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Abstract. The occurrence of multiple disturbances can jointly affect the recovery capacity of ecosystems,
potentially leading to changes in vegetation dynamics or loss of resilience. The effects of interacting disturbances on ecosystems are, however, not well understood. We use a model system based on Mediterraneantype ecosystems (MTEs) to examine how the interplay between vegetation regeneration traits and
compound, stochastic disturbances modulate ecosystem dynamics. We developed a state-and-transition
simulation model including two tree species with contrasting regeneration strategies (seeder vs. resprouter) and a shrubland formation. We aim to assess potential compositional switches under contrasted
scenarios of compound ﬁre–drought regimes, and to characterize the cumulative effects of ﬁre–drought
(synergism vs. antagonism) relative to the effects of individual disturbance regimes. Our simulation results
indicate that interaction between moderate ﬁre and sporadic drought recurrence—as opposed to chronic
dryness—can act as a strong mechanism generating highly heterogeneous landscapes in which different
regeneration types coexist, as observed in MTEs. Resprouters dominated under individual, moderate
disturbance regimes of ﬁre or drought, whereas the interaction of the two disturbances promoted the longterm coexistence of both tree regeneration strategies. However, shrubland expansion and persistence at the
expanse of forests was favored by increases in drought recurrence and associated ﬁre–drought interactions,
highlighting the potential for important vegetation changes in MTEs under climate change. Overall, the
cumulative effects of ﬁre and drought can lead to distinct landscape conﬁgurations under moderate disturbance regimes that are otherwise only attained under high frequency of individual disturbances. At the
ecosystem level, however, we suggest that disturbance-induced vegetation dynamics can modify vegetation sensitivity and resilience to further disturbances precluding the prevalence of synergistic effects of the
two disturbances.
Key words: additive model; climatic change; compound disturbance regimes; cumulative effects; drought; ecosystem
resilience; ﬁre; Mediterranean ecosystems; regeneration traits; sequence of events.
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INTRODUCTION

Mediterranean-type ecosystems (MTEs) to increase our understanding of multiple disturbance
interactions on long-term vegetation dynamics,
which can be characterized by contrasting regeneration strategies of woody plants in MTEs. Also,
given their climatic characteristics, MTEs may be
especially sensitive to projected changes in climate leading to increased aridity (e.g., potential
increases in ﬁre occurrence, mediated by productivity, Batllori et al. 2013, Bedia et al. 2015, higher
recurrence of extreme droughts, IPCC 2014).
Functional, quantitative classiﬁcation of plant
traits provides a powerful framework to model
landscape–disturbance interactions and to assess
potential changes in vegetation composition,
structure, and function (Lavorel et al. 2007,
Enright et al. 2014). Existing modeling approaches that assess the coexistence of seeding and
resprouting species (e.g., Bradstock et al. 1998,
Zavala and Zea 2004, Pausas and Lloret 2007,
Miller and Chesson 2009, Esther et al. 2010) do
not incorporate compound disturbance effects on
the dynamics of vegetation. We developed a
state-and-transition simulation model (STSM;
Daniel et al. 2016) to assess how the interplay of
disturbance interactions and regeneration traits
inﬂuence long-term vegetation responses. The
model, extended from Batllori et al. (2015), is
comprised of two tree species with contrasting
regeneration traits (seeder vs. resprouter) and a
shrubland formation composed by a mix of
species and regeneration strategies. Our intent is
to incorporate general ecological principles into
the model so that the underlying mechanisms,
and thus simulation results, depend less on the
speciﬁc biology of the species being represented
than on the qualitative features of regeneration
traits and the effects of interacting disturbance
regimes.
In this investigation, we aim to identify key
patterns in ecosystem dynamics under compound ﬁre–drought disturbance regimes in
MTEs, as mediated by regeneration traits and
vegetation characteristics (fuel load and ﬂammability). We hypothesize that the effects of interacting ﬁre and drought disturbance events drive
landscape conﬁgurations in ways that differ from
considering these two disturbances separately.
To test this general hypothesis, we assess the
effects of disturbances on long-term vegetation
dynamics (i.e., over multiple disturbance events)

Most ecosystems are subject to natural disturbances that operate across a range of temporal
and spatial scales and shape their structure and
function. Extreme drought events, understood as
exceptionally severe episodes of water deﬁcit,
and ﬁre are two major disturbances that affect
the dynamics and composition of ecosystems
worldwide (e.g., Bond et al. 2005, Allen et al.
2010). As temperature and precipitation directly
inﬂuence water deﬁcits and vegetation ﬂammability, climatic changes are likely to trigger
substantial alterations in the scale, frequency,
and intensity of drought and wildﬁre (Moritz
et al. 2012, Allen et al. 2015).
Despite general understanding of the impacts
and climate-related alterations of speciﬁc disturbance regimes on ecosystems, the inﬂuence of
possible interactions among different disturbance types is not well understood (Seidl et al.
2011, Enright et al. 2014). Interactions among
disturbances may be seen as compound perturbations (Paine et al. 1998), because the occurrence of several disturbances jointly affects the
recovery capacity of ecosystems. The combined
effects of multiple disturbances can be higher
(synergism) or lower (antagonism) than the additive sum of effects elicited by the disturbance
regimes acting in isolation (additive model, Folt
et al. 1999, Crain et al. 2008, Piggott et al. 2015).
Potentially complex synergistic or antagonistic
interactions among disturbance types may lead
to long-lasting impacts on ecosystem structure
and function (Turner 2010, Buma 2015). A better
understanding of the cumulative and interacting
effects of multiple disturbances on ecosystem
dynamics is therefore a pressing issue in ecology
^te
and conservation (e.g., Mouillot et al. 2013, Co
et al. 2016, Foster et al. 2016).
The response of vegetation to disturbance
regimes is strongly inﬂuenced by species’ capacity to persist by resprouting and/or regenerating
from a persistent seed bank. The tight relationship between regeneration strategies and disturbance regimes suggests that any changes in the
frequency and intensity of disturbances might
differentially affect the abundance of species
with these two major regeneration traits
(e.g., Lloret et al. 2005, Vilagrosa et al. 2014). In
this study, we used a model system based on
❖ www.esajournals.org
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under ﬁfteen individual and compound ﬁre–
drought regimes. Speciﬁcally, we (1) examine the
inﬂuence of interacting disturbances on vegetation composition relative to individual disturbance regimes; (2) test whether the effects of
interacting ﬁre and drought on vegetation composition are synergistic or antagonistic following
the additive effects model (Folt et al. 1999); and
(3) evaluate the inﬂuence of simultaneous and
consecutive disturbance events as mechanisms
contributing to observed vegetation dynamics.
Regeneration traits (seeder vs. resprouter) are
widely recognized in MTEs, where major disturbances such as ﬁre and extreme drought events
shape vegetation characteristics and landscape
dynamics (e.g., Keeley et al. 2012, Allen et al.
2015). However, given the prevalence of disturbance interactions—both biotic and abiotic—and
similar regeneration traits in many other ecosystem types, ﬁndings from this model system can
provide relevant insights for the dynamics of a
broad range of environments (e.g., austral and
boreal forests, savanna systems, subalpine forests;
Weber and Flannigan 1997, Bigler et al. 2005,
Midgley et al. 2010, Landesmann et al. 2015).

