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ABSTRACT: Recent drought and a surge in days with weather conditions conducive to wildfire
occurrence during 2015-2019 reminded the Czech Republic that it is not immune to this type of
natural hazard. Although Central Europe has not been at the center of such events, observed
climate data and climate projections suggest a tendency toward more years with wet and mild
winters and dry and hot summers. To fill the existing knowledge gap, we used an ensemble of
9 fuel aridity metrics, including 3 dedicated fire weather indices, and evaluated their level of
agreement with actual fire occurrence and their temporal trends. The analysis included peri-
urban zones of the 36 largest cities and towns in the Czech Republic (home of 3.8 million inhabi-
tants) and the 29 largest protected areas (covering 13.7 % of the territory). Fire weather climato-
logy, based on both the Fire Weather Index and the Forest Fire Danger Index, agreed well with
the long-term frequency of fires both in peri-urban zones and within protected areas. Future pro-
jections based on regional and global model ensembles indicated a significant increase in fuel
aridity and an increase in the area affected by fire-conducive conditions both around urban areas
and within protected regions. In particular, the area affected by days with very high risk fire
weather conditions is likely to increase significantly relative to the past 60 yr. However, the mag-
nitude of the projected change depends to a large degree on the selected fire weather metric and
whether RCM- or GCM-based scenarios are used.

KEY WORDS: Wildfire - Fire weather index - Climate change - Regional climate model -
Global circulation model - Nature reserve - Peri-urban zone - Czech Republic

1. INTRODUCTION tance for the Earth's system through its influence on

the terrestrial carbon cycle has been documented

Fire is considered an integral component of global (e.g. Bond-Lamberty et al. 2007, Kurz et al. 2008,
ecosystems (e.g. Abatzoglou et al. 2018). Its impor- Bowman et al. 2009, Pellegrini et al. 2018). From the
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human perspective, we can understand fire as both a
natural disturbance that is prevalent across most
land surfaces and an anthropogenic disturbance pro-
cess with regular ignitions from humans, particularly
in pastoral and agricultural areas where fire is often
used as a tool (Cochrane 2003). However, if we focus
on densely populated areas or smaller wildlife pro-
tected areas, fire can also be viewed as a hazard to
some ecosystem services, posing threats to the settle-
ments themselves and to human health (Johnston et
al. 2011, Reid et al. 2016). This threat has been re-
inforced by recent extreme fire events associated
with extensive loss of human life (Cruz et al. 2012,
Boer et al. 2017, Bowman et al. 2017). These losses
have increased efforts related to monitoring, model-
ing and predicting fire across time and space (Abat-
zoglou & Williams 2016). The fire season of 2019-
2020 in Australia has shown that even in countries
considered to be well adapted to the periodic occur-
rence of wildfires, the intensification of wildfires
attributed to climate change increases the vulnera-
bility of both peri-urban and wildlife protected areas.
At the same time, the occurrence of the 2018 fire
wave in Sweden prompted wildfire research in coun-
tries that were not previously considered to be at
risk, such as the Czech Republic (e.g. Addmek et al.
2018, Jurecka et al. 2019).

Several biophysical and anthropogenic factors
have been described as key contributors to the fire
activity. Obviously, any wildfire requires sufficient
fuel, i.e. a biomass source, flammability and an igni-
tion source (e.g. Bradstock et al. 2009, Bradstock
2010). These factors often provide constraints on fire
activity, both spatially (Krawchuk et al. 2009) and
temporally (Littell et al. 2016), with the influence of
individual factors varying across vegetation produc-
tivity gradients (Pausas & Ribeiro 2013). The in-
fluences of anthropogenic activities, including land-
use modification, human ignitions and fire sup-
pression, further complicate the influence of purely
biophysical drivers of fire activity (Andela et al.
2017, Balch et al. 2017, Adamek et al. 2018, Mozny
et al. 2020). Anthropogenic activity can both de-
crease and increase biophysical drivers and en-
ablers of fire (Taylor et al. 2016). The dynamic
nature of weather and climate relative to other fac-
tors implicates atmospheric processes as the pre-
dominant macroscale driver of temporal variability
in fire activity (e.g. Aldersley et al. 2011). While
Central Europe and the Czech Republic do not have
large burn areas— only approximately 100 to 650 ha
of forest area are annually burned in the Czech
Republic (San-Miguel-Ayanz et al. 2018)—recent

studies have shown that (1) climate variability ex-
plains a majority of the interannual variability in
wildfire numbers (Jurecka et al. 2019, Mozny et al.
2020), (2) trends in key climate parameters explain
the overall increase in wildfire numbers (Trnka et
al. 2020a,b), and (3) local factors also play a signifi-
cant role (Adamek et al. 2015, 2018, Mozny et al.
2020).

Increased fire activity across the Czech Republic
landscape has coincided with climatic conditions that
are more conducive to wildfire (Trnka et al. 2020a).
The strong interannual correlation between forest
fire activity and fire season fuel aridity as well as
observed increases in the vapor pressure deficit
(Trnka et al. 2015), fire danger indices (Jurecka et al.
2019) and climatic water deficit (Trnka et al. 2020b)
over the past several decades presents a compelling
argument that climate change has contributed to the
recent increases in fire activity. Additionally, recent
analysis of wildfire number development over time
has shown a marked increase in wildfire frequency
in areas that have seen an increase in urbanisation
(Mozny et al. 2020).

As a significant shift in weather conducive to wild-
fire occurred between 1956 and 2015 and because
these shifts coincided with the increase in the num-
ber of wildfires reported by Mozny et al. (2020), it is
essential to research changes in risk posed by wild-
fires, particularly with a focus on peri-urban zones
and nature reserves. The former is important be-
cause of the sheer proximity and population expo-
sure levels, and the latter is important because of the
biodiversity, water resources and recreational roles
of these areas.

Urban areas and settlements in the peri-urban
zones in the Czech Republic provide living space for
almost half of the country's population. The occur-
rence of wildfires in the peri-urban zones would be
especially damaging around the 3 largest cities
(Prague, Brno and Ostrava), which together have
almost 2 million inhabitants or one-fifth of the coun-
try's population and an even higher proportion of the
country's economic output. Urban and industrial
areas (e.g. Ostrava) suffer from worse than optimum
air quality (e.g. Jifik et al. 2016, HGinova & Baumelt
2018) despite efforts that have been ongoing since
the early 1990s. An increase in wildfire activity would
worsen the air quality, as has been seen in other parts
of the world, such as Russia (Konovalov et al. 2011),
California (Liu et al. 2017) and Australia (Johnston et
al. 2011).

