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Abstract: In the present work we have studied the short-term edaphic recovery of a burned pine
forest of Pinus pinaster Aiton in Cerro del Castillo (Sierra de Guadarrama, Central Spain) in which a
hydrological-forestry restoration was being carried out after the fire occurred in July 2022. For this
purpose, variations in physicochemical properties (conductivity, relative humidity, organic matter
and pH) and collembolan communities were analyzed by comparing the soils of a natural pine forest
and a burned pine forest during the 24 weeks after the fire in 3 different samplings. With the data
obtained, a series of diversity indices were calculated and statistical analyses such as ANOVA,
hierarchical classification and principal component analysis were developed, with the aim of
understanding in greater depth the recovery of collembolan populations, the changes in these
physicochemical variables and the relationships between both parameters. This study shows how
the fire reduced the amount of organic matter and water, and increased soil pH and conductivity,
affecting edaphic fauna populations. In the short term, there was an increase in relative humidity
and a decrease in electrical conductivity. The edaphic fauna communities of the burned pine forest
increased their diversity and equity without reaching the values of the natural pine forest. At the
specific level, however, the springtail populations matched the richness and even reached a very
slightly higher Shanon-Wiener diversity index than that the natural pine forest populations in just
24 weeks. Finally, it was observed that the samples from the burned pine forest with recovered
collembolan populations had the closest physicochemical parameters to those of the natural pine
forest.

Keywords: collembola; edaphic communities recovery; Alpha diversity indexes; burned forest;
removal and burning of wood after fire

1. Introduction

Fires are natural phenomena that have shaped Mediterranean ecosystems since the last
glaciation (Naveh 1975, Cowling et al. 1996). However, in recent decades the natural fire regime
described by its frequency, intensity, seasonality and type of spread has changed in Mediterranean-
type climatic regions generating new ecologically and socioeconomically unsustainable regimes
(Pausas 2012, Ubeda Cartana et al. 2021). Large forest fires have increased outside the summer
months, as have the hectares burned by large forest fires originating fifth and sixth generation fires
since 2000 and 2016, respectively. The concept of fire generations has to do with how fire behaviour
is related to the structure of the landscape. Two issues that interact in a forest fire and that, depending
on the circumstances, make us talk about a fire of one type or another (Castellnou et al. 2017). These
new fires are characterized by generating their own atmospheric conditions and escape any
extinguishing capacity. Some authors such as Ubeda Cartana et al. (2021) point out as causes of the
modification of these regimes the depopulation of rural areas, the abandonment of forestry practices,
fire suppression policies and the effects of climate change.

The impact of a wildfire is influenced by the size, intensity and frequency of the fire; and affects
the fauna, vegetation, soil and water of the ecosystem (Gonzalez Ulibarry 2017). Physico-chemical-
biological properties and soil productivity are the main factors affected after a wildfire (Mataix-Solera
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et al. 2011, Garcia-Orenes et al. 2017). This resource has been defined by FAO as a natural body
differentiated into horizons composed of weathered minerals, organic matter, water and air. Soils
provide a large number of ecosystem services such as freshwater reserve, recycling of organic matter,
and regulation of carbon (C) and nitrogen fluxes (Brevik et al. 2015). In addition, soils are the largest
reservoir of C in the world, storing more than the atmosphere and vegetation combined (Swift 2001).
Fires are one of the most common causes of the depletion of these reservoirs and cause this stored C
to be released into the atmosphere in the form of carbon dioxide, a greenhouse gas. For these reasons,
soil conservation and restoration is of great importance.

The effects of a fire on the soil can be immediate due to the high temperatures, or indirect due
to the new conditions after the fire.High temperatures cause partial (300-400°C) or complete (500°C)
combustion of the organic matter found in the surface horizons, modifying their color and texture,
decreasing their water retention capacity and even generating a hydrophobic layer (Iglesias et al.
1998, Mataix-Solera and Guerrero 2007). The presence of an ash cover usually causes an increase in
pH and electrical conductivity when the basic cations contained in it are hydrolyzed (Iglesias et al.
1997, Iglesias et al. 1998). An indirect effect of a forest fire is the risk of soil erosion due to the absence
of vegetation cover, especially on steep slopes (Mataix-Solera and Guerrero 2007). Changes in
physicochemical parameters disturb the edaphic fauna, which in turn is characterized by being able
to significantly modify soil properties, decomposing and dispersing labile organic matter, facilitating
subsequent humification and mineralization of this, or creating tunnels and galleries, among many
other functions (Bardgett 2002, Brevik et al. 2015).

