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Abstract
Wildfire pressure involves today to implement silvicultural practices that provide a 
good compromise between reducing fire risk and maintaining ecological functioning. 
Thinning reduces tree density and low branches, but results in the deposition of a 
considerable biomass of woody debris on the ground (up to 4800 g m2 in this study). 
They can be eliminated by prescribed burning, but this raises questions about the fire 
intensity that can be generated and the impact on soil fauna. We undertook the moni-
toring of a thinning and prescribed burning operation, separated and combined, in 
November 2020, in a Pinus laricio stand prone to fire risk, located in Bavella, Corsica. 
Fuel load was determined, and temperature measurements in the soil were performed 
using K-type thermocouples. Soil arthropod populations were monitored using pitfall 
traps, in particular Collembola, Acari, Aranae, and Coleoptera. The combination of 
thinning and burning resulted in a fire intensity of 75.8 versus 8.4 kW m−1 for burn-
ing alone. Maximum temperature rise measured at −2 cm below the surface was less 
than 5°C for both treatments. The combination of thinning and burning did not result 
in higher fire intensity at ground level than burning alone, and the soil showed high 
insulation capacity. Most of the woody debris that burned was small-diameter, and 
large-diameter debris remained unconsumed. This burning, performed during a period 
of low biological activity, had no effect on soil arthropods, and the presence of large 
debris may have provided refuge areas. Collembola group was the faster to recover, 
and were followed by cohorts of predators in summer, especially Acari. Our results 
suggest that a combination of burning and thinning in autumn may be beneficial for 
fire prevention. However, the decomposition of woody debris in relation to fire risk, 
and the occurrence of pests after these treatments need to be monitored.
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1  |  INTRODUC TION

In recent years, the problem of wildfires has globally expanded and 
intensified (Duane et  al., 2021). Their impacts on biogeochemical 
cycles, biodiversity, and economic and social activities are well-
documented (Riera et  al.,  2007). In southern France, forest fire 
prevention measures have been reinforced by long-term forest 
management plans (e.g., PFFENI: fire protection plan for forests and 
natural areas). These management plans, drafted by an inter-service 
working group (including forest department and firefighting units), 
define the general policy for the protection of forests against wild-
fires (DRAAF, 2023). They improve public information and aware-
ness of the fire risk, but their main objective is to reduce the fire 
risk through the installation of equipment, surveillance, and specific 
legislation. Located in the Mediterranean basin, Corsica is a moun-
tainous island with important slopes, agricultural abandonment, and 
increasing forest-habitat interfaces, which make it highly vulnerable 
to forest fires (Aquilué et  al., 2020; Tecimen et  al., 2021). The af-
forestation rate on the island has risen from 15 to 20% in 1980 to 
over 60% in 2022 (IGN, 2023), making Corsica one of the 10 most 
forested regions in France, with 577,000 ha of forest. Pine forests 
are particularly affected by fires, accounting for 19% of the total 
area burnt on the island over the past 30 years. Pine forests cover 
75,408 ha in Corsica, and 18% of these forests were covered by fires 
between 1989 and 2022. Reducing vegetation density through thin-
ning (Vilà-Vilardell et al., 2023) or prescribed burning (Stephens & 
Moghaddas,  2005) reduces horizontal and vertical forest connec-
tivity (Agee & Skinner, 2005) but also aims to eliminate intraspecific 
competition and makes resources more accessible to the most vig-
orous trees (Palahí et  al., 2003). In this way, the risk and severity 
of forest fires are greatly reduced for the next fire-prone seasons 
(Espinosa et al., 2020; Fernandes & Botelho, 2003).

Thinning operations leave large amounts of woody residue 
on the ground, which paradoxically increases the fire hazard 
(Banerjee,  2020; Kalabokidis & Omi,  1998). Prescribed burning is 
therefore used to remove these woody residue (Schmidt et al., 2008). 
This technique is mainly used for fire prevention in hard-to-reach 
areas and on steeply sloping terrain, as it saves time and avoids lo-
gistical and cost constraints. On the other hand, after decades of 
fire exclusion across forest ecosystems, the reintroduction of fire 
allows ecosystem renewal by increasing floristic and habitat diver-
sities (Fernandes et al., 2013; Prichard et al., 2017). However, it re-
mains a controversial approach worldwide (Hunter & Robles, 2020; 
North et al., 2015), as it is often blamed for causing pollution and 
carbon dioxide release (Prunicki et  al.,  2019), reducing biodiver-
sity (Keeley, 2002; Lazarina et al., 2019), and increasing ecosystem 
disturbance (Ashby & Heinemeyer, 2019; Dey & Schweitzer, 2018; 
Harrington, 2012; Ryan et al., 2013).

Numerous studies have been conducted to quantify the effects 
of fire-related heat stress on trees (synthesis in Ferrat et al., 2021), 
understory vegetation (Castro Rego et al., 2021), and soil physico-
chemical properties (Boyer & Miller, 1994; Fernández et al., 2008; 
Gundale et  al.,  2005; Vilà-Vilardell et  al.,  2023). However, to our 
knowledge, much less attention has been given to soil arthropods, 
despite their key implications in organic matter decomposition and 
nutrient recycling (Hättenschwiler et al., 2005; Santonja et al., 2017). 
Some studies have focused on the effects of forest thinning (Wikars 
& Schimmel, 2001) and burning (Apigian et al., 2006) on soil arthro-
pod communities (Grodsky et al., 2018), but very few have focused 
on the combination of both thinning and burning on soil arthropod 
communities (de Groot et al., 2016; Eckert et al., 2023). As the com-
bination of mechanical thinning and prescribed burning is increas-
ingly seen as a potentially good management approach to mitigate 
fire risk and drought stress (Vilà-Vilardell et al., 2023), it seems es-
sential to further investigate these management methods and the 
different impacts they may have (Jandl et al., 2019).

