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1. Introduction
Good forest roads are crucial to effective forest pro-

tection and management (Gumus et al. 2008), regard-
less of their main objectives. However, road building 
is often regarded with suspicion, because of its high 
potential environmental impact. The new priority 
given to environmental protection (Marchi et al. 2018) 
involves the re-thinking of road building in both its 
general lines and its technical details. Providing access 
to the forest can no longer be considered only one of 
the stages of wood production. Roads must be de-
signed to satisfy multiple needs, and their construc-
tion should involve suitable practices to prevent envi-
ronmental degradation (Spinelli and Marchi 1998), 
especially to protect particular ecological niches and 
biodiversity (Picchio et al. 2018).

The accessibility provided by a suitable road net-
work is traditionally related to forest maintenance, 
wood harvesting, game control and recreational ac-
tivities (Baldini and Pollini 1998, Chirici et al. 2003, 
Fabiano and Marchi 1991, Hippoliti 2001, Laschi et al. 
2016, Pičman and Pentek 1998, Potočnik 1998, Potočnik 
et al. 2015, Pozzatti and Cerato 1984, Trzesniowski 
1993). However, in the last decades, the relation be-
tween forest road network and forest fire prevention 
and suppression has been receiving more and more 
attention. Several authors highlighted the important 
effects of forest roads in fire-prone environment 
(Baldini and Pollini 1998, Bovio 2001, Calvani et al. 
1999, Fabiano and Marchi 1991, Hinterstoisser 1990, 
Marinelli 1994, Pičman and Pentek 1998). The effects 
of inadequate forest road network, in terms of safety 
hazards and forest access, in the context of massive 
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wildfire has been also underlined (Australia Parlia-
ment House of Representatives Select Committee into 
the Recent Australian Bushfires and Nairn 2003, Edgens 
2000).

Forest fire, historically, represent one of the most 
important threat to forests and other wooded areas in 
many areas of the world. Moreover, under climate 
change scenarios, an increase in number of years with 
high fire risk, an increase in the length of the fire sea-
son and an increase of extreme events that could result 
in larger, more intense and more frequent fires are 
expected (Giannakopoulos et al. 2009, Moriondo et al. 
2006). Climate change has already increased the occur-
rence of large fires that are responsible for most of the 
annual forest burned area, human casualties and se-
vere damage to properties (Rodriguez-Silva 2011, 
Torre 2009) and in many countries, we are facing forest 
fires in conditions that were not known before (Viegas 
2009). Finally, as experienced in several Mediterra-
nean countries in the last years, forest fires may be a 
very dangerous threat for the communities living in 
the wildland urban interface.

This worsening of the problem is clearly an indica-
tion that it is important to improve knowledge and to 
continue finding new solutions to improve forest fire 
prevention and management, especially if one consid-
ers quite good predictability of forest fires as a phe-
nomenon (yearly repetition, known fire season extent, 
short term fire danger prediction, etc.).

In order to reduce the occurrence of forest fires, 
their negative effects and to reduce the burned area, it 
is necessary to develop a full range of prevention ac-
tivities that include (Raftoyannis et al. 2014):

Þ  fire fighting options: to improve the suppression 
organization (such as incident command sys-
tem, infrastructures, means, training, safety, 
etc.) by increasing knowledge about the terri-
tory, fire behaviour and suppression system 
resources network

Þ  public options: to improve the awareness and 
responsibilities of citizens (public education, 
law enforcement, reduction of urban sprawling 
into forests, expansion of protected areas)

Þ  fuel management options: to reduce forest vul-
nerability to fire (reduction of surface fuels, use 
of grazing, increase of fire breaks, reduction of 
stand density, increased use of prescribed burn-
ing, etc.).

Furthermore, fire fighting options are still consid-
ered the most important by the fire experts of Mediter-
ranean countries (Raftoyannis et al. 2014). This means 
that one segment of the problem-solving process is the 

study of forest road network planning with the aim of 
achieving effective fire prevention and suppression 
(Stefanović et al. 2015). In order to accomplish this goal 
and to improve the efficiency and effectiveness of fire 
fighting organization, the analyses of forest road func-
tions, planning, building and maintenance methods 
are needed.

The aim of this review is to summarize:
Þ  functions recognized to road network in relation 

to forest fire
Þ  new developments of forest road planning in 

fire-prone environment
Þ  best practices to optimize forest road functional-

ity for fire fighting, in terms of both construction 
and maintenance 

Þ  to highlight the main knowledge gaps and goals 
of future research.

2. Functions of forest roads in relation 
to forest fires

A well-planned and well-developed forest road 
network may fulfill several functions in relation to for-
est fire (Croisé and Crouzet 1975, Calvani et al. 1999, 
Eastaugh and Molina 2011, Marchi et al. 2010, Potočnik 
1998, Stefanović et al. 2015). First of all, forest road 
network contributes in guaranteeing a continuous and 
high-quality surveillance, especially during high risk 
periods (Croisé and Crouzet 1975). All roads, but es-
pecially the scenic ones, can be used for the surveil-
lance of the most vulnerable areas during high fire risk 
periods. These roads can be periodically trafficked by 
fire fighting vehicles, thus allowing reaching two ob-
jectives:

Þ  to implement a deterrent action against arson-
ists

Þ  to allow a very quick response in case of a fire 
detection (Calvani et al. 1999).

However, one of the most important functions of 
forest roads is the possibility for fire fighters to reach 
the fire edge as soon as possible. In fact, it is well 
known that a quick initial response, before the fire 
reaches the critical intensity, represents the key ele-
ment for allowing an easy and fast fire extinction 
(Arienti et al. 2006, Dimitrakopoulos 2000, Psilovikos 
et al. 2011). Obviously, a well-organized forest fire 
fighting service is also required in order to guarantee 
a quick response in case of fire and to finalize a rapid 
fire put out.

A good accessibility for the emergency vehicles is 
important in order to operate under safe conditions. 
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In particular, forest roads are the best escape route in 
case of fire extinction failure ensuring higher safety 
levels to fire fighters. Forest roads may also guarantee 
a rapid and efficient access to emergency means in 
case of accidents and injuries to fire fighters. During 
forest fire, forest roads may also be very useful for a 
quick evacuation of citizens living in rural/forest areas 
or being in the forest for recreational purposes.

Under an operational perspective, forest road net-
work plays a key role. In fact, usually direct attack to 
fire front with ground means starts from the forest 
roads that allow fire fighting vehicles to reach the points 
closest to the fire edge. Forest roads may also be very 
useful in indirect attack and for the following mop-up. 
In fact, forest roads aligned with the fire front may be 
used as starting lines for burning out operations.