Most of the relatively undisturbed or valuable
ecosystems in the Czech Republic are found within
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Fig. 1. (a) Delimitation of the peri-urban zones used in the study (Table S1 in the Supplement at www.int-res.com/articles/suppl/c082p033_
supp.pdf). (b,c) Relationships between the mean number of days according to the FFDI (b) and the FWI (c) values with high risk of fire
(above FD3) during the 1971-2015 period and the number of observed wildfires in the peri-urban zones during the same period. Shading
shows an interval of +1 SD. Color of the cross-hatching indicates areas where the observed number of wildfires was higher (red) or lower
(blue) than the values estimated by the fitted function (Fig. 2b). FFDI: Forest Fire Danger Index; FWI: Fire Weather Index; FD: fire danger

25 protected landscape areas (PLAs) and 4 national
parks (NPs). We use the term nature reserves when
we describe all 29 protected areas that have been
analyzed. Any shift in fire weather needs to be
considered in their management plans and needs
to be analyzed because the consequences would be
widespread and potentially affect the core reason
for the existence of protected areas. Nature re-
serves protect the remnants of natural or seminat-
ural ecosystems (PySek et al. 2002), protect land-
scape characteristics and provide shelter for rich
communities of organisms and, in many cases,
unique ecosystems; these areas are also key areas
that support water retention and drinking water
accumulation (Harméackova & Vackar 2015) and
provide recreational space for millions of visitors
(Siikamaéki et al. 2015).

Considering the change in climate conditions
and the key importance of peri-urban areas and
nature reserves for the quality of life of the Czech
population, we aimed to (1) examine the link be-
tween fuel aridity and the occurrence of wildfires
in these land use zones over past decades; (2) ana-

lyze trends in fuel aridity conditions during past
decades over both zones, including the connection
to the observed fire frequency; (3) estimate poten-
tial changes in fuel aridity parameters in future
decades; and (4) estimate the potential impact on
the number of wildfires if fire prevention policies
are not changed.

2. DATA AND METHODS
2.1. Peri-urban zones

The peri-urban zones we studied included the 36
largest urban areas (Table S1 in the Supplement at
www.int-res.com/articles/suppl/c082p033_supp.pdf)
with at least 30000 inhabitants each (according to
the 2010 census). These areas were defined as the
geographical fringe surrounding the core built-up
areas. Those included in the study provide home for
over 37 % of the total Czech Republic population, i.e.
3.8 million inhabitants. Their geographical location is
shown in Fig. 1. The fringe area considered in this
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Fig. 2. Same as Fig. 1 but for nature reserves including national parks (1-4) and protected landscape areas (5-29) used in the study

(Table S2)

study was set as a constant distance of 4 km from the

PLAs (Fig. 2, Table S2).

NPs constitute territories

city core, and this boundary was determined based
on digital vector boundaries for built-up areas. This
boundary dataset is part of the Data200 database, a
digital geographic model of the territory of the Czech
Republic, which corresponds in accuracy and degree
of generalization to a map scale of 1:200000, pro-
vided by the Czech Office for Surveying, Mapping
and Cadastre. The fringe was created using an
ArcGIS geoprocessing tool that creates buffer poly-
gons around input features to a specified distance.
Based on this definition, the study area of peri-urban
zones covers 5300 km? (Table S1), which represents
nearly 7% of the national territory. The change in
population over the periods 1956-1985 and 1986-
2015 is shown in Table S1.

2.2. Nature reserves

Protected areas are established to preserve unique
and highly valued landscapes and the natural envi-
ronment and to promote natural restoration. There
are 6 categories of protected areas in the Czech
Republic, and they are grouped by size. As part of
this analysis, we worked with large areas—NPs and

with unique characteristics at the national or interna-
tional level and are also important for their cultural
ecosystem services, as supported by the number of
visitors (Table S2). Most of their territory consists of
ecosystems in their natural state or those that are
little influenced by humans; additionally, their fauna,
flora and abiotic nature have exceptional scientific
and educational significance. PLAs usually have sim-
ilarly large acreages, and they have been created to
protect characteristic relief, geomorphological phe-
nomena and/or natural forest and meadow ecosys-
tems as well as to preserve historical settlements. In
total, the 4 NPs occupy approximately 1.5% of the
Czech Republic territory, and the 25 PLAs occupy
approximately 13.7% of the Czech Republic terri-
tory. Both types of protected areas are based on
national Czech legislation. Moreover, a coordinated
network of sites with common European Union legis-
lation exists across Europe (Natura 2000), while the
selection of species and habitat types is designated
by the individual countries. The Czech Natura 2000
network now consists of 1153 sites. The protected
areas selected in those studies included 262 sites of
the Natura 2000 network, covering almost 77 % of
their territory.
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2.3. Fire risk indices and meteorological data

We selected 9 metrics as proxies for fuel aridity,
some of which have been used in similar studies in
the recent past and are known to be linked, for in-
stance, to the area burned (e.g. Williams et al. 2015,
Abatzoglou & Williams 2016). These metrics includ-
ed (1) reference evapotranspiration (ETr) based on
the SoilClim model (Hlavinka et al. 2011), (2) water
vapor pressure deficit (VPD), (3) Fire Weather Index
(FWI) (Stocks et al. 1989), (4) McArthur Forest Fire
Danger Index (FFDI) (McArthur 1967), (5) Finnish
Fire Index (FFI) (Heikinhemo et al. 1998), (6) Palmer
Drought Severity Index (PDSI) calculated with modi-
fications described in Biintgen et al. (2011), (7) Stan-
dardized Precipitation Evaporation Index (SPEI) ag-
gregated over 6 mo (SPEI-6) (Vicente-Serrano et al.
2010), (8) relative soil saturation in the topsoil layer
(AWR1), and (9) seasonal deficit of available moisture
in the top layer (AWD1). Metrics 8 and 9 came from
SoilClim-based drought indicators (Trnka et al. 2015,
2020b). The methods used to calculate all metrics fol-
lowed the methodology of Trnka et al. (2020b).

Daily meteorological data from 268 climatological
and 787 rain gauge stations of the Czech Hydro-
meteorological Institute were used to calculate the
fuel aridity metrics. These data combine temporal
attributes and multiple variables from the national
drought monitoring system (Trnka et al. 2020b),
covering the whole country with daily weather
inputs interpolated to 500 m grids. The daily data
were used to calculate the ETr, VPD, FWI, FFDI,
FFI, AWR1 and AWD1. Monthly climatic data were
applied to calculate the PDSI and SPEI. The
approach by Allen et al. (1998) was used to calcu-
late ETr with the Penman-Monteith method. The
PDSI was calculated using the monthly ETr, precip-
itation and soil water holding capac-
ity derived from the database avail-
able for the SoilClim model (Trnka et
al. 2015). The data had a resolution
of 500 x 500 m. The monthly mean
VPD was estimated as the difference

The performances of dedicated fire weather met-
rics, i.e. FWI, FFDI and FFI, were similar to those of
the other 4 metrics, i.e. AWR1, AWD1, VPD and ETr,
which were shown by Trnka et al. (2020a,c) to ex-
plain a large portion of fire occurrence on annual,
monthly, weekly and daily time steps. The fire weath-
er estimated by these 7 metrics explained between
50.0 and 71.0% of the variability in the number of
actual wildfire incidents on a seasonal scale and
37.6-60.1 % on a daily scale (M. Trnka et al. unpubl.).
Based on studies by Jurecka et al. (2019) and Trnka et
al. (2020a,c), we opted to use the FWI and FFDI com-
bined with the FFI as representative fire weather
proxies for the current climate conditions. For char-
acterizing the expected climate, the use of 3 dedi-
cated fire weather indices is preferred, as by design,
their values can be directly converted into fire dan-
ger levels (Table 1). We used Table 1 to further clas-
sify the fire weather conditions on a given day.
Detailed formulation and scale selection were based
on the paper by Jurecka et al. (2019) and Trnka et al.
(2020c).

