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The return interval and number of fires vary, depending on the geographical location in
interaction with climate, topography and amount of fuel. During recent decades, in
northern Europe the number and severity of fires have been insignificant compared with
Mediterranean region, in which fire return intervals may be 15-35 years, compared to
the average of 60—120 years for boreal forests. This is partly due to the efficient system
of fire protection in northern Europe, but is mainly due to the less favourable climate for
fire and the smaller human impact on ignition of forest fires.

The consequences of fire are related to both site and stand characteristics, site being the
most important factor controlling the stability of stands. Dry sites being more flammable
and likely to ignite are associated with high risk of fire. In northern Europe, due to the
interaction between species and site, the role of species difference in risk of fire damage
is not clear. In southern Europe, fire risk cannot be explained by differences between tree
species. There, other vegetation (shrubs, etc.) is of major importance for the risk of fire.

Management of forests can, to some degree, alter the risk and the occurrence of fire. In
northern Europe, logging may have compensated for fire occurrence by decreasing the
amount of fuel. In addition, forest roads act as fire-breaks and facilitate fire-fighting. On
the contrary, in southern Europe the risk of fire has been found to increase because the
traditional forest uses and management have decreased, which increases the accumula-
tion of fuel. However, it is not yet possible to quantify and compare the effect of
management in absolute terms.

Currently, some tools, such as fire-risk indices, remote sensing and GIS-based tech-
niques, are available for prediction of fire risk in some areas. For example, fire-risk
indices are most suitable for areas, like northern Europe, which have a low fire risk. In
high-risk areas, such as southern Europe, more sophisticated techniques are needed for
assessment of the risk. In the future, assuming global warming at northern latitudes (2
CO;, climate), the risk of fire damage could also increase in northern Europe. Therefore,
to allow the various locational and silvicultural factors to be assessed on the European
level, an integrated risk model is needed.
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1 Introduction hand, fire (if it recurs often enough) may inter-
rupt the post-fire successions, which may lead to
When a forest fire occurs, it changes the physa degenerative phase (Sirén 1955, Zackrisson
cal, chemical and biological conditions of for-1977).
ests, especially in southern Europe (Goldammer Forest fires affect soil conditions (tempera-
and Jenkins 1990, Trabaud et al. 1993, Weiture, dryness, ash toxicity, humus layer and frosts)
1993). In boreal forests, in particular, forest firemnd may cause a lack of parent trees and low
also have an important effect on forest succeseed production after year of the fire, which may
sion by regularly controlling forest dynamicsalso endanger regeneration (Kohh 1975, Gran-
(Heinselman 1981, Barney and Stocks 198%trom 1991a, Sirois 1993). On the other hand,
Chandler et al. 1983, Wein and MacLean 1983ntensive fire increases the near-ground air tem-
Engelmark 1984, Antonovski et al. 1992perature, which may in turn lengthen the grow-
Goldammer and Furyaev 1996). Fires affect thimg season, releases nutrients, making them avail-
species composition and age-class distributioable for uptake by trees and other vegetation,
of stands (Zackrisson 1977, Barney and Stockand decreases acidity and the organic layer (Viro
1983, Zackrisson and Ostlund 1991). Often ret974, Kohh 1975, Oliver and Larson 1990). In
curring fires favour shade-intolerant Scots pinesouthern Europe, typical ground or surface fires
(Pinus sylvestrid..) and birchesRetulaspp.), also affect soil erosion and nutrient losses, which
while reduction of fire occurrence favours deimay in turn endanger growth and recovery of
velopment of stands dominated by Norway sprucigees and other vegetation (Goldammer and
(Picea abieqL.) Karst.) (Viro 1974, Bradshaw Jenkins 1990, Vasconcelos 1995). In these con-
1993, Sepponen 1989, Oliver and Larson 199@jtions, large fires, which are typical for south-
Granstrém 1991a). ern Europe, may unify landscapes and decrease
In northern Europe, especially after small firesbiological diversity (Binkley et al. 1993).
the mosaic of ecosystems is developed and bio-In Europe, fire damage has affected nearly 8
logical diversity increases (large fires, on thamillion hectares of forests in an estimated 660 000
other hand, may unify landscapes) (Zackrissoforest fires between 1980 and 1992 (Table 1), the
1977, Zackrisson and Ostlund 1991, Binkley eaverage size of the burned area being 12 hectares.
al. 1993). In addition, forest fire may occur at abepending on geographical location, there are
inconvenient time in the rotation, compensatingignificant differences in the scale and frequency
for logging; thus an increase in the occurrence aff fire damage (Fig. 1, 2, Table 1). In Spain in a
forest fires may result in an unfavourable agesingle year (1990) wildland fires (i.e. not only
class distribution and lead to lack of a desirabléorest fires) damaged over 2 000 000 hectares of
timber assortment (Suffling 1992). On the otheland and cost almost 680 million US dollars. In

Table 1. Forest fires in some European countries and in Europe during 1980-1992 with respect to
wooded areas (Forest fire statistics... 1993, Europe’s environment. Statistical... 1995).