In November 2020, the French National Forest Office (ONF) 
fire-fighting unit carried out its first mixed silvicultural operations to 
secure the Col de Bavella in stands of Pinus nigra subsp. laricio (Poir.) 
Maire var. corsicana (Loudon). This area is a strategic point for fire-
fighting, as its treatment protects the whole of the Bavella massif 
(Corsica, France), which includes important ecological (presence of 
mouflon (Ovis aries musimon) and sitelle (Sitta whiteheadi), endemic 
species) and tourist issues. As the thinning operations had resulted 
in the deposition of several thousand g m−2 of woody debris on the 
ground, serious concerns were expressed about the intensity of the 
subsequent prescribed burning that would follow and its impact on 
soil organisms in cumulative treatments. In collaboration with op-
erational teams, we set up 4 monitoring plots in the stand to un-
derstand the effect of single and cumulated thinning and burning 
on fire behavior and soil fauna. Our hypothesis was that the heavy 
accumulation of fuel could lead to a fire of higher intensity with 
stronger negative impact on soil- and litter-dwelling arthropod pop-
ulations. This opportunity allowed us to set up a multidisciplinary 
monitoring study combining the characterization of the burning, the 
thermal measurements in the soil, and the monitoring of arthropod 
populations.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

The study was carried out in a 30-year-old Pinus laricio forest stand 
located in Bavella, South Corsica, France (N 41° 47′29.337″, E 9° 
13′27.605″) at an altitude of 1218 m (Table 1). This forest is managed 
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by the French National Forest Office (ONF). Trees are 9.1–12.7 m 
high and 12.4–18.1 cm DBH (Diameter at breast height). The un-
derstory is sparse and consists of Pteridium aquilinum (L.) Kuhn and 
Juniperus communis (L.), and the herbaceous layer is mostly repre-
sented by Brachypodium pinnatum (L.) P. Beauv. The soil in this for-
est is classified as “leptosol” (IUS World Reference Base), consisting 
of granitic rocks (graniodiorites and alkaline granites) on a siliceous 
substrate. The slope is approximately 10–20% with a western expo-
sure. The meteorological trends are similar during the study, with 
hot, dry summers and mild winters (average temperature during the 
study: 7.8°C; temperature min: −4.5°C; temperature max: 22.5°C, 
529.8 mm of total rainfall) (Figure 1).

Four plots of 625 m2 were established to consider a con-
trol, a burning, a thinning, and a thinning+burning treatments 
(Figure  2). Each plot was therefore assigned to a type of 

treatment. The four plots were separated by a 5-meter buffer 
zone. The control plot received no management treatment, the 
thinned and thinned+burnt plots were thinned in October 2019. 
About 20% of the trees were eliminated by mechanical thinning, 
and the lower branches of the remaining trees were removed. 
Thinning debris were left as they were, without shredding, re-
sulting in a large number of branches and stem fragments het-
erogeneously distributed on the ground (Figure 2). Finally, burnt 
and thinned+burnt plots received prescribed burn treatment in 
November 2020 (Figure 3). Each plot was subdivided into 16 sub-
plots (39 m2 area) to accurately estimate the fuel type and fuel 
load and to collect arthropods.

2.2  |  Pre- and postburning fuel characterization

Litter and herbaceous biomass and cover were quantified on each 
subplot over an area of 0.25 m2 (5 replicates randomly spaced per 
subplot). Woody fuel load was classified as a function of diameter 
(<3, 3–6, 6–25 mm, and stems) according to the protocol of Tihay-
Felicelli et al.  (2016), which demonstrates the contribution of each 
class to fire dynamics. The samples were oven-dried at 60°C for 48 h, 
and the dry fuel load was recorded. The fuel load was expressed in 
g m−2 of dry weight.

2.3  |  Prescribed burning and instrumentation

The prescribed burning was carried out by trained forest managers 
(ONF, DFCI team) on November 10, 2020, between 11:30 and 14:00 
(Figure 4). On the burnt plots, the ignition line was performed at the 
upper edge of the slope using drip torches. The fire spread was con-
trolled on the edges of the plot using fire rakes. Backpack pumps 
were also used in some rare cases to prevent the initiation of fire 
transition toward the crown of the pines.

TA B L E  1 Stand characteristics of the four studied stands.

Stand Control Burnt Thinned Thinned+burnt

Treatment No thinning, 
No burning

No thinning, burning: 
10.11.2020

Thinning: 10.2019 No 
burning

Thinning: 10.2019 burning: 
10.11.2020

Location 41.794177 N; 
9.223644 E

41.794517 N; 9.224094 E 41.790685 N; 9.223833 E 41.791053 N; 9.224819 E

Surface (m2) 625 625 625 625

Elevation (m) 1218 1218 1218 1218

Mean slope (%) 10 10 20 20

Exposition W W W W

Basal area (m2 ha−1) 83.5 82.5 64 63

Mean tree density 
(tree.ha−1)

4200 4272 3333 3024

Mean tree height (m) 10.28 9.14 13.84 12.72

Mean tree DBH (cm) 12.89 12.44 18.4 18.12

Soil type Granitic Granitic Granitic Granitic

F I G U R E  1 Ombrothermic diagram (with the scale of the 
precipitation data at twice that of the temperature data; Emberger 
et al., 1963) of the study site during the period from October 
2020 to June 2021 (e.g., Infoclimat). The blue bar stand represents 
monthly precipitation (mm), the red line represents the mean 
monthly temperature (°C), and the stars represent the sampling 
periods.
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The fireline intensity during the prescribed burning was esti-
mated according to Byram's criterion (1959). It is defined as the 
rate of heat release per unit time per unit length of fire front. The 
fireline intensity is a widely used measure in forest fire applica-
tions; it helps to evaluate with simple metrics, the effects of fuel 
treatment on fire behavior (Fites-Kaufman & Henson, 2004), to 
establish limits for prescribed burning (McArthur,  1967), and to 
assess fire impacts on ecosystems (Hammill & Bradstock, 2006). 
It is given by:

where I (kW m−1) is the fireline intensity, r (m s−1) is the rate of spread 
of the fire, w (kg m−2) is the weight of the fuel consumed per unit area 
in the active flame front, and H (kJ kg−1) is the heat yield, which can be 
fixed to a nominal value of 18,000 kJ kg−1 (Alexander, 1982). The rate 
of spread was evaluated from the time taken for the firefront to travel 
1 m.