For this investigation, we assumed that shrublands are dominated by a mix of ﬁre- and
drought-adapted species with high capacity to
resprout or recover from seed after disturbance
(Vila-Cabrera et al. 2008), whereas sparse vegetation is considered a formation with low vegetation cover. The tree seeder is characterized by
traits of pioneer species: fast growth, early maturity, and massive seed production and dispersal
(Sheffer 2012). The young seeder vegetation type
corresponds to seedlings and saplings that are
highly sensitive to ﬁre and drought and that are
not able to produce seeds, so their recovery after
disturbance depends on seed inputs from the
mature seeder class (Bradstock et al. 1998, Moya
et al. 2008). On the other hand, the tree resprouter incorporates traits of late-successional species
such as low chance of germination in open environments and high persistence of established
individuals (Sheffer 2012). The mature resprouter
class corresponds to plants with high basal
resprouting capacity after the disturbanceinduced death of the aboveground biomass and
moderate ability of crown re-greening after
drought (e.g., Lloret et al. 2004, Catry et al.
2010). Finally, the young resprouter vegetation
type corresponds to individuals recently established or regrowing that exhibit lower capacity
for basal resprouting compared to mature
resprouters due to a smaller amount of accumulated carbon reserves, resulting in a higher sensitivity to ﬁre and drought than mature
individuals (e.g., Lloret et al. 2004).
We considered that the tree resprouter is less
sensitive to both ﬁre and extreme drought—as
opposed to low or moderate and long-term dryness—than the seeder (Pausas et al. 2016), but
both resprouting and seeding capabilities are
modulated by disturbance occurrence and recurrence. Seeds are only produced in mature seeders, incorporating maturation time, whereas
resprouters gradually recover their resprouting
capacity after disturbance, incorporating the
effect of repeated disturbances on the ability of
plants to accumulate reserves and resprout (e.g.,
pez et al. 2009). We assume that neither seed
Lo
germination nor resprouting occurs in drought
years (e.g., Galiano et al. 2013).
While extremely simpliﬁed, we believe the
basic vegetation types described above, along
with their different response to disturbances, are

METHODS
Model overview
The simulation model, programmed in R statistical language (R version 3.2.2; R Core Team
2015), corresponds to a STSM integrated in a
landscape of 400 (20 9 20) cells where vegetation
dynamics is inﬂuenced by stochastic regimes of
ﬁre (implemented as a spatially explicit process)
and sporadic, extreme drought. Each cell is
described by the following state variables: the
proportion of six major vegetation types, their
corresponding live and dead biomass values,
and a cell-level counter of time since disturbance
that modulates processes of vegetation state
change. Vegetation types are deﬁned by broad
formations, constituted by sparse vegetation,
shrublands, and two developmental stages
(young vs. mature) of a tree seeder and a tree
resprouter. The time counter is applied at the cell
level, assuming that ecological properties (i.e.,
biomass level and sensitivity to ﬁre and drought)
are equivalent irrespective of the age within a
given vegetation state, once that vegetation state
is reached.
❖ www.esajournals.org
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successionally stable in the current formulation
of the model; if disturbance processes do not
occur, they transition to resprouter-dominated
forests, representing major successional pathways across the Mediterranean Basin MTEs.
In this study, one time step of the model represents one year, and model parameterization and
the environmental conditions of the system
(except disturbance stochasticity) are held constant over all cells and over time. The overall
environment determines the baseline rate of
change among the vegetation types and the baseline disturbance regime characteristics, which
consist of the frequency and intensity of ﬁre risk
and drought.

suited to simulate the main patterns of landscape
dynamics in MTE forests such as the natural or
seminatural pine–oak systems that dominate
extensive areas in the Mediterranean Basin (e.g.,
Pinus halepensis–Quercus ilex, Zavala et al. 2000;
Pinus brutia–Quercus calliprinos, Sheffer 2012;
P. halepensis–Q. calliprinos, Sheffer et al. 2013).
Characterization of vegetation traits in the model
may be modiﬁed to apply to other environments
where regeneration traits are correlated differently to other life-history traits (e.g., pioneer vs.
late-successional species).
The spatial scale of the model is not explicitly
ﬁxed, but it would correspond to a regional landscape affected by major synoptic weather conditions (e.g., extreme drought episodes) where
each cell would represent an area large enough
(e.g., 0.5–1 km2) to encompass a mix of vegetation types with shared environmental conditions
and capabilities to respond to the ecological processes incorporated in the model. Vegetation processes are implemented cell by cell, but each
cell’s dynamics is coupled with the rest of cells
both by disturbance regimes and by the inﬂuence
of landscape properties (e.g., fraction of mature
forests, biomass) on the rate of vegetation succession and replacement processes or the likelihood
of ﬁre. For instance, the system recovery rate is
modulated by the fraction of mature forests, as a
lower fraction of mature forests (at both the cell
level and landscape level) results in a lower rate
of shrubland to forest succession. Succession to
forest stops if the mature tree seeder and
resprouter disappear completely from the landscape. Therefore, although colonization is not
explicitly incorporated in the model, the inﬂuence of landscape-level properties on the rate of
vegetation processes is intended to implicitly
incorporate landscape-scale processes such as
dispersal in modulating vegetation dynamics
(Zavala and Zea 2004).
Changes in each cell’s vegetation composition
(Fig. 1a) are driven by succession to forest (e.g.,
change from shrubland to forest), maturation
(e.g., change from young to mature classes), and
replacement processes (e.g., change among forest
types). Fire and drought events (Fig. 1b, c), both
deﬁned as sporadic mortality factors, can set
vegetation back to earlier successional stages
(e.g., change from forest to shrubland). Shrublands and seeder-dominated forests are not
❖ www.esajournals.org

Process scheduling and ecological principles
The overall model procedure and the basic
ecological principles associated with each rule
are outlined below. See full model description
and formalization following the Overview,
Design concepts, Details protocol (ODD; Grimm
et al. 2010) and sensitivity analysis in the
Supporting Information (see Appendices S1 and
S2, respectively; Batllori et al. 2015).
To accommodate multiple transition types
derived from vegetation succession and disturbances, processes that determine the state of each
cell between time steps are applied sequentially
(Daniel et al. 2016). At each time step (a year),
the model ﬁrst determines whether drought,
understood as episodes more severe than the
typical summer dryness of MTEs, will occur.
Sporadic drought episodes are implemented
through the generation of random deviates with
a certain inter-drought interval (see Modeling
scenarios). Drought inﬂuences the entire landscape at a given model step (i.e., all cells are
simultaneously affected), and vegetation succession, maturation, and replacement processes stop
during such episodes to incorporate the limitations imposed by water deﬁcit in vegetation
growth and biomass accumulation (e.g., Beer
et al. 2010). If drought does not occur, processes
of vegetation change occur ﬁrst (Rule 1),
followed by updating of live and dead biomass
(Rule 2), to simulate the growing season. In
drought years, drought-induced mortality takes
place (Rule 3). Then, if ignition occurs, ﬁre
spreads through the landscape from a random
starting point (Rule 4; see details of each model’s
4
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Fig. 1. Model structure: (a): successional, maturation, and replacement pathways among the six vegetation
types of the system (gray arrows), (b) and (c) effects of drought and ﬁre, respectively, on vegetation dynamics
(red arrows). Arrowheads depict the direction of change from one vegetation state to the other, irrespective of
the ecological mechanism behind it, and arrow widths are representative of the rate of each process. The six vegetation types used in this implementation correspond to sparse vegetation, shrublands, and two developmental
stages (young and mature) of a tree seeder and a tree resprouter.