In the easiest situations (ground fire, no wind, low-
medium fire intensity) forest roads should be an effi-
cient firebreak getting the fire slower down (Demir et 
al. 2009) and allowing an efficient and rapid extin-
guishment, with reduced effort and damages.

A well-developed forest road network is also very 
important for an efficient use and maintenance of fire 
fighting infrastructures (lookouts, helibases, commu-
nications repeaters, etc.). Thanks to the efficient devel-
opment and maintenance conditions of forest roads, 
the fire fighting operations are optimized due to the 
easy and quick access to the water points.

In conclusion, all the aspects described above may 
be summarized in the following functions of forest 
roads:

Þ  allowing an efficient surveillance of the territory
Þ  allowing efficient and safe fire suppression ac-

tivities
Þ  representing a safe fire line due to reduced fuel 

load
Þ  representing an emergency access for citizen 

evacuation or fire fighter accidents
Þ  allowing the infrastructure use and mainte-

nance.
A well-developed spatial arrangement of a forest 

road network reduces the incidence of fires and pre-
vents the spread of fires on larger areas (Lugo and 
Gucinski 2000, Stefanović et al. 2015). In fact, a dense 
road network, together with an efficient surveillance 
service, enables fast detection and initial attack and 
creates firebreaks for spreading surface fires, thus re-
ducing the size of most of potentially larger forest fires 
(Larjavaara 2005). On the other hand, forest roads are 
potential routes for recreational use of forest, thus in-
creasing the probability of ignition of forest fires be-
cause of the more intense human activity (Chuvieco 

and Congalton 1989). In many human-dominated 
landscapes, in which anthropogenic fires are more fre-
quent than natural ones, both accessibility and human 
infrastructure density are likely to be strong predictors 
of ignition risk (Massada et al. 2013). More in detail, 
human-caused fire occurrences are statistically spa-
tially clustered in relation to some anthropogenic fac-
tors, such as ownership, accessibility, and population 
density. Human accessibility is a function of proxim-
ity to roads that makes the places close to roads gener-
ally associated with higher fire risks (Yang et al. 2007). 
Moreover, Arienti et al. (2009) found a positive asso-
ciation between lightning fire frequency and road den-
sity, including forest roads. The authors explained this 
occurrence by the increased availability of flammable 
fine fuels near roads.

In relation to forest fires, roads represent the lines 
from which the direct attack to the fire front starts. Fire 
fighters equipped with hoses or tools usually reach the 
fire edges starting from the closest road or use the 
roads as fire lines when trying to put the fire out.

3. Forest road spacing and density in 
fire-prone environment

Road density (RD) is the number of linear meters 
of road per hectare (m ha-1). In forestry planning, RD 
is frequently used as the main parameter for describ-
ing road network and for assessing the forest acces-
sibility in a given area (Eastaugh and Molina 2011, 
Gumus et al. 2008, Potočnik et al. 2015, Ryan et al. 
2004). In the last decades, several authors suggested 
optimal values of road/trail density and/or road/trail 
spacing in relation to forest fire fighting needs (Table 
1 and 2). They developed methods for determining the 
optimal forest RD or for suggesting road/trail spacing 
values on the basis of different approaches.

Table 1 Suggested optimal values of Road/Trail density in relation 
to forest fire fighting needs

Reference Road Density, m ha–1

High fire risk
Difficult conditions

Medium
fire risk

Low fire risk
Easy conditions

Croisé and Crouzet, 1975 13–17 – 9–11

De Montgolfier, 1989 25 12.5 6.25

Fabiano and Marchi, 1991 17

Potočnik et al., 2008 25

Psilovikos et al., 2011 22 – 12.5



A. Laschi et al. Forest Road Planning, Construction and Maintenance to Improve Forest Fire Fighting: ... (207–219)

210 Croat. j. for. eng. 40(2019)1

Croisé and Crouzet (1975) started the analysis on 
forest roads in fire-prone environment taking into con-
sideration the duration of the transport of personnel 
and equipment from rescue centers to fire front. This 
response time includes transportation on public roads, 
forest roads and trails and finally the displacement on 
foot to the fire edge. The distance between two hori-
zontal trails (or 1 trail and 1 road) was considered as 
the distance that a fire fighter should cover on foot for 
reaching the fire edge. Assuming the use of water for 
a direct attack on the fire, this time and distance de-
pend on the length of the hose to be unrolled (they are 
theoretically limited by this length), but, in practice, 
this time and distance are influenced even more due 
to the difficulties of moving on forest ground and the 
possible high fire rate of spread. Moreover, the same 
authors, considering that forest trails were not always 
trafficable or arranged summarily, suggested maxi-
mum distances between the roads around them. Two 
different types of roads were considered: ascending 
and horizontal roads (Table 2).

(De Montgolfier 1989) determined the road net-
work density for fire fighting taking into consideration 
a simplified fire spread model. On the basis of the dis-
tance between two forest roads, he determined the 
theoretical length of the fire front when it arrives at 
one of the road starting from a given point. He consid-
ered that the maximum distance between the roads 
should correspond to the maximum length of fire front 
that may be extinguished close to the roadside by 
ground crews.

Fabiano and Marchi (1991) suggested the RD on 
the basis of the maximum distance between the poten-
tial fire edges and the nearest road. The authors esti-
mated this distance considering the maximum time 
needed by fire fighters for reaching the fire front from 

the closest road, with all the necessary equipment, and 
the maximum length of hose line usually set up in It-
aly. It is not easy to determine this distance because it 
is affected by many factors such as: terrain slope; pres-
ence of barriers or fences along the access paths; fire 
intensity and rate of spread.

Potočnik et al. (2008), in accordance with the opin-
ion of experts (Slovenian Fire Fighting and Rescue 
Service, Forest Service and Forest Technology Depart-
ment) suggested an optimal area, for a slightly sloping 
area, where fire suppression can be managed with for-
est fire engine.

Psilovikos et al. (2011), in a study carried out in the 
suburban forest of Thessaloniki, analyzing the opera-
tional capacity of firefighters, distinguished a »practi-
cal protection zone« and a »theoretical protection 
zone« based on the fire brigades personnel experience. 
Taking into account the maximum hose length of 500 
m from the fire trucks, the authors define:

Þ  »practical protection zone« as a fire suppression 
bandwidth (a buffer zone) with a capacity ra-
dius of 150 m uphill and 300 m downhill even 
on a steep terrain

Þ  »theoretical protection zone« as a fire suppres-
sion capacity of 300 m uphill and 500 m down-
hill, on a flat terrain.