Number of fires Burned area (Kn

Region Total Yearly Yearly Total Yearly Yearly

period max min period max min
Finland 6556 852 171 51.9 10.8 1.0
Norway 7069 975 286 110.6 28.5 0.9
Germany 19639 2111 1071 133.6 21.6 7.1
UK 7212 1288 98 63.1 17.3 0.6
Portugal 131578 23251 2349 10905.6 1618.5 224.4
Spain 138883 20384 4880 29948.2 4863.3 970.7
Europe 664446 81907 34790 77459.6 10679.7 3970.7
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Fig. 1. Number of fires in Europe between 1980 and 1992. Columns show the
number of fires in the whole of Europe and the line indicates the number of
fires in the Mediterranean region (i.e. in Albania, Bulgaria, Cyprus, France,
Greece, ltaly, Portugal, Spain and former Yugoslavia).
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Fig. 2. Area burned in fires between 1980 and 1992 in Europe (hectares). Col-
umns represent the area burned in the whole of Europe and the line represents
the area burned in the Mediterranean region.

Italy, Portugal, Greece and the Mediterraneament for soil protection should be one of the high-
parts of France, forest fires are also a serious proést priorities (Stanners and Bourdeau 1995).

lem. However, it is difficult to find any clear trend In northern Europe, forest fires are now rare
from year to year (Forest fire statistics... 1993). I{Chandler et al. 1983, Engelmark 1984). In Fin-
has been suggested that, due mainly to huméand, due to efficient forest management, the an-
activities, in the future, problems linked with nual number of fires is about 400-500; and only
wildfires will increase in the Mediterranean re-0.002—0.004 % of the forest burns each year (Suf-
gion (Goldammer and Jenkins 1990, Stocks arfting 1992, Aarne 1993, Forest fire statistics...
Trollope 1993). There erosion is a serious cons&993, Parviainen 1996). In Norway and Sweden
guence of fires, increasing both ecological anthe average areas of national forest land burned
economic losses. In such areas, forest manageach year are 0.05 and 0.02 %, respectively; and
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burned areas have increased as a result of huntaol fire behaviour and intensity due to its effects
impacts (Suffling 1992). On the whole, in north-on fuel flammability in various soil-site condi-
ern European countries the mean size of fires {®ns. Weather determines such fuel properties
nowadays less than one hectare (Zackrisson and moisture and the ability to ignite and burn
Ostlund 1991, Forest fire statistics... 1993, Grar(Fig. 3) (Chandler et al. 1983, Schimmel and
strdm 1993). Even so, fires are not as frequent @ranstrom 1991). For example, in some Canadi-
central European temperate forests as in northeam boreal forests, critical fire weather is associat-
Europe (Chandler et al. 1983, Forest fire statised with a characteristic persistent 50 kPa long-
tics... 1993). In the future, however, with elevatwave ridge and its breakdown. This seems to
ed temperature the risk of fire may increase inause a sequence of fuel drying and ignition plus
northern Europe even in boreal forests, becausénd to produce favourable conditions for the
summers may become longer and drier (Flanneccurrence of fire (Johnson 1992).
gan and Van Wagner 1991, Woodward and Dia- Temperaturecontrols fuel moisture and thus
ment 1991, Hogenbirk and Sarrazin-Delay 1995fuel ignition as well as the rate at which fuel
This review summarises the literature available oburns (Chandler et al. 1983, Johnson 1992). In
factors affecting fire occurrence and ecologicasummer, heating is usually greatest at midday.
impact, with special attention to northern Europén northern Europe, the long summer days may
and comparison with southern Europe. In addiadd to the fire risk by increasing the temperature
tion, the tools available for reducing the risk of Wein and MacLean 1983). Consequently, the
fire damage are discussed and the need for furtHerels of biomass moisture drop, allowing fire to
work is identified. spread rapidly (Wein 1993). Fires are most evi-
dent when the summer air temperature is above
the mean summer temperature (Zackrisson 1977,
Chandler et al. 1983). Therefore, climate change

2 Effects of Climatological is a risk. A temperature increase of 3&Gmay

Factors on Forest Fires increase the fire area by 15 to 50 times (Suffling
1992). In addition, above-normal July tempera-

2.1 Effects of Weather and Climatological tures seem to have a significant effect on occur-
Factors rence of forest fires (Franssila 1959, Engelmark
1984). In northern Europe, on average, weather
In the long runglimatedetermines the growth of conditions are less favourable for fire to ignite
forests and thus the amount of fuel they contairand spread than in the Mediterranean region
In warmer regions, such as around the Meditewhere the summers are long, hot {8on aver-
ranean, growth is rapid, which leads to more fuedge) and dry (Naveh 1975, Tarrega and Luis-
production than in colder regions, althoughCalabuig 1990, Stanners and Bourdeau 1995).
drought may restrict growth (Chandler et al. In northern European boreal forests, which rep-
1983). At higher latitudes, litter decomposes moreesent low average annuatecipitation (250—
slowly, and thus large amounts of fuel accumue00 mm), fire will probably ignite only if there is
late on the ground (Oliver and Larson 1990enough dry fuel (Chandler et al. 1983, Gran-
Wein 1993). Chandler et al. (1983), howeverstréom 1991b). Thus, lowir humidity, which is
have claimed that decay may also be extremebffected by both precipitation and temperature,
slow in Mediterranean climates where rainfall iSncreases the risk of fire (Saari 1923, Chandler et
largely confined to the winter months. On theal. 1983). According to Van Wagner (1983), to
other hand, in both boreal and Mediterraneaimcrease the probability of fire in northern for-
region conditions, climate determines the lengtbsts, rainless periods of at least one or two weeks
and severity of the fire season (Chandler et ahre needed.
1983) as well as fire return interval in interaction In the Mediterranean area the total annual pre-
with fuel accumulation and soil-site conditions. cipitation varies considerably from year to year,
Weatherover a short time-scale, especiallyranging from 500 to 1500 mm. Furthermore,
temperature, precipitation and wind speed, comainfall is common in winter, whereas summers
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Fig. 3. Factors affecting fire risk and the consequences of fire
occurrence (as examples). Key to the letters used in the
diagram: T = temperature, P = precipitation, H = air
humidity, W = wind, L = lightning.

