 4 times under each canopy treatment (locations shown in Figure 4a).  

 
Figure 4. Map of Ränskälänkorpi study site, blocks with different canopy harvesting treatments 

and the locations of disturbance experiments (a). Picture of plots with residues cover, topsoil 

removal treatments and control. 
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2.2.4. Soil monitoring after disturbances  

For fire disturbances, three soil sampling campaigns have been carried out annually since the 

beginning of the project (2022, 2023 and 2024) in Cap de Creus and Montgrí and one sampling 

campaign in Cadiretes in 2022. For canopy disturbances and windthrow, three sampling 

campaigns (2021, 2022 and 2023 for Gámiz and Ränskälänkorpi, and 2022, 2023 and 2024 

for St Christiol and Dumbarvita) have been carried out annually since the establishment of the 

treatments. In all campaigns and for all sites, the physical, chemical and microbiological 

parameters of the soil have been analysed. For canopy disturbances also soil fauna has been 

analysed (detail of methods are in Appendix).  

Soil respiration has been measured regularly at each of the 7 sites: every two months 

for fire disturbance sites, monthly for canopy disturbances and bi-weekly for windthrow 

disturbances. In Ränskälänkorpi CH4 and N2O fluxes were also monitored together with CO2. 

Soil water content and temperature have been measured at each site with TMS loggers. 

Vegetation inventories were carried out in the every study site (detail of methods are in 

Appendix).  

 

3 Results 
3.1. Impacts on soil properties  

The Cadiretes study area (burned in 1994) that was affected by 2 different fire severities 

(Low and High Fire severities) followed by any post-disturbance management showed that, in 

the long-term, Ca, K, Mg and Na were similar to those of the control plot, which was not burned 

in 1994. Samples were collected from the first 10 cm with a PVC tube. The parameters as 

organic matter, SOC and the C, N and C/N showed significant differences and they were lower 

in the burned areas compared with the control area (Figure 5). The vegetation, which was also 

analysed, emerged differently depending on the intensity of the fire. 
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Figure 5. Mean and standard error of Organic matter (OM), organic carbon (OC), total nitrogen 
(TN), C/N ratio (C/N), soil organic carbon (SOC) stocks, and SWR (water repellence) in C 
(Control) LS (Low Severity) and HS (High Severity plot) in Cadiretes (5 composed samples, 
10 cm depth) 
 

In Montgrí study area  representative of the effects of the prescribed fire as PDP, 

showed that the main changes were observed after the first year after the fire, but after two 

years the main soil parameters reached similar values than the control plot, even the C and N 

(Figure 6).  

 

 
Figure 6. Mean and standard deviation.of total nitrogen (N) and carbon (C) in the prescribed 
burnt plot (orange line) and in the control plot (green line) in Montgrí. (5 composed samples, 
10 cm depth).   
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In the case of the study area in Cap de Creus, that burned in 2021 and has had livestock 

grazing for fuel management, at the moment, the changes caused by the fire effect seemed 

more significant than those caused by the grazing by livestock (Figure 7). 

 

 
 

 
 
 

Figure 7. Organic Matter content (%) between the burnt plots (B = burned control, BC = 
burned + cows) respect to unburnt plots (U = unburned control, UC = unburned + cows) in 
Cap de Creus.  
 

In canopy removal experiment, the original conditions of the three different sites (Figure 

8) were compared. tree density in control plots from France was very high compared to Spain 

and especially to Romania where the tree density was very low (Figure 8. In contrast, the DBH 

was the lowest in France and the highest in Romania (Figure 5). Control plots from Spain 

showed intermediate values of both tree density and DBH (Figure 8). For soil variables, in the 

untouched forest (control), the bulk density was the highest in Spain and the lowest in France. 

Spain had the highest pH while France and Romania had similar ranges of pH. The highest 

significant levels of C stocks were found in Spain while the lowest C stocks were found in 

Romania. France in turn presented doubled C:N rates than the other two sites (Figure 8).  

The disturbance treatments barely affected the soil properties in Romania (Figure 8). 

In France, the bulk density increased as the intensity of the disturbance did (i.e., from CD50 

with slash to CD100 no slash) and in Spain it significantly increased in all the disturbance 

treatments compared with control (Figure 8). The pH only significantly increased in both CD100 

treatments in Spain. In France, compared with controls, C stocks increased in all the 
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disturbance treatments, but in the CD100 without slash that decreased (Figure 8). In Spain, C 

stocks only decreased in the CD50 without slash treatment (Figure 8).  

Figure 8. Stand characteristics and soil physical-chemical properties sampled up to 10 cm 
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depth per canopy disturbance treatment and study site represented by boxplots. Red shades 
= St.Christol, green shades = Dumbravita, blue shades = Gamiz. CD50 = 50% canopy 
disturbance; CD100 = 100% canopy disturbance; +Slash = with slash; -Slash = without slash. 

The soil C, N content and pH were not significantly changed during 2 years treatments 

in Ränskälänkorpi, where canopy removal and windfall disturbance was studied (Figure 9). 

Topsoil removal significantly decreased stable organic carbon (OC) fraction in 60% canopy 

removal (CCF) site after 2 years, no effect was observed in clearcut (100% canopy removal) 

and non-harvest. Stable OC fraction significantly increased with residues cover after 2 years 

in all sites, the differences were more significant in non-harvested and 60% canopy removal 

forest sites than in clearcutting (Figure 9).  
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Figure 9. Soil C/N ratio, pH and organic carbon pool (labile fraction: bar on top; stable 
fraction: bar at bottom) measured in September 2022 and 2023 for 0-10 cm and 20-30 cm 
depths in control plots, 0-10 cm depth in residue cover plots and 20-30 cm depth in topsoil 
removal plots in Ränskälänkorpi. 
3.2. Impacts on soil microclimate 
In the prescribed burning experiment in Montgrí, differences in soil moisture content were also 

noted, being higher in the control plot during the first year. After a year and a half, the values 

of moisture content in the prescribed fire start to be more similar to the control plot (Figure 10). 