distributions (see Modeling scenarios) and ﬁre
spread to neighboring cells is determined by
their fuel load and vegetation composition.
Finally, vegetation proportions, as well as live
and dead biomass levels, are updated at each
time step after accounting for disturbance effects.
Rule 1.—Succession, maturation, and vegetation replacement processes. This rule determines
new proportions of the six vegetation types
within cells. Such vegetation changes not driven
by disturbance (Fig. 1a) are constrained by the
differential behavior of pioneer and late-successional vegetation types included in this parameterization. The tree seeder corresponds to a
pioneer, shade-intolerant forest species with relatively high establishment rates in shrublands
(i.e., succession to forest) and moderate

rule). Random patterns of ignition alleviate the
inﬂuence of initial landscape conﬁguration, and
we assume they better capture the human inﬂuence to ﬁre occurrence in most MTEs, as opposed
to natural ignitions that would be more inﬂuenced by the spatial patterning of vegetation
types (Syphard et al. 2007, Ganteaume et al.
2013, San-Miguel-Ayanz et al. 2013). Stochastic
ignitions are driven by a baseline landscape-level
environmental ﬁre risk (i.e., probability of ignition) that is increased by cell vegetation characteristics (fuel load and ﬂammability) and fuel
dryness. At the cell level, ﬁres are implemented
as high-intensity, stand-replacing crown ﬁres
characteristic of MTEs (Keeley et al. 2012). At the
landscape level, burned area (i.e., the number of
cells burned) is drawn from scenario-deﬁned
❖ www.esajournals.org
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are thus incorporated indirectly. Importantly,
drought-induced changes from live to dead biomass are higher than changes in vegetation composition, to account for the capacity of MTE
species to endure drought. For a given drought
event, shrublands are assumed to be rather resistant (low mortality rates) because they include
many drought-deciduous and drought-tolerant
species, whereas the young seeder and resprouter
classes are the most sensitive given their shallower rooting depths and lower levels of stored
reserves, respectively (e.g., Pratt et al. 2014).
Rule 4.—Ignition and ﬁre spread. When it
occurs, ﬁre burns all vegetation within affected
cells changing their vegetation composition
(Fig. 1c). The probability of ignition is modulated
by environmental factors through the inﬂuence
of drought episodes on fuel moisture, as well as
by landscape levels of live and dead biomass
(i.e., fuel load; Duane et al. 2015) and the proportion of ﬂammable vegetation types (shrublands,
Barros and Pereira 2014, seeders, e.g., Cowan
and Ackerly 2010, Saura-Mas et al. 2010). This
incorporates climatic and fuel accumulation
effects and the inﬂuence of vegetation traits (e.g.,
ﬁne needles, resin) on ﬁre risk. Drought episodes
affect ﬁre occurrence through an increased likelihood of ignition of live biomass during such
episodes, implicitly simulating more severe
drying of fuels than in non-drought years. When
ﬁre occurs in a cell, it affects all vegetation types
and all live and dead biomass is consumed (i.e.,
high-intensity, stand-replacing crown ﬁre).
Burned area of each ﬁre event is drawn from a
uniform distribution spanning the range of ﬁre
sizes within the scenario-deﬁned ﬁre regimes.

establishment rates on young stands of the tree
resprouter (i.e., replacement; Zavala et al. 2000).
Contrastingly, the shade tolerance of the latesuccessional tree resprouter leads to a lower
ability to recruit in shrublands but a competitive
advantage at later successional stages to colonize
adult stands of the tree seeder (e.g., Curt et al.
2009, Sheffer 2012, Carnicer et al. 2014).
Rule 2.—Biomass update. Live biomass,
expressed as a 0–1 index, depends on the proportion of the different vegetation types within the
cell. Negligible biomass as in sparse vegetation is
expressed as 0 (i.e., no contribution to cell fuel
load), whereas 1 corresponds to the maximum
biomass level that vegetation states can achieve
(i.e., mature seeder and resprouter classes). Young
forests and shrublands have intermediate maximum biomass levels: young resprouter > young
seeder > shrublands. Cell and landscape live
biomass changes as succession and vegetation
replacement processes occur (Rule 1), indirectly
leading to biomass accumulation through time.
Dead biomass (produced by drought-induced
mortality, see Rule 3) is updated on the basis of a
constant decomposition rate following a negative
exponential function. Drought-induced mortality
is likely to generate dead fuel from different diametric classes, but in this investigation we aimed
to incorporate the short-term effects of increased
ﬁre likelihood as a result of increased ﬁne, dead
fuels (that disappear relatively fast) resulting from
drought (shoot dieback, McDowell et al. 2008 and
references therein). Fine fuels are the ones with a
highest inﬂuence in vegetation ignitability, and
they also inﬂuence ﬁre behavior (Rothermel 1972,
Scott and Reinhardt 2001, Fernandes and Loureiro
2013). In the model, it is assumed that droughtinduced biomass mortality mostly corresponds to
shoot dieback, and thus, dead biomass within
cells decreases rapidly (most of it disappears in
~10–15 yr), capturing the relatively high biomass
decomposition rates characteristic of some MTEs
(Verkaik and Espelta 2014).
Rule 3.—Drought impacts. Drought severity
determines changes in live and dead biomass as
well as changes in vegetation composition (i.e.,
changes in the proportion of the six vegetation
types; Fig. 1b). For a given drought event, higher
biomass in a cell will result in a higher total
amount of drought-induced biomass mortality. In
such a framework, drought–density relationships
❖ www.esajournals.org

Modeling scenarios

We deﬁned three contrasting regimes for ﬁre
and three regimes of increasing drought recurrence. Each of these six regimes was applied in a
corresponding individual disturbance scenario,
and nine additional compound scenarios resulted
from all the possible combinations of ﬁre and
drought regimes (Appendix S3: Table S1 and
Appendix S1: Table S1). A no-disturbance scenario
was implemented as control. This scenario design
allows testing the effects of interacting ﬁre and
drought—synergism vs. antagonism—following
the additive model (Folt et al. 1999), in which the
effects of interacting disturbances are compared
6
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with the additive sum of effects of the corresponding disturbance regimes acting in isolation.
The three implemented ﬁre regimes are
deﬁned on the basis of ﬁre size and recurrence.
They correspond to (1) LI100, regime of large,
infrequent ﬁres with a mean recurrence of 100 yr
and where all ﬁres correspond to large events,
burning 80–100% of cells in the landscape; (2)
SF20, regime of small to medium, frequent ﬁres
with a mean recurrence of 20 yr and where all
ﬁres correspond to small–medium events, burning 5–25% of cells in the landscape; and (3) M20,
a mixed ﬁre regime with a mean ﬁre recurrence
of 20 yr but in which both large and small–
medium ﬁres occur; in this scenario, 25% of the
ﬁres correspond to large ﬁre events (burning
80–100% of the cells) and the remaining 75%
correspond to small to medium ﬁres (burning
5–25% of the cells). Because surface ﬁres are rare
in MTEs (Keeley et al. 2012), we thus made the
simplifying assumption that all ﬁres correspond
to high-intensity, stand-replacing ﬁres.
From an ecological perspective, the mixed ﬁre
regime resembles disturbance regimes discussed
in recent ﬁre assessments, suggesting that large
ﬁres, in combination with small frequent ﬁres,
may be characteristics of ﬁre-prone MTEs areas
irrespective of and/or promoted by ongoing ﬁreﬁghting efforts and strongly inﬂuenced by
human-driven ignitions (San-Miguel-Ayanz et al.
2013). On the other hand, the LI100 and SF20 ﬁre
scenarios were included to better assess the
range of major ﬁre regime components such as
recurrence and extent, and to conceptually incorporate scenarios with a strong control on ﬁre by
humans. The large infrequent ﬁre regime would
thus correspond to a scenario where most ignitions are successfully controlled, but when a ﬁre
does escape, it is one that overcomes ﬁreﬁghting
capacity (i.e., a large ﬁre). Contrastingly, the
small to medium ﬁre regime would correspond
to a scenario where ﬁre size is effectively controlled, and thus, ﬁres are allowed to regularly
burn the landscape, but they are successfully
limited to small–medium ﬁres.
The three drought regimes correspond to
mean drought return intervals of 40, 30, and
15 yr (D40, D30, and D15, respectively), with
drought events of variable length drawn from a
Poisson distribution with k = 1 and a stochastically deﬁned drought intensity causing 10–25%
❖ www.esajournals.org

biomass mortality. We set such conservative
drought intensity because, in MTEs, events causing over than 30% of vegetation die-off are
relatively rare (Allen et al. 2010). Note that in this
implementation, drought severity is held constant irrespective of drought recurrence, as our
aim was to simulate the potential effects of
increased high-intensity droughts under projected climate change scenarios (IPCC 2014,
Merino et al. 2015). Mean drought recurrence of
40 yr roughly corresponds to the historical frequency of exceptional periods of climatic water
deﬁcit reported for some Mediterranean regions
(Tejedor et al. 2016). Drought regimes at a mean
recurrence of 30 and 15 yr would thus correspond to scenarios of increased drought
frequency under climate change projections.
For each disturbance scenario, we conducted
100 model replicates to account for the effects of
disturbance stochasticity and thus variance in
realized disturbance sizes and intervals (e.g.,
Stephens et al. 2014, Enright et al. 2015 and references therein), which may be critically important
for ecosystem dynamics and resilience (Buma
et al. 2013). The landscape was always initialized
as a mosaic equally composed of cells 100% dominated by the adult seeder and resprouter classes,
and each run consisted of a model simulation of
600 model steps. Baseline values of each model’s
parameter are described in Appendix S3: Table S1
(see also Appendix S1: Table S1).

