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A simple model indicates that there are sufficient water
supply points for fighting forest fires in the Czech Republic
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Abstract. Long periods of drought and mild winters have significantly affected the forests of the Czech Republic in
recent years. If this trend continues, forest stands will be weakened and dehydrated, which will increase the probability that
forest fires will occur and spread. It is essential that fire managers prepare for this possibility. A main requirement for
extinguishing large forest fires is the availability of water supply points. In this study, we determined if the Czech Republic
has enough water to fight forest fires and whether these water supply points are distributed so that all forest stands will have
enough water nearby to fight fires. We analysed forests, water supply points and forest roads in three study areas. One
reservoir is sufficient to cover tens to hundreds of hectares of forest. We found that there are currently enough water supply
points in the studied areas of the Czech Republic to extinguish forest fires. The results indicate that any shortage in water
availability can be eliminated by using water supply points that are useable but that are not currently part of the database
used by Fire Rescue Service of the Czech Republic. A thorough and regular update of the database of water supply points is
therefore essential.
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Introduction

Forest fires are severe ecological and environmental dis-
turbances (Jaiswal ef al. 2002; Bohm et al. 2011) and are major
challenges to forestry worldwide (Kandya et al. 1998; Tuia et al.
2008). The increasing effects of climate change, such as long
periods of drought and mild winters, are leading to moisture loss
in forest stands, which significantly increases the flammability
of the forest environment (Xiao and Zhuang 2007; Xantho-
poulos et al. 2012).

Interest in forest disturbances has increased in recent years,
partly as a result of climate change and of the growing awareness
of the potential for mega-disturbances that might result (Millar
and Stephenson 2015). Forest disturbance regimes are influenced
by climate (e.g. Westerling et al. 2006; Bentz et al. 2010) as well
as by stand conditions (Fettig et al. 2007), and projected future
changes in climate are expected to increase the probability of both
wildfire frequency and severity as well as insect pest outbreaks
(Bentz et al. 2010; Pechony and Shindell 2010).
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With the increased number of dead trees and the accumula-
tion of biomass in forests as a result of recent bark beetle
outbreaks in central Europe (e.g. Vanicka et al. 2020), the
flammability of the forest environment has increased. When a
forest stands is attacked by bark beetles, the stand loses its
canopy; as a consequence, sunlight reaches the soil surface and
supports the growth of grasses, and over time, small branches
fall from the dry trees. These changes significantly increase the
flammable fuel in the stand (Hicke ef al. 2012; Hart et al. 2015).
For example, a bark beetle outbreak in the Biatowieza Forest
caused the average fuel load of dead wood to increase from
16 tha 'in 2011 to 109 t ha ' in 2017. The fuel load of grass
cover, which developed after the decomposition of stands
covering almost 14 000 ha, increased from ~0.5 kg m ™2 before
the outbreak to ~2.5 kg m ™2 in 2017 (Szczygiet et al. 2018).

The number of forest fires in most of southern European
countries (but also e.g. in Latvia) has recently been declining
probably because intensive prevention measures (Turco et al.
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2016; Donis et al. 2017). A decline in the number of small forest
fires increases the probability of catastrophic forest fires, such as
those that occurred in Portugal, Spain, Croatia and Greece in the
summers of 2017 and 2018 (San-Miguel-Ayanz et al. 2019).
Similarly, large-scale forest fires also severely affected northern
European countries (Scotland, Norway and Sweden) in 2019
(International Association of Fire and Rescue Services 2019),
although no temporal trend in average area of forest fire was
evident in Sweden (Drobyshev et al. 2012). These natural
disasters have burned a huge area of forest and also resulted in
human casualties. In central Europe, forest fires do not threaten
human populations but may cause great economic and environ-
mental losses (De Rigo et al. 2017). Small fires, on the
other hand, increase ecosystem diversity (Delarze et al. 1992;
Hofmann et al. 1998; Tinner ef al. 1999; Granstrom 2001).

Successful forest firefighting involves a combination of
important decisions that affect fire development and the effi-
cient use of available resources (Rodriguez-Veiga et al. 2018).
Unlike industrial fires, in which the specifics of the burning area
and the need for firefighting forces and supplies are relatively
well known in advance, a forest fire represents a unique
environment with many unknown variables. The assessment
of individual forest fires is usually done by the commanding
intervention officer, who is responsible for the correct risk
assessment. Any mistakes in the risk assessment by firefighters
can jeopardise firefighter safety and reduce the effectiveness of
the fire suppression (Clancy 2011).

