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a b s t r a c t
The interaction between wildlife and power lines has collateral effects that include wildﬁres and Carbon Dioxide
(CO2) emissions. However, currently available information is scarce and so new approaches are needed to increase
our understanding of this issue. Here, we present the ﬁrst analysis of wildﬁres and their incidence as a result of this
interaction in Spain during the period 2000–2012. Amongst the 2788 Power-Line Mediated Wildﬁres (PLMW recorded) during this period, 30 records of Fauna Mediated Wildﬁres (FMW) were found, with an average affected
vegetation cover of 9.06 ha. Our ﬁndings suggest that no signiﬁcant differences were observed between the amount
of affected surface area due to fauna mediated wildﬁres and power-line mediated wildﬁres. In both cases, a spacegrouping trend was observed. In terms of changing trends over time, after the ﬁrst incident detected in 2005, the
number of incidents increased until 2008, year in which the percentage of wildﬁres caused by wildlife stabilized
at approximately 2.4% of all power-line-induced wildﬁres. Population density and road abundance were variables
that better explained PLMW whereas for FMW, the models that included land use and raptor abundance. In the multivariate model, FMW emergence was positively related with population density, percentage of grazing areas and
Natura 2000 cover, and predatory abundance; and negatively with the percentage of forested area. No signiﬁcant
differences were observed between the species of birds that caused wildﬁres and the species of ringed birds killed
by electrocution. The economic and environmental impact due to necessary repairs, the loss of biodiversity and
CO2 emissions represent an estimated net value of €7.6–12.4 M for the period 2000–2012, which indicates the importance of the economic and environmental costs associated with wildﬁres.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
The interaction between wildlife and power lines has been extensively researched (Bevanger, 1998; Lehman et al., 2007; Jenkins et al.,
2010). The most thoroughly studied aspect of this interaction are the
negative impacts on bird population such as mortality due to collisions
(Loss et al., 2014), electrocution (Lehman et al., 2007) and, to a lesser
degree, forest fragmentation due to power-line corridors (e.g.
Kroodsma, 1982; Andrews, 1990). Other affected animals include reindeer, whose migration patterns are disrupted by power lines (Reimers
et al., 2007). On the other hand, the most studied positive effect of
power lines is the use of pylons by birds as nesting sites (Infante and
Peris, 2003; Mainwaring, 2015; Tryjanowski et al., 2014).
Other negative effects of power lines including their electromagnetic
ﬁelds (Fernie and Reynolds, 2005; Balmori and Hallberg, 2007), changes
in species interactions including increases in predator presence and/or
prey visibility (Lammers and Collopy, 2007; Dinkins et al., 2012), and
bird mortality due to entanglement (Gangoso and Palacios, 2002)
have not been comprehensively studied.
Another negative effect that has only ever been poorly studied is the
impact of the wildﬁres caused by electrocuted animals. Although power
lines usually cause wildﬁres when there is electrical contact with nearby
trees (Mitchell, 2013), wildﬁres can also occur when an electrocuted animal begins to burn and falls to the ground (Kagan, 2016). Despite signiﬁcant negative consequences including the loss of human life in
cases such as the 2014 Valparaíso wildﬁre in Chile (Vargas, 2016),
fauna-mediated wildﬁres are very poorly documented in the literature.
Fire is a natural phenomenon that plays a major role in shaping the
environment and maintaining worldwide biodiversity (Shlisky et al.,
2007; Kelly and Brotons, 2017). The beneﬁts and impacts of wildﬁres
are far-reaching as the majority of the world's terrestrial habitats depend on ﬁre for their ecological sustainability. Fire determines the distribution of habitats, carbon and nutrient ﬂuxes, and soils properties
(DeBano et al., 1998). However, N 20% of all terrestrial ecoregions experience altered ﬁre regimes due to direct ﬁre suppression or humancaused ignitions that lie outside the range of natural variation (Shlisky
et al., 2007). The human alteration of ﬁre regimes can contribute to provide a pathway for harmful invasive species, change regional hydrology,
accelerate ecosystem transformations caused by long-term climate
change (Kershaw et al., 2002; Shlisky et al., 2007), and directly threaten
biodiversity and human habitation and security (Bardsley et al., 2015).
The Mediterranean Basin is one of the world's richest places in terms
of animal and plant biodiversity (Cuttelod et al., 2009) and ﬁre has been
one of the major drivers shaping its landscape for millennia (Blondel
and Aronson, 1999; Fernandes et al., 2013; Moreno et al., 2014). Nevertheless, in the previous century the ﬁre regime changed sharply and it is
