Mammalian Biology
https://doi.org/10.1007/542991-024-00439-x

REVIEW q

Check for
updates

From fire to recovery: temporal-shift of predator-prey interactions
among mammals in Mediterranean ecosystems

1,23

Orlando Tomassini'® - Alessandro Massolo

Received: 18 July 2023 / Accepted: 20 June 2024
© The Author(s) 2024

Abstract

Fires are becoming increasingly frequent, intense, severe and prolonged worldwide, and such situation is worsening. As
a result, extreme fire conditions will increase, with consequences for wildlife, including increased mass mortality and
changes in trophic relationships in natural communities. This intensification is expected to be particularly pronounced in the
Mediterranean ecosystems. In this scoping review, we summarized current knowledge and gaps in understanding the effects
of fires on wildlife, focusing on predator—prey interactions. These interactions play a critical role in animal communities
and their understanding is fundamental for appropriate management and conservation. Mammals were chosen as a model
group because of their remarkable ecological role. We grouped and analysed the post-wildfire changes in the predator—prey
relationships into three-time intervals: immediate, short- and long-term effects. This is relevant as vegetation restoration,
by altering cover and habitat structure, may affect hunting strategies and anti-predatory behaviour. Our review showed that
studies generally had several limitations, the most common of which were the lack of replication, the strong geographical
bias, and the focus on few target species. Nevertheless, we could formally describe how fire affects predator—prey relation-
ships in Mediterranean ecosystems through processes that exert different cascading effects at different times after the fire
event. We encourage long-term studies on communities, including as many components of the food chain as possible, using
an interdisciplinary approach, and prioritising investigations in high-risk ecosystems.
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Introduction

One of the greatest global threats to wildlife is the alteration
of fire regimes (Flannigan et al. 2013; Bowman et al. 2020).
In fact, fires are becoming increasingly intense and frequent
worldwide, even in less flammable environments, such as
arctic circle and equatorial rainforests (Mariani et al. 2018).
Consequently, the twenty-first century has been designated
as “the age of the megafire” (Stephens et al. 2014). Recent

Handling editor: Carlos Rouco.

< Alessandro Massolo
alessandro.massolo @unipi.it

Ethology Unit, Department of Biology, University of Pisa,
Via Volta 6, 56126 Pisa, Italy

Faculty of Veterinary Medicine, University of Calgary,
Calgary, AB T2N 1N4, Canada

3 UMR CNRS 6249 Chrono-Environnement, Université
Bourgogne Franche-Comté, 25030 Besangon, France

Published online: 31 July 2024

examples include megafires in Chile, California, Portugal,
Amazon, and Australia, with~ 15 million hectares burned
(G6émez-Gonzalez et al. 2018; Williams et al. 2019; Brando
et al. 2020; Nolan et al. 2020; Geary et al. 2022). There are
likely several causes of increased fire risk, such as abandon-
ment of agricultural land, biomass accumulation, inadequate
woodland management, depopulation of the countryside and
expansion of cities (Moreira and Russo 2007; Pausas et al.
2008; Seijo and Gray 2012; Fernandes et al. 2013). In addi-
tion, there is increasing evidence that global warming played
a key role (Bradstock et al. 2014; Abatzoglou and Williams
2016; Jones et al. 2020).

Consistently with the fire risk increase, climate models
suggest that, under all scenarios, more frequent, intense,
severe, and extended fires, and, ultimately, more “mega-
fires”, may occur (Jolly et al. 2015; Bowman et al. 2020;
Geary et al. 2022). Consequently, extreme fire conditions
will be more common, with consequences for wildlife,
including higher mass mortality, changes in trophic rela-
tionships among species and potentially cascade effects
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on animal populations (Williams 2013; Nolan et al. 2020;
Nimmo et al. 2021). For instance, at least 1071 animal and
plant species are classified as threatened by fire regime alter-
ation (IUCN 2019; Kelly et al. 2020).

Mediterranean regions (Box 1) are particularly prone to
fires, and intensification of fire regimes have particularly
increased in recent decades (Moreira and Russo 2007; Turco
et al. 2018; Geary et al. 2022). Furthermore, they are likely
to be increasingly at risk in the future in southern Europe
(Turco et al. 2018; Abatzoglou et al. 2019; Ancillotto et al.
2021). Considering the potentially increasingly catastrophic
effects of fires on Mediterranean ecosystems, they need to
be fully understood.

With this scoping review, we aimed to summarize knowl-
edge regarding effects of fire on wildlife in Mediterranean
ecosystems. However, considering the broad field of study,
we set specific objectives. We focused on the effects of fire
on predator—prey interactions (Box 2) with the purpose to
identify existing knowledge gaps, particularly the influence
of successional patterns in post-fire vegetation recovery
on the shaping of the predator—prey relationships. Under-
standing how fires affect these relationships is essential
for a more detailed comprehension of the role of fires in
shaping biocoenoses (Doherty et al. 2022). Predator—prey
interactions have critical roles in animal communities and
understanding them is fundamental for appropriate manage-
ment and conservation of species (Sih et al. 1998; Matter
and Mannan 2005). In the age of megafire, these aspects
will become increasingly crucial for biodiversity conserva-
tion (Geary et al. 2022). Nevertheless, knowledge on this
issue is very fragmented, particularly in some areas of the

Mediterranean-type ecosystems, such as the Mediterranean
basin, an area expected to become increasingly prone to fires
(Bowman et al. 2017; Turco et al. 2018). This was an addi-
tional reason to focus the study of the effects of fires on pred-
ator—prey interactions in Mediterranean ecosystems. Mam-
mals were chosen as the model group, given their important
ecological role (Clutton-Brock 2009; Lacher et al. 2019).