The decisive factor determining the time required to extin-
guish a forest fire is the fire’s place of origin. Each fire’s location
is a certain distance from fire brigade stations and has varying
terrain accessibility for fire engines. These factors influence the
start time of forest fire extinguishing by fire brigades and the
final size of the burnt area. In the case of bigger forest fires,
water availability does not have to be sufficient. Then, the
distance of the fire from water supply points becomes another
important factor. Transport of water, which generally occurs
over difficult terrain in central Europe, represents one of the
most important factors in successful fire extinguishing (Dermek
2017). The further the water supply point is from the fire, the
more forces and supplies are needed to ensure a continuous
supply of water to fight the fire (Kozi¢ova ef al. 2015; Dermek
2017). The importance of both these factors (fire location and
distance to a water supply point) depends on the density and
quality of the forest road network, as well as on the availability
of trained personnel (Dennison et al. 2012).

To ensure both quick and effective access to water supply
points, firefighters require sufficient documentation about water
reservoirs and other water sources in the area (Davis 2000). To
be prepared to fight forest fires and to reduce the risk of such
fires, individual territories and entire states should possess
detailed maps of water supply points (Gill et al. 2008; Cerbu
et al. 2013) and forest roads (Burnett 2001; Marchi et al. 2010;
Cerbu et al. 2013). The water supply point for fighting fires must
satisfy several basic requirements and in particular adequate
accessibility for vehicles (Cerbu ef al. 2013). With the develop-
ment of firefighting mechanisation, however, these require-
ments have been significantly reduced such that information
on all water sources and roads in forested areas is becoming
increasingly important.
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Forest fires are less common in central than in southern
Europe because forest landscapes in central Europe are usually
fragmented and the forests are usually temperate; the average
number of forest fires per 10000 ha per year is only 3 in the
Czech Republic, 1-2 in Slovakia, and <1 in Austria, Germany
and Switzerland (San-Miguel-Ayanz et al. 2019). The exception
is Poland, where the number of forest fires per 10 000 ha per year
is almost 8; furthermore, there are far fewer forest fires in
Scandinavia (e.g. almost 2 per 10000 in Sweden and <1 in
Norway and Finland). While the average size of the burned area
is >1 ha in Slovakia and Switzerland, it is <0.5 ha in Poland and
other central European and Scandinavian countries. This is the
result of sophisticated forest fire management in Poland, which
includes the distribution of water supply points. Each location in
a forest in Poland must be located within 3—5 km (depending on
the forest fire risk category) of a water supply point with a
minimum volume of 50 m® (Szczygiel ez al. 2020). Austria and
Germany, in contrast, have no regulations regarding the avail-
ability of water sources in forests; the construction and mapping
of water sources is not regulated and is done only by local
management. In the Czech Republic, it is obligatory to have one
water reservoir in each cadastral territory (i.e. a relatively
homogeneous land area of ~600 ha on average).

The current study had two objectives: to determine whether
there are enough water sources for forest fire management in the
typical fragmented landscape of central Europe (the Czech
Republic) (i.e. to determine whether it is necessary to build
additional sources of water); and to determine how the volume
of water available will affect fire interventions. In support of
these objectives, we tested the following hypotheses: (i) there
are several small water reservoirs and larger streams in the
forests and their immediate surroundings that are currently
usable as a water source or that would become usable after
minor modifications that are missing from the records of the Fire
Rescue Service of the Czech Republic and are therefore not used
for firefighting; and (ii) the use of these unrecorded sources
would reduce the distance of the water source from a possible
fire and thus make fire intervention more efficient. To accom-
plish these objectives and to test these hypotheses, we used a
model that included water supply point properties (location,
suitability for firefighting and water volume), road properties
(location and suitability for firefighting) and forest properties.

Methods
Study area

The Czech Republic (78 866 km?) is located in central Europe
and in the middle of the temperate zone of the northern hemi-
sphere (Fig. 1). Its climate is mild and includes four seasons. The
climate is transitional between oceanic and continental, and is
characterised by prevailing western winds, intensive cyclonal
activity, and fairly high precipitation. The average temperature
ranges from 3°C (January) to 17°C (July). The average annual
precipitation across more than 60% of the country ranges from
600 to 800 mm (Tolasz 2007). The climate is, however, con-
siderably influenced by the quite rapid changes in elevation and
relief. The elevation ranges from 115 to 1603 m above sea level
(asl) with a median of 430 m asl. The prevailing relief types are
hills and highlands.
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The average population density is 133 people km 2. The
naturally dominant plant communities in the Czech Republic are
mixed beech—fir forests transitioning towards broad-leaved oak-
dominated forests in the lowlands and towards coniferous spruce-
dominated forests at higher elevations (Chytry 2012). However, as
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a result of intensive forestry management since the 19th century,
the present forest composition differs significantly from the natural
state. Forests at present cover 33.9% of the country and are mainly
composed of Picea abies (52%), Pinus sylvestris (17%), Fagus
sylvatica (7%), Quercus spp. (7%), Larix decidua (4%), Betula