now regarded as one of the main threats to environmental conservation
by some authors (Moreira and Russo, 2007; Syphard et al., 2009). Accordingly, major efforts have been devoted to prevention, management
and extinction (Vélez, 2000; Parente et al., 2016). Over the past
35 years, N 15.8 million ha have burned in the EU Mediterranean Member States (European Commission, 2015); in Spain alone, 2.3 million ha
of forestlands burned in 1981–2013. This is particularly worrying given
this country's populations of endemic species such as the Spanish imperial eagle (Aquila adalberti) and the Iberian lynx (Lynx pardinus), and of
highly threatened species at global level such as the cinereous vulture
(Aegypius monachus) and Bonelli's eagle (Aquila fasciata), all of which
are affected directly or indirectly by power lines and wildﬁres (not necessarily in a negative way, i.e. López-López et al., 2006; Rollan and Real,
2011). At the same time, Spain is one of the countries where most studies of bird deaths due to electrocution (Lehman et al., 2007) and the
causes of wildﬁres (ADCIF, 2002, 2012a) have been performed. This
country is thus a good case study for investigating the interaction between wildﬁres caused by wildlife and power lines.
This study addresses the principal issues arising from the occurrence
of wildﬁres caused by the interaction between wildlife and power lines
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in Spain (hereafter referred to as fauna-mediated wildﬁres; FMW). Our
main goals are i) to explore this phenomenon by analyzing the characteristics of FMW, ii) to characterise the location of wildﬁres by type and
the presence or absence of a space-grouping scheme; iii) to analyse the
factors affecting the occurrence of wildﬁre types and address the timing
of wildﬁres during the year; iv) to identify the species that cause these
events; and v) to examine the economic impact in terms of both the
costs of recovery and Carbon dioxide (CO2) emissions.
2. Material and methods
The study was carried out in Spain (~500,000 km2) using data for the
period 2000–2012 obtained from Defense Area Against Wildﬁres (ADCIF)
database, managed by the Spanish Ministry of the Environment (ADCIF,
2014) This database compiles wildﬁre statistics since 1968 (ADCIF,
2002). This dataset contains the causes of wildﬁres gathered in broad
categories, including wildﬁres caused by power lines – belongs to the
group Negligence and accidental causes (ADCIF, 2002). The database of
the government administration does not speciﬁcally distinguish between ﬁres provoked by electrocuted fauna within the ﬁres caused by
power lines. To determine which PLMWs are FMWs, we reviewed all
additional information of PLMW considering as FMW those events
which included any comment or reference to a bird/animal as the
cause of the ﬁre.
Finally, for this study, data from the Canary Islands were not included due to the low number of wildﬁres (n = 10) and absence of FMW in
this archipelago.
2.1. Description of FMW and PLMW
We compared the characteristics of FMW and PLMW by taking into
account two essential aspects: the total affected forest surface area and
the potential for self-regeneration. These data were calculated on a regional basis by technical staff using a standardized methodology and
then stored the database. For areas b 50 ha, a palmtop GPS was used in
the ﬁeld to measure the affected surface area; for areas N 50 ha PNOA
orthoimages were used (Spanish National Orthoimage Plan). The potential for self-regeneration was assessed following the method described by ADCIF (2012b), which consists of a qualitative evaluation of
the affected surface area capable of self-regeneration without any speciﬁc treatment. This assessment considers three levels depending on
the recoverable surface area (without treatment): level 1: b30%of the
affected surface area; level 2: 30–59%: and level 3: N 60%.
2.2. Locations of wildﬁres by type
We used spatial UTM coordinates to study the spatial distribution of
FMW and PLMW. First of all, the spatial coordinates corresponding to
the ﬁeldwork conducted regionally and incorporated into the database
were checked to detect events (i) with incorrectly entered coordinates,
(ii) that took place over 1 km from the Spanish border, or (iii) with multiple coordinates from different years; all such events were deleted.
Additionally, we analysed the percentage of wildﬁres caused by electrocution in Special Protection Areas (SPA hereafter) and drew an external buffer of 5 km around each such area (Pérez-García et al., 2011).
We investigated the spatial distribution of the FMW and PLMW and
assessed their regularity and randomness. We used the G function at
96% (Baddeley et al., 2015) that measures the distance between a
given point and the next nearest. If these distances are given by di =
^
¼
minj{dij, ∀j ≠ i}, i = 1, …n then the G function can be estimated as GðrÞ
#fdi :di ≤ r;∀ig. Using Complete Spatial Randomness (CSR), the value of the
n