Box 1 the Mediterranean-type ecosystems

In this review, we focused on the Mediterranean-type
ecosystems (MTEs). These ecosystems are character-
ised by marked climatic seasonality. Winters are rainy
and this rainfall exceeds the potential evapotranspiration
of the plants, which results in a protracted winter-spring
vegetation growing with high primary productivity (Kee-
ley et al. 2011a). By contrast, summers are dry, making
vegetation highly flammable (Moreno and Oechel 1994;
Keeley et al. 2011a). This climatic condition is due to
blocking incoming summer storms of western edges of
the continents by a summer high-pressure cell of sinking
dry air concentrated between 32 and 38 N or S latitude
(Keeley et al. 2011a). In winter, this air cell migrates to
the poles. Consequently, even though these areas cover
only ~2% of the world's landmass, they are among the
most fire-prone areas in the world and fires are widely
acknowledged as drivers shaping local communities
(Moreno and Oechel 1994; Keeley et al. 2011a).
Climatic conditions suitable for establishment of
MTEs are present in only 5 areas: the Mediterranean

Basin, the Cape Region of South Africa, Southwestern

Fig.1 The 5 Mediterranean-
type ecosystems (MTEs; black
areas)
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and South Australia, California, and Central Chile
(Fig. 1) (Keeley et al. 2011a; Di Castri and Mooney
2012). However, there is no unanimity regarding their
geographical boundaries.

Box 2 the predator—prey relationship

Predators and prey co-evolved over time, through steady
“arms races” that led to a range of adaptations for both
prey and predators. Usually, these races occurred in both
spatial and temporal scales (Dawkins and Krebs 1979;
Estes et al. 2011).

In response to predatory pressure, prey will attempt
to exhibit adaptive behaviours to maximise their ener-
getic intake (Lima and Dill 1990) and reduce mortality
risk (Brown et al. 1999; Halle 2000). Consequently, this
led to the develop of a series of anti-predatory behav-
iour by prey, like camouflage, use of warning signals and
detection of the scent of predators (Kats and Dill 1998;
Sherratt and Beatty 2003; Ruxton 2009; Laundré 2010;
Palmer et al. 2017). In the spatial context, a prey species
should try to avoid predators and high-risk sites, i.e. loca-
tions where the likelihood of encountering predators is
elevated (Mandelik et al. 2003; Monterroso et al. 2013).
In addition, prey should also seek sheltered environments,
such as dense grasslands or shrublands (Mandelik et al.
2003). At the temporal level, prey should try to reduce
locomotor activity overlap with their predators (Linkie
and Ridout 2011). However, in cases where both preda-
tor and prey have nocturnal habits, certain prey have
increased activity during the darkest nights, when preda-
tor hunting efficiency is lowest (Penteriani et al. 2013;
Taylor et al. 2023).

Hence, predators can elicit a range of behavioural
effects on prey species, with the mere instilling of fear
being a significant factor, as proposed by the “ecology of
fear” theory (Brown et al. 1999; Laundré 2010). These
effects include reduction in activity patterns and home
range size, changes in habitat use, deferment of the breed-
ing season and increase in age at first reproduction of
prey (Lima and Dill 1990; Kuijper et al. 2013). Conse-
quently, these effects could reduce growth and reproduc-
tive rates, and body condition (Peckarsky et al. 2008).

By contrast, mammalian predators generally exhibit
a tendency to adapt their habitat and time use to maxi-
mize encounters with their prey (Laundré 2010; Monter-
roso et al. 2013). Several mammalian predators hunt in
ground open habitats, where detection of prey is easier,
to increase hunting success (Leahy et al. 2016). Many
mammalian predators are territorial species (Macdonald
1983); this behaviour is an essential point that permits
predators and prey to coexist, as predators limited by

territorial fidelity cannot track the distribution shifts of
prey in the short term, limiting their impact (Barbosa
and Castellanos 2005). However, extra-territorial hunting
expeditions are confirmed for certain mammalian species,
like the red fox Vulpes vulpes (Tsukada 1997; Soulsbury
et al. 2011) and spotted hyenas Crocuta crocuta (Cozzi
et al. 2015).

The temporal dimension is also particularly relevant.
For instance, several nocturnal predators are more active
on bright nights, when visibility is optimal, thereby max-
imising hunting success (Prugh and Golden 2014). Fur-
thermore, predators tend to adapt their locomotor activity
to fit that of their prey through the diel cycle (Kronfeld-
Schor and Dayan 2003). Naturally, the daily locomotor
activity pattern is highly influenced by prey selection
and feeding specialization. Whereas a generalist preda-
tor should not focus on a defined prey species, a special-
ist predator should be more inclined to synchronise its
activity pattern with that of its preferred prey species,
although factors like prey availability, ecosystem and evo-
lutionary adaptations of both prey and predators play key
roles. Overall, whereas prey will try to avoid predators,
the latter will try to synchronise with them, in a cyclical
relationship (Monterroso et al. 2013).

Materials and methods

This review was carried out in accordance with the PRISMA
protocol (Moher et al. 2009), following standardized steps
(Fig. 2).

In April 2021 Scopus and Web of Science were scanned
to identify existing papers, using the following string:

((prey* OR predator* OR predator—prey OR predation
OR (predator PRE/O prey)) AND (vertebrate* OR mam-
mal*) AND (*fire* OR burn*)).

These sources were supplemented by further references
that were considered relevant but not retrieved in the initial
search. All identified papers were processed according to the
PRISMA protocol, and 118 papers and books were selected.

In addition, the database was updated in December 2023
using the same approach and 70 studies were added to write
this review. A total of 188 papers and books were then com-
prehensively analysed for this review.
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Fig.2 PRISMA flow diagram,
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Discussion

Fires and their effects on Mediterranean
biocoenoses

Structure and dynamics of natural communities can be
significantly impacted by various disturbances (Sousa
1984; Johnson and Miyanishi 2007). Natural disturbances
include flooding (Brum and Souza 2020), insect outbreaks
(Flower et al. 2013), trampling (Pellerin et al. 2006), and
wildfires (Bowman et al. 2009; Pausas and Keeley 2009).
Among them, wildfires are particularly relevant because
they alter structure and functions of ecosystems worldwide
(Bowman et al. 2009). Fires exert both direct and indirect
effects on wildlife (Engstrom 2010; Puig-Girones et al.
2018). Direct effects include injury or death, although
the magnitude of the effect varies greatly among species
(Doherty et al. 2015). By contrast, indirect effects mainly
are changes in soil properties, vegetation structure and
composition (Monamy and Fox 2000; Banks et al. 2011;
Bento-Gongalves et al. 2012), affecting habitat elements
like soil fertility and structure, availability of food, shelter,
and microclimate. These environmental shifts can affect
prey and predator abundance, distribution, and behaviour
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in many ways (Letnic et al. 2004; Zwolak et al. 2012; Jorge
et al. 2020), with the potential to modify predator—prey
relationships (Paine 1980; Hradsky et al. 2017). In turn,
predator—prey relationships are highly context-dependent
relationships, which resulted mainly affected by the time
elapsed since the fire and ecosystem type (Cherry et al.
2018; Doherty et al. 2022). An example is the reciprocal
effects of predators on prey in terms of habitat use, abun-
dance and/or activity (Hradsky et al. 2017; Puig-Girones
and Pons 2020; Doherty et al. 2022; Puig-Girones 2023).
For example, in a recently burned area, the stone mar-
ten Martes foina has been found to influence the foraging
activity of small mammals (Puig-Girones 2023).

