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ABSTRACT

The Mediterranean pine species of low-and mid-elevations, namely Pinus
halepensis Mill., Pinus brutia Ten., Pinus pinea L. and Pinus pinaster Ait.,
constitute an important component of forest vegetation in Mediterranean-
type ecosystems around the Mediterranean basin. These forests are strongly
influenced by wildfires, which have occurred for millennia in Mediterranean
regions. In burned Mediterranean pine forests, the community composition
and the population dynamics of soil arthropods are determined by their life
history traits and the wildfire regime. In these ecosystems, the effects of fire
regime on soil arthropods at the taxonomical level of order are similar to those
recorded in other Mediterranean-type ecosystems. Severe wildfires cause a
simplification of the structure of the soil community due to both the immedi-
ate mortality of soil animals and the structural alteration of the soil organic
horizon. Frequent wildfires influence the soil arthropods indirectly, prevent-
ing the recovery processes of the vegetation and, consequently, of the organic
horizon. Wildfires do not influence the phenology of soil arthropods, at least
at the taxonomical level of order, and the seasonality of the Mediterranean
climate remains the principal environmental factor controlling the dynamics
of soil arthropod populations. The recovery patterns of soil arthropods vary
in relation to species, fire regime, and the environmental characteristics of the
forest under consideration.

Keywords: Mediterranean ecosystems, pine forests, fire regime, soil arthro-
pods, post-fire recovery

INTRODUCTION

Pine forests constitute one of the dominant Mediterranean-type ecosystems (MTEs) in
the regions around the Mediterranean basin (Quézel, 1980). These forests consist of
low- to mid-elevation pine species, namely Pinus halepensis Mill., Pinus brutia Ten.,
Pinus pinea L., and Pinus pinaster Ait., and occupy the thermo- to supra-Mediterranean
bioclimatic zone (Quézel, 1980; Barbéro et al., 1998). The first two species alone ace
count for about 25% of the forested area (Quézel, 2000), the others being of secondary
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importance (Quézel, 1980). P. halepensis is the most abundant pine in the Mediterranean
basin, covering more than 2.5 million ha (Pausas et al., 2008).

The Mediterranean pine forests (MPF) are characterized by high litter production,
low to moderate decomposition rate of accumulated dead organic matter (Rapp, 1967;
Dannaoui, 1981; Radea, 1989), and high flammability because live and dead plant tisd
sues of the Mediterranean vegetation usually contain large amounts of essential oils and
resins (Attiwill, 1994; Trabaud, 2000).

Mature pine and mixed forests with pines, oaks, and shrubs represent the most impor-
tant biosphere landscapes acting as the last refuges for Mediterranean plants and animals
(Naveh, 2000; Fattorini, 2010).

Fire is considered an integral part of the dynamic of various ecosystems including the
Mediterranean ones (Pausas and Vallejo, 1999; Bengtsson, 2002). Around the Mediter-
ranean basin, fire has been a predominant environmental factor shaping the landscape
for millennia (Pausas et al., 2008). Fire incidents are very common in the Mediterranean
regions and, in recent decades, both the number of fires and the burned surface area have
increased (Moreira et al., 2011).

In the Mediterranean basin, the most fire-sensitive ecosystems are the pine wood-
lands, especially the lowland ones, because their ability to persist after fire is threatened
by increased fire recurrence and burn severity (Pausas et al., 2008).

Arthropods are ubiquitous components of forest soils and they participate actively
in all kinds of soil processes influencing soil structure, biological functions, and nutri-
ent cycling (e.g., Wallwork, 1970; Petersen and Luxton, 1982). The effects of fire on
soil arthropods have been studied extensively in various ecosystems globally, such as
evergreen, deciduous, and mixed forests, maquis, phrygana, savannas, and grasslands
(e.g., Athias-Binche, 1976; Lussenhop, 1976; Prodon et al., 1987; Sgardelis et al., 1995;
Broza and Izhaki, 1997; Coleman and Rieske, 2006; Moretti et al., 2006; Mordkovich
et al., 2008; Radea et al., 2010).

A qualitative review of the available information concerning wildfire effects on the
soil arthropod communities and populations’ dynamics in MPF is attempted here. All
the study cases, the timing of burning, the monitoring period after the fire event, the
sampling methods, as well as the taxonomical level of studied soil arthropods, are pre-
sented in Table 1.

THE EFFECTS OF FIRE ON SOIL ARTHROPOD COMMUNITY

Fire influences the composition of soil arthropod fauna and the relative abundances of
feeding guilds either directly, through instant mortality and quick colonization by fire-
favored species, or indirectly, through habitat alteration (Wikars and Schimmel, 2001;
Ferrenberg et al., 2006).