G function is G(r) = 1 − exp (−λπr2) where λ is the strength or average of the number of dots by surface unit. To determine the randomness
of the FMW distribution in the PLMW, a complementary analysis was
conducted for both FMW and PLMW. The goal of this analysis is to
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determine if FMW are randomly distributed within PLMW. We
employed a dot-marked analysis (Baddeley et al., 2015) using function
J and the existence of wildlife interaction or not in a wildﬁre as the
mark. The analysis compares the spatial distribution of the marked
points is similar to the unmarked ones, through a visual analysis of a
simulated pattern.

allies (Ardeidae, Phoenicopteridae and Threskiornithidae), rollers and
their allies (Coraciiformes), waders (Charadriformes) and woodpeckers
(Picidae); mammals not considered in this study were excluded (Guil
et al., 2015).

2.3. Factors contributing to FMW and PLMW

The economic cost of recovery plus associated CO2 emissions was
evaluated. To assess the recovery costs we used an environmental responsibility model (Modelo de Oferta de Responsabilidad Ambiental;
MORA; freely available at http://eportal.magrama.gob.es/mora/login.
action). This software distinguishes between total primary repairs,
which include the cost of returning all affected surfaces to their previous
status, and total compensatory repairs for speciﬁc damage, including
mature trees. The model also considers additional costs, associated
with reparation projects and creating access to affected areas. A detailed
explanation of this methodology and its software is included as supplementary material (Table S1).
To calculate the direct CO2 emissions attributable to each wildﬁre,
we used a characterisation of the plant cover of the affected area. If
the wildﬁre did not originate in a forest, we considered the nearest vegetated area as the ‘affected’ area. (http://www.esri.com/) We have used
two complementary maps of vegetation cover from two WMS ofﬁcial
servers.
We calculated emissions as the direct CO2 metric ton/burned ha
using data provided by Valero et al. (2007). For vegetation without deﬁned CO2 emissions, we considered the emissions of the structurally
nearest vegetation type. For vegetation potentially belonging to more
than one category, mean emission values were used. We applied the Social Cost of Carbon (SCC; Interagency Working Group on Social Cost of
Carbon, 2015) to evaluate the economic impact; the 2015 SCC was
used with a discount rate of 3%, which was 36 2007 dollars per metric
ton CO2. In this case, the SCC was converted to 2016 dollars using the inﬂation between 2007 and 2015 (17.57%; World Bank Data, 2016). Finally, the results were converted to euros using the 2016 yearly average
exchange rates for converting foreign currency to U.S. dollars (0.94;
Internal Revenue Service, 2017). The cost of CO2 emissions was calculated at 39.787 2016 euros per metric ton CO2.
To assess the economic impact we chose mean annual amounts. We
chose the net present value (NPV) as a useful concept for evaluating the
impact of an investment, or, in this case, a permanent harm (Remer and
Nieto, 1995). As ﬁres were to occur permanently, the repayment time
was considered as inﬁnite. The discount rate used was 3%, a rate often
used in studies of this type and the ofﬁcial Spanish legal interest of
money in 2016 and 2017 (Costanza et al., 2006; Banco de España,
2017). To obtain the net present value we used the NPV formula for in
ﬁnite repayment, NPV ¼ C i, where C is the value of the emissions (thus,
39.787 € per CO2 metric ton) and i is the discount rate. In our case, the

formula will be NPV ¼ 39:787YECO2 3% , where YECO2 represents the annual CO2 emissions in metric tons.