In Mediterranean ecosystems, fires are a natural occur-
rence exerting an adapting force that has shaped the evo-
lution of biocoenoses for millennia (Bowman et al. 2009;
Pausas and Keeley 2009; Pausas and Parr 2018). As a result,
flora and fauna are generally adapted to fires (Engstrom
2010; Pausas and Keeley 2014; Pausas and Parr 2018). How-
ever, implications of recent altered fire regimes (i.e. mega-
fires) on the trophic network are unknown and could be dis-
astrous, leading to biodiversity loss and resource depletion
(Kelly et al. 2020; Geary et al. 2022; Nimmo et al. 2022).
To understand the effects of fires on the predator—prey
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relationship in these ecosystems, it is necessary to fully
understand some key elements such as their impact on the
ecosystem and post-fire successional stages. The impacts of
fires on animal populations, as well as on their interactions,
depend mostly on the vegetation succession, which in turn
is related to the time passed since the disturbance (Monamy
and Fox 2000; Keeley et al. 2005). In fact, the effects of
fires may persist over time, even after the flames are extin-
guished. Hence, as the vegetation recovery is a crucial factor
to understanding the impacts of wildfires on predator—prey
relationships, we summarised the known effects by grouping
them into 3 phases: (i) immediate effects, i.e., from extin-
guishing the fire to the first few months afterwards (Lees
et al. 2022), when there is lack of vegetation (Moreno and
Oechel 1994; Pausas and Keeley 2009); (ii) short-term, i.e.,
within a few years after the fire (Spencer et al. 2022), when
the undergrowth is usually dense, but the arboreal cover is
lacking (Trabaud 1994; Keeley et al. 2005); and (iif) long-
term, i.e., many years after the fire (Soyumert et al. 2020),
when the arboreal cover is also restored (Pausas et al. 2008;
Keeley et al. 2011a). In the literature, these intervals do not
have distinct thresholds and may vary according to specific
ecological contexts. However, in this review we have used
the phenological phases of the Mediterranean vegetation
following a wildfire to define the limits of the intervals. A
conceptual diagram of these effects is depicted in Fig. 3.

The immediate effects

By burning vegetation, a fire may exert many different
effects, depending by factors like ecosystem type and fire
regime. For instance, a mixed-severity fire essentially
increases landscape heterogeneity, whereas a high-severity
fire decreases landscape heterogeneity, leading the burnt
area to a former successional stage (Pausas and Keeley
2009). However, many plants species in Mediterranean
fire-prone areas are defined “fire-adapted” species and can
survive fires through various strategies, including serotiny
(i-e. an induced seed release system, common in Pinus spp.)
and resprouting (i.e. post-fire activation of dormant vegeta-
tive buds to regrowth) (Trabaud 1994; Konstantinidis et al.
2005; Paula et al. 2009; Keeley et al. 2011b; Pausas and
Keeley 2014). The effectiveness of these strategies depends
on specific conditions, such as those defined by the fire
regime (Keeley et al. 2011b). Although recurrent fires can,
under certain circumstances, stimulate seed germination and
reduce competition (Pausas 2004; Garcia et al. 2016), they
can also be particularly deleterious, because they can affect
plants at earlier life stages, which cannot reach reproductive
maturity and produce a seed bank (Diaz-Delgado et al. 2002;
Baeza et al. 2007; Pausas et al. 2008). These alterations
influence the ensuing ecological succession, with potential

to affect predator—prey relationships of species that enter it
(Monamy and Fox 2000; Torre et al. 2022).

The direct effects of fires on wildlife are attributed to
burning, asphyxiation, heat or physiological stress (Smith
2000; Michel et al. 2023). Specific fire events have variable
impacts on wildlife, due to properties of the fire-regime,
including intensity, severity, scale, season and time since
fire, as well as habitat types and taxa affected (Engstrom
2010; Birtsas et al. 2012; Geary et al. 2020; Nimmo et al.
2021). However, while estimating direct effects of fire on
fauna is complex and can be highly variable (Pausas and Parr
2018; Tomas et al. 2021), Jolly et al. (2022) in their system-
atic review have suggested that direct mortality is generally
low (estimated as 3%).

In addition to the features of the fire regime, two key
features that determine impacts of fire on various mamma-
lian species are vagility and the kind of shelter employed
(Smith 2000; Chia et al. 2015; Jolly et al. 2022). For
instance, among small mammals, the most decisive impact
is on taxa that are not very vagile and take refuge on the
ground; some individuals of these species are usually killed
by fires (Simons 1991). By contrast, individuals belonging to
highly vagile species and/or those that shelter underground
are more likely to escape or survive fires (Robinson et al.
2013; Jolly et al. 2022). Large predators for example, such
as the wolf Canis lupus, are often regarded as having some
degree of resistance to fire (Lino et al. 2019).

The effect of shelter location is particularly clear for small
mammal assemblage. Although small mammals are gener-
ally considered very susceptible to fire, certain burrowing
species suffer low direct mortality (Letnic et al. 2005). As
expected, by contrast, mortality is usually higher in species
that shelter above the ground (Simons 1991). The mortality
of strictly arboreal species is poorly documented, especially
in the Mediterranean ecosystem, but could be reduced due
to their vagility (Koprowski et al. 2006).

For an herbivore, a first effect of fire is depletion in food
resources (i.e., burnt vegetation). In turn, this decline can
trigger a series of cascading effects, such as starvation,
decreased reproductive success leading to population decline
and emigration to unburnt areas, richer in food resources
(Morris et al. 2011a, 2011b). However, the extent of this
depends on the features of the fire regime and the trophic
specialisation of the prey. After a fire, populations of special-
ist species, such as insectivorous, may be most affected by a
decline in food availability since their main food resources
may have been burnt (Recher and Christensen 1981; Suther-
land and Dickman 1999; Driscoll 2007).