Topography (e.g., elevation, slope, aspect, complexity) influences fire behavior directly, with
rate of spread greatest on steeper slopes (Rothermel 1972), and heading fire more probable on upper-
slope than on lower-slope positions (Skinner et al. 2006). Annual and daily meteorological patterns
can heavily influence fire behavior (Martin and Birk 2010) in any given fire season (climate) or day
(temperature, relative humidity, wind). Fuel, a factor that can be manipulated through management,
is a function of vegetation, which is controlled by topographic gradients, climate, and modified by
time since previous fire or the severity of previous fire(s) (Collins et al. 2008, Holden et al. 2009).

The ecological complexity of soils and the slowness of their processes mean that they are
considered a naturally non-renewable resource at the human time scale, which is why the
development of efficient protection and recovery projects is of great importance (FAO, 2015). The
efficiency of a hydrological-forest restoration after a fire can be studied through quality indices that
integrate the physical, chemical and biological properties of the soil (Trujillo-Gonzalez et al. 2018).

Springtails (Collembola) are a class of hexapod arthropods that together with oribatid mites
represent the most abundant taxa of the edaphic mesofauna (0.1-2 mm) (Arbea and Blasco Zumeta
2001). The main functions of springtails include, due to their feeding, the fractionation and
degradation of labile organic matter, influencing the formation of humic substances. They also
participate in the control and dispersion of microorganisms, and represent a fundamental element in
trophic chains. Due to their wide dispersion, diversity and susceptibility to environmental
disturbances, springtails are considered good bioindicators of the characteristics and eventual
modifications of a soil (Arbea and Blasco Zumeta 2001, Chauvat et al. 2003, Ponge et al. 2003). These
animals can be classified into three morphoecological categories according to their physiognomy and
the environment they inhabit. The following categories are considered to be atmobiontic
collembolans that inhabit leaf litter or plants, hemiedaphic collembolans that inhabit the most
superficial layers of the soil and euedaphic collembolans that inhabit the deepest layers.

The aim of this work is to study the early effects of the hydrological-forest restoration of a burned
forest of Pinus pinaster Aiton in the Sierra de Guadarrama (Madrid, Spain). For this purpose, the
physicochemical properties and the soil collembolan communities of a burned pine forest and a
natural pine forest were analyzed during the 24 weeks after the fire. The starting hypothesis is that
soil parameters and springtail communities differ qualitatively and quantitatively between pine
forests. The second hypothesis considers that some of these edaphic parameters change in the short
term in the burned pine forest due to the restoration project carried out. Furthermore, it is expected


https://doi.org/10.20944/preprints202401.0771.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 January 2024 doi:10.20944/preprints202401.0771.v1

that these changes in the physicochemical parameters will be reflected in the springtail populations,
and that these will be more similar to those of the natural pine forest when they recover.

2. Materials and Methods

2.1. Study area

This study was carried out in the pine forest of Cerro del Castillo (1,340 m), located on the
southern slope of the Sierra de Guadarrama (Central System, Central Spain) and belonging to the
municipality of Collado Mediano, NW of Madrid, in the center of the Iberian Peninsula. Specifically,
we compared the natural pine forest and the pine forest affected by the fire that took place on July
12, 2022 on the southern slope of this hill (Figure 1).

The climate of this area is characterized as Mediterranean, with an average annual temperature
of 11.4°C and accumulated precipitation of 689 mm. Cerro del Castillo, like the Sierra de Guadarrama,
is mainly made up of metamorphic rocks with siliceous composition. According to the FAO soil
association system, the predominant soil in the area is of the Cambisol type characterized by the
accumulation of clays and iron oxides in the B horizon.

According to Rivas-Martinez's vegetation series system (1987), the study area belongs to the
subhumid supramediterranean floor, with potential vegetation being holm oaks (Q. ilex L. subsp
ballota) and junipers (Juniperus oxycedrus L.) (Rivas-Martinez 1987). At present, black pine (Pinus
pinaster Ait.) predominates, which began to be planted in the area in 1940, and was also used in forest
restoration after the 2009 fire in which 12 hectares burned (Campo Sanchis 2011, Ayuntamiento de
Collado Mediano 2023). To a lesser extent, there are also abundant specimens of Pinus sylvestris L.,
Quercus ilex and Juniperus oxycedrus. Other species that can be observed are Cistus laurifolius L., Cistus
ladanifer L., Lavandula stoechas Lam, Cytisus scoparius Link, roses and brambles. The herbaceous
stratum includes species such as Poa bulbosa L., Koeleria sp and Stipa gigantea Link.

e 4
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Figure 1. A. Satellite image of the location of the study area. The red line marks the fire area: N:
sampling area in the natural pine forest, Q: area in the burned pine forest. B. Sampling design in each
of the zones, indicating the sampling points and the levels of samples taken in each of them. In the
burned pine forest, surface soil was sampled, except at the eastern point, where leaf litter was also
sampled. In the natural pine forest, both levels were taken at all points.

