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Abstract: Fire is a fundamental ecological process with a long history on Earth, determining the
distribution of vegetation formations across the globe. Fire, however, does not only affect the
vegetation but also the soil on which vegetation grows, creating a post-fire environment that differs
significantly in terms of soil chemical and physical properties from the pre-fire environment. The
duration of these alterations remains largely unknown and depends both on the vegetation condition
and the fire characteristics. In the current study, we investigate the effect of fire on some chemical
and physical properties 11 years after the event in four plant communities. Two of them constitute
typical Mediterranean fire-prone plant communities, dominated by sclerophyllous Mediterranean
shrubs, such as Quercus coccifera and Q. ilex, while the other two are not considered fire prone and
are dominated by deciduous broadleaved species such as Q. petraea and Castanea sativa, respectively.
The results indicate that fire affects the soil properties of the various communities in a different
manner. Burned sites in the Q. coccifera community have a significantly lower concentration of
organic matter, total nitrogen, and available magnesium. At the same time, they have a significantly
higher concentration of sand particles and a lower concentration of clay particles. The effect of
fire on the soil properties of the other three communities is less dramatic, with differences only in
total phosphorus, organic matter, and total nitrogen. The results are discussed in relation to the site
conditions and the post-fire regeneration of plant communities.

Keywords: Quercus coccifera; Q. ilex; Q. petraea; Castanea sativa; fire intensity; fire induced ecosystem
degradation

1. Introduction

Soil is a fundamental part of ecosystem functioning, determining not only the veg-
etation that grows on it but also the dynamics of the established vegetation over time.
A number of studies have reported that fire can dramatically change the soil’s chemical,
physical, and biological properties, with subsequent effects on ecosystem dynamics [1–4].

Fire affects soil chemistry as a result of the partial or complete removal of organic matter
both above ground and, under extremely severe fires, in the upper mineral soil layers [5] and
as a result of the transformation of nutrient forms due to soil heating [6–8]. The effects of fire on
soil are a function of fire severity and the amount of fuel consumed [9–12]. Organic matter is a
critical component of the ecosystem, affecting the soil’s physical and chemical properties as
well as its biological activity. It provides a protective cover on the soil, reducing soil erosion,
acting as a regulator mechanism of soil temperature, and providing a suitable habitat and
energy source for soil microorganisms. Organic matter can be a major source of micro- and
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macronutrients in readily mineralizable forms [5,13]. Nutrients stored in organic matter
are released slowly through decomposition, allowing for continuous plant uptake and the
long-term sustainability and productivity of the ecosystem. Fire dramatically alters the
decomposition rate of organic matter by partially or completely converting it into ash. The
degree of organic matter combustion depends on fire severity, the thickness, compactness,
and dryness of organic matter, and can range from scorching to complete ashing [13].
Even under less severe fires, such as prescribed fires, organic matter in the forest floor can
decrease by up to 80%, as shown by Covington and Sacket [14].

Fire leads to a significant loss of nutrients from the ecosystem through gasification,
volatilization, transfer of nutrients, increased leaching of ions, and increased soil ero-
sion [15]. The element most affected by fire is nitrogen, where significant losses have been
reported even in fires of low intensity [9]. Nitrogen is susceptible to fire for two main rea-
sons: Firstly, because it is stored in organic matter, which is largely consumed by fire, and
secondly, because its volatilization begins at relatively low temperatures (200 ◦C), which
are easily developed during a wildfire [16]. Apart from nitrogen, the pool of other nutrients
also decreases after a fire. Although phosphorus usually does not decrease significantly
after fire [17], the organic forms of phosphorus, which are the most readily available for
plants, may be lost through gasification and volatilization [13]. Small decreases in other
nutrients such as potassium, magnesium, sodium, and calcium may also be observed after
fire [15,18]. The reduced susceptibility of these nutrients to fire is mainly due to the high
temperatures required for their oxidization and volatilization.

Significant losses of nutrients after the passage of fire also occur as a result of increased
leaching and soil erosion. Losses of nutrients by leaching are relatively limited and largely
dependent on the concentration of nutrients in the immediate post-fire environment [19,20].
Soil erosion, on the other hand, can lead to significant losses of nutrients through sediment
transfer, especially when heavy rainstorms follow the passage of fire [21–23]. Soil erosion
increases after fire because of the removal of vegetation and organic matter and the sub-
sequent exposure of the soil to the increased kinetic energy of raindrops. The formation
of a hydrophobic layer at a certain depth in the mineral soil decreases the soil infiltration
capacity and increases the possibility of increased soil erosion [5,24–26]. Factors such as
fire intensity, slope, and the severity of rainfall all affect the degree to which soil erosion
may reduce the nutrient capital after a fire.