Prior to burning, a series of K-type thermocouples (chromel-
alumel thermocouples, Omega Engineering, Inc. Stamford, CT, USA) 
were placed under each fuel categories (litter, branches, logs) over 
the burnt and thinned+burnt stands. For each one, 4 thermocouples 
were buried underground at +4, 0, −2, and −4 cm from the ground 

I = r w H (1)

F I G U R E  2 Schematic representation of 
the fuel load (litter, branches, stems) into 
the stands before prescribed burning in 
October 2020.

F I G U R E  3 Photos of the untreated 
and burnt plot before (A) (similar to the 
control) and after (B) the prescribed 
burning, and of the treated and burnt plot 
before (C) (similar to the thinned) and after 
(D) prescribed burning.
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surface. The extension cords were buried at 20 cm depth, 2 m out-
side the plots, resulting in a minimal and very local disturbance of 
the soil in the plots.

The thermocouple body was insulated using multilayer insula-
tion materials based on ceramic to prevent measurement bias due 
to heat conduction along the stainless-steel sheath to the junc-
tion. Extension cables were buried underground to prevent ther-
mal degradation during the fire. The entire set of thermocouples 
was plugged into 4 synchronized battery-powered data loggers 
(CR3000, Campbell Scientific Ltd., Loughborough, UK) located out-
side the burn area. Due to the large area of the plots, several data 
loggers were used to minimize the length of the extension cables. 
The data were recorded for more than 1 h to observe the heat con-
duction from the surface through the soil depth after the fire had 
passed. The sampling rate was 1 Hz.

2.4  |  Arthropod collection

Soil arthropods were sampled after the burning on all 64 subplots in 
November 2020, March 2021, and June 2021 using 10 cm diame-
ter × 6 cm high pitfall traps installed flush to the soil, which are considered 
flow traps for arthropods (Perry et al., 2018). Pitfall traps, one-third filled 
with water and a few drops of neutral soap, were set for 7 days. Collected 
arthropods were stored in 70% ethanol, counted, and identified to class 
or order levels by using a binocular microscope in the laboratory. Diptera 
were excluded due to their ability to fly as adults, making the influence of 
fire on these groups highly variable (EL Khayati et al., 2023; Thompson 
et al., 2022). Dividing each plots into 16 subplots enables us to study the 
evolution of the Collembola and Acari communities in a more precise, lo-
calized way, as their prospected area is relatively restricted due to their 
small size and limited movement ability (Kuznetsova, 2007).

F I G U R E  4 Photographs of the 
prescribed burning conducted across 
Burnt and Thinned+Burnt plots.

TA B L E  2 Fuel load characteristics of pre- and postburn stands.

Control Burnt Thinned Thinned+burnt

Preburn Preburn Postburn Preburn Preburn Postburn

Litter Cover (%) 74.6 ± 1.79 68.5 ± 3.51 42 ± 4.3 65.5 ± 1.96 61.7 ± 2.25 28.3 ± 3.69

Biomass (g m−2) 129.1 ± 4.74 211.1 ± 8.27 131.51 ± 12.8 142.9 ± 4.08 130.4 ± 4.38 59.8 ± 7.64

Grasses Cover (%) 16.1 ± 3.1 19.6 ± 4.08 14.2 ± 3.55 6.1 ± 1.84 1.8 ± 1.32 0.839 ± 0.607

Biomass (g m−2) 31.2 ± 6.00 35.1 ± 7.32 25.5 ± 6.36 11.2 ± 3.38 3.06 ± 2.25 1.42 ± 1.03

<3 mm Cover (%) 0.488 ± 0.1 2.74 ± 1.13 1.78 ± 0.7 5.42 ± 0.5 6.67 ± 0.4 2.93 ± 0.4

Biomass (g m−2) 5.5 ± 5.1 52.5 ± 21.7 34.2 ± 13 366.6 ± 70.0 448.2 ± 95.9 195.7 ± 24.2

3–6 mm Cover (%) 0.118 ± 0.1 1.2 ± 0.5 1.2 ± 0.5 2.1 ± 0.2 2.61 ± 0.2 2.61 ± 0.2

Biomass (g m−2) 2.2 ± 2.2 24 ± 9.9 24 ± 9.94 147.4 ± 14.2 180.2 ± 12.6 180.2 ± 12.6

6–25 mm Cover (%) 0.1 ± 0.1 0 0 9.8 ± 0.9 11.9 ± 0.8 11.9 ± 0.8

Biomass (g m−2) 10.3 ± 10.3 0 0 695.4 ± 67.1 850.3 ± 59.5 850.3 ± 59.5

> 25 mm Cover (%) 2.2 ± 0.5 0.7 ± 0.5 0.7 ± 0.5 7.8 ± 0.6 9.8 ± 0.7 9.8 ± 0.7

Biomass (g m−2) 1029.6 ± 268 331.4 ± 226 331.4 ± 226 2636.4 ± 288 3361.5 ± 294 3361.5 ± 294

Note: Data are mean values ± SEs; n = 16.
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2.5 | Data analysis

All statistical analyses were conducted using R software (version 
4.2.3).

We compared the fuel load on the different plots using multiple 
comparisons (kruskall_test function in the rstatix package) to check 
that the untreated and treated plots were identical. We then per-
formed the same comparisons after the plots had been burnt to see 
if the fire had modified the fuel load. We performed PCAs to vi-
sualize these differences using the pca function in the FactoMineR 
package.

We used a generalized linear mixed model (glmer function in the 
MASS package) with a quasi-Poisson distribution, followed by post 
hoc multiple comparisons ANOVA function in the emmeans pack-
age, to evaluate how forest management, season, and their inter-
action affected total arthropod abundances, as well as Collembola, 
Acari, Coleoptera, and Spider abundances. These four groups were 
selected because they represent over 95% of the total sampling. 
Forest management treatments (Control, Thinning, Burning, and 
Thinning+Burning) and season (autumn, spring, summer) were used 
as fixed factors and pitfall trap locations as a random factor in the 
models.