Analysis of model outputs
Landscape-level vegetation composition in
each model simulation was described by means
of the average abundance of each vegetation
type, lumping together young and mature
classes for the tree resprouter and the tree seeder.
We discarded the initial 100 model steps of each
simulation replicate to allow the system to be
representative of the modeled disturbance
regime and not the initial conditions. We used
principal component analysis (PCA) to summarize landscape conﬁgurations under individual
and compound disturbances scenarios. The PCA
was performed on the matrix containing the
average vegetation composition for each simulation replicate.
To test for synergistic and antagonistic effects
of compound ﬁre and drought regimes, we
examined whether the cumulative effects of
7
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interacting ﬁre and drought are higher (synergistic) or lower (antagonistic) than the additive sum
of the corresponding individual disturbance
regimes. Thus, we assessed the effect of individual and compound disturbance regimes on the
composition of vegetation types with respect to
the composition obtained under the no-disturbance scenario. Predictions of ecosystem
response to multiple stressors are inﬂuenced by
the response variable that is measured, and complicated by stochasticity (Crain et al. 2008 and
references therein). As we aimed to assess the
effects of stochastic, compound disturbances on
long-term system dynamics, we used the average
landscape-level vegetation composition over
each model replicate to assess the response of the
system. This procedure probably results in more
conservative estimates of the cumulative effects
of disturbances than if a given vegetation type
was used (Folt et al. 1999).
In our model, the vegetation compositional
space is multivariate, so that distances in this
space can occur in many directions (e.g., change
from resprouter to seeder vs. change from
resprouter to shrubland) and, hence, they are not
amenable to directly test for antagonistic or synergistic effects. To solve this issue, we projected
the average composition of vegetation types of
each simulation replicate onto a new axis deﬁned
by w = 1% tree resprouter + 2% tree seeder +
3% shrubland + 4% sparse vegetation. In w, the
multiplicative weights 1–4 indicate the inverse
position in the successional sequence: sparse
vegetation ? shrubland ? tree seeder ? tree
resprouter. Subsequently, we quantiﬁed the
response of the system for any given simulation
replicate as the absolute difference between the
value of w for the replicate and the value of w for
the no-disturbance scenario. Following this
approach, the highest value of system response
(response = 3) would occur among a system
dominated by 100% tree resprouter (i.e., w = 1,
no-disturbance scenario) and a complete dominance of sparse vegetation (i.e., w = 4 and
response = |4
1| = 3). Similarly, the response of
the system among 100% resprouter dominance
and 100% dominance of the tree seeder or the
shrubland would equal to 1 and 2, respectively.
Intermediate values in the abundance of the
different vegetation types would derive in intermediate values of the response of the system,
❖ www.esajournals.org

incorporating information on both the direction
and magnitude of vegetation change.
To compute the response of the system under
each of the implemented disturbance scenarios,
ﬁrst we computed system’s response in each simulation replicate, and then we averaged the
response of the system across the 100 simulation
replicates in each disturbance scenario. Finally, we
examined the relationship between the response
of the system and the occurrence of simultaneous
and consecutive ﬁre–drought events. Given the
varying relationship between weather (extreme
drought) and ﬁre in MTEs (e.g., Pausas 2004,
Koutsias et al. 2013, Duane et al. 2015), we opted
for not ﬁxing an a priori prevailing sequence of
events (e.g., drought followed by ﬁre as opposed
to ﬁre followed by drought). In each model replicate, we computed the number of simultaneous
events as the number of times ﬁre and drought
occurred in a given year, followed by a year without disturbance. The number of consecutive
events reﬂects the number of times a drought or
ﬁre year was followed by a ﬁre or drought year,
respectively. The relationship between the number
of consecutive and simultaneous disturbance
events and the average response of the system
was summarized by disturbance regime.

RESULTS
Individual disturbance scenarios

The individual effects of a mixed ﬁre regime—
with no drought—including both small frequent
and large infrequent ﬁres resulted in heterogeneous landscapes with similar abundances of
shrublands and the two regeneration traits (resprouter and seeder; M20 and No drought in
Fig. 2). In contrast, the tree resprouter dominated
under individual scenarios of large infrequent and
small frequent ﬁres. However, the stochastic nature of ﬁre (e.g., inter-disturbance period) resulted
in substantial variability in resprouter abundance
under regimes encompassing large infrequent ﬁres
(LI100 and M20), favoring the persistence, and in
some cases dominance, of the other vegetation
types under such ﬁre regimes. As expected by our
modeling assumptions, individual effects of
drought recurrences of 40 and 30 yr favored
resprouter dominance, whereas high drought frequencies (15 yr) lead to landscapes with similar
abundances of all vegetation types (Fig. 2).
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Fig. 2. Abundance of the major vegetation types incorporated in the model in relation to three individual
disturbance scenarios of ﬁre (top row, no drought) and drought (left column, no ﬁre), and nine scenarios of
compound ﬁre and drought regimes (see Modelling scenarios for details). For each vegetation type, a kernel density distribution represents its mean abundance over each of the 100 replicates for each scenario; the white dot in
each graph depicts the median over all replicates. Note that R and S corresponds to the young and adult classes
lumped together, LI100 to large infrequent ﬁres, SF20 to small frequent ﬁres, M20 to mixed ﬁre regime of small
frequent and large infrequent ﬁres, and D40, D30, and D15 correspond to mean drought recurrences of 40, 30,
and 15 yr, respectively. R, tree resprouter; S, tree seeder; U, shrublands; and A, sparse vegetation.

Compound disturbance scenarios

shrublands tended to become dominant in the
long term irrespective of drought recurrence. Fluctuations in interacting disturbance regimes
(stochasticity of occurrence) made possible the
transient dominance of any of the vegetation types
under most of the scenarios assessed (results not
shown). On the other hand, for a given ﬁre scenario, increased drought recurrence inevitably led to
increased shrubland dominance. Interestingly, the
tree seeder was less affected than the tree resprouter to increasing drought recurrence, despite its
higher sensitivity to extreme drought.

Some landscape conﬁgurations only emerged
as a result of the interacting effects of ﬁre and
drought (Figs. 2, 3; Appendix S3: Fig. S2), which
promoted drastic alterations of landscape composition compared to individual disturbance
regimes. In general, the interplay of ﬁre and
moderate drought recurrence (40–30 yr) produced
highly heterogeneous landscapes in which the
two regeneration traits, tree resprouter and tree
seeder, tend to co-dominate with shrublands.
However, under mixed ﬁre regimes (M20),

❖ www.esajournals.org
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recurrence, sparse vegetation represented a substantial portion of the landscape, reaching values
up to ~35% in the most extreme cases (Fig. 2).