National border

B Study areas
Rivers
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®  Cities

650 1300 1950 2600 m
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Water supply points Landcover
see Tab. 2
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Fig. 1. Location of the Czech Republic in Europe and of the study areas (A—C), water supply points (details for WS1, WS2
and WS3 are provided in the Methods), and forest roads in the Czech Republic.
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pendula (3%) and Abies alba (1%). Other broad-leaved species
(e.g. Carpinus betulus, Acer spp., Fraxinus spp., Populus spp.,
Salix spp. and Tilia spp.) occupy ~8% of the forested area
(Ministry of Agriculture of the Czech Republic 2018).

Approximately 90% of the area of the Czech forests is
represented by commercial forests that are intensively managed,
usually via a clear-cutting system. More than 60% of the
forested area is state-owned (Ministry of Agriculture of the
Czech Republic 2018). The main forest disturbance agents in
the Czech Republic are abiotic factors in the following order
of importance: wind storms (which account for 50% of
disturbances), droughts (5-13%), snow (2—12%) and frost (1—
12%). The biotic disturbance factors are dominated by insect
outbreaks (which account for 10-27% of disturbances). Wildfire
plays a relatively minor role, is responsible for 1-7% of the
volume of salvage logging (Zahradnik Zahradnikova 2019), and
does not have substantial socioeconomic or ecologic effects.
The minor effect of fire results from a fairly efficient system of
fire detection and suppression.

Between 2006 and 2015, an average of 726 forest fires were
recorded annually in the Czech Republic. The total burned area
across these years was 25.8 km?, and the average was 2.58 km?
per year. Forest fires >10 ha are rare. The dominant type of
forest fire was ground fire (Holusa et al. 2018). A monthly
assessment of forest fire occurrence reveals two clear peaks, i.e.
a spring peak and a summer peak. The spring peak is probably
caused by human activity such as the burning of harvest residues
and spring tourism. The spring peak is also triggered by the
abundance of old grass, which is highly flammable. The summer
peak is mostly influenced by weather conditions (high tempera-
tures and low precipitation), but is also caused by human
activity, i.e. summer tourism.

The Czech Republic is divided into three categories of forest
fire risk (low, medium and high). Three study areas were
selected to represent each category (Holusa et al. 2017). Our
study area A surrounds Rakovnik town (50.10N, 13.72E)
(municipalities of Luzna, LiSany, Chrast’any, Olesna and
Rakovnik) and has a high risk of forest fire. Study area B
surrounds Liberec town (50.76N, 15.06E) (municipalities Mni-
sek and Oldtichov v Hajich) and has a medium risk of forest fire.
Study area C surrounds Kostelec nad Cernymi lesy town
(49.99N, 14.85E) (municipalities of Kostelec nad Cernymi
Lesy, Piedhvozdi, Tuchoraz, and Pfistoupim) and has a low risk
of forest fire (Table 1, Fig. 1).

Water supply points

All water supply points in the study areas were identified and
evaluated with current field surveys. First, the list of water

Table 1. Parameters of study areas
Study Length Width Raster Area of Forest Density of
area (km)  (km) area study terri- area forest roads
(km?  tory (km?)  (km? (mha™")
A 11.075 12.325 136.5 78.2 34.7 17.18
B 7.425 895 66.5 41.7 29.6 12.64
C 10975  5.85 64.2 36.5 8.9 9.09
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supply points of study areas was based on database water supply
points used by the Fire Rescue Service of the Czech Republic
and other available databases of water sources. Other water
sources were identified using satellite and map images. The size
(m?), volume (m®) and exact GIS (geographic information
system) coordinates of the water supply points were applied
from existing databases or established with GIS software and
field surveys. The practical possibilities of fire brigades using
water supply points for firefighting were also assessed with field
surveys based on three criteria:

e Road access to the water supply and a turning point for
firefighting vehicles are available.

e A secure point for transferring water from the supply to tanker
equipment is available.

e The water depth of water supply points cannot be lower
than 1 m in the long term. In the case of watercourses,
small dams are used to create these water supply points
(Czech National Standard 75 2411 (Czech National
Standard 2004); Czech National Standard 73 0834 (Czech
National Standard 2011)).