3  |  RESULTS

3.1  |  Preburn fuel characteristics

On average, herbaceous cover and biomass were greater in the con-
trol stand than in the thinned stand (78% less for herbaceous plants, 
17% less for litter, Wilcoxon tests, p < .05, Table 2).

Conversely, woody residue from stems and branches on the 
ground dominates the thinned plot with more than 4000 g m−2 
(Table 2). The distribution of the particle diameter classes is orga-
nized as follows: 3–6 mm diameter: 2%; 6–25 mm: 10%; >25 mm: 8% 
(Table  2). This distribution was similar for between the burnt and 
unburnt plots (Wilcoxon tests, p > .05).

PCAs represent plots according to their fuel load (Figure 5). 
Before burning, it is possible to differentiate unthinned and thinned 
plots. After burning, all managed plots were different (Figure 6). 
Axes 1 and 2 account for approximately 90% of the variance in 
the fuel load data. Prior to burning, the unthinned plot is mainly 
characterized by the presence of litter and grasses (Brachypodium 
pinnatum, the other species represent less than 10% of the cover) 
and differs from the thinned plot, which is characterized by the 
presence of particles between 3 and 6 mm, resulting from the thin-
ning operation.

3.2  |  Prescribed burning characterization

The prescribed burning was conducted under low wind conditions 
(<10 km/h). The mean air temperature and relative humidity were 

12°C and 60%, respectively. The last rain event occurred 2 days be-
fore the experiment. The average moisture content of the OH hori-
zon was 32% and that of the A horizon was 20%.

To minimize the fire intensity and tree damage at the base of 
the pine stems, the prescribed burning was conducted downslope, 
following local regulations. The main ignition line was lit at the top of 
the slope, and the fire spread downslope. Combined with the large 
relative humidity of air and soil in this season, this intentionally cre-
ated a low-intensity backing fire spreading downslope. Secondary 
ignition points were also created using drip torches when flameout 
occurred.

On both Thinned and Thinned+Burnt plots, for fire spread 
across pine needles bed, the flames were small and the length was 
0.15 ± 0.05 m. On Thinned+Burnt plot, the flame length increased 
to 0.42 ± 0.20 m when fire spread into cut branch areas (Figure 2). 
Due to the combined effects of wind and slope, the flames were 
tilted toward the burnt area (Figure  4). As a result, no transition 
from the surface to the crown occurred, even for younger pines with 
bottom branches close to the ground. The fire rate of spread was 
0.36 ± 0.18 and 0.54 ± 0.30 m min−1 for Burnt and Thinned+Burnt 
plots, respectively. The fire did not spread across the large piece 
of cut stems. On both plots, the fire predominantly consumed thin 
fuel elements like pine needles and herbs. The intensity of the pre-
scribed burning was not high enough to burn the fuel elements pres-
ent on the ground with diameter greater than 6 mm than remained 
after the prescribed burn. In particular, the presence of pieces of 
stem tended to slow down the spread of fire and locally reduced 
the fire intensity. Conversely, the presence of cut branches with 
fresh needles on the ground increased the amount of fine fuels 
prone to ignite and burn. The resulting fireline intensity for Burnt 
plot was 21.1 ± 13.4 kW.m−1. For the Thinned+Burnt plot, it should 
be noticed that the fireline intensity varied significantly over time 
and space, influenced by local surface fuel distribution (Figure 2). 
The fireline intensity was 21.1 ± 13.3 kW.m−1 and 72.6 ± 43.8 kW.
m−1, during fire spread across litter and branches, respectively. 
A typical example of air and soil temperatures during prescribed 
burning on is presented in Figure 7 for fire spread across different 
fuels (litter and branches). The temperatures measured at the dif-
ferent locations vary significantly in terms of both peak levels and 
duration based on the type of surface fuel present. The maximum 
temperatures recorded at the different heights and depths below 
the surface are provided in Table 2 for the different plots. Upon 
arrival of the fire, the air temperature above the litter increased in 
the range of 613–1158°C. A significant temperature gradient is ob-
served between the litter surface and the soil. The average values 
for flame residence times, defined as the duration of exposure to 
temperatures above 300°C, are also provided in Table 3. Despite 
the significant temperature increase above the surface during fire 
spread, there was little conduction of heat deep into the soil. The 
resulting maximum temperature increase observed over a period 
exceeding 1 h after the fire spread, measured at −2 cm below the 
surface was less than 5°C, indicating the good thermal insulation 
properties of the soil.
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3.3  |  Postburn fuel characteristics

The prescribed burning removed 55% of litter, herbaceous, and par-
ticles <3 mm in the Thinned+burnt plot and 33% in the burnt plot 
(Wilcoxon tests, p < .05, Table  2). Particles larger than 3 mm per-
sisted in their entirety after prescribed burning, regardless of the 
plot considered.

We observed that the litter recovered to the initial level on the 
burnt plot in less than 8 months (approximately 131.5 g m−2 litter on 
average, Wilcoxon test, p > .05).

Before burning, the litter was similar between the burnt and 
thinned+burnt plots. After burning, the removal of trees on the 
thinned+burnt plot reduces the amount of needles falling to the soil. 
The litter reconstitution is therefore greater on the burnt plot.

On the other hand, in the thinned+burnt plot, the litter took 
longer to recover, averaging 59.8 g m−2 in June 2021 vs. 130.4 g.m−2 
before burning (Wilcoxon test, p < .05). The litter is therefore par-
tially reconstituted. By March 2021, the grass cover has returned to 
its original level, with Brachypodium pinnatum still being the domi-
nant species. Ferns also returned, but Juniperus communis did not 
resprout.

3.4  |  Soil fauna characterization

We collected a total of 19,911 arthropods between November 
2020 and June 2021 in the 192 pitfall traps installed. Collembola 
was the most abundant group (13,622 individuals, 68%), followed 
by Acari (4160 individuals, 21%), Coleoptera (688 individuals, 4%), 
and Spiders (444 individuals, 2%). The other arthropods represented 
less than 5% of the collected individuals and included the orders 
Opiliones, Psocoptera, Lepidoptera, Siphonaptera, Thysanoptera, 
Hemiptera, Isopoda, Myriapoda, Pseudoscorpiones, Orthoptera, 
and Dermaptera.