To determine the factors contributing to the probability of FMW and
PLMW occurrence, we used logistic regression models (detailed description of statistical analysis is included in Section 2.7). For each 10
× 10 km UTM cell in 2000–2012, we considered the occurrence of
FMW and PLMW as binomial response variables. Number of 10
× 10 km UTM grids used for presence/absence variable was 1326/
4079 for PLMW and 28/5377 for FMW. As explanatory variables, we selected 12 environmental variables considered relevant in other studies
of wildﬁres such as human negligence (Bajocco et al., 2010; Bajocco
and Ricotta, 2008; Boubeta et al., 2015) and wildlife electrocution on
power lines (Mañosa, 2001; Guil et al., 2011; Pérez-García et al.,
2017). We built six hypothetical models by grouping similar environmental predictors as a means of assigning a cause: i) topography (altitude), ii) land use, iii) breeding raptor richness, iv) power lines, v)
protected area distribution, and vi) human population and roads. A detailed description of all variables is included in Table 1.
2.4. Timing of wildﬁres
The yearly FMW distribution was studied and compared to that of
the PLMW. Relative yearly frequencies for each type of ﬁre were studied
using F from the Fisher-Snedecor variance test.
2.5. Prevalent species
The groups of species causing wildﬁres and those of ringed electrocuted birds were compared. We used the database of ringed electrocuted birds in Spain in 1990–2010 taken from data provided by Guil et al.
(2015) with the following categories and families: diurnal raptors
(Accipitridae and Falconidae), nocturnal raptors (Strigidae and
Tytonidae), ravens (Corvidae), starlings (Sturnidae), herons and their
Table 1
List of landscape variables used to model fauna and power lines mediated wildﬁres distribution in Spain. Land used variables were obtained from the 2006 CORINE land cover
(EEA, www.eea.europa.eu/es). Rest of variables was downloaded from the Spanish governmental spatial data web-repository (www.idee.es).
Variable

Explanation

WF_powerlines: Total number of power lines mediated wildﬁres during
2000–2012.
Wf_fauna:
Total number of fauna mediated wildﬁres during 2000–2012.
Mean altitude
Mean altitude of each grid
Roughness
Roughness measure as standard deviation of mean altitude of
each grid
Population
Population according to 2014 census, proportional to each
density
municipality surface in the grid, considering the population is
uniformly allocated
Perc. forest
Percentage of forest cover according to CORINE-2006
Perc. scrub
Percentage of scrub cover according to CORINE-2006
Perc. grassland: Percentage of grass cover according to CORINE-2006
HV power lines: High-Voltage Power line length according to the National
Cartographic database at 1:25.000 scale
Paths
Unpaved road length according to National Topographic Map
with a scale of 1:200.000
Paved roads
Length of all type of paved roads according National
Topographic Map with a scale of 1:200.000
Protected
Percentage of protected area included in Natura 2000
N2000
Protected SPA
Percentage of Special Protected Area for birds
Raptor richness Number of raptors species breeding in each grid

2.6. Economic and environmental impacts

2.7. Statistical analyses
We used Generalized Linear Models (GLMs; McCullagh and Searle,
2000) to relate the occurrence of FMW and PLMW to the environmental
factors in 10 × 10 km UTM grids. All GLM were performed with a binomial error distribution and the link function logit. In each model we
evaluated the over dispersion or lack of ﬁt using the c-hat value. We
used the corrected Akaike information criterion (AICc; Burnham and
Anderson, 2002) to establish rankings, and we computed delta AICc to
determine the strength of evidence and AICc weights to represent the
relative likelihood of each model (Burnham and Anderson 2002).
Multicollinearity can make comparing alternate models difﬁcult. We
considered two predictors to be collinear when the Spearman rank correlation coefﬁcients were N│0.7│. If two strongly correlated predictors
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were included in the same model, we retained those with the clearest
ecological meaning (Dormann et al., 2013).
To evaluate the inﬂuence of individual variables, we built a best
model for both FMW and PLMW separately. A model with all variables
was constructed and the best-saturated model was reached step-bystep using the AIC. The estimates, odds ratio (OR) and 95% conﬁdence
intervals for each variable retained in the best model were obtained.
To compare differences between the ‘best’ models, we used an analysis
of deviance by maximum likelihood ratio test.
To assess the spatial distribution of the FMW and PLMW and their
regularity and randomness with the function G, we used the spatstat
package (Baddeley and Turner, 2005; Baddeley et al., 2015) in R 3.2.3
(R Core Team, 2015). One hundred simulations and edge-effect corrections were applied. The Spanish National Geographical Institute
shapeﬁle of peninsular Spain and the Balearic Islands at 1:200,000
scale, imported to R using the maptools package (Bivand and LewinKoh, 2016), was used as the data framework.
We used the Wilcoxon rank-sum test to determine the differences
between total affected areas and affected areas with potential self-regenerated surfaces for both FMW and PLMW. To compare the bird communities that caused the wildﬁre and the distributions of electrocuted
ringed birds we used Kuiper's test. We considered a signiﬁcance level
of 5% for all these tests. All statistical procedures were performed
using R 3.2.3 software (R Core Team, 2015) with the MASS (Venables
and Ripley, 2002), AICcmodavg (Mazerolle, 2011) and aod (Lesnoff and
Lancelot, 2012) packages.
3. Results
3.1. Description of FMW and PLMW
Amongst the 2788 PLMW recorded in 2000–2012, 30 records of
FMW were found, with an average affected vegetation cover of
9.06 ha (± 37.68 SD; max = 203.85 ha). PLMW represented 1.22% of
the total 227,778 wildﬁres and a 0.17% of the total 1,614,855 burned forest hectares in the period 2000–2012. None of the remaining 2758
PLMW, with an average affected surface area of 9.84 ha (± 76.7 SD;
Max = 1890 ha), were reported as having been caused by wildlife. No
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signiﬁcant differences were observed between burnt surfaces with
and without wildlife interaction (W = 41,929.5, p = 0.653); similar results were found when we compared the self-regeneration levels (W =
41,553, p = 0.935).