are dry (average air humidity 50—-60 %) withand smoke will rise. However, the stronger the
high fire risk from May to October (Naveh 1975,wind speed and the lower the temperature (at
Chandler et al. 1983). On the other hand, eventhat height), the longer it takes for fire and smoke
few millimetres of light rainfall is enough to to reach a certain height. In intensive fires, dam-
saturate litter and temporarily lower the fire riskage can occur higher up (Granstrém 1991a). Fur-
(Chandler et al. 1983). thermore, wind can carry burning embers to ig-
Drying high-speedvinds(e.g. the foen winds nite spot fires ahead of the main fire. The direc-
in the Mediterranean area) make the vegetatidion of fire spread is determined by wind direc-
more flammable. In addition, wind maintainstion (Chandler et al. 1983).
and increases combustion by constantly trans-Weather generates the principle source of ig-
porting new air to the fire (Chandler et al. 1983)nition for natural fires, i.elightning (Johnson
Furthermore, it very strongly influences thel992). Before human activities, forest fires were
spread of fire once a fire has been ignited (Fransaused by lightning (Zackrisson 1977, Haapanen
sila 1959, Chandler et al. 1983, Oliver and Larand Siitonen 1978, Heinselman 1981, Barney
son 1990, Johnson 1992). Wind speed deteand Stocks 1983, Engelmark 1984, Zackrisson
mines how rapidly fire is spread (Franssila 1959hnd Ostlund 1991). Nowadays, in northern Eu-
i.e. the rate of spread will double for each 4 m/sope 5-20 % of all forest fires are ignited by
increase in wind speed (Chandler et al. 1983). lightning (Suffling 1992). In Finland, 20 % of all
According to Granstrom (1991a), wind speedires are ignited by lightning (Aarne 1993); in
also determines how far from ground level flameSweden, the corresponding percentage is lower
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(Barney and Stocks 1983, Granstrém 1993). lof the Mediterranean region causes fires to spread
the Mediterranean region, depending on the courapidly, also making fire-fighting difficult (Chan-
try, lightning is estimated to account for only O-dler et al. 1983).
6 % (ca. 2 % on average) of the area burnedIn boreal forests near the arctic hills of north-
annually (Naveh 1975, Garty 1990, Trabaud etrn Europe, fire has been of only minor impor-
al. 1993). tance (Zackrisson and Ostlund 1991). On the
Occurrence of lightning is essentially dependether hand, outside of the arctic-hill area, hills
ent on weather (Franssila 1959). In northern Elare isolated and there the fire incidence changes
rope, dry high-pressure thunderstorms are inwith the height above sea levehbout 100-200
portant for the occurrence of forest fires (Zackmeters below the forest limit is the turning point
risson 1977, Engelmark 1984, Granstrom 1991lor stands that have never burned, i.e. below that
Granstrém 1993). Lightning ignitions peak inpoint are stands that are strongly affected by fire
early July (Granstrom 1993). However, light-(Zackrisson and Ostlund 1991). At higher eleva-
ning ignition cannot be translated into fire fre-tions, Norway spruce is more abundant; and in
guency (Granstrém 1993), because the rain thiswer stands, Scots pine dominates (Engelmark
accompanies thunderstorms may extinguish fires987).
naturally (Wein and Moore 1977, Van Wagner Furthermore, due to differences latitude
1983). The occurrence of lightning depends otopography and proximity to large lakes, etc.,
the region, as well as on the specific locatiothe fire climate differs in severity and occur-
within a single country (Zackrisson 1977, Engelrence throughout the year. In continental areas,
mark 1984, Granstrom 1991b, Johnson 1992he fire season is usually quite severe, relatively
Granstrém 1993). short and peaks during the summer (Chandler et
In addition to temperature, the occurrence odl. 1983). This is partly due to the long summer
lightning and thunderstorms is related to differdays at high latitudes (Wein and MacLean 1983).
ences in landforms and vegetation (Franssil&loser to the equator, the fire season tends to be
1959, Heinselman 1981). Dead standing tredenger (Chandler et al. 1983).
are the most frequent objects of lightning strikes Two extremesnorth-facing and south-facing
(Kourtz 1967). Fires ignited by lightning causeslopes have been assumed to play an important
the most problems in remote areas, where firgole in the frequency of forest fires in the boreal
fighting is difficult. In many cases, fires causedorest zone (Zackrisson 1977, Goldammer and
by lightning are larger than those caused by hibi 1990). Warmer, south-facing slopes are, in
mans (Van Wagner 1983, Suffling 1992, Fosgeneral, more frequently affected by fire than
berg et al. 1993). north-facing slopes (as much as three times more
often), because on southern slopes the condi-
tions are more susceptible to ignition and spread
2.2 Topographical Factors of fire (Zackrisson 1977). On the other hand,
more frequent agriculture may also increase the
The general topographyof the landscape and fire risk on south-facing slopes (Zackrisson 1977).
vegetation act as fire paths or, alternatively, aBngelmark (1987), for example, found no differ-
fire-breaks (e.g. Engelmark 1987, Karjalainerence between northern and southern slopes. How-
1994). In northern latitudes, convex landscapever, due to slower decomposition of litter on
features burn more frequently than those witimorthern slopes, accumulation of fuel is also great-
concave features (Zackrisson 1977). Howeveer; and in suitable conditions, fire can be severe
mosaics of forests, peatlands and lakes act @&rtsybashev 1985).
natural fire-breaks and are typical for northern On the whole, the likelihood of lightning strikes
European boreal forests, differing from those ifis greatest on exposed ridges, summits, slopes
Canada and Siberia (Granstrom 1993). Artificiand other convex surfaces (Engelmark 1987).
fire-breaks, like forest roads, also prevent th&he steeper the slope, the faster the fire spreads
spread of fire (e.g. Zackrisson and Ostlund 1991yphill. Of course, the spread on a given slope is
Unlike northern Europe, the uneven topographgilso dependent on the type of fuel available there