For the FWI, the scale developed by Van Wagner
(1987) was used because it is based on climate condi-
tions similar to those in the Czech Republic. The FWI
is an output of the Canadian Forest Fire Danger Rat-
ing System (Stocks et al. 1989), which was developed
in 1970, with revised versions issued in 1976, 1984
and 1987 (Dowdy et al. 2009). The FWI integrates
several components to provide a numerical rating of
frontal fire intensity that accounts for fuel dryness
and potential fire spread. The FWI system is an
important component of the Canadian Forest Fire
Danger Rating System but has been adopted by or
adapted to a number of other countries with climates
different from that of Canada, such as New Zealand,
Indonesia and Malaysia (Dudfield 2004, de Groot et

Table 1. Scales of fire danger rating for Fire Weather Index (FWI), McArthur

Forest Fire Danger Index (FFDI) and Finnish Fire Index (FFI). Bold categories

were considered in the analysis of fire weather days. Number of days or area

affected by fire weather rating equal or higher to High (3+) and Very high (4+)
fire risk were used throughout the study, e.g. FWI3+ or FWI4+

between the saturated and actual Fire danger Index and source Fire danger
vapor pressure using the same ap- FWI FEDI FFIL scale
proach as that in Abatzoglou & Wil- Van Wagner  Dowdy et Vajda et

liams (2016). The saturated vapor (1987) al. (2009) al. (2014)

pressure is a function of temperature, None to very low 0-1.9 0-4.99 1.0-1.9 FDO
and the actual vapor pressure is a Low 2-4.9 2.0-2.9 FD1
function of specific humidity and Moderate 5-8.9 5-11.9 3.0-3.9 FD2
pressure. Daily meteorological fields High 9-16.9 12-23.9 4.0-4.9 FD3
were used to calculate the FWI, g;rérl:gh 17;;8'9 24;;‘8'9 5'%_05'9 Egg
FFDI, FFI, AWR1 and AWD1. '
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al. 2006, Taylor & Alexander 2006), and Europe
(Rodriguez-Aseretto et al. 2013), where it was also
implemented into the European Forest Fire Informa-
tion System (San-Miguel-Ayanz et al. 2012).

The FFDI is based on an empirical approach for as-
sessing fire danger in Australia (McArthur 1967, Grif-
fiths 1998). This index has been widely used to fore-
cast the influence of weather on fire behavior, and the
Australian Bureau of Meteorology routinely issues
FFDI forecasts for use by fire authorities; the FFDI is a
key tool for assessing fire danger in Australia (Dowdy
et al. 2009). The formulation of the FFDI (e.g. Noble
et al. 1980) is based on temperature, wind speed, rel-
ative humidity and drought factor, which represents
fuel availability (Dowdy et al. 2009). The scale used
for the FFDI follows the paper by Dowdy et al. (2010).

The FFI was developed for forecasting fire danger
in Finland. The Finnish Meteorological Institute
operationally monitors conditions favorable for forest
fire and for managing aerial forest fire monitoring
schemes. The FFI value essentially represents the
estimated moisture content of a surface layer, which
is the main difference between it and the FFDI,
where wind speeds/gusts (which represent indica-
tors of fire spread risk) are also important in deter-
mining the actual level of fire danger.

Therefore, the total set of metrics used in this
analysis consists of 9 fuel aridity indicators. These
metrics represent the entire scope of methods, start-
ing from dedicated fire weather indices (FWI, FFDI
and FFI), to complex metrics of surface soil layer dry-
ness (AWR1 and AWD1) and drought indices (PDSI
and SPEI), to parameters describing the evaporative
demand of the atmosphere (VPD and ETr). The an-
nual variations in all of these fuel aridity metrics are
presented as standardized anomalies (z-scores) to ac-
commodate differences across geography and met-
rics. To compute these anomalies, we used the mean
and SD (o) from the baseline period of 1956-2015.

Daily records of the number of wildfires, which
were defined as unintended fires of vegetation (re-
gardless of vegetation type) outside of urban areas,
were used. The data were obtained from the Fire
Rescue Service of the Czech Republic for the 1971-
2015 period. The regression analysis between the
number of wildfires across peri-urban (Fig. 1) and
nature reserve (Fig. 2) areas and the number of high-
risk fire weather days was based on the FWI and
FFDI. The statistical significance of all trends and
correlations reported in this study were assessed
using both Spearman's rank and Kendall's 1 statistics
in the case of linear trends based on Unistat (R) Sta-
tistical Package v.6.5.11 (release 2016). Figs. 1 & 2

also feature R?, which was used to assess the good-
ness of the fit. Trends were considered significant if
both tests indicated a significant trend at the 0.05 sig-
nificance level.

2.4. Future climate scenarios

To analyze future climate conditions, the regional
climate model (RCM) simulations that were carried
out within the European part of the global Coordi-
nated Regional Climate Downscaling Experiment
(EURO-CORDEX, www.euro-cordex.net) were used
as the first choice. The EURO-CORDEX experiment
design is based on the utilization of state-of-the-art
RCMs forced by global circulation models (GCMs)
from the Coupled Model Intercomparison Project
(CMIPY5) ensemble. EURO-CORDEX RCM simula-
tions deliver new insight into European climate
development at 2 spatial scales for 3 greenhouse gas
emission scenarios expressed by the representative
concentration pathways (RCPs) (van Vuuren et al.
2011). The following 5§ GCM-RCM pairs, which were
performed at a 0.11° spatial resolution and con-
sidered RCP4.5 (Clarke et al. 2007), were selected
from all available EURO-CORDEX simulations:
CNRM-CM5/ALADINS3, EC-EARTH/RACMO22E,
EC-EARTH/RCA4, MOHC-HADGEM2-ES/RCA4 and
MPI-ESM-LR/CCLM4.8.17. This choice was influ-
enced by the availability of the EURO-CORDEX data
within the time of preparation of this study and by
the effort necessary to capture a variety of the differ-
ent RCMs and their driving GCMs.

All RCM simulations were corrected for bias by ap-
plying the distribution adjusting by percentiles (DAP)
method of Stépének et al. (2016), which belongs to the
family of quantile mapping bias correction methods.
For bias correction, we used 212 meteorological sta-
tions with daily observations of precipitation and 119
stations with observations of air temperature, humid-
ity and wind speed over the territory of the Czech Re-
public within the 1981-2010 period. As a part of the
DAP method, the RCM data from several nearest grid
points were first recalculated into station locations,
and then the bias correction itself was performed on
the daily data within the 1981-2005 period.