Most of the above density values were based only 
on the distance between the potential fire and the clos-
est forest road. These are simple and useful methods 
but they do not take into consideration different as-
pects that may affect fire fighting efficiency and ef-
fectiveness such as: initial attack efficiency, water sup-
ply difficulties, and contribution of aerial means.

The forest RD is actually a very useful parameter 
for determining optimum road length from an economic 

Table 2 Suggested optimal values of Road/Trail spacing in relation to forest fire fighting needs

Reference Road type
Road/Trail spacing, m

Difficult conditions Medium conditions Easy conditions

Croisé and Crouzet 1975

Trail 400 – 800

Ascending road 3000–4000

Horizontal road 2500–3000

De Montgolfier 1989 All 4000 800 1600

Fabiano and Marchi 1991 All 600

Potočnik et al. 2008 All 400

Psilovikos et al. 2011 All 450 – 800
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point of view, i.e. the total length of forest road that 
minimizes the combined cost of construction, mainte-
nance and timber extraction (Ryan et al. 2004). How-
ever, this approach is only marginally relevant to the 
issue of assessing and planning road networks for 
their ability to provide efficient access to random 
points (such as fire ignition sites) rather than defined 
harvest areas (Eastaugh and Molina 2011).

RD is frequently considered a rather blunt instru-
ment that gives no indication of spatial arrangements 
of the roads and is thus often a poor predictor of road 
network efficiency (Eastaugh and Molina 2011). Roads 
evenly distributed may have the same RD of roads con-
centrated in one part of the forest but the first case may 
give a good access to forest and the latter give a poor 
access overall. In conclusion, the use of roads density 
in forest road planning should be carefully considered 
and, hopefully, included in a deeper analysis.

Nevertheless, the evaluation of the forest road net-
work density in fire fighting activities should be con-
nected to the other functions of forest roads. (Calvani 
et al. 1999, De Montgolfier 1989). In this context, it is 
important to highlight that the density values applied 
in forest operation of wood extraction are similar or 
higher if the sum of the length of forest roads and skid 
trails is considered (Calvani et al. 1999). In fact, the 
density values for forest roads may range from 20 to 
30 m ha–1 (Hayati et al. 2012, Jourgholami et al. 2013) 
or higher if the trails are included (Hippoliti 2001).

Eastaugh and Molina (2011), in order to overrun 
the problems related to the use of forest RD highlight-
ed above, suggested the development of three more 
metrics to be used in GIS environment: road network 
coverage, road network efficiency and road network 
convenience.

The road network coverage (RCVR) takes into ac-
count both the length and condition of the road and 
the hiking distances to off-road locations. Forest roads 
were reclassified by the authors into five speed classes 
of fire fighting vehicles (100, 80, 50, 40, 30 and 15 km/h), 
based on personal knowledge of their study areas. The 
off-road (hiking) speed was estimated to 1 km h–1. 
RCVR is a ratio between the travel times from the fire 
fighter base to all points within the forest if there is no 
road network and those times would include the pres-
ence of forest roads. The higher the index, the higher 
is the road network coverage. However, it is possible 
to have the same RCVR with different RD, i.e. achieve 
the same coverage with different road lengths.

For this reason, the authors introduced the metrics 
Road network efficiency (REFF) as a ratio between 
RCVR and RD. REFF is able to measure how well the 

given road network coverage is achieved. However, 
both RCVR and REFF relate with travel time from a 
given point and do not consider the travel time from 
one point to another point in the forest, thus not con-
sidering the redeployment of fire fighting vehicles 
during the same event, practice very common and 
frequent in fire suppression.

For considering this issue, the authors introduced 
the Road network convenience (RCON), which is a 
ratio between the surface of the forest under investiga-
tion and a function that includes the mean travel time 
from all nodes to all other nodes of the road network 
(for more details see Eastaugh and Molina 2011).

All these metrics may be very useful for comparing 
different management scenarios in forest road plan-
ning, including road upgrading, decommissioning or 
new constructions. However, the authors highlighted 
the potential limitations of these metrics and namely 
the lack of analysis of:

Þ  safe use of roads by large vehicles
Þ  position of the road in relation to the potential 

fire behavior
Þ  the use of roads as fuelbreak or backing fire ini-

tiation line.

4. New approaches to forest road planning 
in fire-prone environment

In recent years the use of GIS, drones and/or lidar 
have stimulated the development of dedicated Deci-
sion Support Systems (DSS), which have helped and 
will help forest managers in improving the efficiency 
of road network during fire fighting. The main aspects 
studied are referred to the accessibility analysis for fire 
fighting vehicles, and some experiences have been 
used in developing navigation systems optimized for 
fire fighting activities (Akay et al. 2012, Wang et al. 
2014). In their recent paper, Stefanović et al. (2015) ap-
plied, in a case-study carried out in a fire-prone envi-
ronment (i.e. a Serbian National Park), a multi-criteria 
analysis in forest road network planning. The authors 
evaluated four options suggested for improving forest 
road network taking into consideration the fire fre-
quency, the behavior of a recent big fire, and seven 
different criteria, through the entropy weight coeffi-
cients (EWC) method. The seven selected criteria were 
chosen in order to consider costs, forest accessibility 
and efficiency in fire fighting activities, for the identi-
fication of the best cost effectiveness solution for an 
efficient defense against forest fires.

Majlingová (2012) made an estimation of forest ac-
cessibility in the territory of Slovensky Raj National 
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Park (Slovenia) taking into account the needs of fire 
fighting activities and the characteristics of the most 
common fire fighting vehicles used (CAS 32 – TATRA 
T815 and »UNIMOG« on Mercedes chassis). The anal-
ysis was developed by GIS software considering ter-
rain characteristics. Results gave back three classes of 
accessibility (»total opened up«, »partially opened up« 
and »unopened« areas) for each of the two vehicles 
analyzed, being an important DSS for road network 
improvement.

Another evaluation on accessibility in fire-prone 
forest areas was made in a large area of Turkey by 
Akay et al. (2017), considering terrain characteristics, 
forest fires history and the needs of vehicles and tools 
used by fire fighters.