The forest fire that occurred in July 2022 had a severity level 1 according to the Infoma protocol
and burned 48.28 ha of Cerro del Castillo. In October of the same year, TRAGSA (the company
responsible for the execution of works and services for rural development, environmental
conservation and emergency actions) began the hydrological-forest restoration actions, which would
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last 6 months. These measures consisted of the removal of the burnt tree mass and the creation of
containment terraces with tree trunks to prevent soil erosion.

It is worth mentioning that this wood was auctioned and partially burned in the same area. The
three samplings of this work in September, October and November are aimed at studying the early
effects of the previous measures described. The last restoration action was to repopulate the area with
Pinus pinaster (Consejeria de Medio Ambiente 2022).

2.2. Field work

This work is based on 3 equal samplings carried out on September, October and November, 2022
with the objective of studying the early effects of hydrological-forest restoration on edaphic recovery
during the first 8 weeks after the fire (September), 12 weeks (October) and 16 weeks (November). The
first sampling was carried out when the intervention had not yet begun; the second when the burned
trees had just been felled; and the third after the removal and burning of the forest mass affected by
the fire and the creation of containment terraces.

Each sampling consisted of collecting samples at 10 different points, 5 belonging to the burned
pine forest and 5 to the natural pine forest (they are thus replicas). These 5 points (Center, South,
West, North and East) were arranged in crosses with a separation of 10m. between each one (Figure
1). The initial location of these crosses within the area of interest was random, but it is worth
mentioning that subsequent sampling was carried out at the same coordinates: natural pine forest
(40.699334, -4.021302) and burned pine forest (40.699630, -4.018994). These points were located in
areas with average slopes greater than 40 %, so the topography was the same in both sampling points.

At each point the temperature was recorded and 100 cc of the surface horizon (0-10cm) were
collected for the study of soil parameters, which were stored at 4°C until further analysis. For the
faunal analysis, only in the North, Center and South points 250 cc of the superficial horizon (0-10cm)
and 750 cc of the leaf litter that was present only in the natural pine forest were collected. Samples
are collected with the aid of a shovel, keeping the central core of the soil volume being collected intact.
This sampling was repeated in October and November, obtaining a total of 30 samples for the analysis
of edaphic parameters and a total of 27 samples for the faunistic study, of which were 9 litter samples
and 18 soil simples, 9 of them of natural soil, and 9 of burned soil. All samples were stored in
hermetically sealed plastic bags and properly labeled.

2.3. Laboratory work

2.3.1. Soil parameters

The 30 samples of the edaphic study were used to analyze conductivity, relative humidity,
organic matter (OM) percentage, pH and hydrophobicity. All samples were weighed before (So) and
after being air-dried for 2 weeks (SS), and were also sieved.

Relative humidity was calculated using the following formula (ISO 11465:1993, 1993):

So—SS
SS

Electrical conductivity is a parameter that shows the capacity of a solution to transmit electrical
current and depends on the concentration of dissolved salts. In this work it was measured using a
conductivity meter on the samples previously suspended in distilled water with 1:5 ratio (Psample:
VdiH20) and stirred for 30 min.

The pH was determined using the potentiometric method, for which the samples were weighed,
suspended in distilled water maintaining a 1:2.5 ratio (Psample: VdiH20) and stirred for 15 minutes.

The percentage of soil OM was analyzed using the Walkley-Black chemical method, which
consists of oxidizing the organic carbon present by adding 10 mL of a solution of potassium
dichromate and 15 mL of sulfuric acid to the samples. To obtain the blank measurement, this was
also performed with a tube without sample. The samples were allowed to oxidize for 30 minutes
during which time the organic carbon was transformed to CO2. 150mL of distilled water was added

% H.R.= X 100
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and then the amount of unreduced potassium dichromate was determined. For it, 1 mL of the
indicator phenanthroline was added and it was valued pouring a solution of Mohr's salts drop by
drop until the coloration had changed. Knowing the initial weight of the samples (Pm) and measuring
the volumes of Mohr's salt spent on each sample (Vb) and on the blank (Vm) the OM percentages of
each sample could be calculated with the following formula:

Vb —Vm) X 6.7
%0.M.= % O

Finally, the hydrophobicity of the soil was studied with the WDPT (time of penetration of a drop
of water) test, which is based on studying water repellency by measuring the time it takes for drops
of distilled water to penetrate the sample.

2.3.2. Faunistic study

The 27 samples of the faunistic study were processed using the Berlese-Tullgren funnel method
for 15 days (Palacios-Vargas and Mejia 2007). The fauna was sorted and separated in tubes preserved
in 70% alcohol. Individuals belonging to the order Collembola were identified to species level
whenever possible. For this purpose, each individual was immersed in lactic acid for 7 days. The
individuals were then mounted in semi-permanent preparations using Hoyer's liquid (distilled
water, chloral hydrate, gum arabic and glycerin). All data were recorded as shown in Table S1 of the
Annex.

