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Abstract

Human activities have altered fire regimes for millennia by suppressing or enhancing natural fire
activity. However, whether these anthropogenic pressures on fire activity have exceeded and will
surpass climate forcing still remains uncertain. We tested if, how and the extent to which

seasonal fire activity in southern France has recently (1976-2009) deviated from climate-expected
trends. The latter were simulated using an ensemble of detrended fire—climate models. We found
both seasonal and regional contrasts in climatic effects through a mixture of drought-driven and

fuel-limited fire regimes. Dry contemporary conditions chiefly drove fire frequency and burned
area, although higher fire activity was related to wetter conditions in the last three years.
Surprisingly, the relative importance of preceding wet conditions was higher in winter than in
summer, illustrating the strong potential dependency of regional fire—climate relationships on the
human use and control of fires. In the Mediterranean mountains, warm winters and springs
favour extensive fires in the following dry summer. These results highlight that increasing dryness
with climate change could have antagonistic effects on fire regime by leading to larger fires in
summer (moisture-limited), but lower fire activity in winter (fuel-limited fire regime).
Furthermore, fire trends have significantly diverged from climatic expectations, with a strong
negative alteration in fire activity in the Mediterranean lowlands and the summer burned area in
the mountains. In contrast, alteration of winter fire frequency in the Mediterranean and
Temperate mountains has shifted from positive to negative (or null) trends during the mid-
1990s, a period when fire suppression policy underwent major revisions. Our findings
demonstrate that changes in land-use and fire suppression policy have probably exceeded the
strength of climate change effects on changing fire regime in southern Europe, making regional

predictions of future fires highly challenging.

Introduction

For millennia, human activities have altered fire
regimes, which are defined as the frequency, seasonal-
ity, intensity and size of wildfires (Gill 1975).
Addressing this human dimension of fire is critical
when attempting to predict how changing fire regimes
will impact the Earth’s systems (Bowman et al 2009,
2011, Archibald et al 2013). However, whether
human-induced changes in fire activity were signifi-
cant or negligible as compared to climate forcing is still
widely debated. Indeed, at broad scales, climate is

generally recognized as the main fire driver (Krawchuk
et al 2009, Daniau et al 2012), by determining the
variability in the resource to burn (fuel biomass) and
the occurrence, intensity and duration of dry
conditions (fuel moisture) (Meyn et al 2007, Lehmann
et al 2014). Beyond climate forcing, temporal shifts in
global biomass burning over recent centuries have
been related to increasing anthropogenic pressures on
ecosystems (Marlon et al 2008). At local scales, the
predominant effects of human factors have been
highlighted by asynchronous shifts in fire regime
(Carcaillet et al 2009, Fulé et al 2012). Therefore, it

© 2017 IOP Publishing Ltd
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appears that regional changes in human practices such
as land-use, fire ignitions (intentional or accidental) or
suppression may override the effects of climate on fire.
Addressing how anthropogenic factors drove fire
regime changes in the past is thus critical if we are to
anticipate the extent to which future fire activity will
deviate from expectations based on climatic factors
(Liebmann et al 2016, Taylor et al 2016). It is
particularly important at regional scales to separate
potential contrasts in fire drivers among biogeograph-
ical and socioeconomic contexts (Boulanger et al
2012, Trigo et al 2016, Bedia et al 2014b). From these
perspectives, we aimed to test the recent changes in
the human effect on seasonal fire activity in the
pyroclimates of southern France, i.e. among regions
which differ in climate, fire regime and their recent
temporal trends (Fréjaville and Curt 2015).

Fire—climate relationships can be summarized by
considering two antagonistic effects. The rarity of wet
conditions limit fire activity in dry ecosystems due to a
lack of fuel availability (fuel-limited fire regime),
whereas in moist ecosystems the rarity of dry
conditions keep fuel from being sufficiently dry
(drought-driven fire regime) to sustain fire spread
(Krawchuk and Moritz 2011, Pausas and Ribeiro
2013). This antagonistic effect also operates on a
multiannual scale through the alternation of wet and
dry conditions favouring fires (Meyn et al 2007, Pausas
2004, Zumbrunnen et al 2009), by increasing the
amount of fine fuel in litter, grass and shrub layers
during wet periods, which burn more intensely in
subsequent dry periods (Fréjaville et al 2016).
Therefore, drier conditions under a warmer climate
may have antagonist effects on fire depending on
whether fuel-limited or drought-driven fire regimes
dominate (Boer et al 2016), as for instance in
Mediterranean ecosystems where both are present
(Batllori et al 2013).

In the Mediterranean Basin, human activities
directly modify the fire regime by setting or
suppressing fires and by changing patterns of
vegetation in the landscape (Moreira et al 2011).
Moreover, the fuel build-up following agricultural
land abandonment as a result of the rural exodus has
created an increasing fire hazard in Mediterranean
Europe (Moreira et al 2011, Pausas and Ferniandez-
Muifioz 2012). On the other hand, changes in fire
suppression policy over the last few decades have
probably induced sharp decreases in fires (Pezzatti et al
2013, Moreno et al 2014). Hence the functional
relationships linking fire to climate have been partially
modified by human activities (Higuera et al 2015),
decreasing or increasing the fire activity independently
of climate change. Elsewhere, analysing changes in
fire—climate relationships has commonly been
addressed by comparing (multi-)decadal periods
(Higuera et al 2015, Keeley and Syphard 2015, Ruffault
and Mouillot 2015). However, we lack an analytical
framework to identify the functional mechanisms
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linking climate to fire variability properly, i.e. by first
removing the potential effects induced by human
activities, to ensure that causal relationships are not
biased from common (or opposite) trends in the data
(Lobell et al 2011). For instance, in Euro-Mediterra-
nean ecosystems, the interannual variation in fire
activity is reported to be strongly and positively related
to extreme fire weather (Fréjaville and Curt 2015,
Urbieta et al 2015). However, building statistical
models based on trending data with, on one hand, a
decreasing fire trend (probably induced by fire
suppression), and on the other hand, increasing
extreme fire weather (with global warming) might
incorrectly indicate a decreasing effect of a warmer
climate on fire in these ecosystems.