A strong effect of both forest management and season was 
observed on the arthropod abundances collected in pitfall traps 
(Table 4). Except for Coleoptera, forest management and season in-
teracted in their effects on total arthropod abundance and the three 
other arthropod groups (Table 4). In addition, except for Coleoptera, 
the effects of the thinned and thinned+burnt treatments on arthro-
pod abundances were similar across taxonomic groups and seasons 
(Figure 8).

For total arthropods, the lowest abundances were observed in 
the thinned and thinned+burnt plots in autumn 2020 (27 ind/trap), 

F I G U R E  5 Principal component analysis of fuel load, repartition of the percentage of cover within the different types of particles 
(grasses, litter, <3, 3–6, 6–25, >25 mm) before burning. C = control, T = thinned, B = burned, and T + B = thinned+burned stands.
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while the highest abundances were observed in the same plots in 
spring 2021 (220 ind/trap) (Figure 8A). The total arthropod abun-
dance was 36% lower in autumn and summer than in spring in plot 
control (Figure 8A). No difference between seasons was observed 
in the burnt plot, while in the thinned and thinned+burnt plots, 
the arthropod abundance increased according to the gradient au-
tumn<summer<spring (Figure  8A). No difference between forest 
management treatments was observed in summer, while in autumn, 
the total arthropod abundance was 68% lower in the thinned and 
thinned+burnt plots than in the control plot (Figure 8A). Finally, in 
spring, the total arthropod abundance was 37% lower in burnt plot 
and 34% higher in thinned and thinned+burnt plots compared to 
control (Figure 8A).

The Collembola abundance was 83% lower in winter and sum-
mer than in spring, regardless of the forest management treatment 
considered (Figure 8B). No difference was observed between the 
control and burnt plots across seasons (Figure 8B). Collembola abun-
dance was 52% lower in the thinned and thinned+burnt plots than in 
the unmanaged plots in autumn and summer (51%), whereas it was 
36% higher in these plots in spring (Figure 8B).

Acari abundance was 79% higher in summer and autumn com-
pared to spring in the control and burnt plots, while by contrast, it 
was higher in autumn compared to spring and summer in the thinned 
and thinned+burnt plots (Figure 8C). No difference was observed 
between the control and burnt plots across seasons (Figure  8C). 
Acari abundance was 82% lower in the thinned and thinned+burnt 
plots than in the control plot in autumn but only 43% lower in the 
thinned+burnt plots than in spring. In contrast, Acari abundance was 
61% higher in the thinned and thinned+burnt plots than in the con-
trol plot in summer (Figure 8C).

No difference in Spider abundance was observed between un-
managed and burnt plots across seasons (Figure 8D). A 62% increase 
in Spider abundance was observed in summer compared to the two 
other seasons in the thinned and thinned+burnt plots (Figure 8D). 
No difference between treatments was observed for Spider abun-
dance in autumn and spring, while Spider abundance was 80% 
higher in the thinned and thinned+burnt plots than in the control 
plot in summer (Figure 8D).

Coleoptera abundance was 94% higher in summer than in au-
tumn and spring (Figure 9A). No difference in Coleoptera abundance 
was observed between the control and thinned plots, while for the 
burnt and thinned+burnt plots, Coleoptera abundance increased by 
54% (Figure 9B).

4  |  DISCUSSION

4.1  |  Influence of forest management treatments 
on Pinus laricio stands

Thinning allowed the suppression of 20% of the trees, in line with 
local management plan recommendations. This treatment aimed to 
reinforce plot growth crown fire protection and maintain protection 

of the undergrowth (ONF pers. comm., Agee & Skinner,  2005; 
Johnston et al., 2021), while preserving the landscape aspects that 
remain important in a touristic area. These guidelines can vary con-
siderably depending on the management objectives and the region 
considered. For example, Gibson et  al.  (2020) applied 80% thin-
ning in ponderosa pine forest located in the Valles Caldera National 
Preserve (New Mexico) to improve tree growth, biological diversity, 
and fire resistance, whereas Grady and Hart  (2006) applied 30% 
thinning followed by prescribed fire in another ponderosa pine for-
est located in the Coconino National Forest (northern Arizona) to 
restore soil processes.

In the present study, thinning resulted in the release of more 
than 4392 g m−2 of woody residue to the ground, leading to con-
cerns about the intensity of the expected burning compared to 
an unthinned plot. Soler Martin et  al.  (2017) demonstrated that 
thinning does not alter the moisture content of fuel or the struc-
ture of vegetation cover. In our study, most of the biomass (90%) 
in the thinned+burnt plots was large-diameter particles (stems and 
branches) that did not receive enough heat from the flame to un-
dergo thermal degradation and did not actively contribute to the dy-
namics of fire spread (Parsons et al., 2018). Litter, herbaceous plants, 
small branches, and needles (<6 mm) represented a nonnegligible 
part of the biomass (more than 500 g m−2) and contributed to the fire 
spread. Longer residence times were observed when the flames en-
countered branch areas (+60% compared to the litter areas in the 
burnt and thinned+burnt plots), leading to the combustion of all the 
particles <3 mm. Finally, the fire duration and intensity of this burn 
were not different from those generally observed for undergrowth 
burning. Indeed fine fuel loads in the range of 500–1000 g m−2 are 
very common for burning operations under pine forests (Arévalo 
et  al., 2014; Cannac et  al., 2009; Rigolot et  al., 2012) where only 
the thinnest diameters of fuel elements (<4 mm) were consumed, 
even for higher spring burning intensities (Ferrat et  al.,  2021). It 
should be noticed that prescribed burning conducted for the pres-
ent study was in the optimum intensity range of 17–350 kW m−1 for 
which little damage is done to forest trees defined by (McArthur & 
Cheney, 2015). As a result, 37% of the litter and 27% of the herbs 
were removed in burnt plot, and 54% of the litter, 95% of the herbs, 
and 53% of the small branches were removed in plot thinned+burnt.