190



Paatalo

Factors Influencing Occurrence and Impacts of Fires in Northern European Forests

(Chandler et al. 1983, Oliver and Larson 1990)n 450 years, compared to Mediterranean eco-
For example, in northern Sweden during the laglystems, where fire cycles may be as short as
600 years most fires have occurred on steefb—35 years (Zackrisson 1977, Chandler et al.
slopes, on continuous uplands and at low altt983, Engelmark 1984, Hyvarinen and Seppo-

tudes (Engelmark 1987).

3 Site and Tree Effects on

Forest Fires
3.1 Site

nen 1988) (Table 2). Where fire cycles are short-
er, fires are not usually serious (Chandler et al.
1983). Many species of the Mediterranean vege-
tation types are adapted to repeated fires, and
there recovery occurs quickly, due mainly to

vegetative survival organs (Trabaud and Chanter-
ac 1985, Trabaud 1987, Trabaud 1990). Howev-
er, ecosystems in the Mediterranean region are
very complicated and different from those in

In certain geographical locations, the severity ofiorthern Europe; and fire occurrence and im-

fire damage is related to the site, fire being morpacts vary considerably. Forests are scarce and
frequent on drier sites than on moister ones (Keare often situated in mountains, because many
ley 1981, Angelstam and Rosenberg 1993). Dderests were long ago destroyed by humans and
pending on soil and climate conditions, the rereplaced by dense shrublands with a few scat-
turn intervals of fires occurring in northern Eu-tered evergreen trees (Chandler et al. 1983, Tra-
rope may vary from one fire each 40 years to onlgaud et al. 1993).

Table 2. Examples of return interval of fires in Europe.

Region

Vegetation type

Return interval of fires, years

Northern Europe

Central Europe

Southern Europe

All 40-168)
Lichen-Callunatype 52+ 261
Vaccinium vitis-idaeaype 58+ 401
Vaccinium myrtillugype 91+ 471
Vaccinium uligonosum—Aconitum septentrortgjee 160+ 841
Lichen-dwarf shrubs andaccinium vitis-idaedypes 11
Vaccinium vitis-idaea—Vaccinium myrtilltgpe 60-100)
Moist herb-rich site > 100
Herb-rich swamps Evidently do not bun
Sub-alpine birch stands Do not buin
Hylocomium—Vaccinium myrtilluype 45009
Empetrum—Vaccinium myrtillugpe 111 (40-23%)
Empetrum—Callunaype 112 (44-183)
Vaccinium vitis-idaea—Vaccinium myrtilltgpe 128 (18-372
Hylocomium—Vaccinium myrtillus 119 (25-2609)
Spruce-dominated types 233183).8)

Mountain forests 6000
Heaths 5-1%).11).12)

All 15-38
Garrigue 5-7
Maquis 10-1%)
Forest 30-5@

References used in table: 1) Zackrisson 1977, 2) Haapanen and Siitonen 1978, 3) Tolonen 1978, 4) Chandler et al. 1988;15) #8el
6) Hyvarinen and Sepponen 1988, 7) Zackrisson and Ostlund 1991, 8) Kolstrém and Kellomaki 1993, 9) Trabaud et al. 1993eh0tHOr