We developed an analytical framework for
modelling the functional relationships between fire
and climate and testing seasonal human alteration of
regional fire regimes (figure 1). Our method is based
on separating fire and climate temporal variation into
trend (multi-decadal) and seasonal (interannual
variability) components, and on the assumption that
effects of changes in human activities predominantly
operate at the former level (Turco et al 2014, Urbieta
et al 2015). We hypothesize that human activities have
recently altered fire regimes beyond the effect of
climate forcing in Euro-Mediterranean ecosystems,
either: i) by promoting fires (positive alteration)
through increasing anthropogenic ignitions along with
more extensive wildland—urban interface and tourism
pressure (Ganteaume and Jappiot 2013), and
increasing landscape flammability associated with
fuel recovery dynamics following land-use changes
(Moreira et al 2011); or ii) by suppressing fires (negative
alteration) with increasing efficiency over time, espe-
cially since the recent major changes in fire policy (mid
90s; Moreno et al 2014). In southern France, we
expected that the nature and strength of fire regime
alteration would vary both seasonally and along a fire-
proneness gradient, i.e. by stronger negative alteration
in summer and in Mediterranean fire-prone ecosystems
than in winter and in Temperate mountains.

Material and methods

Analyses of fire—climate relationships (1976-2009)
were based on disentangling the effects of contempo-
rary and previous weather conditions (wet or dry) on
fire, separately for each of the three pyroclimates of
southern France (table 1, figure 2). We focused on
these regional contexts, because the potential of
human activities to alter fire in recent decades is
thought to vary greatly with spatial or socioeconomic
context (Pausas and Keeley 2009). The Mediterranean
mountains (MM) are characterized by a high
seasonality in precipitation and fires (dry summers
and wet winters) with the highest burned area fraction,
fire season length and the strongest increase in fire
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Figure 1. Testing the temporal alteration of fire-climate relationships by human activities. Temporal variations in fire regime statistics
(e.g. number of fires, burned area) and climate parameters are first decomposed into a seasonal component (detrended inter-annual
variability) and a trend component (smoothed multi-decadal variability). Inter-annual variability of fire is driven by climate only, i.e.
independent to changes in human activities, while multi-decadal trends are driven by changes in both climate and human activities.
Then, relationships between fire and climate detrended series are modelled by an ensemble of regression models. Finally, climatic
trends are added to model predictions to quantify the direction and strength of fire regime alteration, i.e. by comparing the observed
fire trend to the trend expected by climate only. Changes in human activities result in positive, negative or null fire regime alterations
depending on the regional importance of increasing anthropogenic ignitions, fuel load following land abandonment, fire suppression

Table 1. Descriptive statistics (yearly mean values) of southern French pyroclimatic regions over 1976-2009. Fire statistics were

computed from fires larger than one hectare.

variable unit Mediterranean mountains MM Mediterranean lowlands ML Temperate mountains TM
Annual burned fraction Yoyr ! 0.69 0.29 0.07
Winter-to-annual burned area ratio no unit 0.21 0.24 0.40
Temperature of the warmest month °C 20.3 223 17.9
Precipitation of the driest month ~ mm 9.1 10.2 16.3

95th percentile FWI no unit 25.0 37.5 224
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danger over the last four decades. In contrast, the
wettest/coldest climates, the shortest fire seasons and
the lowest fire activities are found in the Temperate
mountains (TM). The Mediterranean lowlands (ML)
have the driest and warmest climates with strong and
dry winds (the Mistral and Tramontane) that favour
fire spread in summer. This region has experienced the
strongest decrease in fires over the last four decades
(Fréjaville and Curt 2015). Human presence and
activities decrease from the Mediterranean coast to the
rural hinterland, with anthropogenic ignitions ac-
counting for 90% of the number of fires and 96% of
the total burned area (Curt et al 2016).

Data
Regional fire regimes were analysed based on two
standard metrics, the fire density (FD, number of fires
# yrf1 km %) and burned area fraction (BA, % yrfl)
within each pyroclimatic region (table 1, figure 2). FD
and BA were computed annually for the period
1976-2009 from the Prométhée national database
(www.promethee.com/), for two fire seasons, winter—
spring (December to May, hereafter ‘winter’) and
summer—autumn (June to November, hereafter
‘summer’) to distinguish the two seasonal peaks of
fire activity in southern France (Fréjaville and Curt
2015). Only fires larger than one hectare were
considered and FD and BA were log-transformed
before analyses to satisfy normality assumptions.
Climate data were obtained from Fréjaville and
Curt (2015) and include annual extreme (75th and
95th percentiles) or annual and seasonal mean
temperature and cumulative precipitation. Data also
included mean temperature and cumulative precipi-
tation for the hottest/coldest and driest/wettest month.
We also used the indices of the Canadian Fire Weather
Index System (van Wagner 1987) to incorporate the
lagged effects of daily variation in precipitation,

temperature, relative humidity and wind. Increasing
values of these indices describe an increasing weather
suitability for fire, from the dryness of superficial
(ffmc, the fine fuel moisture code) and deep litter
layers (dmc, the duff moisture code) to drought (dc,
the drought code) and the overall fire danger given by
the composite fire weather index (fwi). Correlation
with fire activity has been previously reported for most
of these climatic parameters (Carvalho et al 2008,
Dimitrakopoulos et al 2011, De Angelis et al 2015). All
climatic parameters were averaged over the yearly fire
season (contemporary) and lagged periods (past
seasons up to 3 years), to account for differential
effects of dry or wet weather conditions over time.