2.4. Data analysis

The study of the edaphic parameters was divided into two tests. First, the equality of means of
the variables Conductivity, Humidity, O.M. and pH between the burned (B) and natural (N) pine
forest soils was contrasted. For this purpose, four analyses of variance (ANOVA) were carried out,
having previously checked the requirement of normality of the data by means of the Shapiro-Wilk
(5-W) test. It was this test that was used since the sample size (n=30) was less than 50 (Pedrosa et al.
2015). Variables that did not present a normal distribution of their data were transformed by square
root, logarithm, inverse or power in order to perform this parametric statistical analysis. The
transformation that allowed the best fit of the data to the normal distribution was chosen (Osborne
2002). We then studied whether in the burned pine forest these same variables differed between the
months of September, October and November. Another four ANOVAs were produced with
Bonferroni tests to see between which months differences existed. The normality of the burned pine
forest data (n=15) was also tested using the Shapiro-Wilk test.

The study of communities of springtails was approached from several different methodologies.
These four alpha diversity indices were used to compare the communities of springtails at the species
level among the different types of samples. They were calculated with their respective formulas,
where S is the number of species and pi is the relative abundance of the species.

1. The Shannon-Wiener Diversity index (H' = - Lpi In pi).
2. The Specific Richness index (Hmax=(LnS)).

3. The Pielou's Equity index (J = H/Hmax).

4. Simpson's Dominance index (A =} pi 2).

In addition, a hierarchical classification based on springtail communities was performed to
obtain a dendrogram in which the most similar samples grouped in clusters could be easily observed.
In this multivariate analysis, the Euclidean distance index was used, the clustering algorithm was
between groups and leaf litter samples were excluded. After obtaining the dendrogram, several
ANOVAs were conducted to see which species differed between clusters.

A principal component analysis (PCA) was applied to the abundance of the species in order to
find groupings among them, and a better understanding of the variables that can condition the
distribution of the species throughout the months and in the different types of forest.

It is worth mentioning that all data were collected in matrices using Excel and that the statistical
analyses performed using SPSS 28.0 used a significance level of 0.05.
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3. Results

3.1. Edaphic parameters

The variables Conductivity, Moisture, OM and pH were transformed to the inverse of
Conductivity, the square root of Moisture, the Logarithm of Organic Matter, and the inverse of pH
to obtain a normal distribution of their data. After the analysis of variance of these transformed
variables, significant differences were observed between the means of the samples of the burned pine
forest and the natural pine forest. The burned soil presents higher values for conductivity and pH;
on the other hand, OM and moisture are lower than in the soil of the natural pine forest (Table 1).

Table 1. Values of means and standard deviations of Burned and Natural soil samples for
Conductivity, Moisture, OM, and pH, and ANOVA data (F and P-value) performed with the
Logarithm of Organic Matter, the inverse of Conductivity, the inverse of pH, and the Square Root of

Moisture.
Conductivity 168.29 + 69.7 81.36 +22.05 10.45 0.003
Moisture 6.74 +5.07 25.93 +12.45 36.279 0.000
O.M. 5.90 +2.33 11.53 +£5.01 24.445 0.000
pH 7.09 +£0.35 5.81+0.34 56.342 0.000

The second analysis of variance was carried out exclusively with the burned pine forest samples,
and in this case only OM required to be transformed to the Inverse of OM. Table 2 shows that the
means of OM and pH variables do not differ significantly among the 3 months. Burned soil moisture
shows different means in September, October and November, increasing over time. Conductivity
only varies between September and November, decreasing over time (Figure 2).

The results of the WDPT test (hydrophobicity) had a mean of 41, 37 and 27 seconds for the
burned pine forest soil in September, October and November, respectively. These values belong to
class 1 (water repellent) as they are in the range of 5-60 seconds (Bisdom et al. 1993). The control
sample of the natural pine forest had a mean of 1 minute 22 seconds belonging to class 2 (strongly
water repellent) in the range 60-600 seconds (Bisdom et al. 1993).

Table 2. Means and standard deviations of the burned soils each month (Sept., Oct. and Nov.) for the
variables Conductivity, Moisture, O.M. and pH. Also shown are the ANOVA data (F and P-value)
and post-hoc comparisons of the Bonferroni test performed with the variables Conductivity,
Moisture, Inverse of O.M. and pH. Significant differences between months are indicated as “#” and

“u_sr

absence of significant differences by

Conductivity 22038 £39.82 18348 +54.74 101.02+55.61 7.3 0.008 O=5S#N=0
Moisture 1.19+0.99 6.65+1.31 12.39+2.99 40.367 0.000 S#O0=N
O.M. 6.65 £ 3.68 6.23 +1.55 4.82+0.93 1256  0.32 5=0=N
pH 7.24 +0.33 7.16 +0.29 6.87 +0.41 1.502 0.262 5=0=N
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Figure 2. Representation of the means and standard deviations of the variables Conductivity,
Humidity, O.M., and pH according to soil type (Burnt and Natural) in the months of September,
October and November.