Alternatively, we used a set of 5 GCMs and the
delta approach method as used by Trnka et al. (2016)
to obtain daily data for each 500 m grid for the periods
2021-2051 and 2051-2080. GCMs were used as rep-
resentations of mean values (IPSL model of the Insti-
tute of Pierre Simone Laplace, France) and for the
best capture of the variability of expected changes in
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precipitation and temperature (BNU, Beijing Normal
University, China; MRI, Meteorological Research In-
stitute, Japan; CNMR, National Center for Meteoro-
logical Research, France; and HadGEM, Hadley Cen-
ter Global Environment Model, UK). These models
were selected from 40 climate models available in the
CMIP5 database (Taylor et al. 2012). We followed the
methodology described by Dubrovsky et al. (2015)
and used the RCP4.5 greenhouse gas concentration
trajectory and a climatic sensitivity of 3.0°C.

3. RESULTS

3.1. Spatiotemporal variability of fire risk
in peri-urban zones

Fig. 1 shows that peri-urban zones could be classi-
fied into 3 groups based on fire weather climatology
and the recorded number of wildfires (albeit includ-
ing mostly very small incidents). The first group with
a lower than mean number of recorded wildfires and
a comparatively low number of days with suitable
fire weather was located in the northern part of the
country, including Liberec, Jablonec and Trutnov.
The second group represented the majority of the
peri-urban zones for which the importance of fire
weather as a fire incidence predictor varied greatly.
Finally, the third group showed a markedly higher
number of fire weather days (as much as 5 times
larger than group 1) and a much higher long-term
wildfire frequency. This group is particularly inter-
esting because it includes the 2 largest urban areas
(Prague and Brno) and Znojmo, a town with 33 000
inhabitants that is located in the zone with by far the
highest occurrence of fire weather and above mean
incidence of wildfires.

When we analyzed the temporal dynamics of the 9
fuel aridity metrics monthly values for April-June
averaged across all peri-urban zones of the Czech
Republic, we found a significant increase in the
1956-2015 period, with a linear trend of 0.8¢ in the
all-metric mean (Fig. 3a). However, in this period, all
fuel aridity metrics showed a marked and significant
shift toward fire-conducive conditions. The all-metric
mean for July-September was 0.6c, although it was
not statistically significant. The long-term fuel aridity
metrics SPEI-6 and PDSI showed significant trends at
both time periods together with the FWI, ETr and
VPD in both parts of the summer half-year (Fig. 3e,f).
The other 2 dedicated fire indices, the FFDI and FFI,
exhibited significant increases in April-June, while
the increases in July—September were not found to

be significant; however, as shown in Fig. 3b,d f, they
changed toward more fire-conducive conditions. If
we consider the peri-urban zones affected by high
fuel aridity (>10), we also see a marked increase
here, which was particularly notable since 1990
(Fig. 3c,d). The area of peri-urban zones with high
aridity has been increasing steadily at a rate of 4%
per decade during April-June (Fig. 3e) and 2% per
decade during July—September (Fig. 3f). Significant
positive trends in the area with high fuel aridity were
observed during April-June for all metrics (Fig. 3e,f)
without exception. For July—September, 5 of 9 met-
rics showed significant trends, with the other 2 met-
rics (FFI and FFDI) being close to the 0.05 signifi-
cance level. The changes, however, have not been
occurring with the same intensity in all peri-urban
zones of the Czech territory.

Fig. 4 shows the analysis of fuel aridity metrics for
the peri-urban zones of the 3 largest cities of the
country (Prague, Brno and Ostrava), where all of the
above-described trends not only held but were also
more intense. In particular, the increase in area with
high fuel aridity indicates a significant increase of
more than 5% per decade for April-June and 3 % per
decade for July—September. Over 60 yr, we analyzed
the area in the peri-urban zones of the 3 largest
cities, which increased by more than 30%. In some
peak years, almost the entire area experienced high
fuel aridity conditions (Fig. 4c,d).

As the next step, we analyzed how exposure of the
urbanized population to fire conditions in their im-
mediate vicinity has changed over the past 60 yr
(Fig. 5). With the increasing area affected by high-
risk fire weather conditions, the number of days when
such situations occurred also increased (Fig. 5a). The
reported trend of increasing fuel aridity was con-
firmed by the absolute dominance of years from the
latter part of the record, i.e. the top 6 events all
occurred during the 1986-2015 period. The fire
weather trends were more pronounced near large
agglomerations (Fig. 4). In addition, the overall share
of the population in urban centers showed an in-
creasing trend (Table S1) between 1956-1985 and
1986-2015. As a consequence, exposure of the popu-
lation in the peri-urban zone of the town or city to
high-risk and very high risk fire weather was signifi-
cantly greater after 1986. The year 2003 stood out in
the record (Fig. 5b,c) as a year in which both the
largest area and number of inhabitants were poten-
tially affected by the high fire danger weather condi-
tions. This year was closely followed by 1992 and
2015. The 2003 record year has since been passed by
the 2018 drought (not shown).
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Fig. 3. Fluctuations and trends in the fuel aridity metrics for April-June (left) and July—September (right) across all peri-urban
zones of the Czech Republic (Fig. 1a) for the 1956-2015 period. Fluctuations in (a,b) standardized annual fuel aridity metrics
and (c,d) agricultural and forested areas with standardized fuel aridity values exceeding 1c. Bold black lines indicate means
across fuel aridity metrics. Red lines show values based on the FWI, while orange lines show the FFDI and purple lines show
the FFI fire weather indices. Thin black lines in (a,b) show the remaining fuel aridity indicators. (e f) Linear trends in the stan-
dardized fuel aridity metrics (red) and in the area with fuel aridity above 1 SD (o) (gray) during 1956-2015. + indicates a pos-
itive trend at the 0.05 significance level. FWI: Fire Weather Index; FFDI: Forest Fire Danger Index; FFI: Finnish Fire Index;
AWRT1: relative soil saturation in the topsoil layer; AWD1: seasonal deficit of available moisture in the top layer; PDSI: Palmer
Drought Severity Index; SPEI-6: Standardized Precipitation Evaporation Index aggregated over 6 mo; ETr: reference evapo-
transpiration; VPD: vapor pressure deficit

3.2. Spatiotemporal variability of fire risk
in nature reserves

Fig. 2 indicates that 29 of the nature reserves we
analyzed covered the whole range of fire weather
conditions, similar to the peri-urban zones. Some re-
serves with the highest level of protection (e.g. NPs
Sumava and Krkonoge) were found in areas with
rare occurrences of high-risk fire weather condi-

tions, while the other 2 (and much smaller) NPs
(Ceské Svycarsko and especially Podyji) were
located in areas with much higher occurrences of
this type of weather condition. Similar to peri-urban
zones, nature reserves could also be classified into 3
groups based on fire weather climatology and the
recorded number of wildfires. The first group,
which includes the 2 largest NPs, Sumava and
Krkonose, showed a lower than mean number of
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Fig. 4. Same as Fig. 3 but for peri-urban zones of the 3 largest cities (Prague, Brno and Ostrava; Fig. 1a)

recorded wildfires and a comparatively low number
of days with suitable fire weather. They included
reserves located in the southwest of the country (NP
Sumava, PLAs Sumava, Tfebonsko, Slavkovsky les,
Cesky les, Blansky les) and those in the higher ele-
vations in the border regions of the country (NP
KrkonoSe, PLAs Beskydy, Jeseniky, Broumovsko,
Jizerské hory, Luzické hory). The second group rep-
resented the majority of the reserves, where the
relationship between fire weather and fire incidence
varied greatly and where factors other than climate
factors have quite a significant influence in relation
to the number of fires. The third group included 2
reserves in the southeastern part of the country (NP
Podyji, PLA Palava), which showed a markedly
higher number of fire weather days (as much as 5

times higher than that of group 1) and a higher
long-term wildfire frequency.