Despite the loss of nutrient capital after a fire, the available forms of nutrients may
increase immediately after a fire [7,11,12,21,22,27–31]. The ash, resulting from the combus-
tion of organic matter and standing vegetation, is very rich in these forms of nutrients.
The destruction of vegetation by fire and the subsequent decrease in plant uptake also
lead to an increase in soil-available nutrients immediately after the fire. A third reason
for the increased nutrient availability after a fire is the increased microbial activity and
nutrient mineralization rates often observed in the post-fire environment, resulting in more
nutrient availability.

Soil texture, which is the only physical property examined in the current study, may
also be affected by fire. Although there is a lack of agreement on whether fire can signifi-
cantly change the soil particle distribution, there are some studies documenting an increase
in sand particles and a decrease in clay particles after fire [6,32–34]. This effect is strongly
affected by the initial proportion of clay and sand in the soil (clay soils are affected more
significantly) as well as by the severity of the fire and the temperatures developed [33].
Some authors, however, consider that the soil temperatures developed under a wildfire are
not adequate to cause significant changes in particle distribution [11,15].

The duration of the fire-induced changes in soil nutrient status and physical properties
is poorly understood [35]. Most studies are confined to the first years after the fire, and
only a few extend the study period any further. The increased availability of nutrients
immediately after a fire, for instance, may quickly diminish if heavy rainfall occurs soon
after the fire, causing increased soil erosion and runoff. If this occurs, in combination with
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the loss of nutrients during the fire, this may lead to significant degradation and a lowering
of soil productivity.

Fire affects different plant communities in different ways, and since fire intensity was
identified as a major factor affecting the extent of changes [36], it is likely that the effects of
fire on soil properties will also vary between the communities. The aim of this study is to
evaluate the effect of fire on some soil physical and chemical properties after a period of
11 years since the event and in a range of plant communities with varying fire proneness.
The specific questions that this study attempts to address are: (a) Are the fire-induced
alterations in soil properties still detectable several years after the event? (b) Does fire
affect the soil properties in the same way for all plant communities? (c) Is the community
structure, which affects the fire behavior, relevant to the effect on soil properties? Given that
fires in the Mediterranean are expected to become more severe in the future due to changes
in weather patterns and socioeconomic changes, the results are expected to provide useful
insights into the long-term sustainability of some typical Mediterranean ecosystems under
an altered fire regime.

2. Materials and Methods
2.1. Study Area

The study was conducted on the geographically and socially isolated peninsula of
Mount Athos in northern Greece (40◦11′40.01′′ N, 24◦13′55.95′′ E; Figure 1), which is
geographically and socially isolated due to the establishment of a monastic life more
than a thousand years ago. It is now inhabited only by monks and hermits, and it is
to a great extent intact from the anthropogenic activities that have ravaged the rest of
the Mediterranean region [37]. The area has a long history of wildfires, which, however,
according to the existing records, occur at relatively large intervals of more than 40 years
(see also Xofis et al. [36] for a further description of the study area).
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The general orientation of the site is southwest; however, due to the complex and
sharp relief, one can find all different aspects from north to south and east to west. The
altitudinal range is from sea level to 889 m; however, the study is confined to up to
approximately 500 m, which is part of the area affected by the studied wildfire. The climate
is Mediterranean, with pronounced biseasonality in annual precipitation and a summer
drought period. According to the existing data, the climate in the areas below 500 m has an
annual precipitation of less than 500 mm, a mean annual temperature of 15.7 ◦C, a mean
annual atmospheric moisture of 70%, and 2800 h of sunshine per year. Based on those data
as well as on the vegetation characteristics of the study area, the climate was classified as
Csa type according to Koppen, which is characterized by hot and dry summers and mild
winters [38].

2.2. Field Sampling, Data Collection and Analysis

Field sampling was performed eleven years after the last fire event for the collection
of vegetation and environmental parameter data. One hundred and fifty points were
randomly located, which ensured a minimum sample density of one sample per 25 hectares,
which according to Tzanopoulos et al. [38] is sufficient to capture the heterogeneity of the
Mediterranean landscape. The random location of sampled points and the large variation
in topographic conditions ensure that the variation in environmental factors and vegetation
structure and composition will be sufficiently represented in the dataset. Of the 150 points,
only 134 were eventually visited and sampled because 16 of them were inaccessible. These
134 samples contain both burned and unburned sites.