3.2. Study of springtail communities

3.2.1. Faunal composition

A total of 1,234 springtails belonging to 12 different species were identified. Of these specimens,
215 belonged to the samples from the burned pine forest, and 1,019 to the natural pine forest: 86 from
the leaf litter samples and 933 from the soil samples. Table 3 shows in more detail the distribution of
springtail communities in these samples.

Table 3. Number of individuals of each species of Collembola recorded in each sample (B: burned, N:
natural, C: center, S: south, N: north, second S: soil, L: litter).

SEPTEMBER OCTOBER NOVEMBER
BURNED NATURAL BURNED NATURAL BURNED NATURAL
Soil Litter Soil Soil Litter Soil Soil Litter Soil
BCS BSS BNS|NCL NSL NNL|NCS NSS NNS|BCS BSS BNS|NCL NSL NNL[NCS NSS NNS|BCS BSS BNS|NCL NSL NNL|NCS NSS NNS|TOTAL

Hypogastrura meridionalis 5 5
Pseudachorutes palmiensis 1 1
Pseudachorutes sp. 1 1 2 1 2 7
Protaphorura subparallata 1 1 2120 2 1 2 2 4 29 18 11 (21 34 13| 2 5 15 5 188
Mesaphorura macrochaeta 7 25 3 1 2 12 17 3 32 37| 2 45 47 16 249
Isotomurus fucicolus 1 3 6 6 1 4 5 2 2 30
Proisotoma juaniae 10 4 1 2 3 |18 16 54
Folsomia pyrenaea 1 5 (9 105 181 1 33 4 39 6 |48 39 60 9 3 1 24 17 672
Parisotoma notabilis 1 1
Isotomiella minor 2 1" 3 5 3 24
Heteromurus major 1 1 2
Sminthurinus sp. 1 1

TOTAL IN EACH SAMPLE 0 1 0 2 0 8 [136 141 185| 2 38 O 8 52 6 [92 78 81|30 8 5 |6 0 4 |94 102 24 | 1234

TOTAL I BacH TYPE OF 1 10 462 40 66 251 174 10 220 1234

The main biogeographical and ecological characteristics of the 12 species are briefly mentioned
below (Arbea 2021, Arbea and Almeida 2022).
Family Hypogastruridae Borner, 1906
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Hypogastrura meridionalis Steiner, 1955

It is an orophilous and atmobic species, found in different types of forests, pine, beech and oak
forests. Its distribution is mediterranean and it has been reported from Italy and Spain.

Family Neanuridae Borner, 1901

Pseudachorutes palmiensis Borner, 1903

It is an atmobic species, typically forest-dwelling and occurs in leaf litter, moss and tree bark. It
is characterized by its styliform jaws and a diet based on fungal hyphae and mycelia, which indicates
a more advanced degree of decomposition of organic matter in the places where it lives. Its
distribution is palaearctic, and it is widely distributed throughout the Iberian Peninsula.

Pseudachorutes sp. Tullberg, 1871

Specimens of this species could not be classified to the specific level because they are juveniles
and were still too pigmented. All species of this genus are hemiedaphic or atmobic.

Family Onychiuridae Borner, 1901

Protaphorura subparallata Selga, 1962

Euedaphic and troglophic species (Arbea et al. 2021). It is found in different biotopes of the
Spanish Central System, mainly forests and grasslands (Jordana et al. 1997). It is endemic to the Sierra
de Guadarrama (Arbea et al. 2021).

Mesaphorura macrochaeta Rusek, 1976

Euedaphic species that inhabits forest ecosystems (Lucidfiez and Iniesto 2006) although it is
considered an ecologically generalist species since it can be found in a great diversity of biotopes
(Jordana and Arbea 1989). Its distribution is cosmopolitan, found throughout the Iberian Peninsula
showing a preference for acidophilic soils (Arpin et al. 1984).

Family Isotomidae Schaffer 1896

This family is characterized by its adaptability to extreme circumstances of the edaphic
environment and its capacity for resistance. For this reason they present phenomena of
anhydrobiosis, ecomorphosis, development of crowns, spines and cuticular differentiation.

Isotomurus fucicolus Schott, 1893

It’s a palaearctic species that lives preferably in open ecosystems, in the first levels of the soil.