Another example of multi-criteria approach is the 
one developed and applied in a test area in Italy for 
planning the forest fire prevention infrastructures, in-
cluding forest roads. In this study an Operational Dif-
ficulty Index in Fire fighting (ODIF) was implemented 
for:

Þ  assessing the efficiency of the existing infrastruc-
ture (forest road, water point, hydrant, fire fight-
ing bases, aerial mean basis)

Þ  planning the improvement of forest fire preven-
tion infrastructures in terms of location and 
characteristics of new infrastructure or removal 
of unnecessary ones

Þ  organizing prevention and management of fire 
fighting activities for improving efficiency in 
high risk seasons and areas (Bonora et al. 2013, 
Bonora et al. 2007, Marchi et al. 2010, Marchi et 
al. 2007, Marchi et al. 2006).

The ODIF analyses several factors affecting the ef-
ficiency and effectiveness of extinction activities car-
ried out by both ground and aerial resources (e.g. road 
network, water points distribution, location of fire 
fighter bases). It included parameters measuring:

Þ  the efficiency of the initial attack by air and by 
ground, the latter strongly affected by road net-
work density and characteristics

Þ  the fire fighting efficiency by air and by ground, 
such as the time needed to a fire fighting ground 
vehicle for reaching the closest useful water-
point from the point on a forest road/track clos-
est to the potential burning area.

The final result was a GIS-based map in raster for-
mat showing the estimated spatial distribution of dif-
ferent levels of efficiency and effectiveness in fire fight-
ing operation (i.e. the ODIF value for each pixel).

5. Navigation systems
Some important developments for supporting 

crews during fire fighting activities have been made 
in the field of navigation. During the emergency, it 
would be very useful to have a navigator supporting 
operator to find the best route to reach the fire edge. 
Normal navigators cannot be useful, even if able to 
navigate in forest road network. In fact, there are con-
straints and obstacles due to the evolution of fire that 
are not a problem in a normal situation, but that could 
become a problem in case of fire. For these reasons, 
Wang et al. (2014) developed a model for navigation 
able to consider and evaluate changes in fire behavior 
considering different factors, in order to define the 
best route in fire fighting operations. In particular, 
their objective was to design a system architecture for 
routing, avoiding fire-affected areas, through a simu-
lation using terrain data, fire simulation model and 
real time data directly collected by operating crews. In 
fact, these crews are equipped with specific sensors – 
collecting information such as wind speed, direction, 
etc. – during their normal extinguishing activities car-
ried out in the field during forest fires. Several aspects 
have been considered in order to develop an algorithm 
able to define the best route for fire fighting taking into 
account both operating and safety needs.

6. Forest road construction in fire-prone 
environment

Many construction features are not related to the 
road function but are general and valid for all different 
uses of a road network. All this features are very well 
described in several handbooks and guidelines (e.g. 
Alexander 2000, Kramer 2001, Ryan et al. 2004). How-
ever, some construction features may strongly affect 
the use of forest roads and tracks for forest fire fighting 
purposes. The same considerations are true for road 
network maintenance. In fact, many aspects of main-
tenance are general and useful for road conservation 
and for an efficient use of the road network, while oth-
ers may have particular importance in fire-prone en-
vironment.

The »traditional« forest roads characteristics/design/
construction aspects not always meet the requirement 
of forest fire fighting. The most important forest road 
characteristics that should be reconsidered in fire-prone 
environment are related to: one way roads and passing 
places; dead-end roads; U-turn areas. In forest road con-
struction, it is usually assumed that forest road traffic is 
one way. It is quite rare that two vehicles need to pass 
on the same point of a road and at the same time in 
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opposite directions (Hippoliti 1997). For these reasons, 
the width is usually reduced in comparison to public 
roads, in order to reduce the cost of construction and to 
minimize the environmental impacts (Spinelli and Marchi 
1998), especially in mountainous condition. Neverthe-
less, during a fire event, several fire trucks should pass 
on the same road in opposite direction or have to stop 
along a forest road for reaching the fire edge with hos-
es and tools for putting out the fire (Calvani et al. 1999). 
If a fire truck stops along the road, the other fire fighting 
vehicles should have the possibility to continue to go 
on the road for reaching the fire edge or the closest wa-
ter point for refilling the tank. This means that narrow 
road may strongly reduce the capacity of individual 
roads to be safely used by the fire fighting vehicles, with 
particular reference to whether or not two vehicles may 
safely pass in opposite directions, thus affecting the ef-
ficiency and effectiveness of fire fighting (Martinez-
Lopez 2002). These aspects highlight the needs of wid-
er forest roads in fire-prone environment. However, in 
determining the width of forest roads for fire fighting 
needs, the width of the carriageway should not be con-
sidered but rather the width of the formation (Calvani 
et al. 1999). If it is necessary to use the berms, in dry 
condition (during the fire season the soil is usually dry) 
they should have a bearing capacity adequate to the 
mass of the passing vehicles. However, in relation to 
this issue, it is important to provide well designed and 
frequent passing places in fire prone environment. De 
Montgolfier (1989) and Doukas (2004) suggested that 
the maximum distance between passing places in fire 
prone environment was to be 100–200 m and 250 m, 
respectively.

It is quite common for forest road layouts to be de-
signed for reaching different parts of forest without 
considering the network »shape«. For this reason, the 
main target (forest accessibility) is usually achieved by 
the provision of a main access road, sometimes in the 
form of a loop, and several other dead-end roads (i.e. 
culs-de-sac) starting from it. Nevertheless, for fire fight-
ing purposes, this network »shape« does not guarantee 
the necessary operational and safety standards. In forest 
fire fighting, for the safety of vehicles and fire fighters, 
roads in the form of loop are of paramount importance, 
guaranteeing a better chance of escape in case of emer-
gency (Calvani et al. 1999). Moreover, a loop road may 
allow a quicker and easier re-displacement of fire fight-
ing vehicles along the fire edge, thus improving the ef-
ficiency and effectiveness of the extinction activity. For 
this reason, in designing the forest road network in fire-
prone environment, it is necessary to avoid as much as 
possible long dead-end roads and at the same time in-
crease the number of loop roads (Calvani et al. 1999).

Forest roads not of loop form (i.e. cul-de-sac) are 
usually provided with one turning area at its end. 
However, for safety and operational reasons, in fire 
prone environment the turning areas should be more 
frequent, at least along the dead-end roads. Doukas 
(2004) suggested a maximum spacing between turning 
areas of 500 m, while De Montgolfier (1989) suggested 
a spacing of 500 to 2000 m, depending on the type of 
road. In France, at present a spacing of a maximum of 
1 km is suggested on the main forest roads (Conserva-
toire de la Forêt Méditerranéenne 2014). Another im-
portant aspect to be considered is the type of turning 
areas. Turning circles should be preferred because 
they can be negotiated by vehicles in forward gear, 
allowing a safe and quick U-turn.