al. 1995, 11) Aldhous and Scott, 12) Hobbs and Gimingham 1984.
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Fuel type, continuity, amount and quality asarctic hill Cladina sites where there has never
well as moisture and other factors constitute imbeen a fire (Zackrisson 1977, Zackrisson and
portant local and regional controls for fire re-Ostlund 1991).
gimes on various sites (Holling 1981, Van Wag- OnVacciniumsites ("dryish” forest sites) dom-
ner 1983, Schimmel and Granstrom 1991, Camrated by Scots pine, fires have occurred at inter-
bell and Flannigan 1996). Fuels consist of livingrals of 80—-120 years (Kohh 1975, Engelmark
and dead plant materials above the mineral sdi®84, Schimmel and Granstrom 1991) because
(Chandler et al. 1983, Van Wagner 1983). Evethe amount of well-burning mosses is at its max-
with the same type of fuel, the rate of spread wilimum about 100 years after a fire (Table 3). Typ-
double if the fuel loading doubles, although thécal surface fuels on these sites are dwarf shrubs
rate of spread also depends on fuel size (Cha¢e.g.EmpetrunandVacciniumspecies an@allu-
dler et al. 1983, Van Wagner 1983, Schimmeha vulgarig, which burn well (Engelmark 1987,
and Granstrom 1991). In fine-textured fuels, douSchimmel and Granstrém 1991); but these species
bling of the fuel loading triples the rate of spreaddiffer from each other in their susceptibility to fire
and in large-textured fuels, spread is affectednd their recovery afterwards (Table 3). Species
only slightly by loading (Chandler et al. 1983).like Calluna vulgarisare very flammable, where-
Duff with moistures below 30 % dry weight asVacciniumspecies may survive (Kohh 1975,
burns unassisted after ignition, while duff withSchimmel and Granstrom 1991). Thus, forest fire
moisture contents above 140 % generally do natearly represents one of the selective factors that
burn at all (Johnson 1992). In general, fine-texinfluences development of the vegetation within
tured fuels do not burn if the moisture contentlifferent forest habitats (Zackrisson 1977).
exceeds 15 % (Chandler et al. 1983), and litter On moist sites, i.eVaccinium myrtillussites
burns if the moisture content is below 25-30 %often dominated by Norway spruce), the fire
(Van Wagner 1983). Thus, the intensity of theotation is assumed to be about 100 years (Zack-
fire regimecan differ, not only between sites butrisson 1977). Even longer rotations have been
also on different parts of the same site (Schinsuggested; for example, in northern Finland the
mel and Granstrom 1991). intervals between fires have been as long as 450—

In northern Europe, dry forest sites, such a800 years (Siren 1955, Hyvéarinen and Sepponen
CladinaandCallunasites, where Scots pine is a1988). On these sites, herbs and grasses domi-
dominant tree species, burn easily (Zackrissonate the surface layer and may, due to their high
1977, Zackrisson and Ostlund 1991) and evemoisture content, even prevent the spread of fire
seem to need repeated fires for maintenan¢&chimmel and Granstrdm 1991). Where fire has
(Engelmark 1987). Fire damage may result imot occurred for a long time, an accumulation of
uneven-aged forest structure (Chandler et ahflammable plant debris and fuels is built up,
1983, Engelmark 1987). On average, on the drwhich increases the risk of forest fire (Engel-
est sites, fires occur in 40-65 year cycles benark 1984). Because of shallow roots, species
cause complete fuel accumulation and lichen rdike Deschampsia flexuosaffer much of inten-
covery is needed to support the next fire (Kohkive, deeply burning fires in the organic layer.
1975, Engelmark 1987). On these sit@élgsdon-  On the other hand, species with coppicing ability
ia spp. lichens anBleuroziumandHylocomium can survive fires (Kohh 1975). After fires, how-
mosses are typical flammable fuels. When thegver, many pioneer species on the burned site,
cover 30-40 % of the site, a fire is possiblesuch afkubus idaeaygpilobium angustifolium
Cladonialichens may burn well with about 40 % and the so-called fire mosses, recover rapidly
moisture andPleuroziumandHylocomiunmoss-  (Yli-Vakkuri 1961, Granstrdm 1991b). This may
es with 20 % moisture, whereas other mosses th@ due to advantageous competition and an in-
not burn in even dryer conditions (Schimmekrease in pH, which favour plants with the abili-
and Granstrom 1991). The consistency of mogy to fix nitrogen.
and lichen species, together with litter proper- Bog forests are those forests that are least like-
ties, also determines fire intensity (Schimmely to burn (Schimmel and Granstrém 1991, Zack-
and Granstrém 1991). However, there are alsisson and Ostlund 1991), but alpine birch for-
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Table 3. Response of vegetation to fire in northern Europe.

Layer Species or genus Recovery time References

Ground layer Cladoniaspp. > 20-40 years Kohh 1975, Schimmel and
Granstrom 1991
Hylocomium splendens > 10-20 years (100 years) Kohh 1975, Schimmel and
Granstrom 1991
Pleurozium schreberi > 10-20 years (100 years) Kohh 1975, Schimmel and
Granstrom 1991, Engelmark 1987

Field layer  Senacio vulgaris Rapid, 1-3 years Granstrom 1991b
Carex pilulifera Rapid, 1-3 years ibid.
Moehringia trinervia Rapid, 1-3 years ibid.
Galeopsis tetrahit Rapid, 1-3 years ibid.
Vicia spp. Rapid, 1-3 years ibid.
Epilobium angustifolia Rapid, 1-3 years ibid.
Geraniumspp. Rapid, 1-3 years ibid.
Calluna vulgaris Slow, 10-60 years Schimmel and Granstrém 1991
Vaccinium myrtillus Rapid, 2-50 years Schimmel and Granstrém 1991,
Sepponen 1989
Vaccinium vitis-idaea  Rapid 2-50 years Schimmel and Granstrém 1991,
Sepponen 1989
Shrub layer Rubus idaeaus Rapid, 2-3 years Kohh 1975, Schimmel

and Granstréom 1991

ests are also seldom affected by fires (Zackrisnd strong root systems (Chandler et al. 1983).
son 1977, Zackrisson and Ostlund 1991). AcSome species are able to recover due to under-
cording to Engelmark (1987), rather than beinground organs (Naveh 1975, Chandler et al. 1983,
victims of fire, peatlands function as fire-breaksTrabaud 1990), while others are able to sprout or
Above the timber line, in the tundra, fires areseed after a fire (Trabaud 1987, Casal et al. 1990).
rare but can be devastating because it may takeaddition,Pinus halepensiandP. brutiahave
more than a century for a burned area to recoveerotinous cones, i.e. the cones remain closed
(Chandler et al. 1983). unless the heat produced by fire opens them

(Trabaud and Chanterac 1985).