During sampling, the exact location of the sampled quadrat was adjusted by a few
meters if necessary in order to ensure homogeneity in environmental conditions and vege-
tation characteristics. Their size varied between 300 and 500 m2 depending on vegetation
type [39], with smaller-sized quadrats being used to sample maquis vegetation and larger-
sized quadrats for forest vegetation. The four corners and the center of each quadrat were
marked using a GARMIN eTrex Vista GPS with a spatial accuracy of 4 m. In each quadrat,
the cover of all woody species was visually estimated using a 20-point cover scale. The
20-point cover scale was based on the 9-point Braun–Blanquet cover-abundance scale [40],
which was further divided in order to achieve a much more accurate recording of the vege-
tation composition. The collected data on vegetation composition were used to identify the
plant communities present in the study area.

From each quadrat, five soil samples were taken in a W shape to a depth of 10 cm into
the inorganic soil layers. The five samples were air-dried for 48 h and then mixed in equal
quantities to produce one bulk sample representative of the whole quadrat.

The following physical and chemical soil properties were determined with the aim of
investigating their effect on vegetation distribution and composition (see Xofis et al. [36])
and also the effect of fire on them: Total organic nitrogen (N), total phosphorus (P), total
potassium (K), available phosphorus (phosphate), available calcium (Ca), available mag-
nesium (Mg), available potassium, available sodium (Na), organic matter content (OM),
pH, and soil particle size distribution. Total N, P, and K were determined from the same
extract produced using the Kjeldahl procedure [41]. For available phosphorus, the molyb-
denum blue method [41,42] was employed after extracting the phosphorus from soil using
a 0.5 M sodium bicarbonate reagent (pH = 8.5). Available potassium and magnesium were
estimated from the same soil extract using ammonium nitrate as the extraction agent [42].
Available Ca and Na were extracted from the soil using ammonium acetate as the extraction
agent [42]. A pH meter [42] was used for pH estimation. The loss-on-ignition method [43]
was employed for organic matter content after drying both the porcelain crucibles for 12 h
at 105 ◦C and the soil for another 12 h at 105 ◦C and then placing the samples in a furnace
at 550 ◦C for 15 h. Soil particle size distribution was determined by using a Buyoucos
hydrometer in a water-soil suspension.

The collected vegetation data were used to perform a vegetation classification analysis
using the hierarchical polythetic divisive method Two-Way INdicator SPecies ANalysis
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(TWINSPAN) [44,45], assisted by a Detrended Correspondence Analysis (DCA) [46]. Details
on the exact parameters used for the classification can be seen in Xofis et al. [36]. The
classification analysis revealed the existence of four distinctive plant communities in the
study area, namely:

• Community of Quercus coccifera, Philyrea latifolia and Olea europaea (Henceforth MQ1)

This community is the most widespread in the study area, with 74 out of the 134 sam-
ples having been classified in this community, and it constitutes the most common maquis
community in the Mediterranean region. The most characteristic species of the commu-
nity are, apart from the three that were used for its denomination, species such as Ruscus
aculeatus, Fraxinus ornus, Cistus creticus, Arbutus unedo, Asparagus acutifolious, Calicotome
villosa, Erica arborea, Spartium junceum, and Pistacia terebinthus. Of the 74 samples from the
community, 59 were from burned areas, and 15 were from unburned areas. A particular
characteristic of this community is the important differences in species relative abundance
between the unburned and burned sites. While the mature sites are dominated mainly
by the species Q. coccifera and P. latifolia, the burned sites are dominated primarily by the
species C. vilosa, with a cover exceeding 50%, and also by the species C. creticus.

• Community of Q. ilex and F. ornus (Henceforth MQ2)

This community is also a maquis community dominated by the two denominating
species and includes other broadleaved evergreen species such as Q. coccifera, P. latifolia,
S. junceum, and Laurus nobilis, while Q. petraea also occurs in some plots. According to Xofis
et al. [36] this community occupies the most favorable sites in the low altitudinal zone of
the study area and often occurs close to streams where the soil moisture conditions are
less arid. Thirty-six plots were classified under this community, while 30 of them were on
burned sites and six on mature sites.

• Community of Q. petraea (Henceforth FC1)

This is the first of the two forest communities that occupy the part of the study
area with an altitude exceeding 400 m. Apart from Q. petraea, other characteristic and
abundant species of the community include Q. ilex, F. ornus, Q. fraineto, Genista trinctoria,
and Cytisus vilosus. Twelve plots have been classified in this community, with seven of
them having been burned and five being mature sites.