Cumulative effects of fire and drought
Our assessment revealed that in most cases,
the average effects of interacting ﬁre and drought
on vegetation composition are not far from the
additive sum of the effects of ﬁre and drought
regimes acting in isolation (Fig. 4a). However,
antagonistic effects prevailed under mixed ﬁre
regimes irrespective of drought recurrence; compound effects of ﬁre and drought were less than
the additive sum of the corresponding individual
disturbance regimes. In contrast, slightly synergistic effects (i.e., compound effects greater than
the additive sum of individual disturbances)
were more common under ﬁre regimes of either
frequent small ﬁres or large infrequent ﬁres,
especially at moderate drought recurrence. Interestingly, the assessment of individual model
replicates showed that the stochastic nature of
disturbances promoted both synergistic and
antagonistic effects under any given compound
ﬁre–drought regime (Fig. 4b; Appendix S3:
Fig. S3), though results indicate a trend of
increasing antagonistic effects associated with
higher disturbance frequencies in all scenarios.
We found that the effects of consecutive events
on the response of the system were signiﬁcantly
higher than the effects of simultaneous events
(t-test, H0: The slopes are equal, P-value <0.05;
Fig. 5) under compound regimes of drought and
small frequent ﬁres (SF20; P-value <0.01) or
drought and large infrequent ﬁres (LI100; P-value
<0.01). Simultaneous and consecutive ﬁre–drought
events had a similar inﬂuence under mixed ﬁre
regimes (M20)—involving both small frequent
and large infrequent ﬁres (P-value = 0.126).

Fig. 3. Summary of the landscape conﬁgurations
under the implemented individual and compound
ﬁre–drought regimes. Each symbol corresponds to the
mean value of the 100 replicates of each disturbance
regime (see legend in the upper right corner) and gray
lines depict standard deviations in each scenario. Principal component analysis (PCA) was performed on the
basis of the abundance of each vegetation type. Abbreviations are as follows: SF20, small frequent ﬁres;
LI100, large infrequent ﬁres; M20, mixed ﬁre regime;
mDRI15, 30, 40, drought recurrence of 15, 30, and
40 yr, respectively.

Despite the above-mentioned compositional
heterogeneity under compound ﬁre and drought
regimes, the tree seeder and shrublands became
—on average—dominant in six out of the nine
scenarios of compound disturbances. The tree
resprouter tended to become the least abundant
vegetation type, especially under mixed ﬁre
regimes and high drought recurrence (15 yr), but
still dominated under small, frequent ﬁre
regimes and moderate drought recurrence (40
and 30 yr). However, even under these scenarios,
the tree seeder and shrublands reached abundances similar to resprouter’s abundance level.
Long-term landscape dominance by shrublands
occurred under high drought recurrence (15 yr)
irrespective of ﬁre regime, although the tree
seeder could still dominate under large infrequent ﬁres (LI100) and such frequent drought
regimes. Under scenarios of high disturbance
❖ www.esajournals.org

DISCUSSION
The simulation results presented here highlight that the interplay of regeneration strategy
and other ecological traits (e.g., successional
dynamics), combined with the inherent stochasticity of disturbances, can dominate ecosystem
dynamics. Our ﬁndings agree with the observed
advantage of resprouters under individual,
moderate disturbance regimes (e.g., Clarke et al.
2015). However, despite the capacity of
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Fig. 4. Interacting effects of compound ﬁre and drought regimes on vegetation composition relative to ﬁre and
drought acting in isolation. For each disturbance regime, mean interaction effects are presented in panel (a), where
individual ﬁre and drought effects are depicted by white and gray bars, respectively, their additive sum is shown by
the horizontal red lines, and the corresponding effects of interacting ﬁre and drought regimes are depicted by the
black bars. The proportion of synergistic and antagonistic effects at the simulation replicate level is presented in panel
(b), where red and black bars depict the proportion of synergistic and antagonistic effects, respectively, across the 100
simulation replicates performed for each disturbance regime. From left to right, subplots show interaction types in
each of the three ﬁre scenarios assessed: SF20, small frequent ﬁres; LI100, large infrequent ﬁres; and M20, mixed ﬁre
regime, respectively. D15, D30, and D40 correspond to drought frequencies of 15, 30, and 40 yr, respectively.

frequency, extent) and their effects on the sensitivity and response capacity of the system to
further disturbances.

vegetation to endure individual disturbance
effects through speciﬁc regeneration strategies
(in our case, resprouters and seeders), ﬂuctuations in disturbance regimes (as in the combined
small frequent and large infrequent ﬁres scenario) promote the coexistence of different regeneration traits (Tucker and Cadotte 2013). On the
other hand, the interplay and cumulative effects
of multiple interacting disturbances—ﬁre and
drought—further strengthen such coexistence in
the long term, and it may thus be a key ecosystem property. Although the effects of compound
disturbances effectively modify vegetation composition at the landscape scale, the interacting
effects of ﬁre and drought are not predominantly
synergistic. In fact, we found that antagonistic
effects were somehow prevalent, especially
under high disturbance scenarios. The nature of
ﬁre–drought interactions seems to vary with the
properties of the disturbance regimes (e.g., event
❖ www.esajournals.org

Compound disturbance scenarios
Our investigations suggest that the interaction
of moderate ﬁre and drought recurrence can act
as strong mechanism in generating highly heterogeneous landscapes in which tree resprouters
and seeders tend to co-dominate with shrublands. Resprouting species show high resistance
to exceptional episodes of water deﬁcit (Pausas
et al. 2016) and they are highly resilient to ﬁre
(e.g., Lloret et al. 2005, Pausas et al. 2008).
However, our analysis indicates that expected
increases in drought recurrence under climate
change, in conjunction with ﬁre, could lead to
considerable declines in the abundance of latesuccessional, obligate resprouters with low colonization ability (such as Quercus ilex or Quercus
11
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Fig. 5. Effects of the number of simultaneous and consecutive ﬁre–drought events on the response of the system summarized by ﬁre regime: small frequent ﬁres (top row, SF20), large infrequent ﬁres (middle row, LI100),
and mixed ﬁre regime of small frequent and large infrequent ﬁres (bottom row, M20). In each subplot, boxplots
depict the response of the system relative to the number of simultaneous or consecutive disturbance events over
all model replicates in each ﬁre regime. Solid lines show lineal relationships among variables and dashed lines
the 0.95 conﬁdence level.

calliprinos in the Mediterranean region). In contrast, the persistence and abundance of pioneer,
fast-growing tree seeders with high colonization
ability (such as Pinus halepensis or Pinus brutia;
❖ www.esajournals.org

Zavala et al. 2000, Sheffer 2012) may increase as
a result of altered ﬁre–drought regimes, provided
that these regimes do not constrain seed production as a result of too short inter-disturbance
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mobilization, bud or seed bank formation) are
expected to be similar for any disturbance
destroying biomass. Interestingly, our simulations indicate a trend toward increasing antagonistic effects as ﬁre and/or drought frequency
increases (Fig. 4b). Similar to components of individual tree resilience (e.g., Lloret et al. 2011), we
suggest that such trends are related to a change
in the overall resistance and resilience of the system as shrublands increase (and, paradoxically,
sparse vegetation) relative to forests (tree
resprouters and seeders). Shrublands can cope
with higher disturbance recurrence and intensity
than many forests (e.g., Odion et al. 2010), which
may explain how the cumulative effects of ﬁre
and drought become buffered as the abundance
of this vegetation type increases. At the system
level, our assessment indicates that the cumulative effects of compound disturbance regimes
(synergism and antagonism) are modulated by
disturbance-induced changes that alter the capacity of the system to further respond to stressors.
Therefore, whereas synergistic effects may occur
at the population level, we hypothesize that they
are less likely to prevail at the community or
ecosystem level, unless all species or components
of the system show equivalent sensitivity and
capacity of response to disturbance.

periods (Pausas and Lloret 2007). Such species
may thrive where the interacting effects of multiple disturbances promote a recurrent turnover
among
forested
states
and
shrubland
communities.
Shrubland expansion and persistence at the
expanse of forests would also be favored by ﬁre–
drought interactions and increased drought
recurrence, according to our results. Increases in
drought severity would further strengthen such
trends (Appendix S3: Fig. S4). Dominance of
shrubland formations in frequently disturbed
landscapes is characteristic of some MTEs such
as Australia, California, and South Cape (Keeley
et al. 2012). Overall, our ﬁndings show that the
interacting effects of ﬁre and drought can produce distinct landscape conﬁgurations in which
shrublands dominate under moderate disturbance regimes that, otherwise, are only attained
under high recurrence of individual disturbances
(Appendix S3: Fig. S5).