However, northern tree species (Scots pine,

3.2 Stand Characteristics Norway spruce and birch species) also differ in

their susceptibility to fire damage (e.g. Haap-
Northern European forests consist mainly of Sco@nen and Siitonen 1978, Kolstréom and Kellomaki
pine, Norway spruce and birch. The number 0£993). Scots pine is considered to be the most
tree species in the Mediterranean region is mudire-resistant tree species in European boreal for-
greater; and many of these are evergreen, beasts (see Table 4). In northern Sweden 500- to
ing small, hard, thick and tough leaves (i.e. sclé00-year-old Scots pines have been found that
rophyllous). Because of their adaptation to drjave survived several fires due to their thick and
climates, the moisture content of these trees gat-insulating bark (Zackrisson 1977). Scots
low and thus they are highly flammable (e.gpine with its higher living crown, survives better
Pinusspp. andEucalyptusspp.) (Chandler et al. than Norway spruce, because it is not as suscep-
1983, Trabaud et al. 1985, Castro et al. 1990)ible to surface fires (Zackrisson 1977, Gran-
Mediterranean tree species have several adapsirom 1991a, Kolstrom and Kellomaki 1993).
tions that increase their resistance, e.g. thick bafurthermore, during a fire the deep root system
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Table 4. Effects of the characteristics of some tree species on risk of fire

damage.
Characteristic Risk Species example
Bark
Thin High Norway spruce (Birch spp.)
Thick Low Scots pine
Heat insulating Low Scots pine
Crown depth
Long High Norway spruce
Short Low Scots pine (Birch spp.)
Root system
Shallow High Norway spruce (Birch spp.)
Deep Low Scots pine
Age
Young High All species
Mature - -
Overmature - -