Proisotoma juaniae Luciahez and Simén, 1992

Hemiedaphic species found in oak and pine forests in the center and north of the Iberian
Peninsula. It is endemic to the Iberian Peninsula.

Folsomia pyrenaea Cassagnau, 1954

Hemiedaphic species found in soils and caves (Arbea et al. 2021). Its distribution is iberian.

Parisotoma notabilis Schaffer, 1896

Hemiedaphic species of cosmopolitan distribution, widely distributed throughout the Iberian
Peninsula, being one of the most abundant and frequent Collembola species.

According to Potapov (2001), this species reaches the highest densities in forests of Central
Europe and southwestern Russia, and is present at lower densities in any type of biotope. It is found
in forests and meadows in addition to crop fields, grasslands, urban soils or even in extremophile
environments such as glaciers (von Saltzwedel et al. 2017).

Isotomiella minor Schaffer, 1896

Euedaphic species of Holarctic distribution, widely distributed throughout the Iberian
Peninsula. It is found in various types of forests, pine forests, oak forests, oak groves and meadows.
It has also been cited on the banks of rivers.

Family Entomobryidae Témosvari, 1882

Heteromurus major Moniez, 1889

It has an atmobiotic or hemiedaphic character, inhabiting under stones, leaf litter or meadows
(Lucianez and Simon 1988). Distributed mainly in Europe and the mediterranean region. Widely
distributed in the Iberian Peninsula.

Family Katiannidae Borner, 1913

Sminthurinus sp.
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This is a genus consisting of atmobic species. The specimens found could not be classified to
species level because they were juvenile individuals, lacking the characters for species identification.

As a final consideration in this section on the faunistic study, it is noteworthy that despite the
few species found, 50% of them are species of restricted distribution, and of these, 30% are endemic
to the Iberian Peninsula. This fact is of greater interest given that the populations of these species are
the most abundant in the study. In addition, they have a higher population in the natural soil than in
the burned soil. Thus, P. subparallata contains 15.2% of all the specimens collected, of which 62.1%
were found in burned soil. This shows the fire resistance of this endemic species.

P. juaniae is less abundant (4.37% of the entire community), and its population in burned soil is
only 1.9%. Another endemic species is F. pyrenaea, the most abundant species in this work. Its
population accounts for 54.5% of all the animals found, and only 7.3% of its large community was
collected on burned ground.

3.2.2. Alpha diversity indexes

In order to compare the structure of the springtail populations, four alpha diversity indices were
calculated, which allow to differentiate the samples according to the pine forest and the month of

sampling (Figure 3).
Diversity Richness
14 25
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Figure 3. Values of the indexes of diversity, richness, dominance and equity of springtails according
to soil condition (Natural and Burned) in the months of September, October and November.

The richness of the samples of the natural pine forest is constant around the value 2, however,
in the samples of the burned pine forest it experiences a growth from 0 in September to 2.07 in
November. The springtail community in the burned pine forest also becomes more diverse and
equitable over time, reaching a higher diversity in November than in the natural pine forest (1.35 vs.
1.26). The springtail community in the natural pine forest shows similar trends, increasing in richness
and evenness from September to November.
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3.2.3. Hierarchical classification

The hierarchical classification based on Euclidean distance, which has been performed with the
numerical data of the springtail communities, resulted in 5 clusters or groups (Figure 4). Cluster 1
(Burned) is mainly formed by the burned soil samples, gathering all the September samples, two
October samples and one November sample. This cluster also includes a sample from the natural
pine forest in November that stands out for containing a low number of springtails. This data can be
considered quite normal due to the irregular distribution patterns of collembolans.

The natural pine forest samples collected in September are in clusters 2 and 3 (SeptNat), possibly
separated because cluster 3 has a higher abundance of Folsomia pyrenaea and no individuals of the
species Mesaphorura macrochaeta or Isotomurus fucicolus (Table 4). Cluster 4 (Oct) groups samples from
October only, mixing the three samples from the natural pine forest with one from the burned pine
forest. Finally, cluster 5 (Nov) includes only November samples, indicating similarities this month
between those from the natural pine forest and two from the burned pine forest.

DENDROGRAM USING AN AVERAGE LINKAGE (BETWEEN CLUSTERS)
Re-scaled distance cluster combination

0 5 10 15 20 25
1 1 1 1 1

SepBumn 3
OctBum 13:| CLUSTER 1
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|
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OctNat 18

OctBurm 11

SepNat 7 CLUSTER 2
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Figure 4. Dendrogram based on the hierarchical classification of springtail species showing 5 groups
or clusters grouping the samples.