Cumulative effects of fire and drought
The signiﬁcantly larger effects of consecutive
vs. simultaneous events suggest that speciﬁc
sequences of events may modulate the response
of the system (Miao et al. 2009, Gower et al.
2015). This could indicate the existence of shortterm synergistic effects of ﬁre and drought if, for
instance, forest regeneration is precluded in a
drought year right after a large ﬁre (e.g., mortality of recruits; Pratt et al. 2014) or in a ﬁre year
after a drought year (e.g., lack of seed sources;
Meng et al. 2015). Other studies suggest synergistic effects of ﬁres and abiotic (extreme
weather; Gouveia et al. 2016) or biotic (herbivory; Midgley et al. 2010) disturbances. However, in the long term, we did not ﬁnd prevalent
synergistic effects of ﬁre and drought on vegetation composition in MTEs. Although disturbance
interaction promoted drastic changes in vegetation composition (Figs. 2, 3), those tended to be
lower than the additive effects of the individual
disturbance regimes (Fig. 4). Antagonistic interaction has been also reported for other ecological
properties such as plant richness and the interacting effects of climate change and erosion
(Garcıa-Fayos and Bochet 2009).
At the biological level, additive effects in our
modeling framework would derive from the fact
that regeneration mechanisms (e.g., reserve
❖ www.esajournals.org

Framework considerations
In this study, we focused on regeneration strategies and other ecological traits of tree species to
assess major compositional dynamics and potential loss of resilience of forests in relation to compound disturbances and climatic alterations (i.e.,
increased recurrence of extreme drought). We did
not assess the relative frequency of seeding,
resprouting, or facultative seeding species among
shrubs, which is another pressing issue that
requires further investigation. For simplicity, we
assumed that shrublands, as a major vegetation
type, were less sensitive to ﬁre and drought
regimes than forest-forming species. This is
because the combination of facultative species
and the presence of multiple shrub-like seeding
and resprouting species make these formations
more resistant to disturbance (Vila-Cabrera et al.
2008). However, disturbance frequencies higher
than those implemented here may threaten the
persistence of these communities as well (Enright
et al. 2014, Batllori et al. 2015). On the other hand,
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drought limits survival of young recruits of both
tree seeders and resprouters in our framework,
but additional post-disturbance weather conditions that may affect them are not considered.
This could somehow overstate the importance of
seeders, since they are more sensitive to postdisturbance weather than resprouters (Pausas
et al. 2008). Also, we did not incorporate other
changes likely associated with scenarios of increased extreme drought such as decreased longterm productivity (due to limited precipitation)
that could limit the rate of vegetation changes.
Fire–drought productivity feedbacks are certainly
a key area of research under climate change
scenarios that require further investigation.
In this implementation, we used random ignition points, although plant trait–ﬂammability
feedbacks could inﬂuence the spatial patterning
of ignition (e.g., Cowan and Ackerly 2010, SauraMas et al. 2010, Barros and Pereira 2014) leading
to a higher degree of landscape heterogeneity (i.e.,
different ﬁre recurrence would occur in different
parts of the landscape, modulating vegetation
successional processes). Given the currently limited occurrence of natural ignitions in MTEs (e.g.,
San-Miguel-Ayanz et al. 2013), we opted to
include random ignition patterns which, in turn,
alleviate the inﬂuence of speciﬁc conﬁgurations in
the patterning of the initial landscape and highlight the relative abundance of each vegetation
type in relation to compound disturbance
regimes. Additionally, ignition patterns may have
a relatively small inﬂuence in our investigation
given the relative scale of the modeled landscape
and burned area within the ﬁre regime scenarios
(excepting in regimes of small, frequent ﬁres); the
drought-induced mortality acting at the landscape
scale would further minimize such effects through
vegetation homogenization. We believe that vegetation ﬂammability–ﬁre feedbacks may be of
greater importance in assessments of vegetation
dynamics at large, biogeographical spatial scales
(e.g., over climatic gradients).

based on the impact of individual disturbance
regimes will not capture potential alterations
caused by interactions between multiple disturbance types. Despite the high resilience of latesuccessional, resprouting MTE tree species to
sporadic disturbance events and thus individual
disturbance regimes, they may nevertheless be
more vulnerable to the effects of interacting disturbances such as ﬁre and drought, and to longterm changes in compound disturbance regimes.
We suggest this is related to their ecological characteristics (e.g., low colonization ability) and to
the intrinsic stochasticity in the realized interval
of multiple disturbances and minimum interdisturbance periods. Overall, our simulations
emphasize that the projected increase in drought
recurrence under climate change may promote
shrubland persistence and expansion at the
expense of forest cover in Mediterranean landscapes. Such changes in vegetation will promote,
in turn, an overall increase in landscape resistance
and resilience to disturbance, which may preclude
synergistic effects of interacting ﬁre and drought
relative to their individual regimes. Therefore, as
climates become further altered, shrubland cover
may ultimately become a highly valued ecosystem characteristic in many MTEs.

ACKNOWLEDGMENTS
Enric Batllori thanks the support of a Marie Curie
International Incoming Fellowship (PIFF-GA-2013625547) and Miquel De C
aceres the support of a Spanish
Ramon y Cajal Fellowship. Lluıs Brotons and Francisco
Lloret thank the support of the research group 2014 SGR
00453 and the projects FORESTCAST, NEWFORESTS,
INFORMED, SECADIN, and BIOCLIM. We thank two
anonymous reviewers that provided valuable comments
that improved earlier versions of the manuscript.

LITERATURE CITED
Allen, C. D., D. D. Breshears, and N. G. McDowell.
2015. On underestimation of global vulnerability to
tree mortality and forest die-off from hotter
drought in the Anthropocene. Ecosphere 6:1–55.
Allen, C. D., et al. 2010. A global overview of drought
and heat-induced tree mortality reveals emerging
climate change risks for forests. Forest Ecology and
Management 259:660–684.
Barros, A. M. G., and J. M. C. Pereira. 2014. Wildﬁre
selectivity for land cover type: Does size matter?
PLoS One 9:e84760.

CONCLUSIONS
The cumulative effects of ﬁre and drought produce distinct landscape conﬁgurations under
moderate disturbance regimes that are otherwise
only attained under high recurrence of individual
disturbances. Therefore, ecosystem assessments
❖ www.esajournals.org

