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Abstract.   The relative influence of the factors acting upon burn probability, namely fuel and weather, is 
not well understood, especially in Europe. We use a digital fire atlas (1975-2008) and apply survival 
analysis to individual fires (1998-2008) to describe how burn probability changes with fuel age in 
Portugal. The typical FRI (fire return interval) and median fire-free interval vary regionally from 23 to 52 
and 18 to 47 years, respectively. Increase of the hazard of burning with time is generally near linear, 
denoting moderate fuel-age dependency as in some other shrub-dominated Mediterranean environments. 
Analysis of complete fire intervals resulted in shorter FRI and higher fuel-age dependency of burn 
probability than findings that included censored observations. Increasingly severe weather conditions 
either expressed through fire size or by extreme fire danger, concurrently decreased fuel-age dependency 
and selected for older fuels. The results are discussed from the viewpoints of fire suppression and fuel 
treatments.
 

Introduction	  

The spatial and temporal patterns of landscape fire 
spread are determined by a complex interplay 
between the biophysical setting and humans, as 
agents of both fire ignition and suppression. Fire 
regimes are determined by a mix of top-down 
(climate and weather) and bottom-up (ignitions 
and fuels) controls, which respectively are 
exogenous and endogenous to the system (Boer et 
al. 2008). Increased landscape-level accumulation 
and connectivity of flammable fuels and more 
frequent extreme weather events are thought to 
have promoted an increase in large fires in the 
western Mediterranean Basin over the last decades, 
e.g. Díaz-Delgado et al. (2004). 

A robust cause-effect relationship exists 
between weather conditions and fire activity in the 
Mediterranean Basin. Carvalho et al. (2008) and 
Camia and Amatulli (2009) were able to explain 
more than 80% of the monthly area burned 

variability from components of the Canadian 
Forest Fire Weather Index (Van Wagner 1987), at 
Portuguese and Mediterranean European levels. A 
strongly asymmetrical fire size distribution implies 
that a relatively small number of fires accounts for 
most of the area burned: 35 to 85% of the annual 
burned surface in Portugal (1984-2004) was due to 
fires >100 ha (Zea Bermudez et al. 2009). These 
large fires, as shown by Pereira et al. (2005) and 
Hoinka et al. (2009), occur in association with 
abnormally hot and dry atmospheric conditions.  

Understanding the relative influences of the 
mechanisms governing fire incidence is a pending 
scientific question with important land 
management implications. If fire occurrence is 
time-dependent, then weather will play a relatively 
minor role on fire incidence, which will be 
controlled by the existing fuel age mosaic and 
thereby could be mitigated by fuel treatments 
(Minnich 1983). The opposing view defends that 
fuel age is poorly related to burn probability in 
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crown-fire ecosystems such as Mediterranean 
conifer forests and shrublands, and has gained 
momentum in recent years (Keeley 2002; Moritz 
et al. 2004; Keeley and Zedler 2009). Ignition 
density and drought (Bradstock 2010) and the 
likelihood and severity of extreme wind events 
(Moritz et al. 2010) should influence the trade-offs 
between fuel and weather as drivers of burn 
probability. 

Fire frequency analysis of spatially explicit fire 
history data has been used to better describe and 
understand how fuel age affects fire incidence (e.g. 
Moritz 2003), adding to the debate over the 
environmental drivers of fire incidence and the 
relevance of managing fuels. Contemporary fire 
history data is analysed in this study with the 
objectives of determining (i) how fuel age affects 
the recurrence of fire in Portugal and across its 
ecoregions, and (ii) how weather influences the 
dependence of burn probability on fuel age. Our 
expectancies were that fire frequency would vary 
regionally, and that the likelihood of fire 
occurrence would be less responsive to fuel age as 
fire weather is aggravated. 