of Scots pine is often damaged only slighthftrees are less than 10 years old. Intensive damag-
(Zackrisson 1977). In addition, Scots pine hamig fires can occur in young dense stands of
some ability to repair fire damage with resin andcots pine in which the trees have not yet self-
by lateral growth of new wood, which also in-pruned (Granstrom 1991a). In Norway spruce
crease resistance to pathogens and insects (Zaskands, fire is more easily spread from the ground
risson 1977, Engelmark 1984, Gref and Ericssoto the crown (Granstrém 1991a); but in northern
1985, Engelmark 1987, Granstrom 1991a). ORurope, crown fires are not common. In Norway
dry sites, however, Scots pine is susceptible &pruce stands, fire spread is often restricted be-
burning due to site conditions (Saari 1923, Zackesause of topographical features (Zackrisson 1977,
risson 1977). Furthermore, young Scots pine&ackrisson and Ostlund 1991). Fully mature
have been found to be liable to fire damagstands with a thin short canopy are at the least
because of their thin bark (Kolstrdom and Kelloflammable stage. On the other hand, over-ma-
maki 1993). Due to its thin bark, deep crown anture stands with dying trees may be in an ideal
shallow root system, Norway spruce is less restate for burning (Van Wagner 1977, Van Wag-
sistant to fire damage (Ryan and Reinhardt 1988gr 1978, Van Wagner 1983).
Oliver and Larson 1990, Granstrém 1991a). In Mixed stands and pure deciduous stands are
general, deciduous tree species, like birch spmpt as susceptible to fire as coniferous stands are
are not as flammable as conifers, because théBaari 1923, Heinselman 1981). The more de-
foliage is not capable of supporting a crown fireciduous trees there are in a stand, the fewer fires
(Saari 1923, Heinselman 1981, Van Wagneoccur and the lower is the rate of spread (John-
1983, Parviainen 1996). In addition, the moisson 1992, Karjalainen 1994). The rate of spread
ture of deciduous leaves is usually more thais greatest in mixed Scots pine—Norway spruce
150 % of the dry weight, whereas the moisturstands (Karjalainen 1994). The understory in co-
of coniferous needles is less than 100 % of theiferous stands is also more prone to fire be-
dry weight (Johnson 1992). cause lichens and mosses are more abundant and
According to Van Wagner (1983), coniferflammable. Moreover, decomposition is slower
stands are more prone to crown fires at a yourtbere, which increases the amount of fuel (John-
age, the most intense crown fires occurring wheson 1992). In addition, stands with shrubs, high
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dwarf shrubs and trees (especially undergrowttisk of fire (Flannigan et al. 1989). Forest roads,
of Norway spruce) less than 2 meters in totabn the other hand, act as fire-breaks and make
height or branches on the lower trunk are impoffire-fighting easier (Heinselman 1981, Zackris-
tant for transmitting fire to the crowns of theson and Ostlund 1991).
larger trees. Twigs and smaller branches are moist
and will not burn unless they are heated for a
longer time or directly bathed in flames (Chan-
dler et al. 1983, Karjalainen 1994). Furthermore4 Prediction of Fire Risk
fire cannot propagate from crown to crown un-
less there is sufficient wind or the ground idn recent decades, various types of fire-control
sufficiently steep to tilt the flames from one burnsystems have been developed which reduce the
ing tree into the foliage of the next (Chandler ehumbers of burned areas and probably lengthen
al. 1983). the fire cycles, especially in northern Europe
(Zackrisson 1977, Heinselman 1981, Kilgore
1981, Aarne 1993, Parviainen 1996). The sys-
3.3 Management of Forests tems available are various kinds of warning sys-
tems or fire-risk indices, remote sensing or GIS-
Management of forests can to some degree alteased techniques. Estimation of fire risk involves
the risk of fire. In northern Europe, forest man-estimation of the probability of fire ignition and
agement seems to help prevent fires. On thaf probable fire behaviour. In practice, fire man-
contrary, in the Mediterranean region, the risk ogers and researchers use fire-rating systems (Van
fire is increasing because the traditional uses aslagner 1987, Vasconcelos 1995). In any case,
the management of local forests has decreasetk assessment and danger rating require the
which has in turn increased accumulation of fuedame basic information on weather, vegetation,
(Goldammer and Jenkins 1990, Naveh 199Qerrain, fire occurrence and human activity, all
Stocks and Trollope 1993, Trabaud et al. 1993f which vary in space and time (Vasconcelos
Stanners and Bourdeau 1995). Plantatiéhs ( 1995). Management of fire risk includes knowl-
calyptusspp. andPinusspp.) established in Med- edge of fire risk (distribution in time and space),
iterranean countries have turned out to be momility to anticipate changes in risk, and deci-
flammable than the natural forests and have thson-making in order to minimise risk. Fire-risk
in recent years been able to sustain large wildnaps provide basic information and are used in
fires (Castro et al. 1990, Naveh 1990). forest management to help decide on and sched-
In northern Europe, natural forest fires are nale stand treatments and placement of fire-breaks
longer evident, due to wider spacing in planta¢vasconcelos and Pereira 1990, Vasconcelos
tions than in naturally regenerated areas. In addi995).
tion, loggings compensate for the effects of fire; In Finland, fire-risk prediction is based on ob-
in harvested forests there is usually not enougdervations available for daily values of precipita-
fuel to burn (Suffling 1992). On the other handtion, air temperature, relative air humidity and
on peat bogs drained for forestry, ground firesloudiness. Observations from 50 weather sta-
tend to be more severe and frequent than tions are compared with statistics on forest fires
natural peat bogs (Suffling 1992). When slashtand weather observations of previous years. Fire-
logging residue and snags are removed, less fugdk warning is defined for each province using
is accumulated in forests (Zackrisson andire-risk indices. The value of the index is calcu-
Ostlund, Granstrom 1993). On the other handated based on the percentage moisture in the
because natural fires are lacking, more fuel isurface layer of the ground and according to the
accumulated, which puts forests at risk for moréerrain most susceptible to ignition. Because wind
severe fires (Wein and Moore 1977, Heinselmagspeed does not affect ignition, it is not taken into
1981, Holling 1981, Binkley et al. 1993). Failingaccountln the United Kingdom, the assessment
to remove wind falls and logging residue mayof fire danger is similar. However, there it also
however, lead to more fuel accumulation andakes into account the composition and condi-
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tion of the ground vegetation and wind speedlouds (Lopez et al. 1991, Justice et al. 1993,
(and in addition, in more detalil, fire risk by hourCaetano et al. 1995).
and season and short-term weather forecasts) ratAnother example is the Water Deficit Index
ing the fire danger into five classes. Fire risk i§WDI), which is based on the thermal infrared
assessed daily for each forest district and can IfR) data for estimating the daily evapotranspi-
calibrated for national or regional circumstancration of forested areas. WDI is a combination of
es. In addition, social factors can be includedegetation index and the difference between sur-
(Aldhous and Scott 1993). The system of fireface and air temperature obtained from Landsat
risk index seems to be adequate for areas witfM images and meteorological data. Methods
low fire risk, as is the case in northern and cerike WDI can be used for locating areas with
tral Europe. high fire risk and also as a tool for reducing
In areas with a high risk of fire, such as southsurvey operations dedicated to fire prevention.
ern Europe, more sophisticated systems are neddfDl can be used to improve forecasting of fire-