Turning areas, especially the turning circle, may 
also be used by fire fighters as safety zones in situation 
of extreme emergency. For this reason, it should be 
important to carefully select their location and apply 
fuel management practices to the surrounding vegeta-
tion (Agee and Skinner 2005). The location should be 
decided taking into consideration the main topo-
graphical, meteorological and vegetation aspects af-
fecting fire behavior (De Montgolfier 1989), e.g.: veg-
etation type, slope inclination, prevailing wind 
direction, changes in vegetation, etc.

7. Road maintenance in fire-prone 
environment

Road maintenance is concerned with keeping 
roads in a usable condition. It should be carried out on 
an ongoing basis and particular attention should be 
given to the maintenance of road surface, drains and 
culverts. It should not be confused with road repair, 
which is concerned with the reinstatement of road fa-
cilities to a former condition after particular events. 
Repair is usually associated with road failure due to 
landslide or mudflow, rock fall, etc.

In addition to traditional maintenance practices, in 
fire-prone environment, vegetation management be-
side the roads is a specific and relevant aspect of road 
management. In fact, fuel (vegetation) load and distri-
bution beside the road may strongly affect the efficien-
cy and safety of fire fighters during forest fire extinc-
tion. Fuel management beside road may also strongly 
affect fire danger. In fact, it is well known that the use 
of forest roads for timber harvest and recreational ac-
tivities (such as hiking or mountain biking) leads to a 
higher ignition probability (Arndt et al. 2013). In Eu-
rope, the majority of fires (more than 98%) take origin 
from human activities (incidents or criminal actions) 
and statistically the highest number of ignition points 
are close to urban areas or along the roads (Bonora et 
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al. 2007). In this context, forest road density is one of 
the socio-economic and infrastructural factors explain-
ing forest fire danger (Arndt et al. 2013).

Fuel management is a pillar of fire smart manage-
ment of forest landscapes (Corona et al. 2015), which 
demands to reduce the energy output rate of fires 
(Martin et al. 1979) to a point where conventional fire 
fighting methods can be effective (Weatherspoon and 
Skinner 1996, Alexander 2000). Fuels treatments are de-
fined as the »act or practice of controlling flammability 
and reducing resistance to control of wildland fuels 
through mechanical, chemical, biological, or manual 
means, or by fire, in support of land management objec-
tives« (Xanthopoulos et al. 2006). They are designed to 
reduce quantity, quality and continuity of forest fuels 
(Cochrane et al. 2012), thus modifying forest fire size 
and severity, and facilitate suppression by providing 
safe access and egress for fire fighters, as well as possible 
counter-firing opportunities (Martinson and Omi 2003).

In the European countries, forest road networks are 
quite dense in comparison with other countries, such 
as USA and Canada, even if forest roads are generally 

narrower in Europe, especially in Mediterranean area 
(Hippoliti 1976). Clearing vegetation on the sides of 
forest and rural roads, either manually or mechani-
cally, may result in fuelbreak-like belts of reduced fire 
hazard. These belts may have two objectives:

Þ  to make more efficient and safer suppression 
action of fire fighters

Þ  to slow down the intensity and spread of a fire 
that starts by the road, thus delaying crown fire 
initiation and increasing the probability of suc-
cessful initial attack (Xanthopoulos et al. 2006).

In this context, the suppression efficiency and safe-
ty is guaranteed by a spatial distribution of fuelbreaks 
that consider fuel loads and terrain conditions (Eastaugh 
and Molina 2012).

The treatments that may be applied beside forest 
road are based on the general principle of fuel man-
agement well described in Agee and Skinner (2005). 
Fuel treatment beside forest road may be in the form 
of traditional firebreak or shaded fuelbreak (Fig. 1 and 
2) (Bennett et al. 2010). In the shaded fuelbreak, the 

Fig. 1 Fuel treatment beside forest road: a) firebreak-like (L. Tonarelli); b) shaded fuelbreak (A. Laschi)

Table 3 Pros and cons firebreak and shaded fuelbreak (from Bennett et al. 2010, modified)

Firebreak Shaded fuelbreak

Pros Þ  Deprives the fire of fuel and reduces radiant and convective heat transfer Þ  Aesthetically pleasing
Þ  Less costly to construct on per area basis
Þ  Sale of merchantable trees can offset costs
Þ  Tree health and vigor are improved

Cons Þ  Expensive to construct and maintain on a per area basis
Þ  Significant potential for erosion when built on medium to steep slopes
Þ  Invasive weeds may establish unless non-combustible mulch or herbicide is used
Þ  Aesthetically, they look unnatural

Þ  Fires can burn through the treated belt, although at reduced 
intensity and rate of spread

Þ  Effective shaded fuelbreaks need to be much wider than 
firebreaks
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fuel management practices described above are ap-
plied, while in traditional firebreak, all vegetation and 
organic matter is removed down to mineral soil. Both 
solutions may be effective for fire prevention but they 
also present some constrains (Table 3); therefore, the 
type and location of the treatment to be applied should 
be determined on the basis of the local conditions.

Xanthopoulos et al. (2006a) suggested a width of at 
least 40 m for firebreaks and a width of 30 m on each 
side of forest road for fuelbreaks. Bennett et al. (2010), 
because fire spread and intensity increase as slope in-
creases, suggested enlarging the fuelbreak width in 
relation to slope steepness (Table 4).

Table 4 Minimum fuelbreak distance uphill and below road depend-
ing on percent slope (from Bennett et al. 2010, modified)

Slope, % Uphill distance, m Downhill distance, m Total width, m

0 30 30 60

10 27 35 62

20 24 40 64

30 21 45 67

40 18 50 68

50 15 55 70

60 12 60 72

8. Conclusion
Forest roads are common and simple infrastruc-

tures, which are fundamental for all the activities car-
ried out in forest. Planning, construction and mainte-
nance are key-phases for obtaining an efficient road 
network. Regarding forest fires and fire fighting ac-
tivities, forest roads have to respond to different needs 
in comparison with the other operations carried out in 
forest (e.g. logging, recreational activities, etc.), espe-
cially due to the operational needs in emergency. In 
fact, several elements, such as passing place and U-
turn areas, are very important and required more of-
ten in fire fighting than, for example, in logging. For 
these reasons, it is fundamental to follow specific rules 
in forest road network management in fire-prone en-
vironments. Moreover, DSSs are tools with a high po-
tential to facilitate the achievement of this objective. In 
literature, there is a good number of studies and re-
ports of experiences taking into account forest roads 
concerning forest fires, but more efforts in finding so-
lutions are recommended in order to optimize invest-
ments, reducing economic and environmental costs 
and improving forest road networks for fire fighting. 
In order to improve the knowledge on this topic, spe-
cific research on the vehicle speed in relation to its 
class and road characteristics should be carried out. 
This study should highlight the main road character-
istics representing bottlenecks for the road trafficabil-
ity by emergency vehicles. Moreover, more data on the 
average speed of the vehicles in relation to their class 
and road type will allow improving DSS and naviga-
tion systems, thus increasing efficiency and effective-
ness of fire suppression activities.