Models

Fire—climate models

In cases where the fire trend is partially shaped by
anthropogenic factors (other than climate change),
correlating fire and climate trends may yield correlations
that are not causal. Our modelling approach is based on
the assumption that changes in the human alterations of
fire regimes occur on a decadal time scale, not inter-
annual, with slowly changing preferences, technologies
and demographics (Guyette et al 2002). Hence, our
model estimates for climatic effects rely on inter-annual
fire—climate relationships. For each pyroclimatic region,
fire season and fire variable, we applied the following
procedure. First, fire (Y;) and climate (X,) time series
(1976-2009) were detrended by Loess regression models
(degree of smoothing = 0.75; degree of polynomials = 2)
to decompose the data into a trend component
(T, multi-decadal trend), a seasonal component
(S, interannual variability) and a remainder component
(residuals) (Cleveland et al 1990):

Yt:TYt+SYt+8;Xt:TXt+SXt+8 (1)

where the trend component (7)) is dependent on the
predicted trend (T,") and the intercept value for the
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first year of the studied period (T,—;, here 1976),
T,= T, + T, . According to this notation, TY,_ is
the pyroclimate-specific fixed effect for the studied fire
variable and season (i.e. the fire trend intercept for
1976). Then, modelling of the seasonal component of
fire was performed using multi-linear regression
(MLR) models, calibrated on #n detrended climatic
predictors:

SY, = > (aiSXiy) +b+e (2)

Climatic predictors (X, . . . , X,,) were selected in two
steps. First, we ranked all available climatic variables
from their cross-correlation with the studied fire
variable, season and pyroclimate, using Spearman’s
correlation coefficients computed on the seasonal
components (St, detrended series). Multi-collinearity
was removed by selecting the best predictor among
collinear variables (r > 0.7). Selected predictors were
then used to build an initial balanced pool of two sets
of predictors, one expressing contemporary (#,y = 7)
and the other lagged (#,, = 7) effects of climate on fire.
Second, the best model among an ensemble of models
with a final set of n = 6-8 predictors was selected using
stepwise regressions with the Akaike’s Information
Criterion (R package MuMIn). By carrying out this
selection procedure, we were able to test the
contribution of each climatic predictor in explaining
the seasonal component of fires, i.e. the temporal
variation in fire activity after removing the potential
influence of changes in human activities. In order to
estimate a confidence interval of the seasonal
component of fires for each pyroclimatic region, fire
season and fire variable, an ensemble of N MLR
models (N = 50) was built following this procedure, by
randomly removing five years over the study period
(1976-2009). The confidence interval is defined by the
10th and the 90th percentiles of the ensemble of the N
MLR models, ie. the ensemble of regression
parameters calibrated on different sets of years and
climatic predictors.

Partitioning climatic effects

To quantify the relative effects of ‘contemporary’
versus ‘previous’ and ‘dry’ versus ‘wet’ conditions on
fire, the explained variance of SY; was partitioned at
each iteration (for each MLR model) into the unique
contribution of each of these four climatic sets of
drivers. The distinction between the ‘contemporary’
and ‘previous’ sets was based on the time period
during which parameters were computed, i.e. during
the fire season or over preceding seasons and years,
respectively. Then, the sets of climatic predictors
describing increasing effects of ‘dry’ versus ‘wet’
conditions were assembled relative to the predictors’
t-value in the MLR model. Specifically, temperature
and drought variables were pooled in the ‘dry’ (or
‘wet’) set of drivers if their t-values were positive
(or negative), indicating an increasing effect of dry (or

W Letters

wet) conditions on year-to-year fire activity; the
opposite was applied for precipitation variables.
Partitioning the variance was then performed with
the R package vegan, following Peres-Neto et al
(2006). The relative contribution of each climatic
fraction was computed on the basis of the ratio of the
variance exclusively explained by one fraction (unique
contribution, adjusted R-squared) to the sum of the
unique contributions. In this way, we were able to
determine the combinations of preceding, contempo-
rary, dry or wet climatic conditions that best explained
the fire seasonal component (year-to-year variation).

Testing fire alteration

Following a trend attribution method (e.g. Lobell et al
2011, Turco et al 2014), we applied the trend
component to the predicted seasonal component to
simulate the fire variation as a function of both
climatic and anthropogenic effects (Fx1):

Fit=TYioy + TYxt+ > (@SXi)+ b (3)

And the fire variation as a function of climate only
(Cxt):

Cxt=TY o1+ Y (ai(SXie+ TXxit)) + b (4)

This type of model assumes that fire—climate relation-
ships are functionally the same for the seasonal and
trend components, i.e. fires respond similarly to year-
to-year climate fluctuations and to longer-term trends
in climate (Turco et al 2014). Yearly values of fire
alteration (A, %) were finally computed as the
difference between Fxt and Cxt, which expresses
the deviation at year ¢ of the fire trend compared to the
trend expected on the basis of climate:

A, = 100(F*t — Cxt)/Fxt (5)

The null hypothesis of no fire regime alteration (HO) is
given by Fxt= Cxt. Ata given year t, the significance of
fire alteration (deviation from HO) was tested by the
Student’s t-test, whereby the A, distribution of sample
size N (N =50), mean p and variance S was compared
to a zero-centred normal distribution of equal sample
size N and variance S. Deviation from HO is assumed
to be exclusively induced by changes in human
activities (i.e., independent of climate change), such as
increases or decreases in anthropogenic ignitions,
increasing efficiency of suppression strategies as well as
human-mediated changes in land cover and species
composition. For instance, A, is independent of the
climate-dependent inter-annual variation in fuel
productivity, because the latter was accounted for in
Cxt by the inclusion of the ‘previous’ climatic set of
drivers in MLR models.

To address uncertainties related to our approach,
and in particular to ensure that H, (A; = 0) is
conserved when removing the potential influence of
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Figure 3. Detrended seasonal fire density (‘FD’) and burned area fraction (‘BA’) against predicted values by the (N = 50) MLR models
by pyroclimatic region. Mean (+ SD) yearly values are indicated by white circles (and horizontal bars).

predicted

changing human activities on a decadal time scale, we
applied MLR (climate-only) models to randomized
time series of fire and climate. Specifically, for each
region, fire season and fire metric, we tested whether
the observed fire trend deviates from trends expected
on the basis of climate only, when time series are
random. This procedure consists of removing the
anthropogenic component of the fire trend and adding
it to the year-to-year variability. Times series were
randomized on a annual basis, but each permuted fire
year was still related to actual previous climatic
conditions (up to the three preceding years) to retain
their influence on fires. Results of these sensitivity
analyses show convergent trends between fire obser-
vations and predictions (conservation of H,) when
removing the long-term influence of human activities
(figure S2).