3.2. Locations of wildﬁres by type
In total, 83,36% of the total PLMW (n = 2788) and, 96.67% of the
total FMW (n = 30) had correct and useable coordinates (Fig. 1). Of
these 29 wildﬁres, six took place inside a SPA (20.69%); however, if
we take into account a buffer area of 5 km, the number of wildﬁres increased threefold to 19 (65.52%). Although the percentage of PLMW in
SPA (21.56%) is similar to FMW, it's higher considering the buffer area
of 5 km (81.68%).
The FMW formed distinct groupings. A subset of the values obtained
was above the expected value for the G function, with a probability of
96% (Figs. 2 and. 3). Therefore, CSR can be ruled out. In addition, the
FMW spatial distribution in the PLMW was not random, which indicates
that was a degree of clustering (Fig. 4).

3.3. Factors contributing to FMW and PLMW
Population density and road abundance were the best competing
models for describing PLMW (Table 2); for FMW, the best models included land use and raptor abundance. The difference between these
two models was not statistically signiﬁcant (analysis of deviance by
maximum likelihood ratio test p = 0.08).
In the multivariate model, PLMW emergence was positively related
with the percentage of forest areas, scrubland, grazing areas, predator
abundance by area, total number of power lines, and total number of asphalt roads, but, conversely, was negatively related to the mean height
above sea level (Table 3).
For the FMW, the best model only retained ﬁve variables: positively
with population density, percentage of grazing areas and Natura 2000
cover, and predatory abundance; and negatively with the percentage
of forested area (Table 2).

Fig. 1. Wildﬁres caused by power lines (blue dots) and by the interaction between fauna and power lines (red dots with numbers). (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. G function for wildﬁres caused by power lines (black line) and a theoretical CSR value (red dotted line), and its simulation at 96% (grey area, with 100 simulations. The black line
outside of the grey area shows the absence of a random spatial distribution. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

3.4. Timing of wildﬁres
For the whole study period, FMW supposed 1.07% of the PLMW.
When compared to the PLMW, the FMW occurrence was statistically
different (F12 = 0.040, p b 0.0001). Three distinct phases can be described: although no FMW were detected in phase one (2000–04), a signiﬁcant increase was observed in phase two (2005–08) followed by a
steady constant occurrence in phase three (Fig. 5). For the last period,
about 2.4 ± 0.5% of PLMW were FMW.

3.5. Prevalent species
In 20 of the 30 cases of FMW, the taxonomic groups of species causing the wildﬁres could be determined. The most frequent species were
diurnal raptors (n = 8), followed by Corvidae (n = 5) and nocturnal
raptors (n = 2); the remaining categories were only responsible for
one wildﬁre each (1 Coraciiformes: Upupa epops; 1 Picidae: Picus viridis;
1 Starlings, Sturnus sp.; 1 Storks: Ciconia ciconia; 1 mammal: Martes