After analysis of variance (ANOVA), the variables Mesaphorura macrochaeta, Folsomia pyrenaea
and Isotomurus fucicolus are the ones that show significantly different means between clusters (Table
4).

e Mesaphorura macrochaeta: has the smallest mean in cluster 1 (B) and the highest in cluster 5 (Nov).
e Folsomia pyrenaea: shows the lowest mean in cluster 1 (B). The highest means are in clusters 2 and
3 (SepNat), gradually decreasing in clusters 4 (Oct) and 5 (Nov).

e Isotomurus fucicolus: is not present in cluster 1 (B) and its mean decreases consecutively in clusters
2 (SepNat), 4 (Oct) and 5 (Nov).
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Table 4. Mean + ES of springtail species that showed significant (p<0.05) differences between
dendrogram clusters.

Mesaphorura macrochaeta  2.29+ 6.0 16+12.72 0 8.75+6.95 40.25+6.99  19.451 0.000
Isotomurus fucicolus 0 4.5+2.12 0 2.5+2.38 1+1.16 5.112 0.011
Folsomia pyrenaea 0.14+0.38  100.50+6.37  181.00 45.00+1.75 13.25+£9.18 186.723 0.000

3.2.4. Principal Component Analysis

A principal component analysis (PCA) was performed on the numerical data of the species
encountered. The results for components 1 and 2, plotted on the X and Y axes respectively, are shown
in the graph in Figure 5. Component 1 absorbs 33.8% of the variance, and component 2 absorbs
17.17%.

A group of species distributed in the positive values of the X-axis and negative values of the Y-
axis is observed, which are those that make up the predominant community in September in the
natural forest. It is made up of the species H. major, 1. fucicolus and F. pyrenaea. The rest of the species
appear in October and November, or increase notably their population in these months. Component
2 presents in the most positive values of the Y-axis the most important species in the burned forest in
November: M. macrochaeta, P. subparallata and 1. minor. These last two together with P. juanige and F.
pyrenaea dominate in November, both in the burned soil and in the natural forest. The species present
in both soils in this season are therefore the same, with the exception of H. meridionalis, which appears
in the natural forest, and never in the burned forest.

The relative humidity and organic matter variables are related to these species groupings. At the
opposite extreme, and independently of the species, pH and conductivity are distributed in the plane,
which therefore do not seem to affect the distribution of species in the ecosystems studied.

The graphical representation shows, therefore, a clear separation between the initial
communities of burned and natural soil.
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£ ]
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Figure 5. Graphical representation of the results of Principal Components Analysis.
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4. Discussion

In this work we have been able to verify both hypotheses by studying the initial state of the soil
after the fire and by analyzing the early effects of hydrological-forest restoration.

The study of the physical-chemical parameters showed that they differed significantly between
the natural pine forest and the burned one due to the effects of the fire. As expected, the soil of the
burned pine forest had a lower percentage of organic matter (OM) and relative humidity. The black
color of the ashes confirmed that the combustion of the OM was partial, so the fire temperatures must
have been around 300-400°C (Iglesias et al. 1998). These high temperatures, the summer drought
typical of the Mediterranean climate and the lower percentage of OM explain the lower relative
humidity of the soil after the fire. In addition, the burned soil had higher pH and electrical
conductivity values due to the presence of ashes (Iglesias et al. 1997). These soil characteristics and
the fire itself disturbed the edaphic fauna, recording in September a very low number of springtails
compared to the natural pine forest.

The second hypothesis considered that during the soil restoration project some of the
physicochemical parameters would change and that these changes would be reflected in the
springtail populations. It was found that throughout the study the relative humidity increased in the
soil of the burned pine forest due to rainfall in October and November. On the other hand, the
electrical conductivity decreased. Some authors such as Mataix-Solera and Guerrero (2007) point out
that the rapid reestablishment of normal values of the latter parameter is due to the decrease in the
amount of ashes due to wind erosion. The parameters O.M. and pH did not show significant changes
between the different sampling months. This invariability of the O.M. demonstrates the efficiency of
the containment terraces against water erosion, a process promoted by the absence of vegetation after
the fire and the steep slope of the area. It is known that the recovery of pH values is a longer time
scale process that depends on the formation of new humus, the washing of basic ions and the
buffering capacity of the soil, having taken up to 50 years in some studies (Mataix-Solera and
Guerrero 2007).

In addition, the hydrophobicity of the burned soil has decreased compared to the strong water
repellency characteristic of pine forest soils. This type of vegetation contributes hydrophobic
compounds to the soil that can disappear from the surface horizons due to fires with temperatures
between 280 and 400°C (Jaramillo 2006). The subsequent condensation of these compounds in deeper
and cooler horizons can create a hydrophobic layer that increases the risk of surface runoff and
erosion, accentuating the importance of retaining terraces (Jaramillo 2006, Mataix-Solera and
Guerrero 2007).