We also determined whether each water supply point is
currently used by the Fire Rescue Service of the Czech Republic,
i.e. if the water supply point is included in Fire Rescue Service
water supply points database. Based on these criteria, the water
supply points in the three study areas were divided into four
categories (Table 2). Water supply points 1 (WS1) satisfied all
three criteria and are currently included in the database used by
the Fire Rescue Service; WS2 also satisfied all three criteria but
are not currently included in that database, because the obliga-
tion of municipalities is to manage one water source in the
cadastral area; if modified, WS3 (Fig. 1) could satisfy the
criteria (roads very often do not lead to WS3 water supply
points); and WS4 could never satisfy the criteria.

The locations of the water supply points in the study areas are
indicated in Fig. 1, and their numbers and volumes are indicated
in Table 3.

Table 2. Categories of water supply points

Category Short description Detailed description
name
WSI1 Water supply points ~ Water supply points with all necessary
used parameters included in database of
water supply points for extinguishing
WwS2 Suitable water supply Water supply points with all necessary
points parameters not included in database of
water supply points for extinguishing;
can be included in database
immediately
WS3 Potentially suitable ~ Water supply points that require modi-
water supply points  fication to became suitable. With
modification, can become part of
database
WS4 Unsuitable water Water supply points unsuitable for

supply points extinguishing without possibility of
modification or rebuild; cannot ever be

part of database




432 Int. J. Wildland Fire

Forest roads

Forest roads are either paved, or unpaved but stabilised and are
3.5t0 4.0 m wide (Fig. 2); the width is sufficient for firefighting
vehicles (Fig. 3). They are used by forest workers throughout the
growing season. A longitudinal gradient <8% is preferred, but
gradients up to 10% occur and are acceptable for fighting fires.
Traffic lanes must be fully drained and passing places must be
provided (Fig. 2).

The Fire Rescue Service of the Czech Republic, although
professionalised, has almost no special vehicles for forest fire-
fighting. Firefighting vehicles in the Czech Republic are divided
into three categories: road, off-road, and mixed (Fig. 3). In the
event of a forest fire, vehicles with increased off-road ability are
generally given priority. All fires are reported to the Fire Rescue
Service of the Czech Republic, which ensures their suppression.
If necessary, support is provided by volunteer firefighters (Fire
Rescue Service of the Czech Republic 2018).

After the forest roads were evaluated in the field, the
forest road network was vectorised in the ArcMap environ-
ment based on the topographic map of the Czech Republic
(1:10 000 and 1:5000) and aerial photographs of the study areas

(Fig. 1).

Table 3. Water supply points in study areas and their total volume

Location Water supply Number of Volume of  Cumulative

point category  water supply  water (m®) volume
points available (m?)

A WSI 17 289 060 289060
WS2 4 70800 359860
WS3 14 140863 500723
B WS1 3 326000 326000
WS2 3 1280 327280
WS3 10 73000 400280
C WSI 8 95010 95010
WS2 4 136200 231210
WS3 8 69172 300382
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Calculation of water supply distance

Distances to water supply points were optimised so as to mini-
mise the distance travelled by firefighting vehicles.

In the first step, the shortest distances from the water supply
points to the roads (WS3) were identified and then calculated if
the roads did not lead to the water supply points (this was not case
for WS1 and WS2). In the second step, the distances along the
road network from the connection points to the water supply
points were calculated. In the last step, the shortest distances from
forest stands to roads were then calculated. The resulting distance
of the grid cell (forest — 25 x 25 m raster) from the water supply
point is the sum of the shortest distance from the cell to the road,
the road distance to the nearest connection point, and the distance
from the connection point to the water supply point (Fig. 4).

For each group of water supply points, the output is a set of
raster layers. These calculations enabled us to compare the
changes that occur with different groups of water supply points
(Table 4). The average distances of individual forest stand from
groups of water supply points were also calculated (Table 5). By
overlapping the output raster layers with the layer of forest
stands, we determined the area of the nearest forest according to
the group of water supply points (Table 6) and also determined
the weighted distance of forest stands from water supply points
(Table 7; Fig. 5).

Availability of water for firefighting

The amount of water in one water supply point is sufficient to
extinguish forest fires only in a limited area. The area that is
covered by one water supply point depends on the distance from
the water supply point and its volume. In the next step of the
calculations, we therefore considered the volume of water
required to extinguish a forest fire, the distance from the water
supply points, and the volume of the water supply points.