Results
Fire—climate models indicate a strong dependency of

the year-to-year seasonal variation of both fire density
(FD) and burned area (BA) on climate fluctuation

(figure 3). Variance explained by the MLR models was
slightly lower for BA than FD, indicating a lower
climatic explanation of the cumulative size of fires
compared to the occurrence of fires reaching at least
1 ha. Variance partitioning of the fire seasonal
component indicated that a mixture of drought-driven
and fuel-limited fire regimes operated in southern
France (figure 4). In winter, the number and size of fires
increased with drier contemporary conditions, but also
with the antecedent climate. Precisely, FD and BA
increased with wetter antecedent conditions (up to three
years) in the Mediterranean mountains or with wetter
and warmer previous summer-autumns in the Medi-
terranean lowlands and Temperate mountains (figure 4,
table S1 available at stacks.iop.org/ERL/12/035006/
mmedia). In summer, wet years also increased FD and
BA in the following dry summer, while in the
Mediterranean mountains warm previous winter-
springs chiefly increased the extent of fires (relative
explained variance, mean + SD, 49 = 21%). Surpris-
ingly, the relative contribution of preceding wet
conditions was higher for winter fires (from 14 + 7%
to 43 + 6%) than for summer fires (from 8 + 6% to 21 +
6%). In general, selection rates for climatic predictors in
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Figure 4. Mean (+ SD) relative contribution of climatic
drivers on detrended winter (top) and summer (bottom) fire
density (left) and burned area fraction (right). Contributions
were computed by partial redundancy analyses to decompose
the total explained variance into fractions expressing warm/
dry (‘dry; drought-driven fire regime) versus cool/wet
climatic conditions (‘wet’, fuel-limited fire regime) during the
fire season (‘contemporary’) or over antecedent periods
(‘previous climate’, up to three years). Exclusive explained
variance (adjusted r-squared, pure effect) of each fraction was
divided by the sum of the exclusive explained variance of all
fractions to computed relative contributions.

MLR models (table S1) indicated that the drought code
and, to a lesser extent, the fine fuel moisture code, better
described the effects of contemporary dry conditions on
fire than did precipitation, temperature or the fire
weather index.

Accounting for these differential climatic effects
during the fire season and previous years, observed fire
trends weakly to strongly diverged from climatic
expectations (figure 5). In addition, these divergences
showed contrasting patterns between seasons and
regions. Winter and summer fire activity have both
decreased in all regions (figure S1). Climate-only
models predict increasing fire trends in the Mediterra-
nean mountains and to a lesser extent in the
Mediterranean lowlands. In the Mediterranean moun-
tains, climatic predictions of winter fires shifted from
increasing to decreasing trends at the end of the 90s. In
the Temperate mountains, there was a greater expecta-
tion of no change according to the climate-only models.

Divergences between fire and climate trends, or
fire regime alterations, occurred in all seasons and
pyroclimates with specific patterns (table 2, figure 6).
In the Mediterranean lowlands, winter and summer
fires have been increasingly smaller and less frequent
than expected on the basis of climate (—31 to —48% at
the end of the study period), like in the Mediterranean
mountains for summer fires (—77 and —84% at
the end of the study period, respectively). In contrast,
the alteration in winter fires was positive in the
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Mediterranean and Temperate mountains (mean
values: +28% and +16%, respectively) in the 70s
and 80s, before dropping to being zero or weakly
negative since the mid-late 90s. In the Temperate
mountains, however, summer fire alteration has been
less negative (tends towards a positive change) since
the early 90s.

Discussion

Fire—climate relationships during the past four decades
vary substantially between regions and seasons in
southern France, as do the direction and strength of fire
regime alteration, corresponding to the results of
Fréjaville and Curt (2015). Our findings revealed that in
Euro-Mediterranean ecosystems, the climatic influence
on fires was not restricted to the occurrence and
duration of drought during a particular year, but that a
mixture of drought-driven and fuel-limited fire regimes
operated, emphasizing the lagged effects of warm or
moist periods on fire (Keeley 2004, Pausas 2004, Meyn
et al 2007, Zumbrunnen et al 2009, O’Donnell et al
Pausas 2011). Furthermore, our modelling approach
allowed us to quantify the climate-independent
alteration of fire regimes, specifically the part induced
by human activity. As expected, we found both positive
and negative changes, supporting our hypotheses of
contrasting short-term impacts of changes in land-use
and fire suppression policy on fire regime, respectively.
Because the direction and strength of fire regime
changes were also different between regions and
seasons, our findings highlight that predicting regional
changes in fire activity in response to climate change is
highly challenging, at least in areas where fire regimes
are strongly shaped by human activities, such as in
Euro-Mediterranean areas and beyond (Taylor et al
2016, Bird et al 2012, 2016).

Heterogeneity in climatic effects on fire

Our results show that year-to-year variation in fire
activity was induced by regional and season-specific
combinations of preceding versus contemporary, and
dry versus wet conditions. This finding indicates that
relatively homogeneous spatial changes in climate can
induce divergent responses by fires among regions and
seasons. For instance, warmer/drier conditions with
climate change should increase fire activity in southern
Europe (Pereira et al 2005, Gudmundsson et al 2014,
Sousa et al 2015), but to a greater extent in the
Mediterranean mountains during summer due to an
increasing effect of warm previous winter-springs, and
to a lesser extent in winter due to a decreasing effect of
dry previous summer-autumns. Indeed, we did not
find strong increasing trends in the expectation of fires
based on climatic data, in contrast to a suggested
increase in fire activity in southern Europe in response
to more extreme fire weather (Bedia et al 2014a,
Venildinen et al 2014, Sousa et al 2015).
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Table 2. Mean fire temporal alteration (%, and range) simulated by the 50 MLR models over 1976-2009. Positive (or negative)
alteration values indicate that fires were more (or less) frequent or large than expected by climate. Significance of yearly mean

alteration values is reported in figure 6.