14

August 2017

❖ Volume 8(8) ❖ Article e01906

BATLLORI ET AL.
Batllori, E., D. D. Ackerly, and M. A. Moritz. 2015.
A minimal model of ﬁre-vegetation feedbacks and
disturbance stochasticity generates alternative
stable states in grassland-shrubland-woodland systems. Environmental Research Letters 10:34018.
Batllori, E., M.-A. Parisien, M. A. Krawchuk, and
M. A. Moritz. 2013. Climate change-induced shifts
in ﬁre for Mediterranean ecosystems. Global Ecology and Biogeography 22:1118–1129.
Bedia, J., S. Herrera, J. M. Gutierrez, A. Benali,
S. Brands, B. Mota, and J. M. Moreno. 2015. Global
patterns in the sensitivity of burned area to ﬁreweather: implications for climate change. Agricultural and Forest Meteorology 214–215:369–379.
Beer, C., et al. 2010. Terrestrial gross carbon dioxide
uptake: global distribution and covariation with
climate. Science 329:834–838.
Bigler, C., D. Kulakowski, and T. T. Veblen. 2005.
Multiple disturbance interactions and drought
inﬂuence ﬁre severity in Rocky Mountains
subalpine forests. Ecology 86:3018–3029.
Bond, W. J., F. I. Woodward, and G. F. Midgley. 2005.
The global distribution of ecosystems in a world
without ﬁre. New Phytologist 165:525–538.
Bradstock, R. A., M. Bedward, B. J. Kenny, and J. Scott.
1998. Spatially-explicit simulation of the effect of
prescribed burning on ﬁre regimes and plant
extinctions in shrublands typical of south-eastern
Australia. Biological Conservation 86:83–95.
Buma, B. 2015. Disturbance interactions: characterization, prediction, and the potential for cascading
effects. Ecosphere 6:1–15.
Buma, B., C. D. Brown, D. C. Donato, J. B. Fontaine,
and J. F. Johnstone. 2013. The impacts of changing
disturbance regimes on serotinous plant populations and communities. BioScience 63:866–876.
Carnicer, J., M. Coll, X. Pons, M. Ninyerola, J. Vayreda,
and J. Pe~
nuelas. 2014. Large-scale recruitment limitation in Mediterranean pines: the role of Quercus ilex
and forest successional advance as key regional drivers. Global Ecology and Biogeography 23:371–384.
Catry, F. X., F. Rego, F. Moreira, P. M. Fernandes, and
J. G. Pausas. 2010. Post-ﬁre tree mortality in mixed
forests of central Portugal. Forest Ecology and
Management 260:1184–1192.
Clarke, P. J., D. M. Bell, and M. J. Lawes. 2015. Testing
the shifting persistence niche concept: plant
resprouting along gradients of disturbance. American Naturalist 185:747–755.
^te, I. M., E. S. Darling, and C. J. Brown. 2016. InterCo
actions among ecosystem stressors and their
importance in conservation. Proceedings of the
Royal Society B 283:20152592.
Cowan, P. D., and D. D. Ackerly. 2010. Post-ﬁre regeneration strategies and ﬂammability traits of

❖ www.esajournals.org

California chaparral shrubs. International Journal
of Wildland Fire 19:984–989.
Crain, C. M., K. Kroeker, and B. S. Halpern. 2008.
Interactive and cumulative effects of multiple
human stressors in marine systems. Ecology
Letters 11:1304–1315.
Curt, T., W. Adra, and L. Borgniet. 2009. Fire-driven oak
regeneration in French Mediterranean ecosystems.
Forest Ecology and Management 258:2127–2135.
Daniel, C. J., L. Frid, B. M. Sleeter, and M.-J. Fortin.
2016. State-and-transition simulation models: a
framework for forecasting landscape change.
Methods in Ecology and Evolution 7:1413–1423.
Duane, A., M. Pique, M. Castellnou, and L. Brotons.
2015. Predictive modelling of ﬁre occurrences from
different ﬁre spread patterns in Mediterranean
landscapes. International Journal of Wildland Fire
24:407–418.
Enright, N. J., J. B. Fontaine, D. M. J. S. Bowman, R. A.
Bradstock, and R. J. Williams. 2015. Interval
squeeze: Altered ﬁre regimes and demographic
responses interact to threaten woody species persistence as climate changes. Frontiers in Ecology
and the Environment 13:265–272.
Enright, N. J., J. B. Fontaine, B. B. Lamont, B. P. Miller,
and V. C. Westcott. 2014. Resistance and resilience to
changing climate and ﬁre regime depend on plant
functional traits. Journal of Ecology 102:1572–1581.
Esther, A., J. Groeneveld, N. J. Enright, B. P. Miller, B. B.
Lamont, G. L. W. Perry, F. B. Blank, and F. Jeltsch.
2010. Sensitivity of plant functional types to climate
change: classiﬁcation tree analysis of a simulation
model. Journal of Vegetation Science 21:447–461.
Fernandes, P. M., and C. Loureiro. 2013. Fine fuels consumption and CO2 emissions from surface ﬁre
experiments in maritime pine stands in northern
Portugal. Forest Ecology and Management 291:
344–356.
Folt, C. L., C. Y. Chen, M. V. Moore, and J. Burnaford.
1999. Synergism and antagonism among multiple
stressors. Limnology and Oceanography 44:864–877.
Foster, C. N., C. F. Sato, D. B. Lindenmayer, and P. S.
Barton. 2016. Integrating theory into disturbance
interaction experiments to better inform ecosystem
management. Global Change Biology 22:1325–1335.
Galiano, L., J. Martınez-Vilalta, M. Eugenio, I. Granzow-de la Cerda, and F. Lloret. 2013. Seedling
emergence and growth of Quercus spp. following
severe drought effects on a Pinus sylvestris canopy.
Journal of Vegetation Science 24:580–588.
Ganteaume, A., A. Camia, M. Jappiot, J. San-MiguelAyanz, M. Long-Fournel, and C. Lampin. 2013. A
review of the main driving factors of forest ﬁre
ignition over Europe. Environmental Management
51:651–662.

15

August 2017

❖ Volume 8(8) ❖ Article e01906

BATLLORI ET AL.
pez, B. C., C. A. Gracia, S. Sabate, and T. Keenan.
Lo
2009. Assessing the resilience of Mediterranean
holm oaks to disturbances using selective thinning.
Acta Oecologica 35:849–854.
McDowell, N., et al. 2008. Mechanisms of plant survival and mortality during drought: Why do some
plants survive while others succumb to drought?
New Phytologist 178:719–739.
Meng, R., P. E. Dennison, C. Huang, M. A. Moritz, and
C. D’Antonio. 2015. Effects of ﬁre severity and
post-ﬁre climate on short-term vegetation recovery
of mixed-conifer and red ﬁr forests in the Sierra
Nevada Mountains of California. Remote Sensing
of Environment 171:311–325.
pez, L. Hermida, J. L. S
Merino, A., L. Lo
anchez,
n, and S. Fern
E. Garcıa-Ortega, E. Gasco
andezGonz
alez. 2015. Identiﬁcation of drought phases in
a 110-year record from Western Mediterranean
basin: trends, anomalies and periodicity analysis
for Iberian Peninsula. Global and Planetary
Change 133:96–108.
Miao, S., C. B. Zou, and D. D. Breshears. 2009. Vegetation responses to extreme hydrological events:
Sequence matters. American Naturalist 173:113–118.
Midgley, J. J., M. J. Lawes, and S. Chamaille-Jammes.
2010. Savanna woody plant dynamics: the role of
ﬁre and herbivory, separately and synergistically.
Australian Journal of Botany 58:1–11.
Miller, A. D., and P. Chesson. 2009. Coexistence in
disturbance-prone communities: how a resistanceresilience trade-off generates coexistence via the
storage effect. American Naturalist 173:E43.
Moritz, M. A., M.-A. Parisien, E. Batllori, M. A. Krawchuk, J. Van Dorn, D. J. Ganz, and K. Hayhoe.
2012. Climate change and disruptions to global ﬁre
activity. Ecosphere 3:49.
Mouillot, D., N. A. J. Graham, S. Villeger, N. W. H.
Mason, and D. R. Bellwood. 2013. A functional
approach reveals community responses to disturbances. Trends in Ecology and Evolution 28:167–177.
pez-Serrano, and
Moya, D., J. De las Heras, F. R. Lo
V. Leone. 2008. Optimal intensity and age of management in young Aleppo pine stands for post-ﬁre
resilience. Forest Ecology and Management 255:
3270–3280.
Odion, D. C., M. A. Moritz, and D. A. DellaSala. 2010.
Alternative community states maintained by ﬁre in
the Klamath Mountains, USA. Journal of Ecology
98:96–105.
Paine, R. T., M. J. Tegner, and E. A. Johnson. 1998.
Compounded perturbations yield ecological surprises. Ecosystems 1:535–545.
Pausas, J. G. 2004. Changes in ﬁre and climate in the
Eastern Iberian Peninsula (Mediterranean Basin).
Climatic Change 63:337–350.