The volume of water required to extinguish a forest fire was
determined based on data for the real volume of water used in
forest firefighting in the Liberec Region (northern Czech
Republic) in 2011-2015. For this region with an area of
3162.93 km?, we performed a detailed analysis of all 304 forest

Fig.2. Examples of forest roads that can be used by firefighting vehicles: () asphalt roadbed; () asphalt roadbed with a passing place; (c) stabilised
roadbed with drainage; and (d/) stabilised roadbed.
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fires included in database of the Fire Rescue Service of the
Czech Republic. The final burned areas varied between 1 m? and
4 ha. The majority of fires are represented by small burned area
not exceeding 0.5 ha. The region has a very rugged terrain, and
water supply points are mostly located in valleys (Fig. 1). There
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is a close relationship between the size of the burned area and the
amount of water used (which varied between 0.1 and 490 m?) to
extinguish the fire (r = 0.83; P < 0.001):

V=84+104.0-4 (1)

CAS 24-Scania

CAS 32 Tatra 815

CAS 30 Tatra 815-7

Fig. 3. Firefighting vehicles commonly used by Fire Rescue Service of the Czech Republic: (a) road; (b) mixed; and (c¢) off-road.

Fire extinguishing
water supply points (WS)

— attributes: total volume of water available (m®)

— point feature - coordinates of water supply access point

Roads

— line feature - roads suitable
for firefighters mechanisation

Forest

— polygon feature
— forest area (ha)

potential of use for firefighters mechanisation

WS - used by fire department
WS32 - suitable

WS3 - potentially suitable
WE4—unsuitable—

MODEL OUTPUTS

Average area covered by one WS (ha)
see Table 6

WS - forest distance (km)

see Table 5

MODEL
OUTPUTS

Weighted distance between WS
with sufficient water capacity

(100 m? ha') and forest (km)
see Table 7 and Fig. 5

convert to binary (0, 1) raster

convert to raster
with unique ID;
grouped for further
calculations:

1) WS1: used WS
2) WS12: used + suitable WS
3) WS123: used + suitable +
+ potentially suitable

Input variables
—raster 25 x 25 m

GIS 3DT model
distance calculations

|

Grass GIS model
other calculations
(forest area, water availability)

Fig. 4.

Table 4. Groups of water supply points for calculations

Group Group description

name

WS1 Used water supply points (WS1)

WSI12 Used water supply points (WS1) + suitable water supply points
(WS2)

WS123 Used water supply points (WS1) + suitable water supply points

(WS2) + potentially suitable water supply points (WS3)

Inputs and outputs of the model.

Table 5. Average distance of water supply points from forest stands
(km)
Numbers are shown in this format: mean + s.d. [maximum]

Study area Group

WSI WSI12 WS123
A 1.74+0.8 [6.4] 1.54+0.8 [6.4] 1.34+0.7 [6.4]
B 4.9+2.3110.9] 3.44+19[9.2] 244+15[7.5]
C 2.0+0.8 [4.0] 1.6 £0.6 [3.2] 1.34+0.6 [3.2]
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Table 6. Average forest area (ha) per water supply point (whether
WS1, WS2, or WS3) when using WS1, WS12, or WS123
Numbers are shown in this format: mean + s.d.

Study area Group Average area (ha)
A WS1 231.294+169.11
WSI12 192.75 £163.00
WS123 119.65+133.53
B WSl 985.37 +764.89
WS12 492.65 £495.82
WS123 184.74 £273.62
C WsS1 148.90 +80.78
WS12 99.24+73.72
WS123 52.55+47.81

Table 7. Weighted distance to the water supply points (km) and
coverage of the study areas with available water (%) assuming a water
consumption rate of 100 m* ha™! of forest
Numbers in the third column are shown in this format: mean=+s.d.

[maximum]
Location Group Weighted distance to water ~ Area covered (%)
supply points (km)

A WSI 5.1+£3.7[12.8] 83.2
WSI12 4.9+3.7[16.4] 100.0
WS123 3.2+£2.3[9.0] 100.0

B WS1 6.3+2.4[12.3] 100.0
WSI12 6.34+2.4[12.3] 100.0
WS123 5242.8[12.3] 100.0

C WSI 49+3.3[12.7] 100.0
WSI12 3.943.1[12.7] 100.0
WS123 2.44+1.9[8.0] 100.0

where 4 is a burned area in hectares, and V'is the amount of water
used to extinguish a forest fire in cubic metres (m®).

The volume of water required to extinguish a forest fire varies
over space and time. The volume of water is significantly affected
by fuel volume and pattern, precipitation, weather, terrain com-
plexity, the experience of firefighters and other factors (Keane
et al. 2004). A suitable spatio-temporal model of the volume of
water required to extinguish a forest fire was not available in the
project period; therefore an average volume of water required to
extinguish a forest fire per hectare V,, = 100.0 m® ha™' estimated
by experienced forest firefighters (J. Vanék, Dr I. Chromek,
unpubl. data) was used in our study.