Another immediate effect on prey can be a reduction in
cover and refugia availability, through the simplification of
vegetation structure (Derrick et al. 2010; Robinson et al.
2013; Chia et al. 2015). This could lead to increased preda-
tion risk (Green and Sanecki 2006; Conner et al. 2011), then
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increased mortality, when prey vulnerability depends on
habitat structure (Verdolin 2006). This is certainly relevant
for small ground-based mammals; there is strong evidence
that their mortality is positively correlated with increasing
post-fire habitat simplification (Conner et al. 2011; Gonzélez
et al. 2022).

In the Mediterranean ecosystems, the period of highest
prey mortality tends to occur shortly after the fire, especially
during the first months after a high severity fire (Conner
etal. 2011; Morris et al. 2011a; Leahy et al. 2016). However,
specific fire regimes can also benefit certain species, based
on their food habits and anti-predatory behaviour (Bleich
et al. 2008; Jaffe and Isbell 2009; Bond 2015). For instance,
the fox squirrel Sciurus niger seems to benefit from fires of
low intensity, through stimulation of fungi and cone gen-
eration and creation of open foraging areas, that simplify
squirrels movement (Karmacharya et al. 2013). Formation
of open spaces also increases visibility, which can favour
species that need to detect predators (e.g., bighorn sheep
Ovis canadensis; Bleich et al. (2008) and vervet monkeys
Cercopithecus aethiops; Jafte & Isbell (2009).

Like their prey, predators can also become direct victims
of fires, especially those of high severity and/or large size
(Jolly et al. 2022). However, the impact on predatory mam-
mals varies, and while it may be minimal for large, highly
mobile species, such as large carnivores (Engstrom 2010;
Lino et al. 2019), smaller predators like the stone marten
may also face significant challenges (Birtsas et al. 2012). In
addition, there appears to be a positive relationship between
the home range size of predators and their resistance to fire.
Indeed, extensive movements make them less dependent on
local resources, which may be less or no longer available.
Furthermore, it also allows them to exploit both resources
available in the burnt area and the nearby unburnt area
(Nimmo et al. 2019).

There are indications that the predator response to fire
is highly species-specific as well, and it depends on factors
such as environmental variables, progression of secondary
succession, trophic and non-trophic interactions, and popu-
lation dynamics (Smith 2018). For example, in a Mediter-
ranean area in Macedonia, stone martens were not recorded
in burned areas even three years after a fire (Birtsas et al.
2012), whereas in study areas in Spain this species was com-
mon even few months after fires (Puig-Gironés and Pons
2020; Puig-Girones 2023), suggesting that differences even
among areas of the same ecosystem type can strongly influ-
ence the predator response. Fires can increase habitat suit-
ability for predators that could benefit from a reduction in
vegetation, facilitating hunting (Conner et al. 2011; Leahy
et al. 2016). In fact, several studies suggest that predators
could increase their occurrence in newly burnt areas due to
increased predation success (Leahy et al. 2016; Nimmo et al.
2019; Geary et al. 2020). However, if the predator species

needs cover to hunt, as in the case of ambush predators,
predators tend to avoid burnt areas (Eby et al. 2013; Doherty
et al. 2022).

The choice of prey species also depends on their avail-
ability. Therefore, a change in availability due to fire could
influence the choice of prey species towards more available
species (Green and Sanecki 2006; Hradsky et al. 2017).
However, even non-trophic interactions such as intra-guild
competitive interactions can also shape responses of preda-
tor species to fires (Geary et al. 2020). In fact, a usual apex
predators’ effect is the suppression of less competitive spe-
cies (i.e. mesopredators), through competitive interactions
(Palomares and Caro 1999; Geary et al. 2018). As a result,
mesopredators tend to adopt prey-like behaviour in such
scenarios, showing spatial and temporal avoidance of apex
predators (Durant 1998; Vanak et al. 2013). Fires, by the cre-
ation of open habitat, can affect the habitat use and selection
of apex predators. Consequently, mesopredators may avoid
these environments, where they may also be more vulnerable
to apex predators (Schuette et al. 2014; Geary et al. 2018,
2020). However, such responses may not always occur. For
example, there is evidence that in certain situations mesocar-
nivores may not be competitively affected by apex predators,
but rather may be facilitated, by capitalizing on the enhanced
feeding opportunities resulting from carcasses left by apex
predators (Ferretti et al. 2021; Rossa et al. 2021). The com-
bined effects of fire, predation and competition are therefore
difficult to generalise, then further research is needed.

Short-term effects

After a fire, plants gradually develop towards more mature
conditions following their recovery processes (e.g., serotiny,
resprouting, Keeley et al. 2011b; Pausas and Keeley 2014)
and the natural stages of secondary succession (Trabaud
1994; Keeley et al. 2011a). In Mediterranean ecosystems,
usually the first phase of plant recovery involves establish-
ment of a dense undergrowth, with herbs and grasses often
blooming in recently burnt vegetation (Gill and McMahon
1986; Moreno and Oechel 1994), although plant recovery
differs among biomes due to biotic factors, e.g., plant com-
munity as well abiotic factors (topography, soil, rainfall and
fire severity; Keeley et al. 2005; Puig-Girones et al. 2017).
The process is particularly quick in Mediterranean areas,
where climatic conditions and adaptive traits of the plant
species promote a rapid post-fire recovery (Trabaud 1994;
Paula et al. 2009). Consequently, a few years after fire, the
undergrowth could become even more dense in burnt than
in unburnt areas (Torre and Diaz 2004).