Mediterranean mountains MM

Mediterranean lowlands ML Temperate mountains TM

) fire density +2 (—14,+17)
winter burned area —-29 (=77, 0)
fire density +12 (0,+28)
summer burned area —27 (—84, 0)

—14 (—41, 0) +7 (—=3,+16)
—17 (=31, 0) —18 (=76,41)
—21 (=34, 0) —15 (=38, 0)
—18 (—48, 0) —25 (=78, 0)

These findings illustrate that fuel abundance is an
important constraint on Euro-Mediterranean (and
other) fire regimes, even when drought is the main
driver. Surprisingly, we found that the sensitivity of
fires to wet prior conditions was higher in winter than
in summer, and especially in the Mediterranean
mountains. These results may be explained by seasonal
differences in ignitions, burning vegetation (fuel type)
and human behaviour. Indeed, in mid-elevation
mountains most winter fires are ignited by people
for pastoral purposes, agriculture and forestry (land
clearing) and there is a low probability of these
becoming large fires (Curt et al 2016). Under these
moderate weather conditions, the spread and intensity
of fires could be more sensitive to vegetation

flammability (i.e., the amount of fine fuel in grass
and shrub layers), which increases with the alternation
of wet and dry periods, as demonstrated in the
Temperate mountains (Fréjaville e al2016). While the
existence of a fuel-limited fire regime is rather counter-
intuitive for relatively moist ecosystems, fuel con-
straints (e.g. abundance of surface fine fuels) on fire
spread and intensity have already been demonstrated
in other temperate ecosystems (Parks et al 2014, Prior
etal2016). In contrast, summer BA is mostly driven by
intentional anthropogenic fires, which preferentially
induced large fires, in particular in the Mediterranean
mountains (Curt et al 2016). Under these extreme
weather conditions during which fire suppression
activity is greatest, the importance of fuel dryness may
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exceed the importance of fuel load in promoting fires
that are not completely contained by fire crews. In
addition, these contrasting effects of previous climate
conditions between seasons could be explained by
differences in burning vegetation. Indeed, grass/shrub
fires (promoted by anthropogenic burning for agro-
pastoral purposes in winter) respond to preceding wet
conditions whereas forest fires (promoted by severe
weather conditions in summer) respond to preceding
dry conditions (Littell et al 2009, Barbero et al 2014).
These findings emphasize the potential of human
activities to shape current fire—climate relationships by
altering the functional links with climatic conditions
(Higuera et al 2015, Parks et al 2015) in addition to
long-term trends (Marlon et al 2008, Liebmann et al
2016, Taylor et al 2016).

Fire regime alteration

Departures of fire trends from the climatic simulations
indicated that the human effects on fire regimes have
been strong and rapid over the past four decades. This
emphasizes the potential of human activities to
reshape the fire regime rapidly and severely, in
particular during the most recent decades (Guyette
et al 2002, Pausas and Keeley 2009). It also implies that
Euro-Mediterranean fire regimes are mainly human
driven and that this dominant anthropogenic control
of fires is not restricted to regions shaped by intensive
agriculture and deforestation (Archibald et al 2013).
In addition, we found contrasting alteration patterns
between regions and seasons, adding to the evidence
that the human potential to alter fire varies along a
fire-proneness gradient, from more fires where fire
activity is low and fuel biomass high to fewer fires in
fire-prone ecosystems (McWethy et al 2013). Indeed,
in the Mediterranean lowlands, which are densely
populated and highly susceptible to extreme fire
weather due to strong winds (Ruffault et al 2017), both
winter and summer fire activity were strongly

suppressed, suggesting a gradual increase in the
efficiency of fire suppression policy (Turco et al
2014), rather than abrupt changes as previously
suggested (Pezzatti et al 2013, Pausas and Keeley 2014,
Ruffault and Mouillot 2015). In mountains, where
summer suppression of fires was also the rule and
especially in the fire-prone Mediterranean mountains,
winter fire activity has been higher than expected
based on climate data only until the mid-1990s, when
shifts from positive to zero or negative alteration
occurred. These findings suggest that anthropogenic
burning (accidental or not) and/or fuel build-up
following the abandonment of rural areas probably
increased winter fire activity by providing an
increasing number of ignitions and/or an increasing
amount of fine surface fuels (grass and shrubs),
respectively. However, the major changes in fire policy
that occurred in the mid-1990s in France and
neighbouring areas (Brotons et al 2013, Moreno
et al 2014, Ruffault and Mouillot 2015) probably
reversed the direction of the change to the Euro-
Mediterranean fire regime as a result of robust
suppression of fires (Turco et al 2013, Salis et al
2014). The decreasing suppression of summer fires in
the Temperate mountains in recent years may indicate
a recent increase in human activity within these
ecosystems, which had previously been abandoned for
a long period.

The complex nature of both the climatic and human
influence on fires underlines the fact that predicting
future fire regime changes is very challenging, at least in
Euro-Mediterranean areas. The non-linear trends in fire
regime alteration over short spatial and temporal scales
largely limit the reliability of climatic predictions of fire
regime changes and illustrate that our understanding of
fire—climate—vegetation relationships in human-shaped
ecosystems is still limited (Leys and Carcaillet 2016).
Explicitly accounting for vegetation and socio-economic
drivers (Curt et al 2016, Parisien et al 2016) should help
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our understanding of how the climatic controls of fires
vary with vegetation type and human behaviour, and
assist in disentangling the human drivers of the regional
changes to the fire regime among anthropogenic
ignitions, suppression and land-use changes. In our
study, we assumed that climate-induced changes in
vegetation (other than short-term variation in fuel load)
over the three last decades had negligible impacts on the
fire trends. At broader scales, changes in vegetation with
global climate change should be accounted for in
predicting past or future fire regimes (Liu and Wimberly
2016). Otherwise, our results indicate that the choice of
climatic predictors is critical in modelling climate change
impacts on fire. For instance, we found that the fine fuel
moisture code and especially the drought code were
generally better predictors than the Canadian fire weather
index. Because temporal trends in the drought code did
not vary as strongly as the fire weather index (Fréjaville
and Curt 2015), modelling fire trends based on the latter
could lead to possible regional overestimation of
increasing fire activity with increasing drought (Carvalho
et al 2008, Bedia et al 2015, Urbieta et al 2015), even
more so if the lagged climatic influence is not
appropriately accounted for, i.e. from the previous
season to the (at least) three prior years.