Interestingly, in the case of NP Podyji, the actual
number of wildfires was significantly higher than
would be expected based only on the fire weather
climatology, which can be explained by the influence
of other factors such as the terrain and number of vis-
itors. The fact that 75% of NP Podyiji consists of de-
ciduous forests, which are considered less suscepti-
ble than coniferous stands to fire, indicates that the
increasing risk of wildfire-conducive weather will
likely not be solved by a simple switch from conifer-
ous to deciduous stands.

When we analyzed the temporal dynamics of the
9 fuel aridity metrics for April-June for the 29 nature
reserves, we found a significant increase in the
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1956-2015 period, with a linear trend of 0.5¢ in the
all-metric mean (Fig. 6a). Seven of the 9 aridity met-
rics showed a marked and significant shift toward
fire-conducive conditions over the period. The all-
metric mean for July—-September still showed a ten-
dency toward more aridic conditions but was far
lower and not significant at the 0.05 significance
level. The long-term fuel aridity metrics SPEI-6 and
PDSI did not show significant trends in either time
period, but the ETr and VPD experienced significant
increases in both parts of the summer half-year
(Fig. 6e,f). All 3 dedicated fire weather indices (FWI,
FFDI and FFI) exhibited significant increases in
April-June, while the increases in July—September
were not found to be significant (Fig. 6e,f). If we con-
sider the nature reserve area affected by high fuel
aridity, we observe a notable increase, especially du-
ring April-June. The area of nature reserves with
high aridity has been increasing steadily at a rate of
3% per decade during April-June (Fig. 6e) and 1%
per decade during July-September (Fig. 6f). Signifi-
cant positive trends were observed in the area with
high fuel aridity during April-June for all metrics
(Fig. 6e,f), except for SPEI-6 and PDSI, which repre-
sent long-term drought indicators. For July—Septem-
ber, only 2 of the 9 metrics (ETr and VPD) showed
significant trends, with neither of the dedicated fire
indices being close to the 0.05 significance level.
However, there were great differences between
individual reserves, and these differences were great-
er than those seen between individual peri-urban

zones. We compared the fuel aridity metrics in 2 NPs
on the southern border of the country, i.e. NP
Sumava (Fig. S1) and NP Podyji (Fig. 7). While the
former showed no significant change in fire-risk
weather conditions in either of the analyzed seasons,
except for the VPD and ETr during April-June, the
latter displayed a sharp warning regarding increas-
ing aridity. The described trends not only hold in
comparison to Fig. 6 but are also more intense. In
particular, the increase in area with high fuel aridity
indicates a significant increase of more than 6 % per
decade for April-June and 3 % per decade for July—
September. We analyzed the area affected by high
fuel aridity within NP Podyji over a 60 yr period,
which increased by more than 35%. Almost the en-
tire area of this NP experienced high fuel aridity con-
ditions at least 6 times between 2000 and 2015
(Fig. 7c,d).

We then analyzed how the exposure of the nature
reserves to the fire conditions within their borders
has changed over the past 60 yr (Fig. 8). With the
increasing area affected by high-risk fire weather
conditions, the number of days when such situations
occurred also increased (Fig. 8a). The reported trend
of increasing fuel aridity (Figs. 6 & 7) was confirmed
by the absolute dominance of years from the latter
part of the record, i.e. the top 6 events all occurred
during the 1986-2015 period. The fire weather
trends were much more pronounced in 2 southeast-
ern reserves (NP Podyji and PLA Pdlava), but the
overall data confirmed the growing exposure of valu-
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Fig. 6. Same as Fig. 3 but for nature reserves (Fig. 2a)

able nature reserves to high-risk and very high risk
fire weather in 1986. Similar to peri-urban zones
(Fig. 5), in the case of nature reserves, the years 2003,
1992 and 2015 stood out from the record (Fig. 8b,c) as
years during which the largest part of the nature
reserves showed the most suitable fire weather con-
ditions. However, compared to the peri-urban zones,
the record year was highly specific, with NP Podyiji
having the highest risk in 2011 and 2012. All records
for 2003 have also been exceeded in the nature
reserves during the 2017-2019 drought episode.
These 2 areas also showed marked increases in
wildfire-conducive weather conditions: a major de-
crease in the soil water content in the top layer and
an increase in the number of dry and hot days (i.e.
with T,.x >30 and 35°C) were observed. Addition-

ally, wind speed, which showed a general decreasing
trend over most of the area, dropped relatively less
than that observed in other regions. As a conse-
quence, the number of wildfire-conducive days dur-
ing 1986-2015 was significantly higher than that in
the 1956-1985 period.

3.3. Future fire risk under expected climate change
3.3.1. Climate projections

In the peri-urban zones, the air temperature in

1986-2015 increased compared to that in 1956-1985,

mostly around Brno, Ostrava and Karvina. It was
observed to increase by more than 1.4°C in Brno. The
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Fig. 7. Same as Fig. 3 but for NP Podyji (Fig. 2a)

mean change in all peri-urban zones was 1.0°C. An
increase in temperature will continue in the future
climate. The expected air temperature will be 2.2°C
higher in the 2041-2060 period than in the 1956-
1985 period in the summer half-year (April-Septem-
ber). The change will be highest in the peri-urban
zone of Brno and in the northeast of the republic
(Ostrava). Mean April-September precipitation sums
of all peri-urban zones are unchanged in the current
climate. However, variability in the long-term trend
prevails. In the peri-urban zones of the largest cities,
there was a recorded increase in precipitation in
Brno (6%) and a decrease in Ostrava (-4 %) in the
comparison periods of 1986-2015 and 1956-1985. In
the future, models do not predict a significant change
in precipitation figures in these study areas. The
increase in the summer half-year precipitation sums

in the 2041-2060 period is only approximately 1 %. In
the case of the largest cities of Prague and Brno,
there is an increase in precipitation in their peri-
urban zones of approximately 3% relative to the
value during the 1956-1985 period.