In Mediterranean regions, some soil arthropod species are protected under conditions
of environmental stress, such as the wildfires, by life history traits, especially by the
coexistence of conservative (e.g., long lasting adulthood and reduced adult mortality)
and conformist (e.g., relatively high reproductive rate and rapid development of juve-
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niles into adults) characteristics (Stamou et al., 2004). Additionally, some soil arthropod
groups are protected from fire by body characteristics, such as a thick chitinized cuticle,
and behavioral adaptations, such as vertical migrations within soil profile (Di Castri and
Vitali-Di Castri, 1981; Wikars and Schimmel, 2001; Coleman and Rieske, 2006). These
arthropods can benefit following fire because of (i) potential reductions in competitors
and predators (Coleman and Rieske, 2006), (ii) increases in dead prey, for saprophagous
species feeding on dead animals (Coleman and Rieske, 2006; Antunes et al., 2009), (iii)
increased suitability for predators of hunting area due to its structural simplification
(Antunes et al., 2009) and, finally, (iv) more favorable environmental conditions for
xerophilic species preferring open habitats (Fattorini, 2010).

Differences in species composition and the abundance of soil arthropods in burned
versus unburned stands have been recorded in many MTEs, such as phrygana in Greece
(Sgardelis and Margaris, 1993; Sgardelis et al., 1995), cork—holm oak forests in France
(Prodon et al., 1987), and jarrah forests in Australia (Springett, 1979).

In burned MPF, the composition of soil arthropod communities is considerably difs
ferent from that recorded in unburned ones (Broza et al., 1993; Broza and Izhaki, 1997,
Radea and Arianoutsou, 2000; Antunes et al., 2009; Radea et al., 2011). Fire have detri-
mental effects on some groups of soil arthropods, such as Collembola, Acarina Crypto-
stigmata, larvae of Diptera, Araneae, Pseudoscorpionida, Lithobiomorpha, Diplopoda,
at least the first years after the fire event (Broza et al., 1993; Broza and Izhaki, 1997,
Radea and Arianoutsou, 2000).

In addition, the dominance by some taxa is stronger overall in the burned than in the
unburned pine forests (Antunes, et al., 2009). For instance, the Tenebrionidae beetle
Tentyria grossa, which is one of the rarest species of soil fauna in unburned P. pinea
woodland in Italy, becomes the dominant species after fire due to both its increased post-
fire abundance and the decreased abundance of almost all the other tenebrionid species.
Fattorini (2010) attributes the dominance of 7. grossa after fire to the transformation of
vegetation type from woodland into a garrigue-like habitat, the latter being favorable for
this species. Broza et al. (1995) found a remarkable increase in the abundance of Rhiz-
oecus sp. (Coccoidea, Homoptera) in the soil of a burned P. halepensis forest, two years
after fire. Antunes et al. (2009) found higher abundance of predatory and saprophagous
Coleoptera (Staphylinidae and Silphidae and Lathridiidae respectively) as well as of
some pyrophilous species of Araneae in a burned P. pinaster forest in Portugal. Simi-
larly, Fernadez Fernddez and Saldago Costas (2002), Santalla et al. (2002), and Fernadez
Fernadez and Saldago Costas (2004) observed a greater specific richness of Coleoptera
fauna in total, and a greater abundance of Carabidae in particular, in a burned P. pinaster
forest due to the arrival of opportunistic species after the wildfire.

DIRECT EFFECTS OF FIRE

The direct effect of fire on soil arthropods, that is, the mortality due to burning, occurs
in the immediate period (hours during and after fire) (Swengel, 2001).

No qualitative or quantitative data exist concerning the direct effect of fire on soil
arthropods in MPF.
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INDIRECT EFFECTS OF FIRE

The indirect effects of fire on soil arthropod community appear to be driven by fire-
induced habitat changes, namely the consumption of vegetation and organic horizon as
well as the microclimate changes in the soil (Athias-Binche et al., 1987; Sgardelis and
Margaris, 1993; York, 1999). These effects can be short-term (0 to 1-2 months after fire),
intermediate-term (1-2 to 12 months after fire) and long-term (more than 12 months
after fire) (Swengel, 2001).

In MPF, fire consuming the soil organic matter (i) alters the structure of the organic
horizon, (ii) changes its physicochemical properties, (iii) decreases the microbial bio-
mass and the available quantity of soil organic matter (Sevink et al., 1989; Hernandez
et al., 1997), and, thus, it reduces the food resources for saprophagous and sapropha-
gous—microphytophagous arthropods.