Conclusions

Based on the distinction between the year-to-year and
the decadal variation in fires, we developed statistical
climate models for the three pyroclimates of southern
France in order to extract the human component of
the temporal trend in regional fire regimes—i.e. the
influence of slowly changing patterns in anthropo-
genic ignitions, fire suppression policy and land-use
(vegetation types) with demography, preferences and
technologies. The climatic drivers of fires differed
between seasons and regions, with important effects of
preceding wet conditions on the frequency and size of
fires. In the Mediterranean mountains, however,
summer BA increased with positive temperature
anomalies for the previous spring and the three
previous winters. The past four decades have marked a
transition from sometimes positive to always negative
changes to the fire activity in southern France, with a
predominant influence of fire suppression in recent
years. We believe that this analytical framework is well
suited to test changes in the human effect on fire
regimes across a range of ecosystems and time periods,
notably to test when, how and the extent to which fire
regimes have been reshaped during the Anthropocene
(Guyette et al 2002, McWethy et al 2013, Valese et al
2014). For instance, while fire suppression has
probably driven recent decreases in fire in southern
Europe (Moreno et al 2014, Turco et al 2016), another
hierarchy of anthropogenic drivers may have been
responsible for increasing fire trends in the western
United States (Dennison et al 2014), including the
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introduction of flammable invasive species (Balch et al
2013). In addition, our findings highlight that
predicting changes in fire regime associated with
climate changes requires accounting for lagged
climatic effects as well as rapid changes in socio-
economic drivers, such as anthropogenic ignitions,
land-use change and fire suppression.

Acknowledgments

We thank Peter Z Fulé and three anonymous referees
for their helpful comments. Funding for this work was
provided by the FUME Project under the European
Union’s Seventh Framework Programme (FP7/
2007-2013) and by grants from the National Research
Institute of Science and Technology for Environment
and Agriculture (Irstea) to T.F.

References

Archibald S, Lehmann C E R, Gémez-Dans ] L and Bradstock R
A 2013 Defining pyromes and global syndromes of fire
regimes Proc. Natl Acad. Sci. 110 64427

Balch J K, Bradley B A, D’Antonio C M and Gémez-Dans J 2013
Introduced annual grass increases regional fire activity
across the arid western USA (1980-2009) Glob. Change
Biol. 19 173-83

Barbero R, Abatzoglou J T, Steel E A and Larkin N K 2014
Modeling very large-fire occurrences over the continental
United States from weather and climate forcing Environ.
Res. Lett. 9 124009

Batllori E, Parisien M-A, Krawchuk M A and Moritz M A 2013
Climate change-induced shifts in fire for Mediterranean
ecosystems Glob. Ecol. Biogeogr. 22 1118-29

Bedia ], Herrera S, Camia A, Moreno ] M and Gutiérrez ] M
2014a Forest fire danger projections in the Mediterranean
using ENSEMBLES regional climate change scenarios
Clim. Change 122 185-99

Bedia J, Herrera S and Gutiérrez ] M 2014b Assessing the
predictability of fire occurrence and area burned across
phytoclimatic regions in Spain Nat. Hazards Earth Syst.
Sci. 14 53-66

Bedia J, Herrera S, Gutiérrez ] M, Benali A, Brands S, Mota B
and Moreno ] M 2015 Global patterns in the sensitivity of
burned area to fire-weather: Implications for climate
change Agric. For. Meteorol. 214-215 36979

Bird R B, Bird D W and Codding B F 2016 People, El Nifio
southern oscillation and fire in Australia: fire regimes and
climate controls in hummock grasslands Phil. Trans. R.
Soc. B 371 20150343

Bird R B, Codding B F, Kauhanen P G and Bird D W 2012
Aboriginal hunting buffers climate-driven fire-size
variability in Australia’s spinifex grasslands Proc. Natl
Acad. Sci. 109 10287-92

Boer M M et al 2016 Future changes in climatic water balance
determine potential for transformational shifts in
Australian fire regimes Environ. Res. Lett. 11 065002

Boulanger Y, Gauthier S, Burton P J and Vaillancourt M-A 2012
An alternative fire regime zonation for Canada Int. J.
Wildland Fire 21 1052—64

Bowman D M J S et al 2011 The human dimension of fire
regimes on Earth J. Biogeogr. 38 2223-36

Bowman D M ] S et al 2009 Fire in the Earth system Science 324
4814

Brotons L, Aquilué N, de Céceres M, Fortin M-] and Fall A 2013
How fire history, fire suppression practices and climate
change affect wildfire regimes in Mediterranean landscapes
PLoS ONE 8 ¢62392

10


https://doi.org/10.1073/pnas.1211466110
https://doi.org/10.1088/1748-9326/9/12/124009
https://doi.org/10.1111/geb.12065
https://doi.org/10.1007/s10584-013-1005-z
https://doi.org/10.5194/nhess-14-53-2014
https://doi.org/10.1098/rstb.2015.0343
https://doi.org/10.1073/pnas.1204585109
https://doi.org/10.1088/1748-9326/11/6/065002
https://doi.org/10.1071/wf11073
https://doi.org/10.1111/j.1365-2699.2011.02595.x
https://doi.org/10.1371/journal.pone.0062392

I0P Publishing

Environ. Res. Lett. 12 (2017) 035006

Carcaillet C, Ali A A, Blarquez O, Genries A, Mourier B and
Bremond L 2009 Spatial variability of fire history in
subalpine forests: from natural to cultural regimes
Ecoscience 16 1—12

Carvalho A, Flannigan M D, Logan K, Miranda A I and Borrego
C 2008 Fire activity in Portugal and its relationship to
weather and the Canadian Fire Weather Index System Int.
J. Wildland Fire 17 328-38

Cleveland R B, Cleveland W S, McRae ] E and Terpenning I
1990 STL: a seasonal-trend decomposition procedure based
on loess J. Off. Stat. 6 3-73

Curt T, Fréjaville T and Lahaye S 2016 Modelling the spatial
patterns of ignition causes and fire regime features in
southern France: implications for fire prevention policy
Int. ]. Wildland Fire 25 785-96

Daniau A-L et al 2012 Predictability of biomass burning in
response to climate changes Glob. Biogeochem. Cycles
26 GB4007

De Angelis A, Ricotta C, Conedera M and Pezzatti G B 2015
Modelling the meteorological forest fire niche in
heterogeneous pyrologic conditions PLoS ONE 10
e0116875

Dennison P E, Brewer S C, Arnold ] D and Moritz M A 2014
Large wildfire trends in the western United States,
1984-2011 Geophys. Res. Lett. 41 2928-33

Dimitrakopoulos A P, Bemmerzouk A M and Mitsopoulos I D
2011 Evaluation of the Canadian fire weather index system
in an eastern Mediterranean environment Meteorol. Appl.
18 83-93