The mean April-September temperature in the
NPs and PLAs is approximately 1.3°C lower than that
in the peri-urban zones. However, the increase in
temperature in the current climate is the same (1°C).
A relatively minor change occurs in the 2 largest
NPs, Krkono$e and Sumava (only approximately
0.6°C). In contrast, the highest change in air temper-
ature in the 1986-2015 period relative to the value in
1956-1985 occurred in the third-largest NP, Ceské
Svycarsko (1.3°C), and in PLA Beskydy (1.5°C). The
expected air temperature in the summer half-year
will be 2.3°C higher in the 2041-2060 period than in
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the 1956-1985 period. The changes are similar to
those in the peri-urban zones. The April-September
precipitation measured in the NPs and PLAs is ap-
proximately 12 % higher than that in the peri-urban
zones. The reason for this difference is that many
areas are located at higher altitudes. In the current
climate, we observe no statistically significant change
in the overall totals of all analyzed nature reserves;
however, spatial differences are visible. In the
largest NP, Sumava, there was a decrease in precipi-
tation of approximately 3 % in the 1986-2015 period
relative to the 1956-1985 period. In contrast, in the
third- and fourth-largest NPs, Ceské Svycarsko and
Podyji, respectively, the precipitation in April-Sep-
tember is approximately 4-6 % higher. Under future
climate conditions, the April-September precipita-
tion will be similar to the current climate in natural
areas. The largest change in the NPs will occur in NP
Ceské Svycarsko (10 %) in the period 2041-2060, and
the largest change in the PLAs will occur in PLA Jiz-
erské hory (10 %).

3.3.2. Changes in fire weather in peri-urban areas
and nature reserves

As follows from Figs. 3, 4, 6 & 7, the FWI, FFI and
FFDI showed very similar behavior to the mean of all
9 wildfire weather metrics. All 3 fire weather indices
were applied to depict the expected changes in the
future wildfire weather climatology. Fig. 9a,b indi-

cates that the occurrence of days with high fire risk
will very likely increase during the 21st century,
when aggregated over all peri-urban areas or in the
vicinity of the 3 largest Czech cities. Four of 5 repre-
sentative RCMs indicate a statistically significant
increase compared to the 1986-2015 reference pe-
riod, and even more pronounced changes are pro-
jected for the GCMs. The only exception was the
FFDI results based on the RCM projections, which
showed an increasing risk of wildfires, which was,
however, not significant for the first evaluated period
(2021-2050). For days with a very high fire risk, the
increase was indicated for all 5 RCMs and all 5
GCMs and led to a risk that was twice as high as that
in the 1986-2015 period for the FWI and FFI. The in-
crease in the number of very high risk fire days and
the changes in the fire weather are different in the
case of large cities that already show a relatively
high probability of wildfire-conducive weather con-
ditions under the current climate. Therefore, in these
cases, the expected change tends to be smaller than
that in all peri-urban zones (Fig. 9b). However, the
changes are still very relevant, especially due to the
marked and persistent increase in high-risk weather
conditions and the marked increase in the extremity
depicted by the increased values of the upper quar-
tile and 95th percentile.

Most of the nature reserves are situated at higher
altitudes with more ample and reliable rainfall;
therefore, the occurrence of fire-conducive weather
conditions under the current climate is less frequent
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than that in the peri-urban zones (Fig. 9a-c). How-
ever, with progressing climate change, the climate
becomes more favorable for the occurrence of high-
risk and very high risk events. This change would
constitute a step change according to the FWI and

FFI values compared to the 1986-2015 baseline.
Again, in the case of the FFDI, the increase in the
affected area is quite significant when downscaled
GCM data are used compared to the FFDI estimates
calculated using the RCM-based climate data.
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When the projected area affected by the occur-
rence of high or very high risk fire weather was as-
sessed using projections based on 5 representative
GCMs (Fig. S2), the signal was much more uniform
than in the case of the RCMs. However, the results
were very similar to those projected based on the
RCMs. Itis also worth noting that the largest increase
in the occurrence of wildfire-conducive weather con-
ditions is likely to occur within the next 3 decades
(2021-2050). While the shift in the peri-urban zones
will be of similar magnitude to the change between
1956-1985 and 1986-2015, in the case of natural re-
serves, the shift will be far more pronounced.

Overall, there are marked differences between the
5 RCMs representing a wide range of climate vari-
ability, but even the RCM with the lowest projected
change in fire weather leads to an increased occur-
rence of fire weather days compared to the number
in the 1986-2015 period. There are also considerable
regional differences. The same conclusions can be
deduced for the changes expected according to the 5
tested GCMs, but here, the rate of change is marked-
ly higher (Fig. S2).

4. DISCUSSION
4.1. Observed impact of wildfires
The sensitivity of the peri-urban areas is high com-

pared to that of the entire territory of the Czech Re-
public, with not only marked fire weather trends

(Fig. 9) but also pronounced changes expected un-
der the future climate (Fig. 10). The peri-urban
areas do not serve only as recreational grounds;
they also usually provide a place for some of the crit-
ical infrastructure, e.g. power lines, municipality
water tanks and/or waste water treatment plants,
which could be adversely affected. Price & Bradstock
(2014) analyzed natural fires in Sydney's suburbs in
Australia. They found that urban centers provide
both sources of ignition and a degree of protection
from fire spread. Fire activity culminated in areas
where urbanization has occurred but where much of
the original vegetation remained. A higher rate of
fire was registered in relatively urbanized areas
with remnants of natural forest vegetation, and the
rate was lowest in farmland. Clearly, the change in
the fire weather conditions themselves or prolonga-
tion of the fire season does not automatically lead to
the increase in fire frequency. For example techno-
logical changes and better awareness of the popula-
tion have been show to stem the growth of fires
(Wastl et al. 2012). On average, 89.5% of all vegeta-
tion fires in the Czech Republic were recorded in the
countryside and only 10.5% in forests during the
1971-2015 period (Mozny et al. 2020), with the same
authors pointing out that only 1 % of fires had a natu-
ral cause (most often lightning). Small and medium
fires with an area in the dozens of square meters with
a duration in hours prevailed. On the other hand,
higher human activity in the countryside is according
to MoZny et al. (2020) reflected in the higher fre-
quency of vegetation fires. This study found that



48 Clim Res 82: 33-54, 2020

more than 65% of wildfires in the Czech Republic
are being recorded during the harvest periods. Also,
ongoing changes in the Central European landscape
and suburbanization cannot be omitted. Mozny et al.
(2020) showed that near those cities where an in-
crease in population and building activity has been
reported in the past 2 decades, growth in the fre-
quency of wildfires followed.

Wildfires occurring near urban areas threaten lives
and property. Wildfires cause direct losses, such as
deaths, injuries and health impacts; damage to build-
ings and infrastructure; environmental impacts; and
losses in agriculture and forestry. Indirect losses in-
clude general economic impacts, evacuation costs,
service interruptions and trade impacts. In addition,
wildfire smoke contains many air pollutants, such as
carbon monoxide, nitrogen dioxide, ozone, particu-
late matter, polycyclic aromatic hydrocarbons and
volatile organic compounds (Naeher et al. 2007).
Reid et al. (2016) found consistent evidence of associ-
ations between wildfire smoke exposure and respira-
tory morbidity in general and specifically for exacer-
bations of asthma and chronic obstructive pulmonary
disease. Growing evidence suggests associations
with respiratory infections and all-cause mortality.
Smoke from the wildfires in California in 2018 was
associated with asthma attacks and heart problems
and contributed to a decline of the air quality. Smoke
from fires primarily affects the local community, but
it can affect people who live dozens of kilometers
away from the fire. Firefighters extinguished the
largest forest fires in the Czech Republic within a few
days; thus, there were only short-term health compli-
cations in the population, which mainly consisted
of respiratory problems. In the case of fires in the
wildland—urban interface (WUI), however, mixing or
even reacting with urban or even industrial pollu-
tants may occur, which may cause more serious
health problems (Hon et al. 2010).