The volume of water required is in a separate raster layer. The
layer was deduced from the layer of forest stands. The volume
of water required was calculated in proportion to the cell size
(25-m grid).

Vcel/ = Acell : Vha (2)

where A..; is the area of the raster cell (ha), and V},, is the
volume of water required to extinguish a forest fire ha '
(m®ha™1).

Calculating the availability of water for forest firefighting is
an iterative process. At every step, the distances to the water
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supply points in which water is still available and the coverage
of the nearest forest area with water from these water supply
points are calculated.

Separate input and output layers are created for every step of
the iterative calculation. First, the distances to the water supply
points with available water are calculated. The calculated
distances from the forest (cell of forest) to the water supply
points change at every step according to availability of water in
each water supply point. The zones (areas) of the closest forest to
the individual water supply points also change.

In the next step, the distribution of water to the nearest forest
is calculated for each water supply point. The volume of water
required to extinguish a fire is first calculated and assigned to
cells of the nearest forest and is then calculated and assigned to
cells of increasingly distant forests. The distribution of water
from the water supply point is terminated when the requirements
for water for all cells in the zone of the closest forest are
satisfied, or when the entire volume of the water supply point
is depleted.

The total volume of water available for extinguishing a forest
fire is calculated as the sum of the volumes of available water
from all water supply points during all steps of the simulation.
The percentage of water demand satisfied (Vo) is calculated
based on the volume of water available and the volume of water
required in the study:

V .
V% —100- Vavatlﬁble (3)
required

where V, ianie 18 the volume of available water (m3), and
Vyequirea 18 the volume of water required to extinguish a forest
fire (m?).

In some cases, water from several water supply points is
required to extinguish a forest fire. In this case, the distance to
the water supply points (dyy) is calculated as the average of the
distances to the water supply points (d;) weighted by the volume
of water obtained (V)):

Z"lzl di- Vi
dy = ==r—— (4)
i Vi

where 7 is the number of needed water supply points.

The weighted arithmetic mean distance thus considers the
distance to the water supply points as well as the amount of water.
If water is obtained from only one water supply point, the weighted
distance is equal to the distance to the water supply point.

Results
Distance to water supply points

As the water supply points used increases from WSI alone to
include WS1 + WS2 (WS12) and then WS1 + WS2 + WS3
(WS123), the average distance that firefighting vehicles travel
to the forest stand during the transport of water decreases in all
three study areas (Table 5).

When multiple groups of water supply points are required
(WS12 or WS123) rather than only WS, the forest area covered
by one water supply point (whether WS1, WS2, or WS3)
decreases (Table 6).
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Fig.5. Weighted distance of forest stands from water supply points (indicated by black dots) that can be used to fight fires in
forest stands.
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Availability of water for fighting forest fires

The analysis also calculated the weighted distance to the water
supply points from the individual raster cells of the forest
assuming a water consumption of 100 m® ha™' of forest
(Table 7). The water supply point is used only for the nearest
raster cells of the forest, and if the supply point is depleted, it can
no longer be used elsewhere.

The results in Table 7 differ from those in Table 5, because
the algorithm used in Table 5 calculates distances to individual
raster cells without considering water consumption, i.e. without
considering that a water supply point can be exhausted.

The analysis of study area A shows that in its south-eastern
part there is an area of 578.9 ha lacking water for extinguishing.
The only water supply point is in the middle of this area, and its
volume of water is very small. If the entire forest stand in area A
were on fire and if only group WSI1 water supply points are
considered, there would not be enough water in this area to
extinguish the fire (WS1). If other water supply points are
included in the algorithm (WS12, WS123), the distance to the
water supply point is reduced, and the problem of water shortage
is eliminated (Fig. 5).

Discussion

The present study shows that there are currently sufficient water
supply points in the studied areas of the Czech Republic to
extinguish forest fires. One reservoir is sufficient to cover tens to
hundreds of hectares of forest. No data are available on the
situation in the surrounding central European countries, except
for Poland, where at least one water supply point must be built or
secured for every 3000 ha of forest (Szczygiel et al. 2020). If the
currently used water supply points (WS1) are not sufficient, it is
possible to increase the total water supply point of the area only
by adding other suitable supply points (WS2) to the database of
the Fire Rescue Service of the Czech Republic; group WS2
water supply points are not currently included in the database.
Inclusion of the WS2 water supply points does not incur any cost
and depends only on the arrangement between the fire depart-
ments of individual regions and the owners of the WS2 reser-
voirs. Proper documentation and optimisation of water supply
points for fighting fires in European forests have been largely
neglected. For example, we could not find any other research
that performed an optimisation similar to the current one except
for a study concerning the use of aviation technology in Spain
(Rodriguez-Veiga et al. 2018).