Acknowledgements
The authors would like to highlight the importance 

of FORCIP+ Project (DG ECHO/SUB/2015/718661/

Fig. 2 Shaded fuelbreak beside forest road, a) view from above; b) 
on flat terrain; c) on slope terrain



A. Laschi et al. Forest Road Planning, Construction and Maintenance to Improve Forest Fire Fighting: ... (207–219)

216 Croat. j. for. eng. 40(2019)1

PREP20-FORCIP+) which has been fundamental in 
laying the foundations of this review, highlighting the 
importance of forest road planning for an effective and 
efficient fire management (www.forcip.eu).

9. References
Agee, J.K., Skinner, C.N., 2005: Basic principles of forest fuel 
reduction treatments. Forest Ecology and Management 
211(1–2): 83–96.

Akay, A.E., Wing, M.G., Sivrikaya, F., Sakar, D., 2012: A 
GIS-based decision support system for determining the 
shortest and safest route to forest fires: A case study in 
Mediterranean Region of Turkey. Environmental Monitor-
ing and Assessment 184(3): 1391–1407.

Akay, A.E., Wing, M.G., Zengin, M., Kose, O., 2017: Deter-
mination of fire-access zones along road networks in fire-
sensitive forests. Journal of Forestry Research 28(3): 557–
564.

Alexander, M.E. 2000: Fire behaviour as a factor in forest 
and rural fire suppression. Forest Research Bulletin 197(5): 
28 p.

Arienti, M.C., Cumming, S.G., Boutin, S., 2006: Empirical 
models of forest fire initial attack success probabilities: the 
effects of fuels, anthropogenic linear features, fire weather, 
and management. Canadian Journal of Forest Research 
36(12): 3155–3166.

Arienti, M.C., Cumming, S.G., Krawchuk, M.A., Boutin, S., 
2009: Road network density correlated with increased light-
ning fire incidence in the Canadian western boreal forest. 
International Journal of Wildland Fire 18(8): 970–982.

Arndt, N., Vacik, H., Kock, V., Arpac, A., Gossow, H., 2013: 
Modeling human-caused forest fire ignition for assessing 
forest fire danger in Austria. IForest 6(6): 315–325.

Australia. Parliament. House of Representatives. Select 
Committee into the Recent Australian Bushfires & Nairn, 
G., 2003: A nation charred: Report on the inquiry into bush-
fires, Commonwealth of Australia.

Baldini, S., Pollini, C., 1998: Interaction entre viabilite fores-
tiere et systemes de recolte du bois. In Seminar on environ-
mentally sound forest roads and wood transport. 17–22 
June, Sinaia (Romania), FAO, 443 p.

Bennett, M., Fitzgerald, S.A., Parker, B., Main, M., Perleberg, 
A., Schnepf, C.C., Mahoney, R., 2010: Reducing Fire Risk on 
Your Forest Property. Oregon State University.

Bonora, L., Checcacci, E., Marchi, E., Brachetti Montorselli, 
N., Romani, M., Tesi, E., 2007: An operational tool for fire 
management and fire prevention planning for public ad-
ministration (Tuscany Region – Italy ). In 4th International 
Wildland Fire Conference, 13–17 May, Sevilla, Spain.

Bonora, L., Conese, C., Marchi, E., Tesi, E., Brachetti Mon-
torselli, N., 2013: Wildfire Occurrence: Integrated Model for 
Risk Analysis and Operative Suppression Aspects Manage-
ment. American Journal of Plant Sciences 4(3): 705–710.

Bovio, G., 2001: La viabilità forestale e gli incendi. In Con-
vegno internazionale »Viabilità forestale: aspetti ambien-
tali, legislativi e tecnico-economici«. UNIF – Università 
degli Studi della Tuscia Di.S.A.F.Ri. – CNR IRL – Regione 
Campania, 2–3 ottobre 1998, Lago Laceno (AV).

Calvani, G., Marchi, E., Piegai, F., Tesi, E., 1999: Funzioni, 
classificazione, caratteristiche e pianificazione della viabilità 
forestale per l’attività di antincendio boschivo. L’Italia 
Forestale e Montana 54(3): 109–125.

Chirici, G., Marchi, E., Rossi, V., Scotti, R., 2003: Analisi e 
valorizzazione della viabilità forestale tramite GIS: la fores-
ta di Badia Prataglia (AR). L’Italia Forestale e Montana 
58(6): 460–481.

Chuvieco, E., Congalton, R.G., 1989: Application of remote 
sensing and geographic information systems to forest fire 
hazard mapping. Remote Sensing of Environment 29(2): 
147–159.

Cochrane, M.A., Moran, C.J., Wimberly, M.C., Baer, A.D., 
Finney, M.A., Beckendorf, K.L., Eidenshink, J., Zhu, Z., 
2012: Estimation of wildfire size and risk changes due to 
fuels treatments. International Journal of Wildland Fire 
21(4): 357–367.

Conservatoire de la Forêt Méditerranéenne, 2014: Nouveau 
guide zonal des équipements de DFCI, Valabre.

Corona, P., Ascoli, D., Barbati, A., Bovio, G., Colangelo, G., 
Elia, M., Garfì, V., Iovino, F., Lafortezza, R., Leone, V., 
Lovreglio, R., Marchetti, M., Marchi, E., Menguzzato, G., 
Nocentini, S., Picchio, R., Portoghesi, L., Puletti, N., Sanesi, 
G., Chianucci, F., 2015: Integrated forest management to 
prevent wildfires under Mediterranean environments. An-
nals of Silvicultural Research 39(1): 1–22.

Croisé, R., Crouzet, Y., 1975: L’infrastructure routière. Re-
vue Forestière Française, (S), 300 p.

De Montgolfier, J., 1989: Protection des foret contre 
l’incendie. In Guide technique du forestier mediterraneen, 
Fiches n.9. CEMAGREF, Division Techniques Forestieres 
Mediterraneen.