foina). Of the eight wildﬁres caused by raptors, vultures (non-identiﬁed
species) caused three, a short-toed eagle (Circaetus gallicus) and lesser
kestrel (Falco naumanni) caused one each, a non-speciﬁed eagle caused
one, and the ﬁnal one was caused by an unidentiﬁed raptor.
No signiﬁcant differences were found between birds causing wildﬁres and electrocuted ringed birds in Spain (V = 33, p = 0.236) when
compared to the data shown in Guil et al. (2015) (see Fig. 6).
3.6. Economic and environmental impacts
Between 2000 and 2012, the economic impact (both repair and additional costs) of FMW was €2.2 × 106 (see Table S2), which corresponds to €1.7 × 105 annually. It is estimated that in this period direct
CO2 emissions reached 1.8 × 104 tons (see Table S3), an average of 1.4
× 103 t CO2/year.
However, only taking into account the period in which wildﬁres
caused by birds were reported (2005–2012), the NPV due to FMW
reached €9.3 × 106, with annual values of €2.8 × 105 and 2.3 × 103 t
CO2/year.

Fig. 3. G function comparison for wildﬁres caused by the interaction between fauna and power lines (FMW, black line) and a theoretical CSR value (red dotted line), and its simulation at
96% (grey area), with 100 simulations. The black line outside of the grey area shows the absence of a random spatial distribution. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 4. J function comparison for wildﬁres caused by the interaction between fauna and power lines (FMW, black line) and theoretical value (red dotted line), and its simulation at 96%
(grey area), with 100 simulations. The black line outside of the grey area shows the presence of a grouping of FMW within PLMW. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

Finally, the total annual economic impact, both considering the economic impact and the CO2 emissions, lies in the range €2.3 × 104–3.7
× 104, with an NPV of €7.6 × 106–12.4 × 106.
4. Discussion
To date, the issue of birds interacting with electric power lines has
been addressed primarily from a standpoint either of bird conservation
(Lehman et al., 2007) or of the indirect cost of a loss of electricity supply
(McIvor et al., 2012). No published study has ever evaluated wildﬁres
and their associated costs, which include CO2 emissions and the recovery from biodiversity loss. This study addresses this subject for the
ﬁrst time and evaluates the main characteristics of interactions between
fauna and power lines, events that are responsible for wildﬁres and
their subsequent economic impact.
Results show that in Spain in 2000–2012 only a small percentage
(1.22%) of all recorded wildﬁres were due to power lines. Of these,
only 2.4% were attributable to bird or other animal electrocutions (according to the relation between FMW and PLMW during the most recent period). Although this percentage is a conservative estimate,
from a global perspective its impact is low. However, this contrasts
with the economic and environmental relevance of these events.
Although the general characteristics of FMW are similar to those of
PLMW, the differences are not negligible. According to our ﬁndings,
the spatial distribution of FMW is not random and is concentrated in
Table 2
Competing logistic regression models of wildﬁre occurrence caused by a) power lines
(PLMW) and b) electrocuted wildlife (FMW) representing our hypotheses. Models with
less AICc than the null model are not displayed. K = total number of parameters; AICc
= corrected Akaike's Information Criterion; Δ AICc = difference between the AICc value
for that model and the best model; and Akaike's weights W.
A) PLMW

K

AICc

Δ AICc

AICc Wt

Population
Power line
Topography
Raptor
Land uses
Protected area
Intercept

4
2
2
2
4
3
1

5584.68
5841.67
5980.7
5999.01
6001
6017.1
6024.73

0
257
396.02
414.33
416.33
432.42
440.05

1
0
0
0
0
0
0

4
2
1

350.37
351.3
352.58

0
0.93
2.21

Table 3
Estimates, odds ratio (OR) and respective 95% conﬁdence intervals (95% CI) of the regression parameters for the best logistic model of wildﬁre occurrence caused by a) power lines
(PLMW) and b) electrocuted wildlife (FMW). Variables were ranked by odds ratio.
A) PLMW

Estimate (95% CI)

OR (95% CI)

Paved roads
HV Power lines
Population density (log)
Raptor richness
Perc. pastureland
Perc. scrubland
Perc. forest
Perc. protected natura 2000
Mean altitude (log)
Constant

1.55 (1.25–1.85)
0.92 (0.57–1.28)
0.22 (0.17–0.28)
0.05 (0.03–0.08)
0.02 (0.02–0.02)
0.01 (0.01–0.02)
0.01 (0–0.01)
0 (0–0)
−0.22 (−0.3 to −0.14)
−3.52 (−4.25 to −2.81)