It has to be said that the years in which these parameters have been measured have been 

years of great drought. 

 
Figure 10. Moisture content in Control (C) and Prescribed fire (PF) plots during the study 

period in Montgrí.  

 

 For canopy disturbances, in general, control plots showed the lowest thermal amplitude 

(i.e., with higher temperatures in winter and lower in summer). In Spain, the soil temperature 

increased as the intensity of the canopy disturbance, mainly in summer, but the addition of 

slash buffered these increases. In France, the main effect on soil temperature was the canopy 

disturbance, especially in summer and this was independent on the addition of slash. Soil 

temperature was not affected by disturbance and post-disturbance treatments in Romania. 

The observed effects of the disturbance and post-disturbance treatments on soil temperature 

were decreasing with time (Figure 11). 
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 Soil moisture fluctuated inversely with temperature. In Spain, soil moisture was higher 

in the CD100 with and without slash addition, except in the driest periods (from April to August). 

Similarly, in Romania, CD100 increased soil moisture independently of slash addition. 

Contrarily, in France, soil moisture tended to decrease in the CD100 treatment with and without 

slash (Figure 11).  

 

 
Figure 11. Temporal series of soil temperature and soil water content at 6 cm depth measured 
by TMS4 in the three canopy disturbance study sites. Note that the time span is not the same 
in the different sites. Colors represent different treatments: CD50 = 50% canopy disturbance; 
CD100 = 100% canopy disturbance; +Slash = with slash; -Slash = without slash. 
 

In the canopy removal and windfall disturbance experiment in Ränskälänkorpi, topsoil 

removal increased soil temperature, also showed higher soil moisture. Residue cover 

decreased soil temperature in the growing season in both clearcut (canopy removal 100%) 

and forest sites with tree stands (60% canopy removal CCF and non-harvest), especially in 

early spring. Residue cover increased soil moisture, and differences were more significant 

during the first year of treatment (Figure 12).  
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Figure 12.  Soil temperature and moisture at 6 cm depth measured by TMS4 sensor in 
Ränskälänkorpi peatland site in Finland. Missing moisture data during winter means data 
was deleted when soil frozen because calibration curve doesn’t work. 
 
3.3. Impacts on soil CO2, CH4 and N2O emissions 
In Montgrí study area, prescribed burning resulted in higher respiration in the burned area 

compared with the unburned area, although when humidity increased the values were closer 

to those of the control plot (Figure 13). 
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Figure 13. Soil respiration and precipitation from the previous day in the two plots of Montgrí, 
Spain, prescribed fire study area. Prescribed burnt plot (orange line) and Control plot (green 
line).  
 

In the forest fire study site in Cap de Creus, soil respiration did not differ between the 

four treatments (Figure 14). 

 

 
 
Figure 14. Soil respiration in the four plots in Cap de Creus study site (U=Unburnt; UC = 
Unburnt + Cows; B=Burnt; BC=Burnt+Cows).  
 

 For the canopy disturbances, both in Spain and France, removal of slash decreased 

respiration rates, independently of canopy disturbance intensity, and CD50 coupled with slash 

addition kept the respiration rates at the same level as controls. In Romania, effects of the 

disturbances were lower, however CD100 treatments increased respiration rates, especially 

when slash was added to the soil. At the end of the monitoring period, three years for Spain 
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and two years for France and Romania after disturbance, respiration rates increased in the 

CD100 with slash in the three study sites (Figure 15). 

 

 
Figure 15. Temporal series of soil CO2 efflux (soil respiration) in the three canopy disturbance 
study sites. Note that the time span is not the same in the different sites. Colors represent 
different treatments: CD50 = 50% canopy disturbance; CD100 = 100% canopy disturbance; 
+Slash = with slash; -Slash = without slash. 
 
 
 For the canopy disturbances, we also calculated the temperature sensitivity (Ea) of soil 

respiration, based on the fact that the temperature sensitivity of SOM decomposition depends 

on SOM quality. In Spain, the Ea increased in the CD50 and CD100 where the slash was 

removed. In France it increased only in the CD100 without slash. The Ea in Romania did not 

vary with any of the disturbance and post-disturbance treatments (Figure 16). 
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Figure 16. Temperature sensitivity (Ea) per canopy disturbance treatment and study site. 
Different letters indicate significant differences by study site analysed by ANOVA. Red shades 
= St.Christol, green shades = Dumbravita, blue shades = Gamiz. CD50 = 50% canopy 
disturbance; CD100 = 100% canopy disturbance; +Slash = with slash; -Slash = without slash. 
 

In Ränskälänkorpi, topsoil removal decreased CO2 emissions, reduced the CH4 sink 

of soil and even switched clearcut soil to CH4 source when water table (WT) was high (Figure 

17). Topsoil removal that mimic tree uprooting increased soil N2O emissions in forest sites with 

canopy cover (CCF and non-harvest). Residue cover increased CO2 and N2O emissions in 

forest sites with canopy cover, while no significant effect was found in clearcut (Figure 17). 

Residue cover decreased the CH4 sink in clearcut but showed no significant impact in forest 

sites (Figure 17).  
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Figure 17. CO2 (mg m-2 h-1), CH4 (ug m-2 h-1) and N2O fluxes (ug m-2 h-1) from disturbance 
treatments in clearcut, selection harvest (CCF) and non-harvest control sites from September 
2021 to October 2023 in Ränskälänkorpi.  
 