Garcıa-Fayos, P., and E. Bochet. 2009. Indication of
antagonistic interaction between climate change
and erosion on plant species richness and soil
properties in semiarid Mediterranean ecosystems.
Global Change Biology 15:306–318.
Gouveia, C. M., I. Bistinas, M. L. R. Liberato, A. Bastos,
N. Koutsias, and R. Trigo. 2016. The outstanding synergy between drought, heatwaves and fuel on the
2007 Southern Greece exceptional ﬁre season. Agricultural and Forest Meteorology 218–219:135–145.
Gower, K., J. B. Fontaine, C. Birnbaum, and N. J.
Enright. 2015. Sequential disturbance effects of
hailstorm and ﬁre on vegetation in a Mediterranean-type ecosystem. Ecosystems 18:1121–1134.
Grimm, V., U. Berger, D. L. DeAngelis, J. G. Polhill,
J. Giske, and S. F. Railsback. 2010. The ODD protocol: a review and ﬁrst update. Ecological Modelling
221:2760–2768.
IPCC. 2014. Summary for policymakers. Cambridge
University Press, Cambridge, UK.
Keeley, J. E., W. J. Bond, R. A. Bradstock, J. G. Pausas,
and P. W. Rundel. 2012. Fire in Mediterranean
ecosystems: ecology, evolution and management.
Cambridge University Press, Cambridge, UK.
Koutsias, N., G. Xanthopoulos, D. Founda, F. Xystrakis, F. Nioti, M. Pleniou, G. Mallinis, and M.
Arianoutsou. 2013. On the relationships between
forest ﬁres and weather conditions in Greece from
long-term national observations (1894–2010). International Journal of Wildland Fire 22:493–507.
Landesmann, J., J. Gowda, L. Garibaldi, and T. Kitzberger. 2015. Survival, growth and vulnerability to
drought in ﬁre refuges: implications for the persistence of a ﬁre-sensitive conifer in northern Patagonia. Oecologia 179:1111–1122.
Lavorel, S., S. Dıaz, J. Cornelissen, E. Garnier, S. Harrison, S. Mcintyre, J. Pausas, N. Perez-Harguindeguy, C. Roumet, and C. Urcelay. 2007. Plant
functional types: Are we getting any closer to the
Holy Grail? Pages 149–164 in J. G. Canadell, D. E.
Pataki, and L. F. Pitelka, editors. Terrestrial Ecosystems in a Changing World. Springer-Verlag Berlin
Heidelber, Berlin, Germany.
Lloret, F., H. Estevan, J. Vayreda, and J. Terradas. 2005.
Fire regenerative syndromes of forest woody species across ﬁre and climatic gradients. Oecologia
146:461–468.
Lloret, F., E. G. Keeling, and A. Sala. 2011. Components of tree resilience: effects of successive lowgrowth episodes in old ponderosa pine forests.
Oikos 120:1909–1920.
Lloret, F., D. Siscart, and C. Dalmases. 2004. Canopy
recovery after drought dieback in holm-oak
Mediterranean forests of Catalonia (NE Spain).
Global Change Biology 10:2092–2099.

❖ www.esajournals.org

16

August 2017

❖ Volume 8(8) ❖ Article e01906

BATLLORI ET AL.
abandonment and afforestation: Are they novel
ecosystems? Annals of Forest Science 69:429–443.
Sheffer, E., C. D. Canham, J. Kigel, and A. Perevolotsky. 2013. Landscape-scale density-dependent
recruitment of oaks in planted forests: More is not
always better. Ecology 94:1718–1728.
Stephens, S. L., et al. 2014. Temperate and boreal forest
mega-ﬁres: characteristics and challenges. Frontiers
in Ecology and the Environment 12:115–122.
Syphard, A. D., V. C. Radeloff, J. E. Keeley, T. J.
Hawbaker, M. K. Clayton, S. I. Stewart, and R. B.
Hammer. 2007. Human inﬂuence on California ﬁre
regimes. Ecological Applications 17:1388–1402.
Tejedor, E., M. de Luis, J. M. Cuadrat, J. Esper, and
 Saz. 2016. Tree-ring-based drought reconM. A.
struction in the Iberian Range (east of Spain) since
1694. International Journal of Biometeorology 60:
361–372.
Tucker, C. M., and M. W. Cadotte. 2013. Fire variability, as well as frequency, can explain coexistence
between seeder and resprouter life histories. Journal of Applied Ecology 50:594–602.
Turner, M. G. 2010. Disturbance and landscape dynamics in a changing world. Ecology 91:2833–2849.
Verkaik, A. I., and J. M. Espelta. 2014. Seguiment de la
din
amica de restes de tallada procedents de la
 de boscos de pi blanc. CREAF, Cerdanyola
gestio
del Valles, Barcelona, Spain.
Vil
a-Cabrera, A., S. Saura-Mas, and F. Lloret. 2008.
Effects of ﬁre frequency on species composition in
a Mediterranean shrubland. Ecoscience 15:519–528.
Vilagrosa, A., E. I. Hern
andez, V. C. Luis, H. Cochard,
and J. G. Pausas. 2014. Physiological differences
explain the co-existence of different regeneration
strategies in Mediterranean ecosystems. New
Phytologist 201:1277–1288.
Weber, M. G., and M. D. Flannigan. 1997. Canadian
boreal forest ecosystem structure and function in a
changing climate: impact on ﬁre regimes. Environmental Reviews 5:145–166.
Zavala, M. A., J. M. Espelta, and J. Retana. 2000.
Constraints and trade-offs in Mediterranean plant
communities: the case of holm oak-Aleppo pine
forests. Botanical Review 66:119–149.
Zavala, M., and E. Zea. 2004. Mechanisms maintaining
biodiversity in Mediterranean pine-oak forests:
insights from a spatial simulation model. Plant
Ecology 171:197–207.

Pausas, J. G., and F. Lloret. 2007. Spatial and temporal
patterns of plant functional types under simulated
ﬁre regimes. International Journal of Wildland Fire
16:484–492.
Pausas, J. G., J. Llovet, A. Rodrigo, and R. Vallejo.
2008. Are wildﬁres a disaster in the Mediterranean
basin? A review. International Journal of Wildland
Fire 17:713–723.
Pausas, J. G., R. B. Pratt, J. E. Keeley, A. L. Jacobsen,
A. R. Ramirez, A. Vilagrosa, S. Paula, I. KaneakuaPia, and S. D. Davis. 2016. Towards understanding
resprouting at the global scale. New Phytologist
209:945–954.
Piggott, J. J., C. R. Townsend, and C. D. Matthaei.
2015. Reconceptualizing synergism and antagonism among multiple stressors. Ecology and Evolution 5:1538–1547.
Pratt, R. B., A. L. Jacobsen, A. R. Ramirez, A. M. Helms,
C. A. Traugh, M. F. Tobin, M. S. Heffner, and S. D.
Davis. 2014. Mortality of resprouting chaparral
shrubs after a ﬁre and during a record drought:
physiological mechanisms and demographic consequences. Global Change Biology 20:893–907.
R Core Team. 2015. A language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Rothermel, R. C. 1972. A mathematical model for
predicting ﬁre spread in wildland fuels. USDA
Forest Service Research Paper INT-115 USA.
San-Miguel-Ayanz, J., J. M. Moreno, and A. Camia.
2013. Analysis of large ﬁres in European Mediterranean landscapes: lessons learned and perspectives. Forest Ecology and Management 294:11–22.
Saura-Mas, S., S. Paula, J. G. Pausas, and F. Lloret.
2010. Fuel loading and ﬂammability in the
Mediterranean Basin woody species with different
post-ﬁre regenerative strategies. International Journal of Wildland Fire 19:783–794.
Scott, J. H., and E. D. Reinhardt. 2001. Assessing crown
ﬁre potential by linking models of surface and
crown ﬁre behavior. USDA Forest Service Rocky
Mountain Research Station Research Paper RMRSRP-29, Fort Collins, Colorado, USA.
Seidl, R., et al. 2011. Modelling natural disturbances in
forest ecosystems: a review. Ecological Modelling
222:903–924.
Sheffer, E. 2012. A review of the development of
Mediterranean pine-oak ecosystems after land

SUPPORTING INFORMATION
Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
1906/full

❖ www.esajournals.org

17

August 2017

❖ Volume 8(8) ❖ Article e01906