• Community of Castanea sativa (Henceforth FC2)

This is the second of the two forest communities, and it generally occurs at slightly
higher altitudes and in better conditions compared to the previous ones. Apart from C. sativa,
other characteristic and abundant species of the community include Abies borisii-regis,
Q. fraineto, Q. petraea, and C. vilosus. Of the 134 plots, 12 were classified under this commu-
nity, with six of them having been burned and six being mature sites.

The effect of fire on soil properties was examined separately for each community.
Before running any test for significant differences between burned and mature sites in
the same community, the Global Moran’s I test was performed for all samples of each
community and for all studied soil properties using the software ArcGIS Pro v 3.1.0. The
test detected significant spatial autocorrelation for the plots of the MQ1 community. For
this reason, a sub-sample of the 59 burned plots in the community was selected using
the random number generator platform at https://www.gigacalculator.com/ (accessed
on 9 August 2023). Fifteen samples were randomly selected in this way. The results of
the spatial autocorrelation test for all communities after the random selection of the MQ1
community are reported in Table 1 for the soil property of organic matter content, which is
the most highly affected by fire. The location of the plots that participated in the analysis
after random selection is shown in Figure 1. The chemical and physical properties of soil
were compared between burned and unburned sites of the same community using the
Mann–Whitney U test in the software Statistica, Version 13.5. This test was considered
most appropriate for the analysis due to the unequal variances observed, particularly for
the MQ2 community, where an imbalance between burned and mature sites exists. The

https://www.gigacalculator.com/
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Mann–Whitney U test is a non-parametric test for comparisons between populations with
no particular assumptions for distribution or variance.

Table 1. Results of the spatial autocorrelation test for the soil property of organic matter content.

Community Moran’s Index z-Score p-Value

MQ1 −0.047141 0.13177 0.895166
MQ2 0.146227 1.480381 0.138772
FC1 −0.096026 −0.023153 0.981528
FC2 −0.103312 −0.052988 0.957741

3. Results

The differences between burned and mature sites in each of the four identified com-
munities are presented separately for each community.

3.1. Quercus coccifera, Philyrea latifolia and Olea europaea (MQ1) Community

The Mann–Whitney U test results showed a number of significant differences in soil
chemical and physical properties between burned and mature sites (Table 2). Organic
matter content and total nitrogen are both lower in the burned sites compared to the
mature ones (Figure 2a,b). Most of the available nutrients, apart from available magnesium
(Figure 2c), showed no significant differences between burned and mature sites, although
available calcium and sodium were only marginally insignificant. Regarding soil texture,
burned sites appear to have a higher concentration of sand and a lower concentration of
clay compared to the mature sites (Figure 2d,e; boxplots of soil properties where there is no
significant difference between burned and mature sites of the MQ1 community are shown
in Appendix A Figure A1).

Table 2. Mann–Whitney U test results for the differences in soil chemical and physical properties
between burned and mature sites for community MQ1. Significant differences (p < 0.05) are in bold.

Soil Property Rank Sum Burned Rank Sum Mature U Z p-Value

Organic matter 162.0 303 42.0 −2.90346 0.004

pH 264.5 200.5 80.5 1.306559 0.191

Total nitrogen 170.0 295 50.0 −2.57164 0.010

Total phosphorus 218.0 247.0 98.0 −0.580693 0.561

Available phosphorus 202.0 263.0 82.0 −1.24424 0.213

Total potassium 252.0 213.0 93.0 0.788083 0.431

Available potassium 214.0 251.0 94.0 −0.746605 0.455

Available magnesium 181.0 284.0 61.0 −2.11538 0.034

Available calcium 187.0 278.0 67.0 −1.86651 0.062

Available sodium 187.0 278.0 67.0 −1.86651 0.062

Sand content 289.0 176.0 56.0 2.322772 0.021

Silt content 228.0 237.0 108.0 −0.165912 0.868

Clay content 182.0 283.0 62.0 −2.07390 0.038
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3.2. Quercus ilex-Fraxinus ornus (MQ2) Community

In the case of the MQ2 community, only total phosphorus was found to be significantly
different between burned and mature sites (Table 3, Figure 3; boxplots of soil properties
where there is no significant difference between burned and mature sites of the MQ2
community are shown in Appendix A Figure A2).
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Table 3. Mann–Whitney U test results for the differences in soil chemical and physical properties
between burned and mature sites for community MQ2. Significant differences (p < 0.05) are in bold.