Fréjaville T and Curt T 2015 Spatiotemporal patterns of changes
in fire regime and climate: defining the pyroclimates of
south-eastern France (Mediterranean Basin) Clim. Change
129 239-51

Fréjaville T, Curt T and Carcaillet C 2016 Tree cover and
seasonal precipitation drive understorey flammability in
alpine mountain forests J. Biogeogr. 43 1869-80

Fulé P Z, Yocom L L, Montaio C C, Falk D A, Cerano ] and
Villanueva-Diaz J 2012 Testing a pyroclimatic hypothesis
on the Mexico-United States border Ecology 93 1830—40

Ganteaume A and Jappiot M 2013 What causes large fires in
Southern France For. Ecol. Manag. 294 76-85

Gill A M 1975 Fire and the Australian flora: a review Aust. For.
38 4-25

Gudmundsson L, Rego F C, Rocha M and Seneviratne S I 2014
Predicting above normal wildfire activity in southern
Europe as a function of meteorological drought Environ.
Res. Lett. 9 084008

Guyette R P, Muzika R M and Dey D C 2002 Dynamics of an
anthropogenic fire regime Ecosystems 5 472—-86

Higuera P E, Abatzoglou J T, Littell ] S and Morgan P 2015 The
changing strength and nature of fire-climate relationships
in the Northern Rocky Mountains, USA, 1902-2008 PLoS
ONE 10 e0127563

Keeley J E 2004 2004 Impact of antecedent climate on fire
regimes in coastal California Int. . Wildland Fire 13
173-82

Keeley J E and Syphard A D 2015 Different fire—climate
relationships on forested and non-forested landscapes in
the Sierra Nevada ecoregion Int. . Wildland Fire 24 27-36

Krawchuk M A and Moritz M A 2011 Constraints on global fire
activity vary across a resource gradient Ecology 92 121-32

Krawchuk M A, Moritz M A, Parisien M-A, Van Dorn ] and
Hayhoe K 2009 Global pyrogeography: the current and
future distribution of wildfire PLoS ONE 4 5102

Lehmann C E et al 2014 Savanna vegetation-fire-climate
relationships differ among continents Science 343 54852

Leys B and Carcaillet C 2016 Subalpine fires: the roles of
vegetation, climate and, ultimately, land uses Clim. Change
135 683-97

Liebmann M J, Farella J, Roos C I, Stack A, Martini S and
Swetnam T W 2016 Native American depopulation,
reforestation, and fire regimes in the Southwest United
States, 14921900 CE Proc. Natl Acad. Sci. 113 E696-704

W Letters

Littell J S, McKenzie D, Peterson D L and Westerling A L 2009
Climate and wildfire area burned in western US
ecoprovinces, 1916-2003 Ecol. Appl. 19 1003-21

Liu Z and Wimberly M C 2016 Direct and indirect effects of
climate change on projected future fire regimes in the
western United States Sci. Total Environ. 542 65-75

Lobell D B, Schlenker W and Costa-Roberts ] 2011 Climate trends
and global crop production since 1980 Science 333 616-20

Marlon J R, Bartlein P J, Carcaillet C, Gavin D G, Harrison S P,
Higuera P E, Joos E, Power M | and Prentice I C 2008
Climate and human influences on global biomass burning
over the past two millennia Nat. Geosci. 1 697-702

McWethy D B et al 2013 A conceptual framework for predicting
temperate ecosystem sensitivity to human impacts on fire
regimes Glob. Ecol. Biogeogr. 22 900—12

Meyn A, White P S, Buhk C and Jentsch A 2007 Environmental
drivers of large, infrequent wildfires: the emerging
conceptual model Prog. Phys. Geogr. 31 287-312

Moreira F et al 2011 Landscape—wildfire interactions in
southern Europe: implications for landscape management
J. Environ. Manage. 92 2389—402

Moreno M V, Conedera M, Chuvieco E and Pezzatti G B 2014
Fire regime changes and major driving forces in Spain
from 1968 to 2010 Environ. Sci. Policy 37 11-22

O’Donnell A J, Boer M M, McCaw W L and Grierson P F 2011
Vegetation and landscape connectivity control wildfire
intervals in unmanaged semi-arid shrublands and
woodlands in Australia J. Biogeogr. 38 112-24

Parisien M-A, Miller C, Parks S A, DeLancey E R, Robinne F-N
and Flannigan M D 2016 The spatially varying influence of
humans on fire probability in North America Environ. Res.
Lett. 11 075005

Parks S A, Miller C, Parisien M-A, Holsinger L M, Dobrowski S
Z and Abatzoglou J 2015 Wildland fire deficit and surplus
in the western United States 19842012 Ecosphere 6 1-13

Parks S A, Parisien M-A, Miller C and Dobrowski S Z 2014 Fire
activity and severity in the western US vary along proxy
gradients representing fuel amount and fuel moisture PLoS
ONE 9 ¢99699

Pausas ] G 2004 Changes in fire and climate in the eastern
Iberian peninsula (Mediterranean basin) Clim. Change 63
337-50

Pausas ] G and Fernandez-Mufoz S 2012 Fire regime changes in
the Western Mediterranean Basin: from fuel-limited to
drought-driven fire regime Clim. Change 110 215-26

Pausas ] G and Keeley J E 2009 A burning story: the role of fire
in the history of life BioScience 59 593601

Pausas ] G and Keeley J E 2014 Abrupt climate-independent fire
regime changes Ecosystems 17 1109-20

Pausas ] G and Ribeiro E 2013 The global fire—productivity
relationship Glob. Ecol. Biogeogr. 22 728-36

Pereira M G, Trigo R M, da Camara C C, Pereira ] M C and Leite
S M 2005 Synoptic patterns associated with large summer
forest fires in Portugal Agric. For. Meteorol. 129 11-25

Peres-Neto P R, Legendre P, Dray S and Borcard D 2006
Variation partitioning of species data matrices: estimation
and comparison of fractions Ecology 87 2614-25

Pezzatti G B, Zumbrunnen T, Biirgi M, Ambrosetti P and
Conedera M 2013 Fire regime shifts as a consequence of fire
policy and socio-economic development: an analysis based
on the change point approach For. Policy Econ. 29 7-18