Demir, M., Kucukosmanoglu A., Hasdemir M., Ozturk T., 
Hulusi Acar, H., 2009: Assessment of forest roads and fire-
breaks in Turkey. African Journal of Biotechnology 8(18): 
4553–4561.

Dimitrakopoulos, A.P., 2000: Preliminary distribution of 
forest fires and burned area according to initial attack time 
in Greece, during the decade 1986–1995. Forest research 
magazine 13: 26–36.

Doukas, K.A.C., 2004: Forestry Engineering and natural 
environment, Yiahoudis press, Thessaloniki.

Eastaugh, C.S., Molina, D., 2011: Forest road networks: met-
rics for coverage, efficiency and convenience. Australian 
Forestry 74(1): 54–61.

Eastaugh, C.S., Molina, D.M., 2012: Forest road and fuel-
break siting with respect to reference fire intensities. Forest 
Systems 21(1): 153–161.



Forest Road Planning, Construction and Maintenance to Improve Forest Fire Fighting: ... (207–219) A. Laschi et al.

Croat. j. for. eng. 40(2019)1 217

Edgens, J., 2000: Banning Roads, Burning Forests. National 
Center for Policy Analysis, Brief Analysis, 336 p.

Fabiano, F., Marchi, E., 1991: Pianificazione della viabilità 
forestale. In Seminario UNIF: »Il bosco e i suoi valori: espe-
rienze e prospettive per la pianificazione forestale.« 14-15 
novembre, Brasimone (BO): 196–201.

Giannakopoulos, C., Le Sager, P., Bindi, M., Moriondo, M., 
Kostopoulou, E., Goodess, C.M., 2009: Climatic changes and 
associated impacts in the Mediterranean resulting from a 2 
°C global warming. Global and Planetary Change 68(3): 
209–224.

Gumus, S., Acar, H.H., Toksoy, D., 2008: Functional forest 
road network planning by consideration of environmental 
impact assessment for wood harvesting. Environmental 
Monitoring and Assessment 142(1–3): 109–116.

Hayati, E., Majnounian, B., Abdi, E., 2012: Qualitative eval-
uation and optimization of forest road network to minimize 
total costs and environmental impacts. iForest – Biogeosci-
ences and Forestry 5(3): 121–125.

Hinterstoisser, H., 1990: Mehr Umwelterziehung – Ökolo-
gische Mindeststandards – Stufenplan für Walderschlies-
sung. Österreichische Forstzeitung (1): 21 p.

Hippoliti, G., 1976: Sulla determinazione delle caratteris-
tiche della rete viable forestale. Italia Forestale e Montana 
– Italian Journal of Forest and Mountain Environments 
31(6): 242–255.

Hippoliti, G., 1997: Appunti di meccanizzazione forestale, 
Società Editrice Fiorentina.

Hippoliti, G., 2001: Selvicoltura e viabilità. In Convegno 
internazionale »Viabilità forestale: aspetti ambientali, legis-
lativi e tecnico-economici«. UNIF – Università degli Studi 
della Tuscia Di.S.A.F.Ri. – CNR IRL – Regione Campania, 
2–3 ottobre, Lago Laceno (AV).

Jourgholami, M., Abdi, E., Chung, W., 2013: Decision mak-
ing in forest road planning considering both skidding and 
road costs: a case study in the Hyrcanian Forest in Iran. 
iForest – Biogeosciences and Forestry 6(2): 59–64.

Kramer, B.W., 2001: Forest Road Contracting, Construction, 
and Maintenance for Small Forest Woodland Owners.

Larjavaara, M., 2005: Climate and forest fires in Finland – 
influence of lightning-caused ignitions and fuel moisture. 
University of Helsinki.

Laschi, A., Neri, F., Brachetti Montorselli, N., Marchi E., 
2016: A Methodological Approach Exploiting Modern Tech-
niques for Forest Road Network Planning. Croatian Journal 
of Forest Engineering 37(2): 319–331.

Lugo, A.E., Gucinski, H., 2000: Function, effects, and man-
agement of forest roads. Forest Ecology and Management 
133(3): 249–262.

Majlingova, A., 2012: Opening-up of Forests for Fire Extin-
guishing Purposes. Croatian Journal of Forest Engineering 
33(1): 159–168.

Marchi, E., Brachetti Montorselli, N., Neri, F., 2010: The role 
of forest road network in forest fire prevention and suppres-

sion: a case study in Italy. In FORMEC – Forest Engineering: 
Meeting the Needs of the Society and the Environment. July 
11 – 14, Padova – Italy.

Marchi, E., Tesi, E., Brachetti Monterselli, N., Bonora, L., 
Conese, C., Romani, M., 2007: Forest Fire Prevention : An 
Integrate Risk Analysis to Improve Management and Plan-
ning Actions. In 150th Anniversary of Forestry Education 
in Turkey – Bottlenecks, Solutions, and Priorities in the Con-
text of Functions of Forest Resources – 17–19 October, Ist-
ambul (Turkey), 517–526 p.

Marchi, E., Tesi, E., Brachetti Montorselli, N., Bonora, L., 
Checcacci, E., Romani, M., 2006: Forest fire prevention: De-
veloping an operational difficulty index in fire fighting 
(ODIF). Forest Ecology and Management 234: S49.

Marchi, E., Chung, W., Visser, R., Abbas, D., Nordfjell, T., 
Mederski, P., McEwan, A., Brink, M., Laschi, A., 2018: Sus-
tainable Forest Operations (SFO): A new paradigm in a 
changing world and climate. Science of the Total Environ-
ment 634: 1385–1397.

Marinelli, A., 1994: Passata l’emergenza parliamo d’incendi. 
Annali dell’Accademia Italiana di Scienze Forestali 43: 31–
52.

Martin, R.E., Anderson, H.E., Boyer, W.D., Dieterich, J.H., 
Hirsch, S.N., Johnson,V.J., McNab, W.H., 1979: Effects of fire 
on fuels: A state-of-knowledge review, General Technical 
Report WO–13. Washington, DC: USDA Forest Service.

Martinez-Lopez, E.R., 2002: Gestion de grandes incendios 
forestales en el valle del Rialb y la Sierra de Aubenc. Mas-
ter’s thesis at the University of Lleida, Lleida.

Martinson, E., Omi, P., 2003: Performance of Fuel Treat-
ments Subjected to Wildfires. USDA Forest Service Proceed-
ings RMRS: 7–14.