Forest fires were historically frequent, as identified
by soil charcoal *C dating. However, a marked de-
crease in fires was observed since ca. 6200 yr BP as a
result of the transformation of forest vegetation from
being dominated by conifer (Picea abies) to mixed
(Fagus sylvatica—Abies alba) forest (Bobek et al.
2018). Most of the forests in natural protected areas
were transformed to commercial stands dominated
by Norway spruce P. abies or Scotch pine Pinus sil-
vestris during the last 2 centuries. This transition
increased the fire risk, mostly in the NPs Podyiji and
Ceské Svycarsko with lower elevations. However,
restoration management (NP Podyji) or ongoing
widespread bark beetle Ips typhographus infesta-

tions in NP Ceské Svycarsko and in the lower ele-
vations of the Krkono$e and the Sumava mountains
significantly decreased the number of coniferous
stands. These stands will be replaced (naturally or
by management) by broadleaf-dominant naturally
closed stands. Additionally, future drier and warmer
climates will support broadleaf stands rather than
coniferous stands, and this change may result in a
lower fire risk in protected areas. However, as Fig. 2
shows in the example of NP Podyji, even areas dom-
inated by deciduous stands are highly susceptible to
fire occurrence. Expected vegetation changes must
be considered in the projected future scenarios of
fire risk.

Recent experience with the observed high fire fre-
quency and extent of wildfires in Sweden demon-
strates that under extreme fire-prone weather condi-
tions, the spread of fire may have no association with
peri-urban zones but is linked to locations with flam-
mable material such as forest areas. Over 25000 ha
of forest fires were recorded in 2018, which was ap-
proximately 10 times higher than the mean in the
21st century; however, these fires had minimal, if
any, impacts on inhabited areas, properties and traf-
fic infrastructure (SOU 2019). Despite the large areal
extent of these fires requiring the deployment of
international aid to combat them, the situation fortu-
nately had only a limited impact on the local popula-
tion, with only approximately a few hundred tem-
porarily evacuated residents. The resulting damage
was generally in the form of a loss of economic value
(e.g. negatively affected growing stock, increment
and other ecosystem services) of forests and the addi-
tional costs associated with the necessary sanitary
measures and forest regeneration.

4.2. European context and impacts

As a direct consequence of fire, carbon dioxide
(CO,), nitrous oxide (N,O), methane (CH,) and other
combustion gases are released into the atmosphere
(e.g. Omi 2005). The indirect damage to forest and
agricultural crops and soil in particular is difficult to
quantify, and in many cases, it is difficult to identify
and is therefore often overlooked or downplayed. In
the case of forest fires, if all vegetation (terrestrial
and crown fire) is affected, all layers of the forest
community are destroyed, both its phytocomponents
and large zoocenosis, and the soil environment is sig-
nificantly influenced. A large forest fire can remove
all vegetation soil cover, detritus and humus. The
exposed soil is threatened by erosion, especially
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where the soil-forming substrate has been disturbed.
Washed-away soil particles can initiate the over-
growth of the burrowing area and complicate resto-
ration of the forest. Other negative factors may be
secondary biotic hazards, such as the destruction of
insect pests after recovery. For agricultural land, the
indirect consequences of a wildfire are usually much
easier to address quickly due to the availability of
more intensive management options.

In the conditions of Central Europe, large forest
fires have been generally infrequent. However, if
large wildfires arise, they often affect protected
areas. For example, in March 2017, a wildfire of 145
ha occurred in a Natura 2000 site in the Czech
Republic (San-Miguel-Ayanz et al. 2018). The nature
reserves in the country are often represented by
unmanaged areas with structurally rich forests.
These forests are characterized by having higher
amounts of flammable material than the more com-
mon commercial forests that are typically composed
of even-aged and closed canopies, without shrub lay-
ers and a limited amount of dead wood on the ground
(Vitkova et al. 2018). Nonetheless, the Czech land-
scape, specifically its forests, is currently facing an
unprecedented decline in coniferous forest stands
due to the extreme drought conditions observed in
recent (2015-2018) years (Ministerstvo zemédélstvi
2019) as well as the associated bark beetle outbreaks
(www.kurovcoveinfo.cz). This situation leads to more
pronounced fire risk, with numerous forest locations
with dry wood harvest residues, dead trees and gen-
erally an increased load of flammable material on the
temporarily untreated affected forest areas due to
inadequate technical and personnel capacities in the
country.

For example, the recent situation in Sweden
demonstrates that the rapid increase in wildfire fre-
quency and extent of burned areas is very likely in
areas that were previously only infrequently en-
dangered by fires (SOU 2019). In 2018, more than
25000 ha and almost 3 million m® of wood were
destroyed by fire in Swedish forests despite interna-
tional aid provided to combat the forest fires there. It
should be noted that the month of July 2018 has
never been as hot since the collection of Swedish
weather data began 260 yr ago. Interestingly, the
ignition factor of some of the largest wildfires in 2018
was sparks from trains and lightning (SOU 2019).

In Central European countries, the relative fre-
quency of deliberate and negligent fires is large —
more than 80% of fires were due to human causes
(Ganteaume et al. 2013, Kula & Jankovskd 2013).
Many authors have shown that the frequency of fire

ignitions can be explained by spatially explicit vari-
ables such as distance to roads, railways, power lines
and urban areas or population density (Martinez et
al. 2009, Padilla & Vega-Garcia 2011, Ganteaume et
al. 2013, Adamek et al. 2018). Peri-urban zones are
naturally highly frequented by humans; therefore,
there is a very high probability of ignition in periods
with high fuel aridity. Wildfire occurrence was con-
trolled mostly by environmental factors, while wild-
fire frequency was strongly driven by human factors
in the Czech Republic (Addmek et al. 2018). The
coincidence of high-risk fire weather and high den-
sity of human activities as a ubiquitous ignition trig-
ger can lead to the intensive growth of wildfire fre-
quency and risk in peri-urban zones.

In Central Europe, forests and other natural or
seminatural lands are very fragmented. The typical
rural landscape pattern is where forest is intermin-
gled with agricultural and artificial lands. Most forest
edges are artificial, i.e. bordering areas with more
intensive land use. In the Czech Republic, there are
ca. 85% of artificial forest edges, and ca. 40% of
woodlands are within 100 m of other lands (Estreguil
et al. 2012). Settlement structures and hierarchies are
also highly fragmented in the Czech Republic. There
are many small and medium-sized towns with op-
tions for individual recreation in their vicinities. With
respect to natural land fragmentation and settlement
structure fragmentation, the danger of wildfires is
very high. Even a relatively small wildfire can
threaten settlements and human lives. Therefore, the
increased number of observed wildfires (Minister-
stvo zemédélstvi 2018) represents a serious safety
risk, which is at least partly mitigated by the system
of professionals in rural areas and by the dense net-
work of voluntary firefighter units.