Methods	  

Our study area is the entire Portuguese mainland, 
89 x 103 km2. For a description of the Portuguese 
fire environment see Nunes et al. (2005). We used 
the Portuguese Forest Service digital atlas of fire 
perimeters, which is based on high-resolution 
satellite data from Landsat TM and ETM+ (Pereira 
and Santos 2003), and ArcGIS 9.2 to process the 
spatial information. Analysing fire frequency 
usually involves sampling the landscape mosaic of 
patches resulting from the intersection of past fire 
events. Instead, we modelled the distribution of 
fire intervals from individual fires to allow testing 
of the weather effect on the time-dependency of 
burn probability. Annual layers of fire areas were 
available for the 1975-2008 period and were 
rasterized to grids of 25 x 25-m cells. Fire 
recurrence was determined as the number of times 
each cell burned. A reasonable period of 
observation (23 to 33 years) was ensured by 
restricting the analysis to fires occurring after 1997. 
We considered fires ≥9.5 ha only, to decrease the 
computational burden and partially compensate for 
the existence of variation in the minimum fire size 

that was mapped (Pereira and Santos 2003). 
Omission of the smallest fires is a negligible 
source of uncertainty in fire frequency analysis 
(Moritz et al. 2009). For the area superimposed by 
each fire, we calculated the Fire Return Interval 
(FRI) as 

FRI = (Y-1975) / R 
where Y is the fire year (1998 to 2008) and R is 
the mean recurrence of fire since 1975, computed 
as the average cell fire recurrence. The first fire at 
any given location was incomplete (right-
censored), i.e. the preceding FRI could not be 
determined; fires overlaying areas whose majority 
of cells had burnt at least once since 1975 
corresponded to complete and uncensored fire 
intervals (Polakow and Dunne 1999; Moritz et al. 
2009). 

We used maximum likelihood survival analysis 
by fitting a two-parameter Weibull function to the 
FRI distributions (Johnson and Gutsell 1994; 
Moritz 2003). Each fire size was divided by 9.5 
(the lowest fire size) to obtain weights for model 
fitting. The Weibull hazard of burning λ(t) = ctc-

1/bc gives the instantaneous probability of a fire 
occurring in a specific time interval. The scale 
parameter b is the typical FRI that will not be 
exceeded 63.2% of the time. The shape parameter 
c is dimensionless and describes the change in 
burn probability through time. Consequently, the 
λ(t) function has ecological meaning and is useful 
to measure how fire recurrence is affected by fuel 
age: hazard increases with time when c > 1, with c 
= 2 and c > 2 respectively reflecting linear and 
exponential increases; c = 1 characterizes a 
negative exponential distribution where hazard is 
constant in time, i.e. age-independent. 
Additionally, we have calculated the median 
Weibull fire-free interval (MEI), which is adequate 
as a central tendency measure of asymmetrical fire 
interval distributions (Grissino-Mayer 1999). 

The survival analysis accounted for both 
uncensored and censored (53.7% of the total) 
observations to decrease misrepresentation of long 
fire intervals (Moritz et al. 2009), especially in 
view of the relatively short time span of the study. 
Additionally, fire frequency was modelled just 
from complete observations. Models were fitted to 
Portugal and separately to its ecoregions, which 
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are defined by climate, geology and landform 
(Albuquerque 1961). 

The effect of weather on the age-dependency of 
burn probability was tested by assuming fire size 
as a proxy for weather conditions. Other factors 
contribute to fire size, but immediate fire 
suppression is generalized in the cultural 
landscapes of the Mediterranean, implying that 
large fires seldom occur under mild weather. We 
split data into two subsets, successively defined by 
arbitrary fire size thresholds of 25, 50, 100, 250 
and 500 ha, and determined the Weibull 
parameters for each subset pair, e.g. for fires <25 
and ≥25 ha. 

We also used actual fire weather data by cross-
referencing the digital atlas and the Forest Service 

fire database, which includes individual fires 
location and time of ignition and extinction. The 
analysis was restricted to fires ≥100 ha because 
fire events were increasingly difficult to identify as 
their size decreased. Fire danger rating in Portugal 
is based on the Fire Weather Index (FWI) of the 
Canadian Forest Fire Weather Index System. Each 
large fire was attributed with a fire danger class 
after the FWI from the nearest weather station was 
averaged for the length of the fire. Survival 
analysis considered two subsets of observations 
defined by a FWI threshold of 38.2, which 
distinguishes between fires under non-extreme and 
extreme fire weather based on potential fire 
intensity and suppression difficulty (Palheiro et al. 
2006). 