Soil Property Rank Sum Burned Rank Sum Mature U Z p-Value

Organic matter 574.0 92.0 71.0 0.785281 0.432

pH 567.5 98.5 77.5 0.509372 0.610

Total nitrogen 590.0 76.0 55.0 1.464443 0.143

Total phosphorus 608.0 58.0 37.0 2.228501 0.026

Available phosphorus 582.0 84.0 63.0 1.124862 0.261

Total potassium 582.0 84.0 63.0 1.124862 0.261

Available potassium 590.0 76.0 55.0 1.464443 0.143

Available magnesium 547.0 119.0 82.0 −0.318357 0.750

Available calcium 586.0 80.0 59.0 1.294653 0.195

Available sodium 551.0 115.0 86.0 −0.148567 0.882

Sand content 539.0 127.0 74.0 −0.657938 0.511

Silt content 559.0 107.0 86.0 0.148567 0.882

Clay content 580.0 86.0 65.0 1.039967 0.298
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3.3. Quercus petraea (FC1) Community

The FC1 community is affected by fire in the same way as community MQ2: i.e., the
differences between burned and mature sites are minimal, with total phosphorus being the
only soil nutrient differing between burned and mature sites (Table 4, Figure 4; boxplots of
soil properties where there is no significant difference between burned and mature sites of
the FC1 community are shown in Appendix A Figure A3).
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Table 4. Mann–Whitney U test results for the differences in soil chemical and physical properties
between burned and mature sites for community FC1. Significant differences (p < 0.05) are in bold.

Soil Property Rank Sum Burned Rank Sum Mature U Z p-Value

Organic matter 42.0 36.0 14.0 −0.487199 0.626

pH 49.0 29.0 14.0 −0.487199 0.626

Total nitrogen 47.0 31.0 16.0 0.162400 0.88

Total phosphorus 59.0 19.0 4.0 2.111195 0.035

Available phosphorus 54.0 24.0 9.0 1.299197 0.194

Total potassium 51.0 27.0 12.0 0.811998 0.417

Available potassium 49.0 29.0 14.0 0.487199 0.626

Available magnesium 49.0 29.0 14.0 0.487199 0.626

Available calcium 46.0 32.0 17.0 0.000000 1.000

Available sodium 45.0 33.0 17.0 0.000000 1.000

Sand content 46.0 32.0 17.0 0.000000 1.000

Silt content 41.0 37.0 13.0 −0.649598 0.516

Clay content 50.0 28.0 13.0 0.649598 0.516
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3.4. Castanea sativa (FC2) Community

Soil organic matter and total nitrogen were both significantly different between burned
and mature sites of community FC2 (Table 5, Figure 5; boxplots of soil properties where
there is no significant difference between burned and mature sites of the MQ1 community
are shown in Appendix A Figure A4). Although the differences are marginally significant
and cover a broad range of values, they still show a trend, which will be discussed below.
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Table 5. Mann–Whitney U test results for the differences in soil chemical and physical properties
between burned and mature sites for community FC2. Significant differences (p < 0.05) are in bold.

Soil Property Rank Sum Burned Rank Sum Mature U Z p-Value

Organic matter 26.0 52.0 5.0 −0.200160 0.045

pH 38.0 40.0 17.0 −0.080060 0.936

Total nitrogen 26.0 52.0 5.0 −0.200160 0.045

Total phosphorus 39.0 39.0 18.0 0.080060 0.936

Available phosphorus 46.0 32.0 11.0 1.04083 0.298

Total potassium 44.0 34.0 13.0 0.47117 0.721

Available potassium 40.0 38.0 17.0 0.08006 0.936

Available magnesium 35.0 43.0 14.0 −0.56045 0.575

Available calcium 33.0 45.0 12.0 −0.88070 0.378

Available sodium 31.0 47.0 10.0 −1.20096 0.230

Sand content 38.0 40.0 17.0 −0.08006 0.936

Silt content 41.0 37.0 16.0 0.24019 0.810

Clay content 36.0 42.0 15.0 −0.40032 0.689
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4. Discussion
4.1. Quercus coccifera, Philyrea latifolia and Olea europaea (MQ1) Community