3.4. Impacts on microbial biomass and enzymes 
In Cadiretes, microbial biomasses under different fire severities were recovered compared to 

the control (Figure 18) (5 composed samples, 20 cm depth). In Cap de Creus, both the cow 

grazing and the fire treatments decreased the fungal biomass two years after the fire (Figure 

18). No differences in microbial biomass were found between the control and the prescribed 

fire in Montgrí (Figure 18). 

 
Figure 18. Total, bacterial and fungal soil biomasses in Cadiretes, Cap de Creus and Montgrí 
fire study sites sampled up to 10 cm depth.  
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Among the three Quercus dominated sites, fungal and bacterial biomass peaked in France, 

followed by Spain and it was the lowest in Romania. In Spain, these variables significantly 

decreased in the disturbance treatments where the slash was removed and in France only in 

the CD100 treatment where the slash was removed. In Romania these variables did not 

change with the disturbance treatment (Figure 19). 

In general, activities of most enzymes were higher in France compared with Spain and 

Romania. The disturbance treatments barely affected enzymatic activities in Romania and 

Spain, but generally decreased in CD100 where slash was removed in France (Figure 20). 
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Figure 19. Soil microbial biomass sampled up to 10 cm depth per canopy disturbance 
treatment and study site represented by boxplots. Red shades = St.Christol, green shades = 
Dumbravita, blue shades = Gamiz. CD50 = 50% canopy disturbance; CD100 = 100% canopy 
disturbance; +Slash = with slash; -Slash = without slash. 
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Figure 20. Soil enzymatic activities sampled up to 10 cm depth per canopy disturbance 
treatment and study site represented by boxplots. Red shades = St.Christol, green shades = 
Dumbravita, blue shades = Gamiz. CD50 = 50% canopy disturbance; CD100 = 100% canopy 
disturbance; +Slash = with slash; -Slash = without slash. 
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In Ränskälänkorpi, we found topsoil removal, which mimic tree uprooting, decreased 

both fungal biomass (ergosterol) and necromass marker (chitin) in all sites (Figure 21). We 

observed significant lower concentration of fungal biomass marker with residue cover 

compared to control in the forest sites, while in clearcut the effect was not significant (Figure 

21). Results showed lower concentration of fungal necromass marker under residues, but only 

in forest sites after 1 year of treatment (Figure 21).  

 
Figure 21.  Ergosterol (µg ergosterol g-1 soil DW) and chitin (mg GlcN g-1 soil DW) 

measured in September 2022 and 2023 in Ränskälänkorpi. 

 

3.5. Impacts on soil biodiversity 
Canopy removal experiment in G-SP (Spain), is the only site for which the whole soil inventory 

of organisms has been completed. There, an organism body size effect was observed in 

response to disturbances and it was more severe as the size of the organisms increased 

(Figure 22). Soil organisms were in turn more responsive to the post-disturbance treatments 

than to the canopy disturbance treatments and they were also differently affected by time since 

disturbance (Figure 22). Total microbial biomass was only affected by the canopy disturbance 

treatments without slash, and this effect was most pronounced nine months after the 

disturbance, decreasing by 38% and 44% in CD50 without slash and CD100 without slash 

respectively compared to the control (Figure 22). The effect of disturbance treatments on 

microfauna abundance amplified with time since disturbance (Figure 22). Thus, one month 

after disturbance, treatments had not affected microfauna abundance. Nevertheless, nine 

months after the disturbance, it had decreased by 39% and 48% in CD50 without slash and 

CD100 without slash treatments, respectively, and by 60% and 75% after 21 months (Figure 
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22). After 21 months, in the CD100 with slash the microfauna abundance was reduced by 50% 

compared to the control (Figure 22). The mesofauna abundance instead was strongly affected 

by the disturbance treatments, except for the CD50 with slash, one month after disturbance: 

30% lower abundance in CD100 with slash and 68% and 79% lower abundances in CD50 and 

CD100 without slash, respectively (Figure 22). After nine months of disturbance, these 

negative effects were still observable (Figure 22). After 21 months of disturbance, however, 

the mesofauna abundance in the CD50 without slash treatment had recovered (Figure 21). 

Macrofauna was the most sensitive group of organisms to disturbance (Figure 22) as 

macrofauna abundance was affected by all treatments, except by CD50 with slash 21 months 

after disturbance (Figure 22). These effects were the highest nine months after the 

disturbance: the abundances decreased by 67% in the CD100 with slash, by 95% in the CD50 

without slash and by 96% in the CD100 without slash compared to controls (Figure 22). 

 
Figure 22. Relative changes of different soil organisms compared to control plots according to 
(a) forest disturbance after one (2021), nine (2022) and 21 (2023) months of treatment 
establishment  and (b) total change per year. Microbes represent microbial biomass expressed 
as µg per g of soil; microfauna abundance is no. of nematode individual per g of soil, 
abundance of mesofauna and macrofauna is no. of individual per m2. Data shown are means 
and errors of the % changes calculated as (Disturbance–Control)*100/Control, per block. In 
(a) asterisks denote significant differences between the disturbance treatments and the control 
analyzed by pairwise comparisons among the Estimated Marginal Means (EMMs) for a 
Generalized Linear Mixed-Effect Model: p < 0.05 (*), p <0.01 (**), p <0.001 (***). CD50 = 50% 
canopy disturbance; CD100 = 100% canopy disturbance; +Slash = with slash; -Slash = without 
slash. 
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A total of 1427 individual spiders were captured in canopy removal experiment  in 

France We identified 55 species belonging to 21 families. Both spider abundance and species 

richness were negatively affected by decreasing remaining basal area. The lowest thinning 

intensity treatment (i.e. 25% thinning) appears to be sufficient to detect a significant reduction 

in both abundance and species richness (Figure 23A,B). No difference was then found 

between 25% thinning and other disturbed treatments. Mean spider abundance in clear-cut 

was more than three times lower than in control plots, while mean species richness in clear-

cut was 38% lower than in control plots. Spider abundance and species richness were not 

affected by the slash management treatment (Figure 23C and D).  