Post-fire faunal communities appear to be configured by individuals of species that survived
and by others that recolonized the burned area from the unaffected pine forest (Gongalsky et al. 2012).
Springtails were the only group of the collected mesofauna that showed significant correlations with
all the physicochemical parameters studied, proving to be good bioindicators of soil characteristics.

The number of individuals and species of springtails increased considerably on the burned pine
forest floor over time, matching the richness of the natural pine forest communities. Diversity indices
have shown that springtail populations became more diverse and equitable in both pine forests,
reaching even higher diversity in the burned pine forest. The population changes that also occurred
in the natural pine forest show the seasonal variation of the colembofauna (Lucidfiez and Simén 1991).

These changes marked by seasonality are again observed in the hierarchical classification based
on springtail communities. This analysis separated the samples from the natural pine forest according
to the month to which they belonged: September-clusters 2 and 3, October-cluster 4 and November-
cluster 5. The analysis of variance carried out subsequently showed that the abundance of Folsomia
pyrenaea decreased in the natural pine forest from September to November and that the abundance
of Mesaphorura macrochaeta, on the contrary, increased. The separation of the September natural pine
forest samples into clusters 2 and 3 may be due to the absence of Mesaphorura macrochaeta and
Isotomurus fucicolus specimens in one of them. These data would indicate that the natural distribution
of springtails may follow an irregular pattern of presence, concentrating in patches according to the
microhabitats of the heterogeneous soil.
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The hierarchical classification also shows the greater similarities between the springtail
populations of the natural and burned pine forest over time, since clusters 4 (Oct) and 5 (Nov) include
respectively one and two samples from the burned pine forest together with those from the natural
pine forest.

It is worth mentioning that a November sample from the burned pine forest and another from
the natural one were grouped in cluster 1 (Q) together with all the burned ones from September and
some from October, showing that both the restocking of a burned soil and the distribution of
springtails in an undisturbed soil are heterogeneous. Samples from this cluster had the lowest
moisture values and the highest conductivity and pH, persistent effects of the fire. This cluster is
characterized by the absence of Isotomurus fucicolus and the low number of individuals of Mesaphorura
macrochaeta and Folsomia pyrenaea, being its most representative species Protaphorura subparallata, an
euedaphic species endemic to the Central System that would have survived the fire because it
inhabits a greater depth.

The results of the principal component analysis ratify the results expressed in the hierarchical
classification.

As the number of springtails increased in the burned pine forest despite the fact that the
percentage of OM did not vary significantly between sampling months, it can be deduced that
initially the growth of populations was limited by the low relative soil moisture after the summer
drought and the fire. However, it should be noted that a higher amount of OM in the soil would
increase the water retention capacity, and would favor the recovery of edaphic fauna and vegetation
after the replanting of this study area with Pinus pinaster (Mataix-Solera and Guerrero 2007).

Some studies suggest alternative restoration actions such as the application of compost
amendments to increase the amount of OM and point out the importance of containment terraces
(Gomez-Sanchez et al. 2019; Gonzélez-Polo et al. 2020). The extraction of burned wood is considered
by some authors as a management that further degrades the soil by the use of heavy machinery in a
vulnerable area (Mataix-Solera et al. 2015). In this study, after the removal and burning of wood the
mean OM decreased slightly in the burned soil, although this was not a significant change according
to the analysis of variance. Other more long-term effects of this action are the elimination of a
reservoir of nutrients and OM that could be incorporated into the soil if this burned wood were not
extracted (Castro et al. 2006). Finally, other authors criticize fire suppression as the main long-term
strategy and propose controlled recovery of natural fire regimes (Alcasena et al. 2019; Moritz et al.
2014).

From all of the above, it can be concluded that the two starting hypotheses of this work have
been verified.

5. Conclusions

In this work we have studied in the short term the beginning of the edaphic recovery of a burned
pine forest of Pinus pinaster in Cerro del Castillo (Sierra de Guadarrama) in which a hydrological-
forestry restoration was being carried out. As conclusions, the following stand out:

(1) The effects of the fire on the physicochemical parameters of the soil have consisted of a lower
amount of organic matter and water, and a higher pH and conductivity compared to the natural
pine forest. During this study of soil recovery, only two parameters varied in the burned pine
forest: relative humidity increased and electrical conductivity decreased. The invariability of the
OM percentage in spite of the heavy rains has confirmed the effectiveness of the containment
terraces.

(2) The communities of the edaphic fauna of the burned pine forest have increased their diversity
and equity with the passage of time, but have not reached the values typical of the natural pine
forest. The greater abundance of mites in the burned pine forest is noteworthy.

(3) The populations of springtails have changed considerably during this short-term study,
matching the richness and even reaching a higher diversity than that of the natural pine forest
communities. In addition, greater similarities have been observed between the springtail
populations of the natural and burned pine forest over time, specifically in samples with
physicochemical parameters closer to those of the natural pine forest.
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