Of the four communities studied, the chemical and physical properties of the MQ1
community were the most significantly affected by fire, with important differences between
burned and mature sites. It should be noted here that the relatively small sample sizes of
the FC1 and FC2 communities may have obscured some significant differences; however,
it was not possible to have a larger sample size of these communities in the area without
ending up with a spatially autocorrelated dataset. Organic matter was the soil property
most affected, and on the burned MQ1 sites, it is 65% of the value of the mature sites. The
degree of organic matter destruction can be considered an indicator of fire intensity, with
greater reduction being associated with higher-intensity fires [47]. Loss of volatile organic
compounds in the atmosphere occurs between soil temperatures of 100 and 300 ◦C, while
temperatures higher than 450 ◦C can cause complete loss of organic matter [6,48]. According
to the literature, despite the initial loss of organic matter, soon after fire it tends to recover
to its pre-fire values within a period ranging from a few months to 3 years, depending on
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the degree of destruction [8,48–50]. In the current study, however, even eleven years after
the fire, organic matter remains significantly lower on the burned sites, which suggests
a high-intensity fire on sites occupied by the MQ1 community. Xofis et al. [36], based on
different criteria, also concluded that the MQ1 sites were those burned with the highest
intensity compared to all other communities. The temperature developed on the soil surface
of the MQ1 community is likely to have been the highest among the communities studied
here. One reason supporting this hypothesis is that the MQ1 community is dominated by
species such as Q. coccifera, P. latifolia, and A. unedo, which not only resprout after fire but
also grow new resprouts throughout the life cycle of the plant [51]. As a result, the plants
seldom grow taller than 3–4 m, and the crown starts from the soil surface. Subsequently,
on MQ1 sites, there is potentially a high fuel load on or close to the soil surface, which
may cause the temperatures to rise to very high levels during a wildfire. Another reason
for the poor recovery of soil organic matter is the fact that the burned sites are dominated
by C. vilosa, which has a relatively low proportion of leaf biomass. Given that leaves are
one of the main sources of organic matter in the soil, the annual addition of organic matter
is likely to be lower in C. vilosa-dominated vegetation than in vegetation dominated by
species of the mature community, such as Q. coccifera and P. latifolia.

Total soil nitrogen was also found to be significantly lower on the burned sites com-
pared to the mature ones. The loss of nitrogen during a fire is proportional to the loss of
fuel and organic matter [9,10], and a linear relationship between soil organic matter and
soil nitrogen has been observed by Kennard and Gholz [48]. A similar linear relationship
was also observed in the current study, as shown in Figure 6. This indicates that the slow
recovery of total nitrogen in the soil can be attributed, to a large extent, to the slow recovery
of organic matter. Total organic nitrogen is the element most affected by fire due to the
oxidation that occurs at temperatures as low as 200 ◦C [9,10,52]. Raison et al. [10] found
that even under a low-intensity fire, 54–75% of the nitrogen initially present in the fuel was
lost through oxidation, volatilization, or other means, which again suggests that the loss of
nitrogen should be proportional to the amount of lost organic matter. The fact that in the
current study, total soil nitrogen on the burned sites is still only 63% of the nitrogen content
of the mature sites after 11 years, despite the high abundance of the nitrogen-fixing shrub
C. villosa, is another indication that the fire was of high intensity. Furthermore, it indicates
that fire return intervals as low as 10–15 years could cause a significant degradation of
critical soil properties.
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The losses of organic matter and total nitrogen observed in the current study are
largely predictable from the literature. In contrast, the losses in available magnesium were
less predictable or expected. In fact, fire has been reported to cause a short-term flush of
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available nutrients due to the increased mineralization rate of organic forms of nutrients
caused by the increased temperatures, but mainly due to the deposition of ash, which is
rich in nutrients [6,8,10,34,48]. Even under fires of high intensity, available nutrients still
increase in the short term [34,48], to a greater or lesser extent. Although Giovannini et al. [6]
and Giovannini et al. [8] reported some losses in available forms of nutrients when soil
was heated in the laboratory to temperatures as high as 900 ◦C, this trend has not been
confirmed in relevant field studies. Hence, it is unlikely that the decrease in soil nutrients
is the direct effect of high fire intensity. The initial flush of available forms of nutrients
has been reported to last no longer than 18 months after a high-intensity fire [48] or for
up to some years [11], after which it returns to pre-fire levels. Long-term decreases in
available nutrients as a result of the fire have not been reported. Given that fire intensity
alone is unlikely to have caused these decreases, the decreases must have occurred during
the period after the fire event. Post-fire soil erosion and runoff form the two main ways of
nutrient loss, followed by leaching and the transfer of ash by wind during or soon after the
fire. Although there are no precise measurements available on the degree of soil erosion
and runoff, after the fire event in the study area, local inhabitants (monks) confirmed
that during the first autumn after the fire, massive amounts of ash were transported to
the sea, turning its reflection from blue to black. Apart from the local witnesses, there
are several factors that would lead to the conclusion that soil erosion and runoff were
the two factors responsible for the degradation of soil properties in the study area. As
already mentioned, the fire was likely to have been of very high intensity, and this may
have caused the formation of a water-repellent layer in the top few centimeters of the
mineral soil, reducing the infiltration capacity and increasing soil erosion and runoff [25].
The porosity of sandy-loam soils was found to be reduced when heated to temperatures
reaching and exceeding 220 ◦C, which was likely to have been the case in the current study
as suggested by the loss of organic matter described earlier [33]. Further, the destruction of
soil structure and the formation of new soil aggregates that are less plastic and less porous
can also accelerate soil erosion and runoff [33] and may decrease infiltration rates after high-
intensity fires compared with low- to moderate-intensity fires [48]. Robichaud [53] reported
a 10–40% reduction in hydraulic conductivity on sites that had undergone a high-intensity
burn, causing a subsequent increase in soil erosion and runoff. The positive relationship
between increasing fire intensity and soil erosion and runoff has also been described in
many studies from different parts of the world [54–56]. Cerda et al. [57] identified aspect
as one of the factors having a significant impact on the degree of soil erosion after fire,
with southern aspects more susceptible than northern aspects due to the greater structural
complexity of vegetation on the latter sites. As shown in Xofis et al. [36], most of the sites
on the southern aspects of the study area were occupied by the MQ1 community. If one
also takes into account the very steep slopes prevailing in the area, then it is quite likely
that soil erosion and runoff were intense during the first autumn following the fire, when
accelerated erosion normally occurs after fire [55,58]. Losses of nutrients through leaching
after fire have also been found to increase as fire intensity increases, but these losses are
generally of a lower magnitude compared with atmospheric losses and losses through soil
erosion and runoff [19,20]. Further, given that the most susceptible element to soil leaching
is potassium [20], this did not show a significant difference between burned and mature
sites in the current study, confirming the hypothesis that leaching was not the main factor
affecting soil properties in the current community.