 

 

Figure 23. Spider abundance and spider richness by thinning intensity and slash 
management.  A: ANOVA tests. Mean spider abundance ± SE. F = 12.87, p < 001. B: Mean 
spider species richness ± SE. F = 7.26, p < 0.001. C: Mean spider abundance ± SE. F = 12.12, 
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p < 0.001. D: Mean spider species richness ± SE. F = 5.20, p < 0.001 from St. Christol study 
site. Letters indicate statistical differences between slash management treatments using post-
hoc Tukey test. From left to right: blue = “Control”; light brown = 50% thinning with slash (“50 
+ S”); red = 50% thinning without slash (“50 - S”); dark green = clear-cutting with slash (“100 + 
S”); and dark brown = clear-cutting without slash (“100 - S”). 
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4 Discussion and Conclusions 
4.1. Fire (Catalonian sites, different post-disturbances) 
Based on the data processed so far, , it can be said that in the case of a historic fire in 1994 

and without any type of management in the Cadiretes study area in France, the soil recovered 

from the impact of the fire. Both in the less and more severely burned areas. In any case, 

wildfires are a natural occurrence in an ecosystem such as the Mediterranean and this type of 

vegetation is adapted to this type of disturbance, as long as the fires are not very severe or 

recurrent. Organic matter retain significant differences. This forest, which has not had any type 

of management, should be managed, since although a first fire has not been detrimental to the 

recovery of the soil parameters, a new fire would alter the quality of the soil, because the 

recurrence of a forest fire in the same place is considered one of the major problems for the 

recovery of soil and vegetation (Bodi et al., 2012). In addition, given the current accumulation 

of fuel, the fire would be very severe, and we have found in this study that the more intense 

the fire, the more damaged and less resilient the soil is to this disturbance (Denegri et al., 

2014). This management of the forest should involve the removal of all dead vegetation, 

caused by snow and winds. With this we would also achieve that the remaining trees would be 

stronger in terms of plant health against a future fire as well as atmospheric phenomena such 

as strong winds. 

In the Montgrí plot, which was burned with a low intensity fire, it can be said that the 

most notable effects are observed after one year of forest management, but that after two 

years, most parameters are adjusted to the values of the unburned control plot. We can 

conclude that prescribed burning is not an aggressive forest treatment for the soil. Former 

Pinus halepensis plantations have become high-risk fire zones due to the large accumulation 

of fuel (Alcañiz et al., 2016). Prescribed burning, as a forest management with the aim of 

breaking the vertical continuity of the fuel, has been shown to be a practice that does not have 

negative consequences for soil properties. Even so, it is not a practice that can be carried out 

with too high frequency (Alcañiz et al., 2020), since fire is still a disturbance, even in 

Mediterranean environments where fire has been shown to be another ecological factor.  

For the burned plot with cattle grazing in Cap de Creus, for now the most obvious 

effects between plots are due to the fire phenomenon, much clearer than the effect of cattle 

crossing, although there is still data to be processed, such as microbiological and vegetation 

analyses. It does not seem, now, that cattle crossing is very aggressive to the soil, and if it 

were, it would be proven that cattle crossing could be a way of managing the forest after 

disturbances such as fire. The introduction of livestock into areas that have suffered fires is 

advisable, as long as it is proven that it does not have a negative impact on the soil. That is 
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why studies of this type are important. Extensive livestock farming is a practice that will 

increase as all administrations are encouraging the reintroduction of livestock and the training 

of new shepherds with aid. It can be seen how it has a positive effect on reducing fuel, and 

even converting areas that were forests into more open areas, where trees can be combined 

with pasture areas. It is also interesting to create mosaics of different plant covers, and thus 

avoid very homogeneous areas, creating discontinuities that in the event of a forest fire, will 

be suitable places to position firefighters, as well as reducing the intensity of the fire and 

thereby reducing harmful effects on the soil. The passage of livestock, without altering the 

properties and functions of the soil, is a way of managing forest areas with a high frequency of 

fires, such as Cap de Creus, one of the areas of the Iberian Peninsula with historically the 

highest frequency of fires (Úbeda, 2021). 

 

4.2. Tree removal and slash  
Our results show the importance of sustainable post-disturbance management as a strategy 

to maintain the functions and biodiversity of European forest soils. Adding remaining slash 

produced during disturbance to soils (PDP) had a positive effect in soils recovery that actually 

offsets to some extent the negative effects on soil diversity and functioning resulting from tree 

extraction operations. Hence, aiding soils after a disturbance appears to be crucial to achieving 

rapid and effective soil recovery, both in terms of functioning and biodiversity. Spreading the 

remains (e.g. branches and leaves) produced after a disturbance, shredded either by machine 

aid (woodchips) or mechanically (as in Gámiz) helped to maintain optimal microclimatic 

conditions, as well as providing an addition of carbon and nutrients that is crucial for the 

recovery of soil functions and biodiversity. This is especially relevant in current and future 

scenarios of transitions to green economies (e.g. bioeconomy), in which there is increasing 

interest in extracting biomass from forest ecosystems in the face of an increase in biomass-

based products and increased investment in the development of new biomass-based products 

to replace fossil fuels and cement (Mazziotta et al., 2022). We know that the implementation 

of silvicultural practices oriented to optimize biomass extraction, such as whole-tree harvesting 

(WTH, i.e. harvesting the entire above-ground portion of a tree) and stump harvesting (SH, i.e. 

pulling out stumps after harvesting the aboveground) are enormously harmful for soil health 

(Makipaa et al. 2023) or biodiversity (Moreaux et al. in preparation). This study further suggests 

that these practices could also compromise the capacity of soils to recover after a disturbance. 