 
Table 1. Median fire-free interval (MEI) and Weibull parameters b and c (with 95% confidence intervals) for 

the fire frequency analysis. n = number of fires 
 

Ecoregion Complete + censored Complete 

 n % cens. MEI b c n MEI b c 

NW Cismontano 2497 37.0 22.9 
28.1  

(27.8-28.4) 
1.80  

(1.78-1.83) 
1572 14.3 16.5  

(16.4-16.6) 
2.62  

(2.58-2.65) 

Alto Portugal 1709 46.4 27.3 
33.7  

(33.3-34.1) 
1.73  

(1.70-1.76) 
913 15.2 17.4  

(17.3-17.6) 
2.66 

(2.62-2.70) 

NE Transmontano 1409 41.4 28.3 
34.1  

(33.7-34.5) 
1.95  

(1.91-1.99) 
826 17.0 19.3  

(19.1-19.5) 
2.85 

(2.80-2.90) 

Beira Douro 1050 30.1 18.4 
22.9  

(22.7-23.2) 
1.66  

(1.64-1.69) 
734 12.8 14.8  

(14.6-14.9) 
2.46  

(2.43-2.50) 

Beira Alta 525 33.1 26.8 
32.2  

(31.8-32.7) 
1.98  

(1.93-2.03) 
351 17.0 20.0  

(19.7-20.3) 
2.26  

(2.21-2.31) 

Beira Serra 962 35.1 28.9 
34.5  

(34.3-34.8) 
2.07  

(2.05-2.10) 
624 18.2 20.4  

(20.3-20.5) 
3.16  

(3.12-3.20) 

Estremadura 598 70.0 46.6 
52.2  

(51.1-53.4) 
3.22  

(3.10-3.34) 
179 19.2 21.5  

(21.1-21.9) 
3.28  

(3.15-3.41)  

All 10197 47.0 34.7 
43.1  

(42.9-43.4) 
1.69  

(1.68-1.71) 
5399 16.0 

18.4  
(18.3-18.5) 

2.59  
(2.58-2.61) 

 
 

Results	  

The Portuguese fire atlas (1998-2008) contains 
10,197 fires ≥9.5 ha, corresponding to a sum of 
1.65 x 106 ha and a mean annual burned surface of 
1.5 x 105 ha. Sizes of the largest, mean and median 
fires are respectively 66,071, 162 and 31 ha.  

Table 1 displays the results of the regional fire 
frequency analysis. Ecoregions with >75% 

censoring are omitted, corresponding to a 
threshold above which unrealistically high shape 
parameters were possible (5<c<15). Regional 
overlapping between the 95% confidence intervals 
for the Weibull parameters is very low. However, 
the typical FRI and MEI values vary within 
relatively narrow ranges of 23-34 and 18-29 years 
in all but one ecoregion. The shape parameter for 
those regions denotes near-linear growth of 
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burning likelihood with time, varying from 1.7 to 
2.1. In contrast, the Estremadura region is 
characterized by a longer fire-free period (b = 52 

years, MEI = 47 years) and exponential time-
dependency of the fire regime (c = 3.2). 
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Fig. 1. Change in hazard of burning with time for four selected ecoregions in Portugal. 

 
The hazard functions for four selected regions 

are shown in Fig. 1, including those with the more 
disparate b and c parameters, i.e. Beira Douro (the 
shortest fire interval and the lowest age 
dependency) and Estremadura. Regardless of its 
rate of increase, hazard of burning remains low 
throughout the sampled time-since-fire range and 
beyond. The likelihood of burning is below that of 
an age-independent system (i.e. c = 1) for 10 to 17 
years after fire, except in Estremadura (30 years). 