Wildfires are also sources of greenhouse gas emis-
sions (including CO,, N,O and CH,), but these have
not yet been considered as an important issue in the
Czech national emission inventory report (Czech
Hydrometeorological Institute 2019). Their contribu-
tions to overall emissions remain limited in the condi-
tions of the country, representing just over 70000 t
CO, equivalent per year since 1990. The highest
emission contribution from wildfires was observed in
1997, when a burned area of nearly 3500 ha released
approximately 400000 t CO, equivalent (Czech Hy-
drometeorological Institute 2019). This value is still
much lower than that observed for the fire-prone
southern European countries or the continental part
of the Russian Federation, where wildfires represent
a key emission category (National Inventory Reports,
https://unfccc.int/). This scenario will, however, also
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likely be the case for the fire-intensive years ob-
served in other European countries, such as in Swe-
den in 2018, as discussed above.

4.3. Adaptation and mitigation of fire risk
under climate change

4.3.1. Peri-urban zones

Suburban areas are where the use of urban land is
in contact with the wild landscape, and these areas
are referred to as the WUI. Changes in land use in
many countries over recent decades have led to the
growth of WUI areas. There are more sources of igni-
tions, which increase the vulnerability of WUI areas
(Calkin et al. 2014, Radeloff et al. 2018). The basis for
the risk assessment is detailed WUI mapping. In the
USA, the WUI is defined by house density and vege-
tation per square kilometer. In contrast, different ap-
proaches for mapping and definition of the WUI
typology are used in Europe (Modugno et al. 2016).

Within the Czech Republic, the municipalities est-
ablish voluntary fire brigade units and provide for
the construction and maintenance of fire protection
buildings and fire safety, namely, for its territory re-
quirements by Law No. 133/1985. Municipalities de-
clare the fire regulations and ensure fire prevention
in their territory. However, considering the results of
this study, the WUI area must adapt to the increased
frequency of natural fires to reduce their future vul-
nerability. It is important to increase the adaptive re-
sistance of WUI areas against wildfire. The basis is
the creation of regional maps of threats to wildlife in
individual WUI areas. The specific degree of risk will
depend on the factors of climate, landscape, forest
and relief, transport and water resource availability
and on the presence of hazardous and highly flam-
mable industrial facilities in open spaces. In the most
vulnerable areas, there is a need to regulate housing
construction and the operation of industrial sites. In
the Czech Republic, typological maps of wildfire
risks should be created by regional self-government
for individual WUISs. This process will require finan-
cial support from state authorities. The methodology
for typological risk of wildfire mapping varies from
country to region (Lampin-Maillet et al. 2010a,b,
Galiana-Martin et al. 2011).

While the present study covered the peri-urban
zones and therefore critical infrastructure in its im-
mediate vicinity (Section 4.1), the way the peri-urban
zones were defined does not allow for inclusion of
the entire critical infrastructure. Therefore, wildfire

risk for key water reservoirs and power stations that
could be affected by the occurrence of wildfires have
not been specifically included in the study.

4.3.2. Nature reserves

The current practice on active and passive fire pro-
tection in nature reserves imposes a common obli-
gation that everyone shall extinguish fire if possible
or realize measures necessary for preventing fire
spread. This law applies equally to all lands, includ-
ing areas with the highest protection level, i.e. the
nature reserves. In practice, specific prevention
measures are taken by the local management of pro-
tection areas. For example, NP Sumava, located
along the border with Germany and Austria, estab-
lished its own fire prevention unit and road access
maintenance system. This is similar to the practice in
the neighboring NP Bavarian Forest in Germany,
which uses a fire prevention system aided by air-
borne techniques (helicopters) and a network of
water reservoirs. Although occasionally debated in
the context of nature reserves and their regime
(strictly unmanaged areas), forest fire prevention is
generally always prioritized over other environmen-
tal interests in European conditions (San-Miguel-
Ayanz et al. 2018). The important argument for the
forest fire prevention practice adopted in nature
reserves is the fact that artificial anthropogenic fac-
tors largely dominate over natural causes as ignition
factors (Kula & Jankovskd 2013, Adédmek et al. 2018);
hence, forest fires cannot be regarded as a part of
natural processes. On the other hand, some recent
studies have shown that fires have been a part of
Central European forest ecosystems, but information
about frequency, size or causes is still only frag-
mental (Rosch 2000, Carcaillet et al. 2009, Niklasson
et al. 2010). The detailed reconstruction of the Bia-
towieza Primeval Forest fire history identified that
fire was a major component in the past dynamics of
this forest, but the human influence on the fire
regime was probably substantial (Niklasson et al.
2010).

4.3.3. Early warning systems

As results presented in this study as well as results
of Trnka et al. (2020c) have shown, the FWI and FFDI
fire weather indices seem to well explain the interan-
nual as well as seasonal variability in the number of
wildfires. As the risk of weather conditions condu-
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cive to wildfire occurrence has been growing, and
this trend is likely to continue over the coming
decades (e.g. Fig. 9 and Fig. S2), the results of this
study have been implemented into the operational
fire weather forecasting system (www.firerisk.cz) as
1 concrete adaptation measure that should, through as
accurate a fire weather forecast as possible, at least
partly counterweigh unfavorable trends in weather
conditions. Besides the FWI and FFDI fire weather
indices, the forecasting system also employs the
Haines Index to estimate the immediate favorability
of weather conditions to wildfire spread as shown
e.g. by Tatli & Turkes (2014).

5. CONCLUSIONS

We tested changes in the 9 weather-based predic-
tors that are considered to be related to wildfire risk
in peri-urban zones and nature reserves. Based on
observed data over the Czech Republic, we have
shown considerable changes that are coherent with
increasing wildfire risk, especially in April-June dur-
ing the 1956-2015 period. This result is significant
because some of the fire weather indicators were
shown to reflect the observed probability of wildfire
occurrence both in peri-urban zones and in nature
reserves based on the 1971-2015 wildfire database.
A significant increase in the area affected by weather
conditions that are highly conducive to wildfires is
expected over the coming decades. While the risk of
wildfires during 1956-2015 was mostly in the low-
lands and peri-urban zones of the lowest-lying
towns, the risk will increase more dramatically be-
tween 2020 and 2080 for nature reserves and peri-
urban zones at higher elevations and will remain
high in the lowland areas and peri-urban zones of the
largest cities.

We have shown that while the methods for as-
sessing weather conducive to wildfires differ in their
complexity, they show the same overall trend. Al-
though the Czech Republic and all of Central Europe
in general are not currently considered a wildfire
hotspot in comparison with the Mediterranean area
(given the usual fire extent, dedicated resources or
public perception), this situation will likely change
with the projected increases of dangerous fire
weather. This change will inevitably require com-
plex changes in preparedness (in both operational
capabilities and policies) in the case of a wildfire
occurrence in peri-urban zones as well as the strat-
egy of dealing with wildfires within protected areas.
This adjustment will require a significant upgrade of

existing strategic and urban planning to account for
such an increase in wildfire risk as well as changes in
the legal framework on the national level that would
enable a more flexible approach to wildfires within
protected areas.
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