Despite the slow rate of spread of the main flame front, relatively 
short residence times of less than 1 min were observed. In addition, 
the presence of large particles in the woody residue piles hindered 
the combustion of the finer fuels located underneath, resulting in 
shorter residence times in stem areas (−30% compared to the litter 
areas). This fire behavior prevented heat transfer to the soil. As a re-
sult, the heating was attenuated in the humus since it did not exceed 
146°C. At a depth of 2 cm in the soil, during the burn, no temperature 
increase was observed. This finding suggests that there was no or-
ganic matter combustion or carbon volatilization, which occurred at 
300°C and 200°C, respectively (Santín & Doer, 2016).

Studies have already demonstrated the strong insulating proper-
ties of soil (see synthesis in DeBano, 2000), regardless of its type. For 
example, Fernández et al. (2008), and Fajardo-Cantos et al. (2023), 
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respectively, show that alumi-umbric regosol and eutric-cambisol 
soils can attenuate about 600°C at –2 cm depth during prescribed 
burns with the same characteristics as ours. This may be due to the 
thermal protection provided by the presence of a protective layer of 
litter, combined with poor heat conduction through the mineral soil.

4.2  |  Arthropod responses to season and forest 
management treatments

4.2.1  |  Influence of season

In November 2020, arthropod abundance was relatively low in all 
the plots studied. This observation is related to the low tempera-
tures encountered in autumn (between 9°C and 12°C, Figure  1), 
which tend to negatively affect soil arthropod activity, which are ec-
tothermic organisms (Gillooly et al., 2001; Vucic-Pestic et al., 2010). 
In March 2021, the total number of arthropods increased regardless 
of the treatment considered. These results are similar to those of 
other studies that have found a strong seasonal effect on soil ar-
thropod abundance, with higher abundance in spring compared to 
autumn (Antunes et  al., 2009; Auclerc et  al., 2019). For example, 
Antunes et al. (2009) captured two times more individuals in spring 
compared to autumn (538 vs. 226). In our study, the increase in soil 

arthropod abundance in spring was strongly related to the increase 
in Collembola abundance, with milder temperature conditions favor-
ing the Collembola population at this time of year.

The abundances of Coleoptera and Acari increased in June 2021, 
in contrast to Collembola. First, this may be partly related to increas-
ing temperatures (12°C–19°C), favoring arthropod mobility and plot 
recolonization. It has been shown that Coleoptera tend to emerge 
from spring onwards, after a period of winter diapause or hiberna-
tion (Andersen, 2011; Borowiec, 2022), and are more affected by an 
increase in temperature than in humidity (Wardhaugh et al., 2018). 
Second, an increase in prey availability, such as Collembola, can also 
explain this increase in predator abundances in June. As Carabidae 
beetles and Acari Mesostigmata are predators of Collembola (Aupic-
Samain et al., 2021; Bilde et al., 2000), we can hypothesize that their 
later appearance is mainly due to the availability of their prey. In fact, 
the increase in these two predator groups was concomitant with a 
decrease in Collembola abundance.

Finally, the spider abundance remained unchanged between 
March and June 2021. Spiders are known to be strongly influ-
enced by both abiotic conditions, such as temperature and humidity 
(Campuzano et  al., 2020; Pekár et  al.,  2015), and prey availability 
(Riechert & Lockley,  1984). However, the small abundance of col-
lected individuals in the present study limits us from proposing ex-
planations of the observed pattern of Spiders response to seasons.

F I G U R E  6 Principal component analysis of fuel load (litter, branches, stem), repartition of the percentage of cover within the different 
types of particles (grasses, litter, <3, 3–6, 6–25, >25 mm) after burning.
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4.2.2  |  Impact of thinning

In November 2020, there were 68% fewer arthropods in the thinned 
than in the control plot, mainly due to 42% fewer Collembola and 
88% fewer Acari. Thinning requires a large amount of machinery and 
the movement of a significant number of managers on the plot while 
for burning, only three people were present on the plot. The reduc-
tion in arthropod abundance observed in November could therefore 
be related to the immediate disturbance caused by the application 
of the forest treatment (Edlund et al., 2013). In addition, the arrival 
of large amounts of nondegraded fuel on the plot may have caused 
ecosystem instability and slow colonization of these new areas 
(Eckert et al., 2023).

In March 2021, the total arthropod abundance in the thinned 
plot was higher than that in the control. This trend is mainly be-
cause the thinned plot had 35% more Collembola. The increase 

in Collembola abundance may be related to habitat restoration 
and to the presence of dead wood on the site. Numerous stud-
ies have shown that dead wood can be used to create diverse mi-
crohabitats for saproxylic and nonsaproxylic Collembola (Eckert 
et al., 2023; Raymond-Léonard et al., 2020). These habitats could 
protect these organisms from predators, temperature fluctu-
ations, and drought and provide a readily available food source 
(Gibson et al., 2022).

Acari and Coleoptera abundances were not influenced by the 
presence of woody residue at the site. De Groot et al. (2016) found 
no effect of 50% thinning or clear-cutting on Coleoptera after 1 
year. Jonsell (2008) reported that the high content of secondary me-
tabolites in dead wood could have a negative effect on Coleoptera 
communities. As the degradation of secondary metabolites can take 
several years, and as the clearing is relatively recent, it is possible 
that they may influence plot recolonization by Coleoptera.

F I G U R E  7 Time evolution (s) of the 
air and soil temperatures (°C) at different 
depths recorded during the prescribed 
burning across (A) litter fuels on Burnt plot 
and (B) branch fuels on Thinned+Burnt 
plot.
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In June 2021, the total arthropod abundance in the control and 
thinned plots was similar, but the community composition was dif-
ferent, suggesting that thinning alters the arthropod community 
composition. Acari tended to dominate the arthropod population 
in thinned plot (75% of total abundance). The population of Acari 
increased in relation to the presence of Collembola, which are 
among their favorite prey (Aupic-Samain et  al., 2021). In addition, 
Gwiazdowicz et  al.  (2011) showed that Mesostigmata Acari was 
more abundant in highly decomposed wood than in slightly decom-
posed wood. Oribatid Acari feed on fungal hyphae and dead plant 
material and to some extent on lichens, mosses, and algae (Erdmann 
et al., 2012). They may therefore have been preferentially attracted 
to plots with more dead wood.