Simply spreading the remains (branches and leaves) resulting after disturbance, shredded or 

chipped, seems, therefore, to be an easy and inexpensive solution to ensure optimal conditions 
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for soil recovery, even if the disturbance is as intense as removing or losing most of the trees 

in a forest. 

On the other hand, adding these remains after a disturbance may also result in 

increased CO2 emissions during the first years after application (see St Christol and 

Dumbravitya, Figure 15). Hence, one of the drawbacks of these treatments may be the 

increase in GHG emissions. This could be the result of an increasing contribution of the 

heterotrophic component of the respiration, due to the extra input of carbon and nutrients as 

dead biomass, stimulating microbial decomposition (Zhang et al., 2023). This increase in CO2 

emissions was maximal at least a year after intervention, so it may also result from the increase 

in the autotrophic component of soil respiration (roots). Adding fresh biomass to soils may also 

be improving the microclimatic and shelter conditions for the establishment and growth of plant 

species with respect to soils that have not received this extra biomass (data not shown).  

Finally, our studies suggest that the management history of a forest stand will largely 

determine its responses to disturbance and post-disturbance treatments. Despite having 

applied an identical experimental design in three European forests dominated by oak species, 

their responses to the same disturbance differed substantially in magnitude. That is to say, this 

experimental work demonstrates that the starting conditions (e.g. tree density, soil bulk 

density), the local climate and/or the historical management to which a forest has been subject 

in the past will determine the degree of response of its soils to a disturbance. For instance, we 

observed that the site where soil functioning and biodiversity have been most affected by 

canopy loss, the experimental site of Gámiz (Spain), is also the one where trees experienced 

greater summer water stress and the soils showed on average more compaction, probably due 

to the more intense historical management (both wood extraction and livestock) to which it has 

been subjected. Even if the disturbance on the canopy has had a lot of impact, the post-

disturbance intervention in Gámiz substantially improved the soil microclimatic conditions, their 

functioning and biodiversity, to levels similar to the plots where no intervention was made. 

Hence, even in soils potentially more vulnerable to a given disturbance, adding slash acted as 

a very efficient PDP. On the other hand, we observed that the plot where the canopy and PDP 

treatments had the least effect on the soil was the Romanian plot, which is the plot subject to 

longer rotation shifts (130 years), with a lower tree density, although with larger trees, overall 

lower bulk density and less C stocks. That is, adopting a type of forest management based on 

closer to nature principles is the best way to conserve the soil, its functioning and biodiversity 

in the face of a potential increase in natural disturbances to which forests will be subjected. 

 
4.3. Soil disturbance by windthrow (Finnish site) 



D5.3 Best practices for improving soil 
recovery capacity after disturbances 

www.holisoils.eu                33  

We examined the effect of soil structure disturbance as a result of fallen tree uprooting after 

windthrow in boreal peatland forest (topsoil removal) and the effects crown residue cover 

(PDP) on  soil C loss and soil GHG emissions after the disturbance. Our results showed short-

term and strong impacts of both treatments on soil microclimate, gas exchange with 

atmosphere, organic carbon pool and microbial biomass. Meanwhile, we found the responses 

of soil to such treatments varied between clearcut and canopy covered forest sites, indicating 

the water table, microclimate and ground vegetation determined by forest management 

practices could affect the soil resilience to disturbances. Below we explain these interactions. 

Topsoil removal reduced CO2 emissions, as the absence of autotrophic respiration 

from ground vegetation, tree roots and topmost soil layer is the main source of CO2 efflux. 

Surface soil layer is rich in easily decomposed organic matter and has a higher decomposition 

rate under oxic conditions. Topsoil layer removal decreased soil CH4 sink, in clearcut the soil 

even switched to a CH4 source. Normally, CH4 is oxidized in the oxic soil layer during its 

transfer to the atmosphere. The thinner oxic soil layer remaining after the topsoil disturbance 

was not enough to oxidize  the CH4 produced in deeper soil. We also observed topsoil 

disturbance increased the N2O emissions. This mostly happened in the N2O hotspots, which 

means nutrient-rich areas and microsites. Both fungal biomass and necromass decreased 

after the deep soil had been exposed to erosion and atmospheric contact by removing the 

topsoil. The stable organic carbon fraction decreased significantly too, indicating vulnerability 

of deeper soil C to decomposition. 

Residue cover increased CO2 and N2O emissions due to extra nutrient input to soil, 

which stimulated the priming effect of microbial decomposition. These results are consistent 

with previous studies in boreal peatland forest (Mäkiranta 2012). We assumed the extra 

nutrients input from residues could increase microbial biomass and the activity of microbes, 

but fungal biomass markers decreased with residues. These results align with a previous study 

that observed log residues left on the site significantly reducing the total microbial biomass, 

fungal biomass and ectomycorrhizal fungal abundance (Kosunen 2020). The spruce needles 

are rich in plant secondary compounds like condensed tannins that inhibit the microbial activity 

(Adamczyk et al. 2016). Moreover the decreased soil temperature and increased soil moisture 

under the residues could have negative effects on soil microbes. The fraction of stable organic 

carbon increased after 2 years of treatments with residuals, which could be beneficial for soil 