Arthropods depending on structural complexity of organic horizon, such as Araneae
(Bultman and Uetz, 1984) and hygrophilous groups, such as Pseudoscorpionida, Julida,
Collembola, and larvae of Diptera, whose density are strongly related to the moisture
content of the organic horizon in unburned P. halepensis forest (Radea, 1989), show low
abundance in a burned P. halepensis forest (Radea and Arianoutsou, 2000). This fact can
be attributed to the creation of a less heterogeneous habitat with modified microclimate
in the soil sub-system after fire (Athias-Binche et al., 1987; Antunes et al., 2009) and it
has also been observed in various other MTEs, such as phrygana and maquis (Prodon et
al., 1987; Sgardelis and Margaris, 1993; Sgardelis et al. 1995).

Three months after a summer wildfire, the number of soil arthropod taxa and their
density in a burned P. halepensis forest in Greece were lower than levels recorded in
the unburned ones (Radea and Arianoutsou, 2000). In addition, Antunes et al. (2009)
found reduced diversity of edaphic arthropods three months after a summer wildfire in a
P. pinaster forest in Portugal, while Broza and Izhaki (1997) reported long-term fire ef-
fects (during the period from 2nd to 5th post-fire years) on the soil arthropod community
in stands dominated by P. halepensis burned during autumn.

THE EFFECTS OF FIRE REGIME ON SOIL ARTHROPOD COMMUNITY

Fire regime encompasses several parameters, including fire severity, fire frequency, and
season of burning. These parameters play an important role for soil fauna, and their
impact on the composition of soil arthropod community and the patterns of survival,
colonization, and recovery has been studied in many types of forest ecosystems, such as
coniferous, deciduous, and mixed oak—pine forests (e.g., Wikars and Schimmel, 2001;
Coleman and Rieske, 2006; Moretti et al., 20006), jarrah forests (e.g., Springett, 1979;
York, 1999) and Mediterranean pine and mixed pine-oak forests (Broza et al., 1993;
Broza and Izhaki, 1997; Broza, 2000; Radea and Arianoutsou, 2000; Antunes et al.,
2009; Radea et al., 2010).

Natural fire regime is difficult define in the Mediterranean basin because of the long
history of human intervention with the landscape. However, as already mentioned for
the lowland Mediterranean pine woodlands, increased fire recurrence and burn severity
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have been observed during the last decades (Pausas et al., 2008;, Moreira et al., 2011).

FIRE SEVERITY

Fire produces a spectrum of severities that depends on the interactions of fire intensi-
ty and duration, fuel loading, combustion type and degree of oxidation, vegetation type,
fire climate, slope, topography, soil texture and moisture, soil organic matter content,
time since last burning, and area burned (Neary et al., 1999). The higher the severity of
fire, the greater the modifications induced in the soil and, consequently, in the arthropod
community (Springett, 1976, 1979; Abbott et al., 1984; Mallstrém, 2010). In unburned
MPF, the accumulation of large quantities of slowly decomposing flammable dead ma-
terial forming a rather thick organic horizon (Radea, 1989; Garcia-Plé et al., 1995), in
combination with the high temperatures and low moisture during summer, provides the
conditions for summer fires of high severity.

In severely burned P. halepensis forest in Greece and Israel the qualitative composi-
tion of soil arthropod community, at the order level, differ from those in the unburned
forests, and the abundances of the various groups are generally lower (Broza et al., 1993;
Broza and Izhaki, 1997; Radea and Arianoutsou, 2000). In a severely burned stand of
P. pinea in central Italy, Isopoda show reduced abundance while the abundance of Col-
lembola is surprisingly higher in this stand (Pitzalis et al., 2005).

Pitzalis et al. (2010) conclude that the community organization of Isopoda and Colle-
mbola was affected by the fire event. Indeed, the community structure was non-random
at the unburned sites and random in the severely burned ones. The increased abundance
of Collembola observed by the above authors after fire could be a result of collection
technique, that is, pitfall trapping, and may simply reflect the increased locomotor activ-
ity of these taxa after burning of vegetation and dense leaf-litter. It should be mentioned
that pitfall trapping is a semi-quantitative method estimating primarily locomotory ac-
tivity on the soil surface and, indirectly, the species abundance (e.g., Greenslade, 1964;
York, 1999).

So far, there is no other published work comparing the arthropod community in se-
verely versus less-severely burned MPF except that in a P. halepensis forest in Greece
(Radea and Arianoutsou, 2000). The results derived from this work show that both the
number of taxa and the density of their populations are clearly lower in the severely
burned site.