For mammals, a widely accepted post-fire successional
model is the Habitat Accommodation model (HAM;
Fox 1982; Monamy and Fox 2000, 2010; Torre and Diaz
2004; Swan et al. 2015; Torre et al. 2022), derived from
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facilitation, tolerance, and inhibition models (Connell and
Slatyer 1977). The HAM can be used to predict the succes-
sional order of mammalian community following a fire, con-
sidering the essential habitat requirements of each species.
This model proposes that an early species enters the post-fire
succession and reaches maximum density when the habitat
is at an optimal level for that species in terms of vegetation.
As post-fire succession proceeds, vegetation will change,
becoming less suitable for early species, which decrease in
density, whereas other more suitable seral species will enter
succession (Monamy and Fox 2000). For instance, in a pio-
neering study conducted in Lakes National Park (Australia),
species like the New Holland mouse Pseudomys novaehol-
landiae, the eastern chestnut mouse P. gracilicaudatus, the
house mouse Mus domesticus, and the slender-tailed dunnart
Sminthopsis murina reached higher abundances in the early
post-fire stages, when their habitat requirements were ful-
filled, and they were then considered early successional spe-
cies (Fox 1982; Monamy and Fox 2000). In contrast, species
that required advanced forest maturity, such as squirrels, are
considered late successional species (Koprowski et al. 2006;
Mazzamuto et al. 2020). The key point of HAM is therefore
the change in vegetation, and particularly its structure. Habi-
tat Accommodation model has had strong experimental sup-
port in the small mammal assemblage (Torre and Diaz 2004;
Swan et al. 2015; Torre et al. 2022), a fundamental prey
group for many predators (Hanski et al. 2001; Postluszny
et al. 2007; Castafieda et al. 2022). Usually, the earliest
small mammals are ground-foraging species, with herbivo-
rous and/or granivorous food habits (Haim and Izhaki 1994,
2000), well suited to early-successional vegetation.

In addition to the vegetation structure, plant species also
have important roles. For instance, black-footed rats Mesem-
briomys gouldii have been found to be particularly depend-
ent on Cycas sp. in post-fire Australian forests, and the post-
fire loss of these plants could lead to local black-footed rats
extinction (Woinarski et al. 2005), with potential cascading
effects on the whole ecosystem (Nimmo et al. 2019; Geary
et al. 2020). Moreover, another hypothesis has been pos-
tulated, the Green Magnet Hypothesis (GMH; Archibald
et al. 2005; Jorge et al. 2020), to explain why herbivores are
inclined to visit recently burnt areas. According to GMH,
herbivores are attracted to these areas because of the favour-
able feeding opportunities. However, this attraction takes
perceived predation risk into account; consequently, herbi-
vores do not always follow the GMH (Cherry et al. 2017,
2018). Thus, when the GHM is followed, density of certain
prey species may become higher in burnt than in unburnt
areas. In the Mediterranean basin, a good example is the
small mammals assemblage (Torre and Diaz 2004; Puig-
Girones and Pons 2020). In a study in Catalonia (Spain)
the authors reported that this assemblage was also par-
ticularly developed around boundaries of the burnt area
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(Puig-Girones et al. 2018), where the habitat structure and
cover were more elaborate and thicker than in the inner parts
of the burnt area.

As predators tend to adapt to the availability and distri-
bution of their prey, changes in prey abundance can trig-
ger shifts in predator behaviour and foraging strategies
(Nimmo et al. 2019; Doherty et al. 2022, 2023). Predators
may concentrate their hunting efforts in burned areas with
higher prey densities, resulting in locally increased preda-
tory frequencies (Geary et al. 2020; Puig-Girones and Pons
2020; Doherty et al. 2022). For example, Puig-Gironés and
Pons (2020) report that 15 months after fires there was an
increment of rodent foraging activity, and 6 months later, an
increasing of red fox occurrence. Conversely, occurrence of
the stone marten was not affected by small mammals’ abun-
dance, presumably due to its generalist food-habits (Virgds
et al. 2010; Puig-Girones and Pons 2020). Shifts in preda-
tory frequencies can have significant ecological effects. In
fact, they may lead to a decline in prey populations, poten-
tially triggering cascading effects throughout the food web.
Changes in predatory behaviour might affect interspecific
interactions, ultimately shaping community structure (Geary
et al. 2018, 2020; Doherty et al. 2022). Furthermore, altera-
tion of prey availability may also affect predators’ locomo-
tory activity pattern, as reported for the red fox from 1 to 3
years after a fire (Birtsas et al. 2012; Hradsky 2020; Spencer
et al. 2022).

Long-term effects

In Mediterranean ecosystems, in the years following a fire,
that post-fire successional outcomes can be highly variable
due to factors such as fire intensity and recurrence, plant
reproductive strategy and seed maturation (Retana et al.
2002; Pausas et al. 2008; Keeley et al. 2011b; Pausas and
Keeley 2014). High intensity fires can lead to massive com-
munity collapse, resulting in prolonged recovery periods.
Conversely, low intensity fires can facilitate more rapid
vegetation recovery, through both survival and reproduc-
tive mechanisms and nutrient supply (Moreno and Oechel
1994; Keeley et al. 2011a; Caon et al. 2014). On the other
hand, recurrent fires could be particularly detrimental to
forest regeneration, leading to prolongated forest recovery
time, or even to its conversion into a successional shrubland
(Diaz-Delgado et al. 2002; Baeza et al. 2007; Pausas et al.
2008). However, usually succession proceeds with increas-
ing tree cover and decreasing herbaceous one (Trabaud
1994; Keeley et al. 2011a). Consequently, strictly terrestrial
and herbivorous animal species will be at least partially
replaced by arboreal, omnivorous and/or insectivorous spe-
cies, or those that feed on trees grown in the further seral
stages (Prodon et al. 1987; Arrizabalaga et al. 1993; Torre
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et al. 2022). These changes are consistent with Fox’s Habi-
tat Accommodation Model, as their succession follows a
predictable pattern of vegetation succession. For example,
the response of meso/large mammals to a wildfire in Turkey
was studied over several years (Soyumert et al. 2020). Sites
burnt since more than 30 years had lower species richness
than those burnt 13 years before, but supported species that
are usually absent in the short term after fire, such as brown
bears Ursus arctos and wild goats Capra aegagrus. Simi-
lar results for small mammals in terms of specific richness
were found by Torre et al. (2022) in Spain. If the predicted
successional scenario is respected, for prey, predation risk
and pressure could theoretically increase until the local
abundance of the prey return to pre-fire levels. However,
experimental evidence is still limited (Torre and Diaz 2004;
Torre et al. 2022).

Predators preferring forested habitats with high tree cover
(e.g., Martes spp.) are expected to be more common in these
late-successional systems (Bond 2015).