C stock in the long term. The effect of residues were stronger under thinning and unharvested 

canopy treatments in comparison to clearcut, implying that post-disturbance management 

could result in stronger climate warming effect when applied in forests where some canopy 

cover remains after disturbance.  
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In conclusion, both severe destruction of surface soil structure that mimic root uplifting 

effect and PDP of woody residuals left on site immediately impact the soil processes, microbes 

and the organic carbon pool in boreal peatland. Both treatments were found to cause elevated 

greenhouse-gas emissions from soil to atmosphere in the first 2 years, which lead to climate 

warming effects. However, such effects potentially decline with time. The residue cover nutrient 

stock and C inputs to soil deplete with time, and soil accumulates organic material as litter 

inputs accumulate and vegetation slowly recovers. Here, we showed, however, that the 

residues left on site increased the stable organic carbon (OC) fraction after 2 years, implying 

that such PDP could help soil C stabilization. The increase of stable OC fraction and decrease 

of stable OC proportion after topsoil removal indicated soil OC became more vulnerable after 

disturbance. Our results showed that such consequences can be compensated by the 

management of residues left on site to avoid further soil C loss, instead of e.g., collecting them 

for bioenergy.  
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5 Recommendations 
Fire effects on soils: Soils show a certain capacity to recover chemical properties and lost 

carbon after a fire (20 years), although not when fires reach severe intensities. In other words, 

the intensity of the fire largely determines the capacity of soil to recover functions and diversity 

in time. On the other hand, results show that the single best solution to protect forest soils 

against intense fires is the prevention. Especially in areas like the Mediterranean where fires 

are recurrent, this may alter substantially soil biodiversity and the capacity of forest soils to 

function.  Controlling the amount of biomass by removal of all dead vegetation, caused by 

snow and winds, by setting prescribed fires or by introducing livestock are all measures that 

do not seem to affect the soil and that can, however, prevent high-intensity fires that later affect 

the soil's ability to recover over time. 

Tree mortality: The effects of tree mortality and canopy removal on soils are reflected in a 

loss of soil diversity, loss of functions and carbon sequestration capacity. After 2-3 years since 

the intervention, the soils have not shown signs of recovery. Our results, however, show the 

importance of sustainable post-disturbance management as a strategy to maintain the 

functions and biodiversity of European forest soils. The positive effect of PDP treatments 

offsets to some extent the negative effects on soil diversity and functioning resulting from tree 

extraction operations. Hence, aiding soils after a disturbance appears to be crucial to achieving 

rapid and effective soil recovery, both in terms of functioning and biodiversity. Spreading the 

remains (e.g. branches and leaves) produced after a disturbance, shredded either by machine 

aid (woodchips) or mechanically (as in Gámiz) helped to maintain optimal microclimatic 

conditions, as well as providing an addition of carbon and nutrients that is crucial for the 

recovery of soil functions and biodiversity. On the other hand, adding these remains after a 

disturbance may also result in increased CO2 emissions during the first years after application 

(see St Christol and Dumbravitya, Figure 15). Hence, one of the drawbacks of these treatments 

may be the increase in GHG emissions due either to the decomposition of the harvest residues 

and/or the priming effect over soil organic matter decomposition resulting from adding this 

material to the soil. Finally, our studies suggest that the management history of a forest stand 

will largely determine its responses to disturbance and post-disturbance treatments. Despite 

having applied an identical experimental design in three European forests dominated by oak 

species, their responses to the same disturbance differed substantially in magnitude. We 

observed that the plot where the canopy and PDP treatments had the least effect on the soil 

was the Romanian plot, which is the plot subject to longer rotation shifts (130 years), with a 

lower tree density, although with larger trees, overall lower bulk density and less C stocks. That 
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is, adopting a type of forest management based on longer rotation is the best way to conserve 

the soil, its functioning and biodiversity in the face of a potential increase in natural 

disturbances to which forests will be subjected. 

 Windthrow: Both severe destruction of surface soil structure and post-disturbance 

management practices (PDP) of woody residuals left on site immediately impact the soil 

processes, microbes and the organic carbon pool. Both treatments were found to cause 

elevated greenhouse-gas emissions from soil to atmosphere in the first 2 years, which lead to 

climate warming effects. However, such effects potentially decline with time. The residue 

covers nutrient stock and C inputs to soil deplete with time, and soil accumulates organic 

material as litter inputs accumulate and vegetation slowly recovers. Here, we showed, 

however, that the residues left on site increased the stable organic carbon (OC) fraction after 

2 years, implying that such PDP could help soil C stabilization. The increase of stable OC 

fraction and decrease of stable OC proportion after topsoil removal indicated soil OC became 

more vulnerable after disturbance.  Since just one tree can lift up to 20 m2 of topsoil, it can be 

expected that a windthrow event may result in the removal of a significant portion of the topsoil 

of a forest. Our results showed that such consequences can be compensated by the 

management of residues left on site to avoid further soil C loss, instead of e.g., collecting them 

for bioenergy.  
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7 Appendix 
7.1. Sampling designs 
In the fire and tree canopy disturbances sites, the sampling design for physical-chemical, 

enzymes and microbiological soil samples as well as CO2 and microclimate is described in 

Figure 24a. The fauna sampling design carried out in the canopy disturbance sites is also 

included in Figure 24a. In the windthrow disturbance site in Finland, the design for green-house 

gases (GHG) emissions and soil microclimate measurements as well as soil sampling for 

physical-chemical soil properties, microbial community and enzyme activities is shown in 

Figure 24b.  

(a) 

 
(b) 
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Figure 24. Sampling design in (a) fire and tree canopy disturbances and (b) sampling design 

and layers in the wind disturbances experimental plots. 

7.2. Measurements 
7.2.1. Soil properties and enzymes 

Chemical and enzymatic analyses were measured on 5 soil cores of 4 cm diameter pushed 

into the soil up to 10 cm following the sampling schemes previously described (Figure 24). The 

five soil cores were mixed into a composite sample per plot. The composite sample was sieved 

through a 5-mm mesh sieve, stored at −20°C and then freeze-dried prior to laboratory 

analyses. Soil water content was calculated as mass loss in soil weight before and after freeze-

drying. The pH was measured in distilled water 1:10 (w/v). The carbon (C) and nitrogen (N) 

content of the soil was measured using an elemental analyser: C content was measured by 

sulfochromic oxidation (ISO 14235), and N content was estimated by sulfuric acid 

mineralization with the addition of selenium and sodium sulphate and conversion to ammonium 

ions (ISO 11261), which were measured with the Segmented Flow Analyzer (SFA) Skalar. 