Massada, A.B., Syphard, A.D., Susan, S.I., Radeloff, V.C., 
2013: Wildfire ignition-distribution modelling: a compara-
tive study in the Huron–Manistee National Forest, Michi-
gan, USA. International Journal of Wildland Fire 22(2): 
174–183.

Moriondo, M., Good, P., Durao, R., Bindi, M., Giannako-
poulos, C., Corte-Real, L., 2006: Potential impact of climate 
change on fire risk in the Mediterranean area. Climate Re-
search 31(1): 85–95.

Picchio R., Tavankar F., Venanzi R., Lo Monaco A., Nikooy 
M., 2018: Study of forest road effect on tree community and 
stand structure in three Italian and Iranian temperate for-
ests. Croatian Journal of Forest Engineering 39(1): 57–70.

Pičman, D., Pentek, T., 1998: The influence of building and 
maintenance expenses of forest roads on their optimal den-
sity in low-lying forests of Croatia. In Seminar on environ-
mentally sound forest roads and wood transport. 17–22 
June, Sinaia (Romania): FAO, 443 p.

Potočnik, I., Hribernik, B., Nevečerel, H., Pentek, T., 2015: 
Maintenance of forest roads – the need for sustainable forest 
management. Forest Engineering Current Situation and 
Future Challenges, (18–20, March): 5–8.



A. Laschi et al. Forest Road Planning, Construction and Maintenance to Improve Forest Fire Fighting: ... (207–219)

218 Croat. j. for. eng. 40(2019)1

Potočnik, I., 1998: The multiple use of forest road and their 
categorization. In Seminar on environmentally sound forest 
roads and wood transport. 17–22 June, 1996 – Sinaia (Ro-
mania): FAO, 443 p.

Potočnik, I., Kravanja, M., Poje, A., 2008: Forest fire preven-
tion roads as an active wildfire protection measure. In A. 
Skoupy, P. Machal,, and L. Marecek, eds. 3rd International 
Scientific Conference FORTECHENVI. May 26–30, – 
Prague: 62–70.

Pozzatti, A., Cerato, M., 1984: Note pratiche sulla proget-
tazione delle strade forestali. L’Italia Forestale e Montana 5: 
263–274.

Psilovikos, T.A., Doukas, K.G., Drosos, V.K., 2011: The con-
tribution of forest roads to the forest fire protection. In For-
mec – Pushing the boundaries with research and innovation 
in forest engineering. October 9–13, Graz.

Raftoyannis, Y., Nocentini, S., Marchi, E., Calama Sainz, R., 
Garcia Guemes, C., Pilas, I., Peric, S., Amaral Paulo, J., 
Moreira-Marcelino, A.C., Costa-Ferreira, M., Kakouris, E., 
Lindner, M., 2014: Perceptions of forest experts on climate 
change and fire management in European Mediterranean 
forests. iForest – Biogeosciences and Forestry 7(1): 33–41.

Rodriguez-Silva, F., 2011: Lecciones aprendidas en los 
grandes incendios forestales SECF-Unive.

Ryan, T., Phillips, H., Ramsay, J., Dempsey, J., 2004: Forest 
Road Manual Guidelines for the design, construction and 
management of forest roads. COFORD, Dublin.

Spinelli, R., Marchi, E., 1998: A literature review of the en-
vironmental impacts of forest road construction. In Seminar 
on environmentally sound forest roads and wood transport. 
17-22 June, 1996 – Sinaia (Romania): FAO: 423 p.

Stefanović, B., Stojnić, D., Danilović, M., 2015: Multi-criteria 
forest road network planning in fire-prone environment: a 
case study in Serbia. Journal of Environmental Planning and 
Management 59(5): 911–926.

Torre, M., 2009: La situación actual del problema de los in-
cendios forestales en España. Cuadernos SECF 31: 179–195.

Trzesniowski, A., 1993: Wozu Walderschlieung in Öster-
reich ? Österreichische Forstzeitung 104(7): 5–7.

Viegas, D.X., 2009: Fire Behavior and Fire Safety. In Atti del 
convegno »Gestione degli incendi boschivi tra innovazione 
e ricerca«, Accademia dei Georgofili – Firenze – 4 Giugno 
2007.

Wang, Z., Zlatanova, Z., Moreno, A., Oosterom, P., Torob, 
C., 2014: A data model for route planning in the case of for-
est fires. Computers & Geosciences 68: 1–10.

Weatherspoon, C.P., Skinner, C.N., 1996: Landscape-level 
strategies for forest fuel management. In in Sierra Nevada 
Ecosystem Project: Final report to Congress. Davis Univer-
sity of California, Centers for Water and Wildland Resourc-
es.

Xanthopoulos, G., Caballero, D., Galante, M., Alexandrian, 
D., Rigolot, E., Marzano, R., 2006: Forest Fuels Management 
in Europe. Fuels Management–How toMeasure Success: 
Conference Proceedings, 28–30 March, Portland, OR. Pro-
ceedings RMRS-P-41. Fort Collins,CO: U.S. Department of 
Agriculture, Forest Service, Rocky Mountain ResearchSta-
tion: 29–46.

Yang, J., Healy, H.S., Shifley, S.R., Gustafson, E.J., 2007: Spa-
tial patterns of modern period human-caused fire occur-
rence in the Missouri Ozark Highlands. Forest Science 53(1): 
1–15.



Forest Road Planning, Construction and Maintenance to Improve Forest Fire Fighting: ... (207–219) A. Laschi et al.

Croat. j. for. eng. 40(2019)1 219

Received: November 18, 2017
Accepted: October 4, 2018

Authors’ addresses:

Andrea Laschi, PhD
e-mail: andrea.laschi@unifi.it
Cristiano Foderi, PhD
e-mail: cristiano.foderi@unifi.it
Fabio Fabiano, PhD
e-mail: fabio.fabiano@unifi.it
Francesco Neri, PhD *
e-mail: francesco.neri@unifi.it
Martina Cambi, PhD
e-mail: martina.cambi@unifi.it
Barbara Mariotti, PhD
e-mail: barbara.mariotti@unifi.it
University of Florence
DAGRI – Department of Agricultural, Food, 
Environmental and Forest Sciences and Technologies
Via S. Bonaventura, 13
50145 Florence
ITALY

Prof. Enrico Marchi, PhD
e-mail: enrico.marchi@unifi.it
University of Florence
DAGRI – Department of Agricultural, Food, 
Environmental and Forest Sciences and Technologies
Via S. Bonaventura, 13
50145 Florence
ITALY

and
CNR – IVALSA
Via Madonna del Piano 10
50019 Sesto Fiorentino
Florence
ITALY

*Corresponding author