4.7 (3.49–6.33)
2.52 (1.77–3.59)
1.25 (1.18–1.32)
1.05 (1.03–1.08)
1.02 (1.02–1.02)
1.01 (1.01–1.02)
1.01 (1–1.01)
1 (1–1)
0.8 (0.74–0.87)
0.03 (0.01–0.06)

B) FMW

B) FMW
Land uses
Raptor
Null model

certain areas. The origin of the tendency is likely to be the existence of
areas that are more susceptible to wildﬁres (González-Olabarria et al.,
2012; Serra et al., 2013) and/or areas with more breeding bird species
that are susceptible to electrocution (Guil et al., 2011). These hypotheses are based on groupings in the PLMW areas. The spatial coincidence
of wildﬁres in SPAs (20.69%) and in the surrounding 5-km buffer areas
(65.52%) with bird electrocutions further supports this hypothesis
(Pérez-García et al., 2011). Power lines are known to cause large destructive ﬁres, as has occurred in southern California (Keeley et al.,
2011) and Australia (e.g. Cruz et al., 2012). In the former case, this is important because power-line ﬁres are concentrated in autumn and are
associated with strong winds, which create situations of extreme ﬁre
behaviour (Mitchell, 2013; Syphard and Keeley, 2015).
Spatial patterns of the risk of wildﬁres have been widely studied, the
Mediterranean region included (Martínez et al., 2009; Millington et al.,
2009; Romero-Calcerrada et al., 2010; Juan et al., 2012; Ordóñez et al.,
2012; Serra et al., 2013, 2014). Agricultural landscape patterns and
abandonment, and development processes have been identiﬁed as the
principal factors affecting human ﬁre occurrence in Spain (Martínez et
al., 2009). In addition, the proximity to urban areas may explain the incidence of ﬁres in the Intentional ﬁres and arson category and the lack of
naturally caused ﬁres (Serra et al., 2014). We also highlight this relationship between urban density and road proximity as one of the main

0.37
0.23
0.12

Population density (log)
Raptor richness
Perc. grassland
Perc. forest
Constant

0.22 (−0.03–0.47)
0.13 (0.01–0.24)
0.02 (0–0.03)
−0.02 (−0.05–0.01)
−8.17 (−10.77 to −5.71)

1.25 (0.97–1.59)
1.13 (1.01–1.28)
1.02 (1–1.03)
0.98 (0.95–1.01)
0 (0–0)
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Fig. 5. Annual evolution of the number of wildﬁres caused by power lines (PLMW, grey line) and the percentage of fauna-mediated wildﬁres respect to PLMW (FMW, orange bars). (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

factors that explain PLMW occurrence, as is the case of work performed
in California (Syphard and Keeley, 2015). These factors are likely to be
related to the distribution of medium and/or low voltage power lines
in areas of high population density, and the existence of longer highvoltage power lines corresponding to longer roads (Dwyer et al.,
2016). Therefore, our model might indicate a greater probability of
wildﬁres due to large numbers of potential causes of ignition. In addition, the relationship with other factors such as pasture, forest and
scrub cover may be linked to their ease of ignition, while raptor richness
could be related to the presence of more natural areas. In the case of forests, although in Spain – as occurs in other countries – special regulations exist regarding vegetation clearing under power lines, there is
still a greater potential for ignition since trees interact with power
lines. In the particular case of FMW, the models are less robust, probably
due the low sample size. Despite this limitation, the factors that explain
the occurrence of FMW are related to human presence and urbanization, the presence of inﬂammable material, and the greater risk of bird
electrocution. It is important to note that all of these variables were

previously included in the PLMW risk models and also coincide with
the environmental predictors included in the risk models for bird electrocution in Spain (Tintó et al., 2010; Pérez-García et al., 2017).
Likewise, no differences were found for the species causing wildﬁres,
which agrees with ﬁndings obtained in previous studies of the prevalence of electrocution (Mañosa, 2001; Tintó et al., 2010; Guil et al.,
2015). As suggested above, in nearly all cases large birds are the main
cause of these interactions (Janss, 2000; Pérez-García et al., 2016). Nevertheless, smaller birds (e.g. Upupa epops, Picus viridis and Sturnus sp.)
and even a medium-sized mammal (Martes foina) have also been
found to cause ﬁres, mainly on pylons with electric conductors above
the crossarm. Despite the absence of signiﬁcant differences, Fig. 6 points
out differences, on the storks, the most relevant group in Guil et al.
(2015) (68.9% of the total electrocutions, including mainly white Ciconia
ciconia, but also black storks Ciconia nigra), and now only a 5% of the
total groups. We should consider the white stork habitat use, more
prone to open areas (Gilbert et al., 2016), where power lines are the
main selected perch (Guil et al., 2011), also for nesting (Tryjanowski