Available phosphorus was determined after extraction with malachite green according to the 

protocol by Ohno & Zibilske (1991). 

The activity of extracellular enzymes involved in SOM decomposition was measured 

through enzyme assays developed by Štursová & Baldrian (2011). Briefly, the activity of 

cellobiohydrolase, β-galactosidase, β-glucosidase, β-xylosidase, lipase, chitinase, α-

glucosidase and acid-phosphatase were measured at pH 5.0 in 1:100 (w/v) sample slurries 

using methylumbelliferol-based substrates, with an excitation wavelength of 355 nm and an 

emission wavelength of 460 nm. Product quantification was based on standard curves with a 

range of 4-methylumbelliferol concentrations in the same sample slurry. 

The soil organic carbon pools, i.e., concentrations of stable and labile C, were 

measured as described in Kallenbach et al. (2016). Briefly, the acid hydrolysable C residue 

was extracted from 0.25g of organic soil with 12 mL of 6M HCl by incubating for 18h at 105˚C. 

After cooling down, the sample was centrifuged for 5min at 2000g, and the supernatant 

removed. The remaining residue was washed four times with 10mL of H2O, and finally dried 

at 60˚C. The total C concentration was then determined with an elemental CN analyzer (LECO, 

Michigan, USA) from untreated soil, and the stable (non-acid hydrolysable) and labile (acid 

hydrolysable) C fractions were determined based on the difference in the remaining C between 

the untreated and treated soils. 

 

7.2.2. Microclimate and soil green-house gas fluxes 
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 Soil water content and temperature were continuously measured with TMS loggers 

version 4 in all experimental sites (Wild et al., 2019). These probes have three temperature 

sensors positioned at +15, 0 and−8 cm relative to the soil surface and a sensor measuring 

volumetric soil moisture based on time domain transmission to a depth of 14 cm. To transform 

the raw TMS measurements of soil moisture to volumetric soil water content, we used a 

calibration curve developed by Kopecký et al. (2021). 

In the tree removal and fire disturbances sites, soil CO2 efflux (i.e., soil respiration) was 

measured on three rings of 10 cm diameter and 8 cm high along a 2 m transect in each of the 

monitoring plots. Respiration was measured by a mobile infrared gas analyser (EGM-5, PP 

Systems, Hitchin, UK) and an attached soil respiration chamber (SRC-1) in the tree removal 

sites and by a Li-Cor in the fire sites. Measurement started in Gamiz in November 2021, in St. 

Christol in February 2023 and in Dumbravita in May 2022, and have been done monthly. In 

Catalonian sites, respiration has been measured every two months, 4 times per year in each 

plot. 

 In the windthrow disturbance experiment in Finland, the CO2, CH4 and N2O fluxes 

were measured by manual chamber connected with LI-COR analyzer. For each measurement, 

an opaque chamber (0.3 m in diameter and 0.295 m in height) was put on soil surface and 

gently sealed to be sure there is no gap between chamber and soil surface. The chamber was 

equipped with a thermometer to measure the temperature and a battery-operated fan inside 

to mix the air during measurement. During measurement, the gas concentrations were 

recorded by LI-COR analyzer (LI-COR 241Biosciences; Lincoln, NE, USA) every second. Each 

measurement was lasted at least 3 min to have a linear regression of gas concentration versus 

time. Then the gas fluxes were calculated based on the linear regression and the ideal gas 

law. The first 30 seconds of measurement were always excluded from the fluxes calculation 

due to high fluctuations caused by installation of chamber. 

 

7.2.3. Soil biodiversity 
7.2.3.1. Soil microorganisms 

Microbial biomass (Phospholipid fatty acids-PLFAs)  

The characterization of microbial communities was done in the same soil cores as for chemical 

analyses. To estimate soil microbial biomass, we extracted Phospholipid fatty acids (PLFAs) 

following Šnajdr et al. (2008). Lipids were extracted using approximately 1g of dry soil with a 

mixture of chloroform:methanol:phosphate buffer (1:2:0.8) and separated by solid-phase 

extraction cartridges (HyperSep Silica SPE columns 200 mg/3 mL, Thermo Fisher Scientific). 

PLFAs were eluted using 2 mL of methanol. The selected fractions underwent to mild alkaline 
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methanolysis and the methyl esters of PLFAs were analyzed by gas chromatography-mass 

spectrometry (GC-MS; 450-GC, 240-MS ion trap detector, Varian, Walnut Creek, CA). In the 

polar PLFA fraction, fungal biomass was quantified based on 18:2ω6,9 (fungal PLFA) content; 

bacterial biomass (total bacterial PLFA) was quantified as a sum of i14:0, i15:0, a15:0, 16:1ω5, 

16:1ω7, 16:1ω9, 10Me-16:0, i16:0, i17:0, a17:0, cy17:0, 17:0, 10Me-17:0, 18:1ω7, 10Me-18:0, 

cy19:0 (Actinomycetes 10Me-16:0, 10Me-17:0, 10Me-18:0, Gram-positive i14:0, i15:0, a15:0, 

i16:0, i17:0, a17:0 and Gram-negative 16:1ω7, 16:1ω9, 18:1ω7, cy17:0, cy19:0). The sum of 

all of the selected PLFAs together with 16:0 and 18:1w9 was used as an estimate of total 

microbial biomass (total PLFA).  