The creation of new habitats conducive to web development 
and predation seems to have been beneficial for Spiders, whose 
abundance was higher on the thinned plot, regardless of the sam-
pling time considered. However, given the very low numbers of 
spiders present, it seems important to remain cautious about data 
interpretation.

4.2.3  |  Impact of prescribed burning

In the present study, the majority of arthropods were not af-
fected by the burning treatment, regardless of the sampling time 
considered. Organisms attached to the soil surface and litter 
(Huebner et al., 2012) may be highly vulnerable to fire (Gongalsky & 
Persson, 2013; Moretti et al., 2004; Zaitsev et al., 2014), which would 
explain the lower abundance of Spiders in November 2020, which 
are very active on the soil surface (Buddle et al., 2000). Conversely, 
organisms may have moved to protect themselves from the heat; 
Collembola and Oribatid Acari into deeper soil layers (Gongalsky 
& Persson, 2013; Paquin & Coderre, 1997), and the most mobile, 

like Coleoptera, toward the outside of the plots (Malmström, 2012; 
Moretti & Legg,  2009). In addition, some arthropods, including 
Coleoptera and Acari, have thick and sclerified cuticles, which can 
protect them from the high temperatures generated by fire and 
from subsequent drought conditions (Wikars et al., 2005). These pa-
rameters may have contributed to the rapid reappearance of Acari, 
Coleoptera, and the dominance of Collembola in spring. Only Spiders 
were more abundant in the burnt plot. Cadena-Zamudio et al. (2022) 
showed that the influence and severity of burning, as well as the 
time after burning, can strongly influence arthropod abundance and 
recovery (Malmström, 2010).

In our study, the presence of preserved litter (11%) and grasses 
(4%) and their rapid recovery may have favored the recolonization 
and dispersion of arthropods into burnt areas, depending on their 
mobility (Gongalsky & Persson, 2013). The presence of woody res-
idue, the thermal insulation provided by the soil around the roots 
during the fire, and the regenerative capacity of the aerial parts 
during rainy periods allow a rapid recolonization of the grasses 
(Moravec, 1990): in March 2021, 4 months after the burning treat-
ment, the herbaceous plants returned to their preburn cover val-
ues on all the plots. This observation is in accordance with Arévalo 
et al. (2014) and Whisenant et al. (1984), who observed a recovery 
between 2 and 6 months after fire in meadows and Canary pines 
(Pinus canariensis) forests located in Artenara, Canary Islands.

The small size of the plots (25 m x 25 m) may also have favored the 
recolonization from peripheral unburnt zones (Larrivée et al., 2008), 
especially for highly mobile organisms such as Coleoptera 
(Baars,  1979; de Groot et  al.,  2016) and Spiders (Thévenard 
et al., 2004). This very early postfire dominance of Collembola can 
be explained by the short life cycle of these organisms and their abil-
ity to carry out parthenogenesis, which allows them to reproduce 
rapidly. Moreover, these epigeomorphic and homeomorphic groups 
particularly benefit from the resources provided by the presence 

Stand Burnt Thinned + burnt

Fuel type Litter Litter Branches Stems

Flame Residence time (s) 36 ± 11 33 ± 8 57 ± 27 25 ± 1

Litter (+4 cm) Max temp (°C) 864 ± 162 834 ± 159 911 ± 122 804 ± 9

Humus (0 cm) Max temp (°C) 146 ± 131 29 ± 19 35 ± 25 63 ± 49

Soil (−2 cm) Max temp (°C) 11 ± 1 13 ± 1 13 ± 1 11 ± 0

Soil (−4 cm) Max temp (°C) 11 ± 1 13 ± 1 10 ± 0 10 ± 0

TA B L E  3 Flame residence time and 
temperature recorded in the burnt stands. 
Data are mean values ± SEs; n = 7.

df

Total Collembola Acari Coleoptera Spiders

F p F p F p F p F p

Management 3 6 *** 8.5 *** 2.4 * 11.4 *** 8.2 ***

Season 2 65.2 *** 245.6 *** 28.7 *** 117.7 *** 17.3 ***

M × S 6 7 *** 9.46 *** 6.43 *** 0.4 .82 2.8 *

Note: F values and associated p values (with the respective symbols * for p < .01 and *** for p < .001) 
are indicated.
Abbreviation: df, degrees of freedom.

TA B L E  4 Effects of forest 
management, season, and their 
interactions on total arthropod, 
Collembola, Acari, Coleoptera, and Spider 
abundances collected in the pitfall traps.
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of litter and grass roots and associated mycorrhizal fungi (Gibson 
et al., 2022). Like Antunes et al.  (2009), who studied edaphic mac-
roarthropod communities after a forest fire, we can assume that the 
impact of prescribed burning on arthropods remains limited, but 
longer-term monitoring is needed to confirm these conclusions, as 
some studies show that the effects on arthropods may be delayed 
(Çakır et al., 2023), 1 year after the prescribed burning.

4.2.4  |  Impact of thinning combined with prescribed 
burning

Contrary to our expectations, the combination of thinning and burn-
ing (thinned+burnt) did not have a greater effect on arthropod com-
munities than burning alone. As the piles of stems and branches 

were not consumed, the fire dynamics were quite the same in the 
burnt and thinned+burnt treatments. The presence of piles and 
the preservation of litter underneath them may have increased the 
number of microhabitats, acting as refuge areas (Cobb et al., 2007) 
and starting points for area recolonization (Mott et al., 2021; Nadel 
et al., 2007). We also found that needle litter recovered less quickly 
in the thinned than in the unthinned plots (131.1 vs. 59.8 g m−2). This 
is obviously due to the reduced canopy cover, but it also reflects 
the fact that the tree vitality was not affected by burning. In fact, 
no significant needle scorching was observed after the burns. Litter 
is an essential element for the development of certain organisms, 
such as decomposers, which live in the superficial parts of the soil. 
Litter layer reconstitution, although slower on thinned plots, allows 
the recolonization of the habitat quite quickly, as needle fall from 
lower branches tends to increase after a burn (Cannac et al., 2009).