When other types of reservoirs (WS2 and WS3) are used in
addition to WS1 water supply points, the transport of water from
the supply point to the forest fire is shortened. The reduction in
distance is hundreds of metres for study areas A and C and
~1 km for study area B (Table 5). At the average speed of
commonly used firefighting trucks, which is 56 km h™' or
~15.5 m s~ ! (Klaene and Sanders 2007), the reductions in
distance would reduce travel times by 30 to 120 s. For compari-
son, the maximum speed of ground fire spread is 3 m min~"
(Rothermel 1983).

Shortening the time for intervention even by 60 s can be very
important, especially if the fire is being spread from a focal point
by wind. In this case, circumferential extinguishing is consid-
ered (Klaene and Sanders 2007). Consider, for example, a fire
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front that is 100 m long and advancing at 2 m min'; if water
delivery is slowed by 1 min, the fire will have spread over a
200-m? area in that minute.

Inpractice, every fire, especially a forest fire, is unique. Unlike
industrial fires, whose area is usually bounded by the object in
which they burn, the limits of the spread of a forest fire can vary
significantly based on both landscape and wind conditions
(Thomas et al. 2010). In current models of forest fires, these
factors are usually greatly simplified, and the actual fire as well as
intervention measures may be different. From this point of view,
even a l-min reduction in intervention time can significantly
affect the success of the intervention. It is not always possible to
ensure the fulfillment of basic conditions that minimise the size of
the fire, e.g. rapid fire detection and reporting, easy access to the
area, sufficient firefighting forces, and sufficient water supply
points. These are the basic factors that affect not only the time of
fire development before it is reached by firefighters (Klaene and
Sanders 2007), but also its location and extinguishing. In addi-
tion, the deployment of forces and water supply points can be
complicated by the need to deploy forces and resources from one
fire station to more than one event (traffic accident + forest fire,
multiple forest fires, etc.) at the same time.

The majority of forest fires in the Czech Republic (3/4 of the
total number) involve an area <0.1 ha (Holusa et al. 2018).
Given that the average water consumption per hectare of fire is
100 m?, the volume of extinguishing water commonly sent in the
initial deployment (i.e. 12 m> for two fire trucks) is sufficient for
these small-scale fires. If the fire is larger than 0.35 ha (i.e. an
average fire; see Holusa er al. (2018)), three fire trucks
(providing 2 x 4 m® and 1 x 8 m® of water = 16 m® of water
in total) are deployed according to the emergency plans for
forest firefighting, and the commander can request a fourth fire
truck if a shortage of water is expected. Therefore, with a basic
volume of 16 m® and timely reporting of a forest fire, sufficient
access to the forest, and the availability of fire brigades, the
initial water supply is usually sufficient and a shuttle service for
water delivery is usually not required. A shuttle service is used
only for fires larger than 0.35 ha, and this applies to <15% of the
fires in the Czech Republic. Even when shuttle transport is
needed (and cannot be replaced by a continuous hose line), three
or four vehicles are sufficient to ensure a continuous supply of
water. Only in the event of large fires will the intervention
commander request additional firefighting equipment in order to
maintain a continuous water supply.

Another factor that could reduce travel times is the density of
the forest road network (Stergiadou 2014; Yakubu et al. 2015;
Laschi ef al. 2019), which is currently low (~16 m ha™") in the
Czech Republic. In Switzerland, the average density of the
forest road network is 26.2 m ha™', although this density ranges
from 7.8 to 58.1 m ha ' depending on the region. The road
density is high in Austria (~35.4 m ha~'; Winkler and Hauk
1997) and is also high in Germany. Among central European
countries, only Slovakia has a lower density than the Czech
Republic. In the Czech Republic, it would be necessary to
increase the density of the forest road network by ~10 m ha ™"
in order to reach the density in Switzerland. This would mean
building more than 27 000 km of new roads and increasing the
total length of the forest road network by more than 60%. These
values can be considered as a maximal goal for the forest
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infrastructure of the Czech Republic. The forest road networks
in the areas of the current study are quite dense, ranging between
70 and 80% of the desired values of road density (Bystricky and
Sirota 2013).

In the study areas of the current research, the existing forest
road networks are sufficient in terms of density and in terms of
suitability for the firefighting equipment used (Fig. 2). Distances
to water supply points were calculated to maximise road
movement and minimise off-road movement. The approach
used in the current study assumes that water transport is more
efficient on paved roads than on non-paved roads. On non-paved
roads, the movement of vehicles can be significantly hampered
by obstacles, wet soils, trees and other factors (Monosi and
Dermek 2016).