The sole use of complete observations in the 
fire frequency analysis results in shorter and less 
variable fire intervals and higher fuel age 
dependency. On average, b and MEI decrease by a 
factor of 0.6 and c increases by a factor of 1.4, 
varying now in the ranges of 15 to 21 years, 13 to 
19 years and 2.3 to 3.3, respectively (Table 1).  

Hazard of burning is affected by fire size, with 
increasingly large fires being more likely to burn 
over young fuels (Table 2). The effect is robust, as 
judged by the non-overlapping 95% confidence 
intervals for the estimates of c for the fire size 

pairs in Table 2. Nevertheless, the effect is small, 
and fuel age dependency is still expressed by an 
approximately linear increase with time, regardless 
of the cut-off fire size used in the comparison. 
Also, the difference between the c parameters of 
each pair decreases as the fire size threshold for 
comparison increases and ceases to exist at the 
500-ha threshold. 

Limitations in the cross-referencing 
methodology restricted the retrieval of fire danger 
rating data to respectively 30.1% and 61.3% of the 
large (≥100 ha) fires number and area. For this 
representative sample, we found that areas burned 
by large fires driven by extreme weather 
correspond to slightly lower fuel age dependency 
(Table 2), hence supporting the assumption that c 
responds to fire size because of the effect of more 
severe weather. However, the larger fire group and 
the more extreme fire weather group always have 
higher b values for each comparison in Table 2. 
This implies that, on average, fires under more 
severe burning conditions consistently select for 
older fuels. 
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Table 2. Weibull parameters (b and c) with 95% confidence intervals for the fire frequency analysis by fire 
size class (n=10197) and fire danger rating (n=668, fires ≥100 ha) for complete plus censored observations.  

 
Data set n b c 

Fire size (ha)    
< 25 4217 36.9 (36.2-37.7) 2.09 (2.02-2.16) 
≥ 25 5980 43.4 (43.2-43.6) 1.68 (1.67-1.70) 
< 50 6443 35.9 (35.4-36.4) 1.97 (1.92-2.01) 
≥ 50 3754 43.9 (43.6-44.1) 1.67 (1.66-1.69) 

< 100 5399 34.2 (33.8-34.5) 1.85 (1.82-1.88) 
≥ 100 2219 45.0 (44.7-45.2) 1.67 (1.66-1.69) 
< 250 9178 33.2 (33.0-33.5) 1.78 (1.76-1.80) 
≥ 250 1019 47.5 (47.2-47.8) 1.68 (1.67-1.70) 
< 500 9689 32.4 (32.2-32.6) 1.74 (1.73-1.76) 
≥ 500 508 51.1 (50.7-51.6) 1.73 (1.71-1.74) 

Fire danger rating    
Non-extreme 328 28.4 (28.2-28.7) 1.91 (1.89-1.94) 

Extreme 340 55.9 (55.3-56.5) 1.78 (1.76-1.80) 

Discussion	  

While typical fire intervals are somewhat variable 
(roughly in the 10-50 years range), the time-
dependency of burn probability in Mediterranean-
type shrublands is generally characterized as weak 
to moderate, with c < 2.5 (Polakow and Dunne 
1999; Moritz 2003; Moritz et al. 2004; Van 
Wilgen et al. 2010; O’Donnell et al. 2011). Our 
study results fit this pattern, but if the survival 
analysis is restricted to uncensored observations 
then fuel age dependency increases, as previously 
noted by Moritz et al. (2009). 

Incomplete fire intervals contain useful 
information that fire frequency analysis should 
retain (Polakow and Dunne 1999; Moritz et al. 
2009). However, from a management perspective, 
fire dynamics may be more adequately portrayed 
by the analysis based on recurrent fires. The 
relevance of censored observations is diminished 
in view of the relatively recent and dramatic 
increase of fire incidence in Portugal, e.g. the 
mean annual area burned on public land in 1975-
1980 (Macedo and Sardinha 1993) and 1990-1999 
(Rego 2001) increased respectively 6 and 12 times 
since 1943-1974. Studies in Spain show that 
recurrently burnt areas tend to be spatially 
aggregated (Vázquez and Moreno 2001; Díaz-
Delgado et al. 2004; Salvador et al. 2005). At sub-
regional to local scales, complete fire intervals are 
more likely to match those areas where fire is 
perceived as a threat and where fuel treatment 
programs will be implemented. Finally, complete 
fire intervals should provide more realistic 

information on the worth of fuel management 
under climate change scenarios that are expected 
to increase fire frequency. 