F I G U R E  8 Total arthropod abundance (A), Collembola abundance (B), Acari abundance (C), and spider abundance (D) by season (autumn, 
spring, summer) according to the season x forest management interaction (Table 4). Arthropod abundance is expressed as number of 
individuals (nb. ind) collected in the pitfall traps. Values are means ± SE; n = 16. Different letters denote significant differences between the 
different “treatments × seasons” combination.
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Prescribed burning in autumn rather than spring may have re-
duced the impact of fire on arthropods since milder temperatures 
would have reduced the intensity of the burn. Arthropods are also 
fewer at this time of year, which may have protected the communi-
ties from a higher intensity burn, which could have had a greater im-
pact. As shown by Collett (2003) in Australia, spring burning is more 
intense and reduces organism abundance, whereas autumn burning 
only alters arthropod activity.

4.3  |  Evaluation of the effectiveness of treatments 
in reducing fire risk

While the scientific literature on the effects of thinning (Bernes 
et al., 2015) or burning (Alcañiz et al., 2018) on forests is extensive, 
very few studies have linked the thermal characteristics of pre-
scribed burns and soil temperature transfer in Mediterranean pine 
forests, and even fewer have linked the two methods.

Thinning reduces pine density and limits vegetation continuity 
within the forest, thereby reducing fire risk (Agee & Skinner, 2005). 
On the other hand, thinning without rapid slash reduction leads to 
a significant increase in the amount of dead fuel on the ground, 
which could temporarily increase fire risk. According to the lit-
erature, thinning alone is less effective than prescribed burning 
in reducing wildfire risk but more effective than no treatment 
(Kalabokidis & Omi, 1998; Stephens & Moghaddas, 2005). Piqué 
& Domènech,  2018 also demonstrated that the way in which 
slash is distributed and dispersed on the surface can greatly in-
fluence fire behavior. Vilà-Vilardell et al.  (2023) showed that the 
thinned+burnt plot could make pine forests more resistant to 
drought and fire by reducing the fuel loads (Agee & Skinner, 2005; 

Schmidt et  al.,  2011; Stephens & Moghaddas,  2005), increasing 
the distance between the canopy and the ground, and eliminat-
ing competition for available water in the soil. The constraints of 
the forest environment, linked to the presence of the canopy and 
the objectives of maintaining the tree stratum, force operators to 
control fire at low intensity, whether or not slash is present on the 
ground.

Our study pointed out very little effect of the management 
treatments on arthropod communities and even suggested a pro-
tective effect of woody residue, which, contrary to our hypotheses, 
did not increase the fire intensity. Thinning resulted in the release 
of an important amount of biomass to the ground, most of which 
was in the form of large-diameter particles. The substantial presence 
of small branches and needles that dry out very quickly increases 
the risk of fire. Burning eliminates these particles smaller than 3 mm, 
which is particularly interesting as they contribute to the dynamics 
of the fire. The large woody residues were not consumed by the fire 
and constitute a very important biomass. They are interesting in the 
sense that they can form microhabitats and preserve soil moisture, 
but their degradation (drying out/decomposition) over the years 
needs to be monitored to ensure that they do not contribute to 
weakening the plots in terms of fire risk. We also found that needle 
litter recovered less quickly in the thinned plots. This may be due to 
the reduced canopy, but it also reflects the fact that the trees were 
not affected by burning. In fact, no significant needle scorching was 
observed following the burns.

It is well established in the literature that improperly conducted 
silvicultural treatments can be counterproductive: indeed, litter re-
constitution after a high-intensity burn, can be very important, just 
as high-intensity thinning can lead to understory development over 
time, rendering these treatments ineffective and having a major 
impact on the ecosystem. The reconstitution of the litter layer in 
our study plots was sufficient to not inhibit recolonization by soil 
arthropods and to not increase the risk of fire in the following sum-
mer. The understory did not develop, but the herbaceous layer was 
reconstituted.

5  |  CONCLUSION

Using the configuration of operations carried out on the Bavella 
pass, we studied the short-term effects of fire prevention treatment 
techniques on soil arthropod communities.

In addition to a marked seasonal effect, we found that thinning 
can benefit the abundance of some soil organisms (Collembola and 
Acari).

We measured that burning in autumn can be easily maintained 
at a low intensity at ground level, even in the presence of a consid-
erable amount of woody debris from previous thinning. Soil organ-
isms appear to be little affected, both by the protection provided 
by the woody debris and by their low level of activity at the time of 
burning. Our results also suggest that it may be beneficial to com-
bine burning with autumn thinning or fire prevention, by removing 

F I G U R E  9 Coleoptera abundance according to season (A) 
and forest management treatment (B). Coleoptera abundance is 
expressed as the number of individuals (nb. ind) collected in the 
pitfall traps. Values are means ± SE; n = 64 for (A) and 48 for (B). 
Different letters denote significant differences between seasons 
(A) or between treatments (B).
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small-diameter woody debris and litter. However, it seems import-
ant to monitor the decomposition of the remaining large woody 
debris over time, with regard to their potential contribution to fire 
risk and pest outbreaks.

The results presented here demonstrate the value of transdis-
ciplinary studies to improve forest management strategies. Fire 
characteristics need to be assessed with complementary metrics 
to overcome the difficulties due to the strong local variation of the 
combustible. Monitoring organisms at different trophic levels and 
with different life cycle lengths helps to provide a reliable indication 
of soil disturbance from silvicultural treatments.

These results need to be confirmed by monitoring new P. laricio 
study sites, in collaboration with forest managers, to improve our 
knowledge of these ecosystems and their resilience, for sustainable 
fire prevention operations.
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