FIRE FREQUENCY

In general, high fire frequency, meaning short intervals between recurrent fires, is pri-
marily associated with prescribed burning and low-severity fire events (Romme, 1982;
Halofsky et al., 2011). Abbott et al. (1984) found that periodic non-severe fires have
few permanent effects on most of the invertebrate taxa present in the organic horizon of
the jarrah forests. In contrast, York (1999) found a persistent reduction in richness and
abundance of many soil arthropod taxa in Australia’s coastal forests frequently burned
by non-severe fires for a period of twenty years.

In P. halepensis stands, fire frequency does not directly affect soil arthropods but
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influences them through the alteration of vegetation structure (Radea et al., 2010). This
can be easily explained by the regeneration process of vegetation, which in turn influ-
ences the organic horizon formation and soil microclimate: in the case of relatively short
intervals between wildfires in P. halepensis forests, the vegetation shows low resilience
(Arianoutsou et al., 2002) and the organic horizon barely recover to the conditions be-
fore the first fire event (Eugenio et al., 2006).

SEASON OF BURNING

In Mediterranean ecosystems, most wildfires occur during the hot and dry period
of the year lasting from May until to the end of October. Since the depth of burning of
organic layers depends partly on their moisture content, which in turn is linked to the
weather history for several weeks prior to fire (Van Wagner, 1983), the consumption of
soil organic horizon in Mediterranean ecosystems is expected to be almost complete.
However, the combustible organic matter, and therefore the depth of burning, may vary
strongly in these ecosystems depending on the type of organic horizon and the former
management, if any, on the area (Sevink et al., 1989).

It seems that the fires during the hot and dry period of the year are less detrimental
for soil arthropods than fires occurring in spring or early summer because most soil
taxa found during summer in the upper layers of organic horizon have already been
prepared to tolerate or to avoid the unfavorable microclimatic conditions of this period.
For instance, various taxa collected in pine forests undergone estival fires (Radea and
Arianoutsou, 2000; Antunes et al., 2009; Radea et al., 2010) are able to escape from
fire either because they are fast-moving animals (e.g., Araneae, Phalangida, Geophilo-
morpha, Lithobiomorpha, and Dictyoptera), or because they are able to burrow (Julida,
Geophilomorpha) or to use small soil crevices (e.g., Polyxenida) and move down during
summer (Geophilomorpha), or, finally, they have a thick chitinized cuticle (e.g., Juli-
da, Coleoptera, Carabidae, and Tenebrionidae), which protects them from desiccation
(Wallwork, 1970; Athias-Binche et al., 1987). However, the low abundance of Coleop-
tera, Araneae, Psocoptera, and Polyxenida after fire in a P. halepensis forest of Greece
indicates that, despite their adaptations to Mediterranean climate and their ability to
escape from burning, the populations of these xerophilous—mesophilous animal groups
suffer large losses attributed to the direct effect of burning (Radea and Arianoutsou,
2000).

EFFECTS OF FIRE ON THE PHENOLOGY OF SOIL ARTHROPOD POPULATIONS

Fire no doubt interacts with phenology for many invertebrates (Smith, 2000). In some
Mediterranean ecosystems the monthly fluctuations of post-fire abundance of soil ar-
thropods seems to have been influenced by the fire. For instance, Sgardelis et al. (1995)
found that the phenology of some macroarthopod taxa in a phryganic ecosystem of
Greece is affected by fire, and they attributed this alteration to microclimatic changes
caused by fire. Athias-Binche et al. (1987) recorded also an impact of fire on the phenol-
ogy of an Uropodina group in a burned cork-oak stand.
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However, no impact of fire on the phenology of soil arthropods was detected by Bro-
za and Izhaki (1997) in a mixed forest dominated by P. halepensis in Israel, or by Radea
and Arianoutsou (2000) and Radea et al. (2011) in a P. halepensis forest in Greece.

Nevertheless, all the above authors have demonstrated that, even after fire, the sea-
sonality of Mediterranean climate is the principal environmental factor controlling the
phenology of soil fauna, at least at the taxonomical level of order.

POST-FIRE RECOVERY OF SOIL ARTHROPOD POPULATIONS

Forest soil communities are dynamic and their re-organization after a disturbance, such
as wildfire, may take a long time since different taxa re-establish at different rates, and
the dynamics of trees and organic matter constrain the dynamics of soil species and
communities (Bengtsson, 2002).