Typical FRI and MEI values modelled from 
complete observations primarily reflect the fire 
regime of shrubland and regenerating forest and 
are coherent with fuel dynamics described for 
shrubland in Portugal, e.g. Fernandes and Rego 
(1998); the increase in flammability with fuel age 
is sharp but relatively short-lived, as fine fuel 
loads and modelled fire behaviour in these systems 
stabilize within 10 to 20 years after fire. 

The hazard of burning is normally affected by 
several factors exogenous to fuel dynamics, 
including variation in landform, fire weather, 
ignition rates and the overall fire management 
effort. However, regional variation in the hazard of 
burning function was relatively low, regardless of 
the variation in fire dynamics potentially induced 
by the above-mentioned factors. The Estremadura 
region diverges by exhibiting marked fuel age 
dependency that can be ascribed to a combination 
of lower ignition density, less rugged topography 
and lower productivity. Additionally, limestone 
substrates occupied by shrublands that are less 
flammable than the heathlands typical of siliceous 
soils (Fernandes et al. 2004) are well represented 
in this ecoregion. In contrast, fuel age dependency 
is lowest in north-western Portugal, particularly in 
Beira Douro, where occupational burning of 
mountain heathlands for pastoral purposes is 
widespread and higher rainfall promotes faster fuel 
accumulation. By increasing the grass component, 
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the recurrence of fire may promote a fuel complex 
that will burn more readily and will support even 
more frequent fire, e.g. Vilá et al. (2001). 

Extreme fire weather is usually expected to 
prevail over the effect of fuel on landscape fire 
spread (Fernandes and Botelho 2003; Moritz 2003; 
Keeley and Zedler 2009). Time-dependency of 
burn probability in this study was influenced by 
weather conditions, both directly and as inferred 
from fire size, but the effect was small, suggesting 
that the performance of fuel treatments does not 
degrade substantially under unfavourable weather 
scenarios. Alternatively, minor changes in the c 
parameter for increasingly large fires may reflect 
inefficient fire control under mild weather. Fire 
suppression in Portugal neglects perimeter control 
(Beighley and Quesinberry 2004) and is 
concentrated along roads and at wildland-urban 
interfaces and therefore is unlikely to benefit from 
fuel-related changes in fire behaviour. Dispersion 
of resources and poor organization exacerbate this 
when fires escape initial attack. Consequently, the 
results suggest that more efficient fire control 
operations would increase fuel-age dependency. 

Limitations of fuel management in constraining 
wildfire area are made evident by the results, 
similarly to other shrub-dominated Mediterranean 
ecosystems characterized by high-intensity crown 
fires (Keeley 2002; Price and Bradstock 2010; Van 
Wilgen et al. 2011). Moderate fuel-age 
dependency indicates that fuel management 
programs based on strategically located linear 
treatments are likely to achieve lower cost-to-
benefit ratios than area-wide treatments. On the 
other hand, larger fires and extreme weather 
conditions correspond with older fuels (Table 2), 
where fire suppression is made more difficult by 
higher fuel loadings. The concurrent increase of b 
with the decrease in c can be an expression of 
increasingly higher connectedness between old 
fuel patches. This is consistent with studies in 
Portugal (Vilén and Fernandes 2011) and Australia 
(Boer et al. 2009; Price and Bradstock 2011) that 
modelled annual fire extent from weather and 
previous years’ area burned. Shrubland-dominated 
landscapes in the Mediterranean Basin are 
comparatively more fragmented than in California, 
Australia or South Africa, and the existing land 
use diversity and easy access to wildlands favour 

higher ability of fire suppression to take advantage 
of the fuel age mosaic. The results should be 
supplemented by other modelling approaches, 
namely by analysing how young fuels truncate fire 
spread (Price and Bradstock 2010). 
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