ed. Applications of satellite remote sensing aretart locations (Vidal and Devaux-Ros 1995).
aimed at obtaining spatially distributed informa-The limits for Landsat TM-data are the high cost
tion on fire risk for situations where there is af the data and the repeat cycle of 16 days. Thus,
lack of other relevant spatially distributed infor-these data can be used for local sampling rather
mation such as fire-occurrence statistics anthan for regional monitoring (Justice et al. 1993).
weather data (Vasconcelos 1995). Remote serlsandsat TM images have usually been used for
ing can be used to estimate reliable temporal ahdrger scale mapping of fuel and vegetation and
spatial dimensions of fire risk in terms of fuelfor assessment of water stress rather than for
maps for various types and states of vegetatiddOAA/AVHRR data (Burgan and Shasby 1984,
(Lépez et al. 1991, Justice et al. 1993, Vidal andasconcelos 1995).
Devaux-Ros 1995, Vasconcelos 1995). Satellite When remote-sensing techniques are used for
images offer a convenient way to determine anchanagement of fire risk; certain problems need
map the physiological conditions of vegetatiorto be solved (Vasconcelos 1995, Caetano and
cover, greenness and moisture (fuel characteriBereira 1996). Understory vegetation, which of-
tics) throughout the year in order to ascertain thien carries and spreads fires in southern Europe,
conditions most likely to lead to fire risk (Lépezcannot be detected by traditional remote-sensing
et al. 1991, Vasconcelos 1995). The normaliset@chniques as an alternative to assessing canopy
difference vegetation index (NDVI) can be usedonditions. The impossibility of detecting the
to monitor evolution of vegetation and the bio-understory might lead to obvious errors in as-
mass produced. In areas with high temperatusessment of fire risk and modelling of fire spread;
and low precipitation, the images show strong.g. two pine stands may have different under-
decrements in NVDI, while irrigated land areasstories and thus different fire risk, although they
show minimum decrements or positive increare mapped as containing the same fuel types. In
ments (LOpez et al. 1991). contrast, pine and eucalyptus stands may have
From the standpoint of operational applicasimilar understories but be mapped as different
tions, satellite remote-sensed data should be otypes of fuel. On the other hand, remote sensing
tained at least during spring and summer. Weels crucial for the development of a truly opera-
ly information on the condition of the vegetationtional information system for fire-risk manage-
would clearly play an important role in model-ment (Vasconcelos 1995).
ling susceptibility to fire. One advance in NOAA/ GIS-based techniques can be used to integrate
AVHRR is the availability of daily global data at spatial fuels and topographic data with temporal
reasonable cost. Large areas can also be coveimsfibrmation on weather and wind and initial fuel
by a single image. The spatial resolution of thenoisture. For prediction of fire risk, the fuel
AVHRR data integrates local variations and giveslassification of the area according to vegetation
an average response that can be of great interesver can be based on satellite images and field
for large-scale projects. A disadvantage seems tlata (Green et al. 1995). The outputs of the mod-
be several possible errors, for example, due &s are perimeters with spotting potential, time
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of arrival, heat, fireline intensity, rate of spreactreased in southern Europe; but in terms of pro-
and flame length (Green et al. 1995). The Gl&ction, the results have not been favourable.
linked with the nonspatial fire-growth model can
also be used to integrate ignition risks, land-use
values and suppression costs to improve deci-
sions concerning natural fire, fire prevention andy Discussion and Conclusions
suppression responses. The advantage of GIS is
that it can handle large, multilayered, heteroged/ithin the European Community, fire damage
neous databases and queries about the existeraféects 500 000-550 000 hectares of forested land
location and properties of a wide range of spatia@very year, causing significant economic losses
objects in an interactive way. Thus, it can be afor forest owners. Regionally, the scale of fire
efficient system for managing and displaying thelamage can vary from less than one hectare of
information required for fire-risk management.burned area to forest damage over tens or even
It can facilitate and improve integration, interpo-hundreds of hectares (Forest fire statistics...
lation and visualisation of different types of avail-1993). The problems caused by fires are most
able data and support rapid generation of neserious in southern Europe, where an important
relevant information (Vasconcelos 1995). Theonsequence of fires is erosion.
usefulness of remote sensing and GIS for re- Fire damage in forests depends on the interac-
gional and national level assessment of fire riskon between meteorological conditions, topog-
has been demonstrated (Burgan and Shasby 198dphy, and site and stand characteristics; the lat-
Burgan and Hartford 1988, Chuvieco and Conter are controlled by management regimes and
galton 1989). forest operations. It is, however, very difficult,
Integration of remote sensing and GIS proto weigh the relative importance of the different
vides tools for supporting fire-management acfactors. Cross-comparisons between regions can
tivities such as risk management and monitoringlso be difficult due to the different climatolo-
(Vasconcelos 1995). In an operational systengies, fuels and practices — hence the differences
NVDI data should be included in a geographicain risk between southern and northern Europe.
information system with digital Terrain Model Management of fire risk includes knowledge
for slopes and exposure models, and with clief this risk in terms of the probability of fire
matic data updated by automatic stations in folignition and probable fire behaviour in time and
est zones (Lopez et al. 1991). Standard fire-riskpace, ability to anticipate changes in risk and
models may also be integrated. In GIS, multivardecision making to minimise risk. Information
iate regression can be used to generate probalilh weather, vegetation, terrain, fire occurrence
ity distributions of wild fires and ignition-proba- and human activity, all of which vary in space
bility maps based on thematic layers of factorand time, are needed for prediction of fire risk.
that affect fire (Chou 1992, Vasconcelos et alThis information can facilitate decisions about
1994). However, GIS lacks many relevant spaforest management, scheduling stand treatments
tial-analysis capabilities and does not includand placement of fire breaks (Vasconcelos and
procedures for handling time but factors affectPereira 1990, Vasconcelos 1995). Currently,
ing fire risk vary in time and need to be moni-some tools, such as fire-risk indices, remote sens-
tored and updated continuously (Vasconcelogsg and GIS-based techniques, have been devel-
1995). However, fire (growth) simulation requiresoped for prediction of fire risk on certain loca-
extensive data collection, as well as import antlons. Fire-risk indices seem to be suitable for
export of data to and from GIS. Even with thesareas with low risk of fire, like northern Europe.
limitations, simulation of fire spread is becom-In high-risk areas, such as southern Europe, how-
ing an important application of GIS. The im-ever, more sophisticated techniques are needed
provements and modification of GIS-based modfor assessment of fire risk.
els developed elsewhere are needed for practicaln the future, assuming the global change in
applications in southern Europe. During recentlimate, in northern latitudes the mean tempera-
decades, knowledge about forest fires has iture may increase (Kettunen et al. 1987, Carter
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