The recovery of soil arthropod populations to the pre-fire stage depends on: (i) their
resistance and resilience to fire (Moretti et al., 2006), (ii) the biological features and
requirements of each taxon, e.g., the trophic level (Prodon et al., 1987), (iii) the possi-
bility of recolonization from adjacent unburned areas or even from unburned or lightly
burned patches inside the burned area (Bengtsson, 2002), (iv) the post-fire environmen-
tal conditions (Ahlgen, 1974), and (v) the recovery of soil organic horizon, which in
turn depends on the recovery of vegetation (Athias-Binche et al., 1987; Sgardelis and
Margaris, 1993; Sgardelis et al., 1995) and, consequently, on fire regime (York, 1999;
Gill and Alan, 2008).

The recovery of soil arthropods after fire has been studied in several MTEs. In Eu-
calyptus marginata and E. diversicolor forests in Australia, soil fauna seems to be per-
manent simplified and to not recover after prescribed non-severe fires on a five to seven
year rotation for forty years (Springett, 1976). In a phryganic ecosystem in Greece,
where the recovery of organic horizon is a rather quick process (Arianoutsou-Faraggi-
taki, 1984), the recovery time for microarthropod groups is estimated to be less than 3-4
years (Sgardelis and Margaris, 1993) whereas Julida show significant reduction of their
abundance and no recovery one year and a half after fire (Sgardelis et al., 1995).

In MPF the recovery patterns vary in relation to taxa, the fire regime, and the environa
mental characteristics of the forest under consideration. In a P. pinaster forest in Spain,
a greater specific richness of Coleoptera is observed in the burned area ten months after
fire (Fernddez Fernddez and Saldago Costa, 2002). In the same forest, a greater abun-
dance of Carabidae is recorded in the burned site, whereas the diversity of this family
is similar in the unburned and the burned site. However, the composition of Carabidae
fauna differs greatly between burned and unburned sites, because mesophilous and
xerophilous species adapted to open areas, as well as pyrophilous species, are recorded
in the burned site, and hygrophilous species adapted to forest and grasslands in the un-
burned one (Fernddez Fernadez and Saldago Costa, 2004).

In a mixed forest dominated by P. halepensis on Mt. Carmel, Israel, soil macroarthroe
pod populations had not recovered five years after a severe fire event (Broza and Izhaki,
1997). In the same area, the populations of soil microarthropods showed a sharp decline
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during the second post-fire year (Broza et al., 1993) and the complete recovery of soil
arthropods was evident only 22-38 years after fire (Broza, 2000).

The soil arthropod population seems to recover gradually even in the severely burned
site of a P. halepensis forest in Greece. In this forest, an increase in the number of taxa
and the abundance of their populations were recorded during the second post-fire year
(Radea and Arianoutsou, 2000).

SYNOPSIS

Over the last decades, much information has been produced about the effects of fire on
the soil sub-system and soil arthropods in MPF. These effects can be highly variable
depending on climate, fire regime, and life history traits of soil arthropods. Additionally,
a great variation exists among the relative papers in experimental design and sampling
procedure, time of beginning and duration of field work after fire, the taxonomic level
of soil arthropods, and the analyses based on all these factors. The foregoing can explain
the differences recorded in some papers concerning the response showing by the same
taxa to fire disturbance.

Mediterranean pine forests

)t \

Large quantities of accumulated Plant tissues with oil and resins
dead organic matter

High flammability during the hot and dry period of the year
Soil arthropod community I

Phenology

Simplification of soil arthropod community Alteration of vegetation and
organic horizon structure

Alteration of soil arthropod community /

: T .

Recovery patterns vary in relation to species life history traits, fire regime

and environmental characteristics

Fig. 1. Schematic overview of the effects of wildfires on community composition and dynamics
of soil arthropod fauna in Mediterranean pine forests.
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In general, the effects of wildfire regime on soil arthropods in MPF are similar to
those recorded in other MTEs, and they are depicted in Fig. 1.
In the Mediterranean pine forests reviewed:

e Soil arthropods, having adaptations to cope with the microclimatic conditions during
the warm and dry period, suffer no devastating losses during summer fires.

e The seasonality of climate remains the principal environmental factor controlling the
phenology of soil arthropods at the order level, even after fire.

e The recovery patterns of soil arthropods vary in relation to species, fire regime, and
the environmental characteristics of the forest under consideration.

It is important to note that although most soil arthropods at the order level show
rather similar response to wildfire in the pine forests examined, there may have been
remarkable dissimilarities in species-level responses. Therefore, a species-level analysis
is indispensable to elucidate the composition and dynamic of the soil arthropod com-
munity in MPF after wildfires.
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