With the use of a shuttle service to move needed water to
forest fire areas, the vehicles must stop on paved roads if they
encounter impassable areas; as a consequence, the distance that
the vehicles must travel to the fire can increase. To account for
this, the model could consider the maximum distance of the fire
from the vehicle, so that the availability of water would not have
to be calculated for the whole forest stand. The use of portable
hose lines, however, can increase the total reach of a hose line to
80—100 m when dispensing water (Corbett 2009).

Depending on the groups of water supply points considered
in the analyses, the area of forest (km?) optimally distant from
the individual water reservoirs changes (Table 6). This means
that as the number of water supply points used for firefighting
increases, the area of forest covered by individual water supply
points decreases (the forest area is divided among a larger
number of reservoirs). This would reduce the amount of water
pumped out of individual sources, so that potential fires in other
parts of the forest would be covered by other water supply
points. Increasing the number of water sources can therefore
affect the viability of a water source, i.e. it would prevent a water
source from drying out or being damaged owing to lack of water.
In this regard, regular updating of water supply points, and also
of roads, is critical.

The model searches only for the nearest water supply point. If
the capacity of the tanks is limited, its water capacity may not
always be sufficient to extinguish a fire in the nearest area.
Because the availability of water in the studied areas ranges
from hundreds to thousands of metres cubed per hectare when
supply points are among those included in database of water
supply points for extinguishing fires, the water sources in the
studied areas would be able to provide enough water for forest
fires with burned areas of 10 ha. If it were possible to estimate
the volume of water needed to extinguish a unit of forest area,
the model could search for the several nearest water sources that
could together provide a sufficient volume of water. Also, the
model as used in the current analysis kept the required water
capacity for forest fire extinguishing constant for the entire
forest area. The model makes it possible, however, to set
different water volume requirements for each raster cell. Differ-
ent requirements for the volume of water needed to extinguish a
forest fire may be set according to the species composition and
age of the forest stand. When analysing the availability of water,
the calculation of the water required for extinguishing should be
performed on the basis of recent data in the studied area (we used
a value of 100 m> ha™').
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The total capacity of each water source was used when
simulating the distribution of water to forest fires. Given
operational and ecological limits, it would be more appropriate
to consider the usable capacity of the water supply point, for
example 2/3 of the total volume. Part of the water in a source
may not be available owing to lowering of the water level.

The simulation of the availability of water for fighting forest
fires was done for the whole area at the same time. In the event of
a real fire in part of the area, the availability of water and the
distance to the nearest supply may be different. The calculation
could be modified so that the availability of water and the
distance to the water supply point were calculated only for a
limited part of a forest stand. The model could be easily
modified to account for this and could be easily provided to
and accessed by the local fire department units for optimal
planning of interventions. Model simulations may also quickly
provide information about nearest water supply points and the
shortest routes to them. To simulate the real situation, the model
could also be modified to account for restrictive conditions on
the roads, such as the closure of a section of the road due to a
forest fire.

Conclusions

A distance-based model was developed for calculating optimal
shuttle transport of water and the use of different types of water
supply points for fighting forest fires. Shuttle transport, how-
ever, is currently needed in only a small number of cases because
the currently used firefighting machinery carries sufficient
water to extinguish average fires (which are small). If all
available water supply points in the study areas (i.e. WS123)
were considered rather than only the WS1 water supply points
(which are the water supply points currently used by the Fire
Rescue Service of the Czech Republic), the time saved to
transport water to a fire would range from 30 to 180 s.

Although the database of water supply points currently used
by firefighters (i.e. WS1 water supply points) is probably
sufficient in most parts of the Czech Republic, each area clearly
contains other supply points (WS2 and WS3 supplies) that meet
the requirements for the collection of water to be used for
fighting fires; these other supplies could be immediately
included in the database used by firefighters. The optimisation
model developed in this study can detect areas that would not be
optimally supplied by water in the event of complex forest fires.
We therefore suggest that each forest owner use the model to
perform a simple analysis that would reveal any potential
shortcomings in current fire protection plans. We also recom-
mend that the model be used to study those areas that local fire
departments consider to be at high danger in forest fires, i.e.
areas with large and complex forests, with sparse forest road
networks, and with limited water supply points.

Before the model is used, however, comprehensive docu-
mentation of potential water supply points should be conducted
throughout the Czech Republic. Although the current legislation
on regional forest development requires an overview of natural
or artificial sources of water sources that are available and
accessible to firefighting equipment for pumping water for
forest firefighting, these data are usually used only by local fire
departments and no nationwide database of water supply points
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that can be used to fight fires currently exists. The database
should be updated every 5 years.
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