Prior L D, Murphy B P, Williamson G J, Cochrane M A, Jolly W
M and Bowman D M J S 2016 Does inherent flammability
of grass and litter fuels contribute to continental patterns
of landscape fire activity? J. Biogeogr. (https://doi.org/
10.1111/jbi.12889)

Ruffault J, Moron V, Trigo R M and Curt T 2017 Daily synoptic
conditions associated with large fire occurrence in
Mediterranean France: evidence for a wind-driven fire
regime Int. J. Climatol. 37 524-33

Ruffault ] and Mouillot F 2015 How a new fire-suppression
policy can abruptly reshape the fire-weather relationship
Ecosphere 6 199

11


https://doi.org/10.2980/16-1-3189
https://doi.org/10.1071/wf07014
https://doi.org/10.1071/wf15205
https://doi.org/10.1029/2011GB004249
https://doi.org/10.1371/journal.pone.0116875
https://doi.org/10.1371/journal.pone.0116875
https://doi.org/10.1002/2014GL059576
https://doi.org/10.1002/met.214
https://doi.org/10.1007/s10584-015-1332-3
https://doi.org/10.1002/2014GL059576
https://doi.org/10.1016/j.foreco.2012.06.055
https://doi.org/10.1080/00049158.1975.10675618
https://doi.org/10.1088/1748-9326/9/8/084008
https://doi.org/10.1890/09-1843.1
https://doi.org/10.1371/journal.pone.0005102
https://doi.org/10.1126/science.1247355
https://doi.org/10.1007/s10584-016-1594-4
https://doi.org/10.1016/j.scitotenv.2015.10.093
https://doi.org/10.1126/science.1204531
https://doi.org/10.1111/geb.12038
https://doi.org/10.1177/0309133307079365
https://doi.org/10.1016/j.envsci.2013.08.005
https://doi.org/10.1111/j.1365-2699.2010.02381.x
https://doi.org/10.1088/1748-9326/11/7/075005
https://doi.org/10.1371/journal.pone.0099699
https://doi.org/10.1023/b:clim.0000018508.94901.9c
https://doi.org/10.1023/b:clim.0000018508.94901.9c
https://doi.org/10.1007/s10584-011-0060-6
https://doi.org/10.1525/bio.2009.59.7.10
https://doi.org/10.1007/s10021-014-9773-5
https://doi.org/10.1016/j.agrformet.2004.12.007
https://doi.org/10.1890/0012-9658(2006)87[2614:vposdm]2.0.co;2
https://doi.org/10.1016/j.forpol.2011.07.002
https://doi.org/10.1111/jbi.12889
https://doi.org/10.1111/jbi.12889
https://doi.org/10.1002/joc.4680
https://doi.org/10.1890/es15-00182.1

I0P Publishing

Environ. Res. Lett. 12 (2017) 035006

Salis M, Ager A A, Finney M A, Arca B and Spano D 2014
Analyzing spatiotemporal changes in wildfire regime and
exposure across a Mediterranean fire-prone area Nat.
Hazards 71 1389-418

Sousa P M, Trigo R M, Pereira M G, Bedia ] and Gutiérrez ] M
2015 Different approaches to model future burnt area in
the Iberian Peninsula Agric. For. Meteorol. 202 11-25

Taylor A H, Trouet V, Skinner C N and Stephens S 2016
Socioecological transitions trigger fire regime shifts and
modulate fire—climate interactions in the Sierra Nevada,
USA 1600-2015 CE Proc. Natl Acad. Sci. 113 13684-9

Trigo R M, Sousa P M, Pereira M G, Rasilla D and Gouveia C
M 2016 Modelling wildfire activity in Iberia with different
atmospheric circulation weather types Int. J. Climatol. 36
2761-78

Turco M, Bedia J, Di Liberto F, Fiorucci P, von Hardenberg J,
Koutsias N, Llasat M-C, Xystrakis F and Provenzale A
2016 Decreasing fires in Mediterranean Europe ed C
Carcaillet PLoS ONE 11 ¢0150663

Turco M, Llasat M C, Tudela A, Castro X and Provenzale A 2013
Decreasing fires in a Mediterranean region (1970-2010, NE
Spain) Nat. Hazards Earth Syst. Sci. 13 649-52

W Letters

Turco M, Llasat M-C, von Hardenberg J and Provenzale A 2014
Climate change impacts on wildfires in a Mediterranean
environment Clim. Change 125 369-80

Urbieta I R, Zavala G, Bedia J, Gutiérrez ] M, Miguel-Ayanz J S,
Andrea C, Keeley ] E and Moreno ] M 2015 Fire activity
as a function of fire—weather seasonal severity and
antecedent climate across spatial scales in southern Europe
and Pacific western USA Environ. Res. Lett. 10 114013

Valese E, Conedera M, Held A C and Ascoli D 2014 Fire,
humans and landscape in the European Alpine region
during the Holocene Anthropocene 6 63—74

Venildinen A, Korhonen N, Hyvirinen O, Koutsias N, Xystrakis
F, Urbieta I R and Moreno ] M 2014 Temporal variations
and change in forest fire danger in Europe for 1960-2012
Nat. Hazards Earth Syst. Sci. 14 1477-90

van Wagner C E 1987 Development and Structure of the
Canadian Forest Fire Weather Index System (Ottawa:
Technical Report 35, Canadian Forestry Service)

Zumbrunnen T, Bugmann H, Conedera M and Biirgi M 2009
Linking forest fire regimes and climate—a historical
analysis in a dry inner Alpine valley Ecosystems 12
73-86

12


https://doi.org/10.1007/s11069-013-0951-0
https://doi.org/10.1016/j.agrformet.2014.11.018
https://doi.org/10.1073/pnas.1609775113
https://doi.org/10.1002/joc.3749
https://doi.org/10.1002/joc.3749
https://doi.org/10.1371/journal.pone.0150663
https://doi.org/10.1007/s10584-014-1183-3
https://doi.org/10.1088/1748-9326/10/11/114013
https://doi.org/10.1016/j.ancene.2014.06.006

	Seasonal changes in the human alteration of fire regimes beyond the climate forcing
	Introduction
	Material and methods
	Data
	Models
	Fire-climate models
	Partitioning climatic effects
	Testing fire alteration


	Results
	Discussion
	Heterogeneity in climatic effects on fire
	Fire regime alteration

	Conclusions
	Acknowledgements
	References