The effect of fire on soil nutrient budgets has been studied at a number of locations
across the globe, where fire is either a natural disturbance factor or a management tool.
However, the effects of fire on soil physical properties, especially under field conditions,
are relatively poorly understood. In the current study, burned sites appear to have a higher
sand content and a lower clay content than on mature MQ1 sites. The phenomenon of
increasing the sand fraction and simultaneously decreasing the clay fraction of the soil
after fire has been observed in other studies and is associated with high-intensity fires
and exposure of soils to high temperatures, where clay particles aggregate into sand-sized
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particles [33,34,59]. Ulery and Graham [59] suggested that the formation of sand-sized
particles under the effect of burning is the result of the cementation action of poorly
crystalline aluminosilicates and amorphous silica and aluminum released during the
decomposition of kaolin. The duration of this altered soil texture has not been extensively
studied, but Ulery and Graham [59] found that the sand fraction was still elevated and
the clay fraction reduced three years after burning. The fact that in the current study, the
sand-sized particles remained significantly higher on the burned sites after 11 years is an
additional indication of the high fire intensity experienced on the MQ1 sites.

4.2. Quercus ilex-Fraxinus ornus (MQ2) and Quercus petraea (FC1) Communities

Fire affected the soil properties of these communities in the same way, and they
are discussed together here. Eleven years after the fire event, the burned and mature
sites showed only minor differences in soil chemical and physical properties. The only
statistically significant difference was a higher total phosphorus content on the burned sites.
The less profound effects of fire on the MQ2 and FC1 communities, compared to MQ1,
were expected since these two communities were probably burned with relatively lower
intensity [36]. However, the fire was still intensive, as suggested by the high tree mortality
observed. The important factor altering the magnitude of the effects caused by fire on soil
is probably the vegetation structure. Unlike the MQ1 community, where the crown of the
plants extends to the surface, the MQ2 and FC1 communities are dominated by Q. ilex,
F. ornus, and Q. petraea, where the canopy base height is well above the surface. Given
that these sites had been undisturbed for at least 45 years before the last fire, even Q. ilex,
which is often found as a shrub, had grown into a tree exceeding 10 m in height, forming
what Oliver Rackham has termed “Mediterranean rain forests”. The cover of the upper
canopy layer in mature MQ2 sites reaches or exceeds 100%, and while an understorey is not
completely absent, there are big gaps in its cover, making it unlikely that a high-intensity
fire would be sustained at ground level. Hence, although much energy was probably
released during the fire on these sites, the low fuel load on or close to the ground may have
prevented the exposure of the soil to very high temperatures, reducing the occurrence of
very destructive effects such as those described for the MQ1 community.