As ecological restoration proceeds, the system could
return to the pre-fire stage, or to a newly evolved state that
reflects the restoration of the ecosystem (Chakraborty and Li
2009; Keeley et al. 2011a; Holl 2020). However, long-term
data are the least available, probably due to the challenges
of maintaining consistent monitoring efforts over time and
funding constraints.

Drawing general conclusions is challenging, because of
the intricate nature of ecological processes. For instance,
there is variability in the post-fire response depending on
the type of ecosystem affected and the features of fire regime
(Lindenmayer et al. 2016; Lewis et al. 2022). In addition,
the potential occurrence of other disturbances over time
(e.g. additional wildfires, establishment of human activi-
ties), and long-term cascading effects due to successional
dynamics and trophic interactions increase the complexity
of the analysis (Lindenmayer et al. 2016; Geary et al. 2018;
Smith 2018).

Concluding remarks and future perspectives
Limitations of studies on post-fire effect

Despite the many studies on responses of wildlife to fires,
our scoping review highlighted many limitations. Most
studies focus on fire-responses of a single species or taxon
(e.g., Jaffe and Isbell 2009; Eby et al. 2013; Sokos et al.
2016; Lino et al. 2019; Mazzamuto et al. 2020; Nalliah et al.
2022). This is a standard starting point for ecological stud-
ies. However, to fully comprehend the ecological effects
of fires, a more comprehensive viewpoint that considers
interactions among different taxa at the community level is
necessary. The selection of target species is contingent upon

the specific context, objectives and hypotheses formulated.
Ideally, species from different functional groups should be
included, e.g., at least one each of apex predator, mesopreda-
tor, and prey species.

Immediate and short-term studies can provide immedi-
ate insights about the fire effects on ecosystems, and long-
term ones are needed to understand ecosystem dynam-
ics over time. However, while the first ones abound (e.g.,
Hradsky et al. 2017; Puig-Girones and Pons 2020; Spencer
et al. 2022), the second ones are scarce (e.g., Sokos et al.
2016; Soyumert et al. 2020). Effects at one or two years
after the fire are quite well-known for specific groups (e.g.
rodents, Haim and Izhaki (1994); Puig-Girones et al. (2018);
Mazzamuto et al. (2020)), but long-term effects are poorly
characterized. In order to mitigate the effects of fires, which
will increasingly impact wildlife, it should be of primary
importance to study the post-fire recovery period, which is
highly variable depending on factors such as the ecosystem
type and climate (Keeley et al. 2005, 2011a; Puig-Girones
et al. 2017).

Most of the studies were carried in North America and
Australia (Geary et al. 2020; Gonzilez et al. 2022). This
geographical bias poses a significant challenge since it
restricts the findings applicability to other continents. How-
ever, the studies on North American (e.g., Bleich et al. 2008;
Schuette et al. 2014) and Australian (e.g., Hradsky 2020;
Geary et al. 2022) Mediterranean ecosystems are useful
for predicting the outcome of Mediterranean ecosystems
on other continents, due to their shared temperate climate
(Moreno and Oechel 1994; Keeley et al. 2011a). Neverthe-
less, it is imperative to underline the intrinsic diversity of
the ecosystem’s biocoenosis of each geographical region.
These differences highlight the need to conduct additional
research on the unique ecological conditions of each region.
Regretfully, there are very limited studies about mammalian
post-fire responses in the Mediterranean basin (Haim et al.
1996; Soyumert et al. 2010, 2020; Birtsas et al. 2012), of
which only three studies (Torre and Diaz 2004; Puig-Girones
and Pons 2020; Puig-Girones 2023), conducted in Spain,
included predator—prey relationships.

Another limitation in studying unpredictable phenomena
is that many studies are not replicated under the same or
even similar conditions. In fact, replicating the same fire
regime features (e.g. spatial extent, fire intensity) and envi-
ronmental conditions poses significant difficulties in achiev-
ing experimental control and standardisation. In addition,
ethical considerations and safety concerns may limit the
ability to conduct fire experiments. Consequently, as wild-
fire studies are often opportunistic and lack pre-treatment
data, the conclusions that can be drawn are usually limited
to that single system. By contrast, prescribed fires are man-
ageable, allowing for study through appropriate sampling
design (e.g. Before-After Control-Impact, BACI). Unlike
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wildfires, prescribed fires are less intense, severe and exten-
sive (Whelan 1995; Fernandes et al. 2013), then their impact
on wildlife is very different from that of wildfires (Pastro
et al. 2011). As a result, studying the effects of prescribed
fire cannot serve as a surrogate for understanding the effects
of wildfire, although it depends by factors like ecosystem
and taxa affected (Converse et al. 2006; Morris et al. 2011a;
Hradsky et al. 2017).

Mechanisms to be disclosed

The actual mechanisms behind the observed effects is usu-
ally unknown (Kelly et al. 2012; Zwolak et al. 2012; Leahy
et al. 2016). For instance, although it is frequently well rec-
ognised that animal abundance varies in response to fires
(Torre and Diaz 2004; Zwolak et al. 2012; Jorge et al. 2020),
the demographic drivers behind these changes are often not
clear. In fire ecology, wildlife studies are typically discon-
nected dots, due to the wide range of fire characteristics
and ecological contexts studied. For instance, each study
has a distinct set of features (natural/prescribed fire, low/
high severity and/or intensity, different scale, seasonality,
biogeographical region, species investigated). In addition,
responses of a certain taxon to a fire in a certain part of the
world could be completely different to that of the same taxon
in a different biogeographical region (Geary et al. 2020), or
after a fire with different severity (Bond 2015; Chia et al.
2015; Lewis et al. 2022). For example, fire severity effects
have been observed in taxa such as rodents (Diffendorfer
et al. 2012), bats (Buchalski et al. 2013), and marsupials
(Chia et al. 2015). Therefore, with such specific informa-
tion it is difficult to draw a general picture from which to
attempt to draw overarching conclusions about the effects of
fires on wildlife and predict its effects on prey and predators
(Hradsky et al. 2017; Puig-Girones and Pons 2020). To pre-
dict effects of fires on animal populations driven by trophic
relationships, e.g., predator—prey relationship, is challeng-
ing, also considering the complexity of the predator—prey
relationship itself. However, fully identifying the effects of
fires on these relationships will be crucial to understanding
effects of fires on wildlife, given their role in shaping popu-
lation dynamics.