Fig. 6. Proportion of groups causing fauna-mediated wildﬁres (FMW, grey bars) and data from electrocuted ringed birds in 1990–2010 (Guil et al., 2015, orange bars). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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et al., 2014).Several interesting questions such as the identiﬁcation of
the main factors that cause the feathers or fur of an electrocuted animal
to burn, or in what percentage of electrocutions ignition occurs, remain
unanswered and are beyond the scope of this paper. Despite this, several factors could be related to the temporal probability of FMW occurrence, of which the most important could be that summer,
characterised by drought and the highest temperatures, coincides
with the ﬂedging and independence of large nestlings, which are
more likely to suffer electrocution (Janss, 2000; González et al., 2007).
This means that in Spain the probability of occurrence of FMW is likely
to be higher than in other European countries due to the coincidence
between huge populations of large birds and periods of extreme hot
and dry weather. Thus, breeding density and the patches frequented
by the main affected species could explain this pattern since there is a
greater frequency of bird mortality and FMW around SPA zones. Nevertheless, this effect should be checked more systematically with more
detailed ﬁeld studies.
During the ﬁnal years of the study period, FMW increased. This trend
may be due to more thorough investigations of the causes of wildﬁres
(ADCIF, 2002, 2012a) since the incidence of bird electrocution decreased during the same period, probably as a consequence of the implementation of corrective measures (López-López et al., 2011; Guil et
al., 2015). Accordingly, we consider the last period frequency (2.4%) as
the most plausible one. The main cause to this asseveration is its stability. The economic impact of the wildﬁres caused by wildlife-power-line
interaction is signiﬁcant (€7.6 M–12.4 M NPV), despite the fact that the
number of recorded wildﬁres fell. In all, 24% of this economic impact
was related to CO2 emissions, and the remaining 76% to recovery
costs. This impact is relatively small, compared to the yearly cost of
the forest ﬁres in Spain (€1045.2 M; Ferreiro, 2014) that includes prevention, extinction and restoration. But it is an avoidable issue, which
depends mainly on power line design (Guil et al., 2011) but also landscape factors and sensitivity species distribution (Pérez-García et al.,
2017). And given the future land uses and its sensitivity to wildland
ﬁres (Lindner et al., 2010; Gallardo et al., 2016), this should be a priority,
both for natural and economic impacts.
To date, the main tool used to reduce wildﬁres caused by power lines
has been to control the vegetation growing under overhead conductors.
However, for wildﬁres caused by the electrocution of an animal this
type of control is ineffective, as electrocuted fauna might be several meters away from the pole (Mañosa, 2001; Tintó et al., 2010), and other alternatives should be considered. Measures such as wire insulation or
structural corrections of power pylons help reduce electrocution events
(Guil et al., 2011; Tintó et al., 2010) and therefore the number of ﬁres
caused by fauna. Yet, it is clear that measures such as the burial of
power lines are the most effective for eliminating the ﬁre risk due
both to contact with power lines (Syphard and Keeley, 2015) and to
wildlife interactions including electrocution and collisions (Dwyer et
al., 2014; Pérez-García et al., 2017).
5. Conclusions
Spain is located in a region of the world blessed with great biodiversity (Cuttelod et al., 2009) but it is also one of the European countries
that is most affected by ﬁres, in terms of both their number and the surface area burned (European Commission, 2015). In 1981–2013,
2.3 million ha of forested land burned (roughly 5% of the country:
ADCIF, 2002, 2012a, 2013, 2014). Fauna electrocution in an under-estimated cause of wildﬁre ignition, with a relevant environmental and
economic impact. Although no large wildﬁre due to electrocuted wildlife was registered during the monitoring period in Spain, the risk is
present and therefore the precautionary principle should be applied to
avoid a major event with disastrous consequences such as occurred in
Chile in 2014, where c. 1000 ha burned and 15 people died (Vargas,
2016). As population trend of large raptors is increasing, and land uses
are more prone to wildland ﬁres (Pereira and Navarro, 2015; Gallardo
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et al., 2016), corrections of existing power lines and a correct design
should be priority management conservation actions to reduce the
wildﬁre by electrocution.
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