Fungal biomass (ergosterol) 

The concentration of ergosterol, a marker of fungal biomass, was determined as described in 

Adamczyk et al. (2024). Briefly, ergosterol was extracted from 0.25g of freeze-dried organic 

soil with 1mL cyclohexane and 4mL 10% KOH in methanol. After vortexing and 15min of 

ultrasonic bath, the samples were incubated at 70˚C for 1h and cooled down. Then, 1mL of 

H2O and 2mL of cyclohexane was added, samples vortexed for 1min and centrifuged for 5min 

at 2000g. The upper cyclohexane phase was transferred to a new glass tube, and the H2O 

and cyclohexane step was repeated. The combined cyclohexane phases were then 

evaporated under N2 gas at 40˚C and re-dissolved in methanol. After filtering the samples 

through a 0.2µm PTFE filter, the amount of ergosterol was measured with high-performance 

liquid chromatography (HPLC; Arc HPLC, Waters). Separation of a 10µL sample injection was 

done using a C18 reverse phase column (4.6 × 150 mm; Phenomenex, Torrance, CA, USA), 

and the column effluent directed to a UV detector. Different concentrations of ergosterol (0.05–

0.5 μg mL−1 ergosterol dissolved in methanol) were used as a standard. 

Fungal necromass (chitin) 

The concentration of chitin, a marker of fungal necromass, was determined as in Adamczyk et 

al. (2020). Briefly, 10mL of 0.2M NaOH was added onto 0.25g of freeze-dried organic soil in a 

glass tube and incubated at RT for 2h. After centrifugation for 5min at 2000rpm, the 

supernatant was removed, replaced with 10mL of fresh NaOH, and this step repeated for two 

additional times. Finally, the sample was incubated with 10mL NaOH at 105˚C overnight. After 

cooling down, the sample was washed with 3 × 10mL of H2O, centrifuged for 5min at 2300rpm, 

2.5mL 6M HCl added and incubated at 105˚C for 7h. After cooling down, 0.5mL of the 

supernatant was transferred to a clean glass tube and evaporated under N2 gas at 40˚C and 

redissolved in 0.5mL H2O. Finally, 100µL of 10µM homocysteic acid (internal standard) was 

added to 100µL of the supernatant and mixed. To this, 50µL of 0.5M borate buffer (pH 9.3) 

and 250µL of 7.5mM fluorenylmethyloxycarbonyl (FMOC) was added, and the concoction 
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incubated at RT for 10min before adding 1mL of n-heptane and mixing. After centrifugation at 

2300rpm for 5min, the lower phase was filtered through a 0.2µm PTFE filter(?) into an HPLC 

vial. The separation was done using an ODS hypersil column (Hewlett Packard, 5 μm, 250 × 

4 mm), and the amount of chitin determined with an HPLC with a fluorescence detector (Arc 

HPLC, Waters) with excitation of 260 nm and emission of 330 nm at a flow rate of 0.7 mL 

min−1. Different concentrations (12.5–200 μM) of glucosamine (D-(+)-glucosamine 

hydrochloride, 99% pure, Sigma) were used as standards. 

7.2.3.2. Soil microfauna 
To characterize mesofauna and microfauna (i.e., nematodes), four soil cores (6 cm diameter 

and 10 cm depth) were taken and mixed into a composite sample per plot in the different 

sampling campaigns. Soil samples were kept at 4 ◦C until laboratory processing. Once in the 

lab the samples were divided in two subsamples: around 200 g of fresh soil was used to extract 

nematodes, while 400 to 500 g of fresh soil was used to extract mesofauna (see section 

2.4.3.3).  

 Nematodes were extracted through a modification of the Baermann funnel method, 

based on wet sieving and decantation during 24 h (Barker, 1985). Once extracted, nematodes 

were counted by using a binocular microscope and then mounted on a microscope slide. In 

each sample, around 115 nematodes were identified to a trophic level at 200-1000x in a light 

microscope and nematode trophic composition extrapolated to the whole nematode 

community. Nematodes were functionally classified into six trophic groups following Yeates et 

al. (1993): bacterivores, fungivores, root-associates, herbivores, omnivores, and predators. In 

parallel, to determine soil moisture, a soil subsample of 25 g was oven-dried at 70 °C during 

24 h. Nematode abundances were expressed as no. of individuals per g of dry soil.  

7.2.3.3. Soil mesofauna 
Mesofauna was extracted from the fresh soil subsample for 7 days by using the Berlese-

Tullgren funnel method (Berlese, 1905). Individuals of mesofauna were stored in 70% ethanol, 

counted and identified up to order level using a binocular microscope (x50). Mesofauna 

abundances were expressed as no. of individuals per square meter. 

7.2.3.4. Soil macrofauna 
To characterize soil macrofauna, two soil blocks (25 x 25 x 10 cm) were collected in each plot 

in the different sampling campaigns. Macrofauna was extracted directly in the field by hand 

sorting all visible individuals from the soil block. This method is based on TSBF method and 

was adapted to temperate ecosystems (Anderson & Ingram, 1993; Lavelle, 1988). The 

individuals were stored in 70% ethanol, and then counted and identified to order level using a 
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binocular microscope (x50). Macrofauna abundances were expressed as no. of individuals per 

square meter. 

At the Saint-Christol site, a characterization of the spider community was also carried out in 

June 2023. The ground-dwelling spiders were collected using pitfall traps (5 cm in diameter 

and 10 cm in depth) half filled with a mixture of diluted propylene glycol (1/3), water (2/3) and 

a few drops of detergent. The traps were left open for ten days. A total of 224 pitfall traps were 

collected (7 forest management treatments x 8 replicates x 4 traps). The spiders were 

transferred to 70% ethanol. 
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