Establishing an international network that links together
all available information from each future fire could be a
possible solution. To date, information is still relatively
scarce due to some of the limitations highlighted, but it is
hoped that future studies will fill these gaps by elucidating
the role of each factor in affecting the ecological system
impacted by fire, as well as how these factors may inter-
act and reverberate on the relationships among the differ-
ent components of the system. For example, by clarifying
the effects of individual components of the fire regime on
vegetation regrowth, habitat availability, species mortality
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and community dynamics, taking into account differences
among different biocoenoses, is essential to this understand-
ing. By analysing the fine interactions among these factors,
we could gain a thorough understanding of their combined
influence on many ecosystem components, ultimately lead-
ing to a deeper knowledge of how fire affects ecosystems.
With this understanding, or a sort of framework for the
impact assessment, it may be possible to identify patterns
that make the effects of fires more predictable. Given the
current megafires outbreak and their devastating effects on
ecosystems around the world (Nolan et al. 2020; Geary et al.
2022), the development of predictive models of megafire
occurrence and behaviour should be a priority task. Combin-
ing data and knowledge from various ecosystems and areas,
such a network could improve our knowledge of megafire
dynamics and make it easier the development of effective
megafire management plans.

Applying this strategy, we suggest that future studies
should characterise in detail some key aspects of the fires
and their potential effects (Whelan et al. 2002; Keeley et al.
2011a; Geary et al. 2020) (Table 1). Among these, the fire
regime, including the extent of the impacted area, the sever-
ity of the various zones and the intensity of the fire should
be prioritized (Keeley 2009; Lewis et al. 2022). Additional
aspects such as soil type, climate zone, topography, other
disturbance sources and affected biocoenoses should also
be characterised. As there is strong evidence that effects
of fire on vegetation have a key role in the entire trophic
network (Moreno and Oechel 1994; Keeley et al. 2011a),
effects of the fire on the vegetation should be studied in
detail, to assess the potential impacts on the animal com-
munity through alteration of key components and structures
such as food resources and cover (Monamy and Fox 2000;
Geary et al. 2018; Torre et al. 2022). A interdisciplinary
approach to fire studies is therefore recommended. This
recommendation stems from the recognition that fires are
multifaceted phenomena with far-reaching consequences.
Each aspect considered—from the physical characteristics
of the fire to its ecological consequences—requires expertise
from different disciplines (Whelan 1995; Pausas and Keeley
2009; Moyo 2022). Studies on components such as soil and
vegetation should be primarily carried out as key ecological
drivers of primary productivity. In fact, wildfires, through
the burning of organic matter can reduce soil fertility, trig-
gering cascading effects on the vegetation recovery (Keeley
et al. 2011a; Caon et al. 2014). For this purpose, remote
sensing monitoring systems could complement field stud-
ies, by monitor changes in vegetation over time (Parks et al.
2014; Allison et al. 2016). On the other hand, animal stud-
ies should involve community studies, including as many
components of the food chain as possible, e.g., primary and
secondary consumers, plus meso- and apex-predators (Geary
et al. 2020; Doherty et al. 2022). In fact, the effects of fires



From fire to recovery: temporal-shift of predator—prey interactions among mammals in...

1S9I9IUT JO SSI[AYIIASU JNq ‘UONTUGSP SIS SIY [ENST Y} UL PIPNIUT JOU UONBULIOFU]

(102 "Te 19 oAewudp
-ur) AI9A0031 WIAISAS003 UO dUINPUI FUOXS [BNIUIOJ

(810¢ 1red pue
sesned 600 L9109 pue sesneq) soI1y o3 pajdepe AJjuo
-IQQIp ‘swA)sAs029 anbrun jo pesodwos st uoI1321009 Yorg

(8002
‘Te 30 sesned ‘Z00¢ ‘Te 32 opeS[og-zel(]) UONRIO)SAI
uoreadoa 10§ [npoedur Afrenonred are soIy SULLINOSY

(S00T 'T& 10 SIpIUnULISUOY :700T Tt 1o Kemdoorg)
uoseas juewiop pue Surmois juefd uo Jo9ye JUAIPIQ

(STOT 'Te 19 sameT Z00T
wrey) suieped UONBZIUO[OOAI PUB [BUOISSAIONS UO JOdPH

(e110T T8 10
KQ[o93]) WIRISAS00 9[0yM ) 10} seouanbasuod juedyru
-31s Y ‘uonelaSoa oY) uo 21y ay) Jo Joedwr 2y sauyeg

(010Z wons3ug G661
ue[ayAy) punoidiopun Surpry JIp[im pue syued jo ojex

(Suid
-3o1 oSeA[es “INOIRI[D "T°9) [BIGAIS (S[OAJ] ‘[BOLI0TIR))

SYH :S[PAJ[ ‘[eo1103)e)) FUISUIS AJOWY

[eorIowny] ‘s ep Jo JoquinN
SUOSEIS INOJ 9Y) :S[AAJ[ ‘[BILI0FAIRD) “ILdA 9} JO dWIL],
[eorowny “(ey) SUISUSS Aoway

(600C £o1093]) doap ‘eeropour Y31y
‘paYoI09s “JUINQUN :S[AAJ] ‘[ed1I0FIe) "SUISUIS )oY

eare
SU) UT JNO PILIILD SUOT)UIAIIUT a1y-)sod Aue jo adAJ,

sad£) jeyqey pue sowolq £q payISSe[d SUOISAI0T

(G661 UBIOUAL) . SAIL QATINOASUOD UMD dWIL],,,
PA1INJ0 211 Y} YIIYM Ul JeaA 3Y) JO UOSBIS
BAIR JUINQ dY) JO JZIS

(¥10T T8 19 Sed) (49¥) oney

ung paziane[ay jo sueaw £q ()ZOZ ‘Te 10 uewmog)
S Ay} Jo sjordwil [BIUSWUOIIAUD 3Y) JO AJeWNSH,,