The higher level of total phosphorus on burned sites was a rather surprising result. The
only possible explanation of this result is that the initial increase in available P immediately
after the fire in acidic soils is followed by the binding of phosphate with aluminum, iron,
and manganese into non-available forms [18]. Leaching of iron was found not to be affected
by low to moderate fires and actually to decrease when soil temperatures increase above
300 ◦C [18]. Thus, it is possible that the formation of phosphate compounds with iron
resulted in an increase in total phosphorus in the soil and also prevented the leaching of
phosphorus to deeper soil layers.

4.3. Castanea sativa Community (FC2)

From a vegetation compositional and structural point of view, the differences between
burned and mature sites of the FC2 community were the least among all the communities
studied, as shown in Xofis et al. [36]. However, the differences in soil properties between
burned and mature sites were actually rather more profound than those of the MQ2 and
FC1 communities. Eleven years after the fire, organic matter and total nitrogen content on
the burned sites were only 84% and 75% of the values for the mature sites, respectively.
Based on the previous discussion, it might be assumed that the FC2 community was burned
at a higher intensity than the FC1 and MQ2 communities. However, this assumption is
not necessarily correct. FC2 stands are managed by coppicing every 25–30 years, and they
form the only productive forests in the study area, generating a significant income for the
monastic communities. It is for this reason that C. sativa was favored for centuries over
other species growing in the same zone, such as A. borisii-regis, and has resulted in its
overwhelming dominance at altitudes between 500 m and 1000 m [60]. Because the main
objective of the management is to produce good-quality timber for construction purposes,
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the stands are dense and little light reaches the ground, preventing the establishment of
ground vegetation, and the ground fuel consists predominantly of a thick litter layer of
dead leaves and twigs.

C. sativa forests are rarely subject to recurrent fires, so the literature is rather limited in
this respect [61,62]. In the current study area, FC2 stands were burned by a surface fire that
did not reach the canopy layer due to the absence of understorey vegetation and the high
canopy base height. Despite this, however, the FC2 community experienced very high tree
mortality, according to the local forest managers, possibly due to the high temperatures
developed close to the ground as a result of the thick litter layer. Such high temperatures
could kill a tree by overheating the cambium under the bark [63,64], especially in species
such as Castanea, which has a thin bark. The fire was sustained by consuming the thick litter
layer present in the FC2 stands, which cannot cause such a high-intensity fire compared
with the FC1 and MQ2 sites, where fire also consumed part of the canopy, releasing higher
amounts of energy. One fundamental difference, however, between the two cases is that
in the case of FC2 stands, during the consumption of the thick litter layer, the soil was
probably exposed to temperatures higher than the temperatures of the fire burning in the
MQ2 and FC1 communities, where the available fuel on or near the soil surface was neither
large nor continuous. Hence, the more significant effects of fire on the soil properties of the
FC2 community were not the result of a high-intensity fire but rather the result of the high
temperatures experienced at the soil surface. This fire behavior has caused a significant
reduction in soil organic matter and a consequent reduction in total nitrogen.

5. Conclusions

Fire is a fundamental ecological process [65] and at the same time a significant destruc-
tive factor, threatening, in many cases, ecosystem integrity and long-term sustainability [66].
In the current study, the effect of fire on soil properties was studied in four different ecosys-
tems present in the Mediterranean region. The results suggest that the various ecosystems
are affected by fire in different ways, depending on the pre-fire vegetation structure and
composition, which in turn affect fire behavior. High-intensity fires appear to dramatically
affect the soil properties, with the detrimental effects lasting for more than a decade on sites
that have been burned with high intensity. Given that climatic crises and socio-economic
changes are likely to increase the risk of high-intensity fires, it is important to improve our
understanding of the mid- and long-term effects of fire on ecosystem properties in order to
achieve more effective planning for fire prevention and ecosystem restoration.

The study followed a synchronic approach where burned and mature sites with
different fire histories were compared in terms of the studied chemical and physical soil
properties. Although the results show trends that are in accordance with what has been
reported in the literature, a diachronic study where data on soil chemical and physical
properties existed before fire would allow a more direct interpretation of the fire-induced
changes in soil properties.
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Appendix A. Boxplots on Soil Properties with No Significant Differences between
Burned and Mature Sites of All Communities
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