J1qereae Ajarer ejeq (086] Surwoog

+SUOT)USAISIUT
ordonyue
Q11804

«(JH) uoI3a109g

[eAIoIUT AIL]
uoseag

JuAXyg

Aroass uing

Ayreyrow 1oy31y € 0) puodsarIod saNISUUI oI JOYSIIH — [BOLISWNN OWT) 90UIPISAI/pealds Jo el YSUS] W]  puB [QUWLIAYIOY) .. pIsSea[al A3I1oUd Jeay ) JO AINSLIA],, Kysuojuy
(S661 UR[OYAL) AILISAQS pUEB AJISUIUI AIY UO J09)9 Suons PIIm ‘paqriosald :S[oA9] ‘[eor10391e) [onuod pue Junjas uontusI a1y Jo odA], adAg,
Aym MOH uondrosag sjuouodwo))

diysuonear Aaxd—1ojepaid 9y uo A[jewnn
PUE ‘SWISAS099 U0 SAIY JO $310912 3y 101paid 03 9[qedeos aseqejep d31e[ & pring 03 9[qrssod I1 ayeW P[NOM SIY], *2I OB I9)J. PISLIAOBIRYD 9q P[NOYS ey} w2l a1y 2y} Jo syusuodwo) | ajqeL

pringer

As



0. Tomassini, A. Massolo

extend beyond individual species and may affect the entire
ecological communities. By adopting a community perspec-
tive, researchers could investigate the dynamic interactions
that occur among different species within an ecosystem and
gain a broad overview that can be insightful in understand-
ing post-fire dynamics (Whelan 1995; Morin 2011; Moyo
2022).

More emphasis should be placed also on changes in
trophic and non-trophic relationships among species, which
play key roles in shaping post-fire community dynam-
ics (Geary et al. 2018; Smith 2018; Doherty et al. 2022).
Trophic relationships, such as predator—prey dynamics, are
known drivers of ecosystem structure and function (Estes
et al. 2011; Terborgh and Estes 2013). Understanding how
fire affects them is therefore essential for proper manage-
ment and conservation of wildlife (Sih et al. 1998; Matter
and Mannan 2005). In addition, non-trophic relationships,
including competition, also have profound effects on com-
munity composition (Mayfield and Levine 2010; Morin
2011), although the effects of fire on these are still little
investigated (Geary et al. 2018; McHugh et al. 2022). By
prioritising the study of both trophic and non-trophic inter-
actions, we can achieve a more comprehensive understand-
ing of the multifaceted effects of fire on ecosystems, also
encompassing the intricate web of relationships that col-
lectively shape post-fire community dynamics (Leahy et al.
2016; Geary et al. 2018; Smith 2018; Doherty et al. 2022;
Puig-Girones 2023). Such research should follow ecologi-
cal succession over time, to understand the actual impacts
of a fire on wildlife, which most likely does not end within
a few years of the event (Kelly et al. 2011; Soyumert et al.
2020). Thus, studies should begin soon after the fire and be
continued for several years and possibly decades thereafter.

Finally, more attention should be paid to less studied but
high-risk areas, such as the Mediterranean basin, where,
although there has been considerable research on the effects
of fires on several taxa (e.g., Santos and Cheylan 2013; Puig-
Girones et al. 2017, 2023; Ancillotto et al. 2021), there are
surprisingly few studies investigating their effects on eco-
logical interactions within mammalian communities (Torre
and Diaz 2004; Puig-Girones and Pons 2020; Puig-Girones
2023).

As scientific research is often limited by economic
resources, it may not always be possible to implement the
proposed solutions. However, a more feasible alternative
might be to choose one or more indicator taxa and study
them intensively around the world (Geary et al. 2020). Stud-
ying the same taxa in different ecosystems allows data to be
collected under a variety of environmental conditions. This
may help to determine the role of specific factors and to
generalise ecological patterns, thereby improving our com-
prehension of global ecosystem dynamics. A suitable indi-
cator species could be the red fox, due to its extraordinary
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ecological plasticity (Geary et al. 2020; Garcés and Pires
2021). This species is widespread in almost the entire north-
ern hemisphere, plus parts of Australia, including three of
the five Mediterranean areas: the Mediterranean basin,
Australia and California. The red fox is both autochtho-
nous predator (northern hemisphere) and invasive predator
(southern hemisphere), consequently this relevant conserva-
tion element can also be assessed. As a mesopredator, it can
play the trophic role of predator or prey, and it can undergo
competitive interactions with apex predators (Geary et al.
2018; Garcés and Pires 2021; Rossa et al. 2021). Finally,
there are already data on relationships between red foxes and
fires, e.g., in Australia (Hradsky 2020; Nalliah et al. 2022;
Spencer et al. 2022; Doherty et al. 2023). As a highly oppor-
tunistic species, it tends to adapt very well to fire-prone areas
(Hradsky 2020; Doherty et al. 2023).

However, this approach has its drawbacks. Variability in
habitat types, species interactions and environmental factors
across ecosystems can introduce complexity and limitations
to data interpretation. In addition, the influence of other fac-
tors, such as human disturbance and habitat fragmentation
(Sousa 1984; Baeza et al. 2007; Ancillotto et al. 2021),
cannot be underestimated, as they can confound research
results and make it difficult to extrapolate findings to larger
geographic scales.

Together with the red fox, the small mammal assem-
blages, as a key prey group, could be studied. Small mam-
mals are distributed worldwide and are among the taxa for
which we know most about the effects of fires on recovery
(Banks et al. 2011; Puig-Girones et al. 2018; Hale et al.
2022) and dynamics (Arrizabalaga et al. 1993; Haim and
Izhaki 1994; Torre et al. 2022). Furthermore, their specific
composition varies greatly at geographical scale, and include
from early to late successional species (Fox 1982; Monamy
and Fox 2010).

In summary, post-fire community research must be given
top priority in order to gain a more comprehensive under-
standing of the ecological effects of fires on wildfire in Med-
iterranean ecosystems. It is necessary to apply an interdisci-
plinary approach to the study of these communities and give
emphasis on the comprehension of ecological interactions.
In the case this is not feasible, we suggest investigating at
least the red fox/small mammals system as soon as the fire
occurs, and to continue the research for as long as possible.

We believe that a large-scale application of this frame-
work would yield significant insights of how fire affects
predator—prey relationships in Mediterranean ecosystems.
Given the ongoing of climate change and intensification of
fire regimes, this knowledge may prove valuable in the future
for managing and predicting changes in mammal commu-
nities. In this way, researchers can lead the way for more
effective approaches to mitigate the ecological impacts of
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wildfires and preserve the biodiversity of these threatened
ecosystems for future generations.
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