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* Climate effects and human influence on forest fire activity in Latvia was assessed using
time-series analysis.

*  Drought conditions during summer season had the strongest effect on fire activity of tested
climatic variables.

» Negative trends and spatial distribution pattern of fire activity suggests of prevailing human
influence on forest fire regime over the 20th century.

Fire as disturbance of forests has an important ecological and economical role in boreal and hemi-
boreal forests. The occurrence of forest fires is both climatically and anthropogenically determined
and shifts in fire regimes are expected due to climate change. Although fire histories have been
well documented in boreal regions, there is still insufficient information about fire occurrence in
the Baltic States. In this study, spatio-temporal patterns and climatic drivers of forest fires were
assessed by means of spatial and time-series analysis. The efficiency of Canadian Fire Weather
(FWI) indices as indicators for fire activity was tested. The study was based on data from the
literature, archives, and the Latvian State Forest service database. During the period 1922-2014,
the occurrence and area affected by forest fires has decreased although the total area of forest land
has nearly doubled, suggesting improvement of the fire suppression system as well as changes in
socioeconomic situation. The geographical distribution of forest fires revealed two pronounced
clusters near the largest cities of Riga and Daugavpils, suggesting dominance of human causes of
ignitions. The occurrence of fires was mainly influenced by drought. FWI appeared to be efficient
in predicting the fire occurrence: 23-34% of fires occurred on days with a high or extremely
high fire danger class, which overall had a relative occurrence of only 4.3—4.6%. During the 20th
century, the peak of fire activity shifted from May to April, probably due to global warming and
socioeconomic reasons. The results of this study are relevant for forest hazard mitigation and
development of fire activity prediction system in Latvia.
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1 Introduction

Forest fires are a part of the natural disturbance regime in boreal and hemiboreal and boreal forests,
shaping landscape patterns, vegetation dynamics, and biodiversity (Granstrom 2001; Niklasson
and Drakenberg 2001; Kalnina et al. 2015; Jogiste et al. 2017). In addition to their ecological
importance, forest fires have strong socio-economic effects, including economic costs and displace-
ment of people from their homes (Tedim et al. 2015). Therefore, information on the occurrence of
forest fires and environmental factors affecting them is crucial for sustainable forest management,
including the development of a fire prevention policy.

On the largest scale, fire activity is driven by the prevailing climatic conditions (Bowman
et al. 2009; Drobyshev et al. 2016; Venéldinen et al. 2014). Climate influences vegetation patterns
and determines the length of the fire season (Carvalho et al. 2011); however, in the short term,
weather drives fire ignition, behaviour, and spread (Wotton and Beverly 2007). Fires affect climate
through the change of vegetation structure, surface albedo, and release of aerosols, thus creating
a feedback loop (Bowman et al. 2009; Bowman et al. 2014). In northern Europe, studies have
reported strong S—N gradients in the length of fire cycles (Pdédtalo 1998; Drobyshev et al. 2012),
likely reflecting forcing of diverse climatic systems on regional fire activity (Drobyshev et al. 2012).
In the northern part of Sweden, fire activity has been clearly related to variations in Atlantic sea
surface temperatures, while in the southern part, this pattern is weakly apparent (Drobyshev et al.
2016); hence, fire activity has regional specificity (Drobyshev et al. 2012).

The knowledge of and improved estimates of climatic drivers on fire activity is particularly
important in the context of ongoing climatic change (Bowman et al. 2009). Abatzoglou and Wil-
liams (2016) presented an estimate that climate change may have increased fire-affected areas by 4.2
million ha in the western USA during 1984-2015. In southern and eastern Europe during the past
few decades, the frequency of increased forest fire danger conditions has been rising (Venéldinen
et al. 2014). In northern Europe, the occurrence of large ( >10 ha) forest fires is predicted to at least
double by the end of the 21st century (Lehtonen et al. 2016). With increasing fire risks in the near
future, information about past fire regimes is a valuable source of information that can be used for
fire hazard predictions and mitigation.

During the past few centuries, spatio-temporal characteristics of fire regimes have been
strongly influenced by land-use changes (Granstrom and Niklasson 2008; Bowman et al. 2014).
In Latvia, slash-and-burn agriculture, which is associated with increased forest fire occurrence
(Granstrom and Niklasson 2008), was widely practiced until the late 19th century (Dumpe 1999)
as was the case in Estonia (Jéits et al. 2010) and Sweden (Granstrom and Niklasson 2008). Organ-
ised fire suppression systems started to develop in the late 19th and early 20th centuries, when
the market value of timber increased, resulting in a considerable decrease in forest fires (Salin$
1999; Dumpe 1999). During the 20th century, due to socio-political reasons (Jepsen et al. 2015),
forested area has substantially increased from 17300 km? in 1923 (Matiss 1987) to 30700 km?
in 2015 (according to the Latvian State Forest Service (LSFS)), thus increasing the probability
of forest fires. Today, according to data from the LSFS, the majority (95%) of forest fires are of
anthropogenic origin; however, weather conditions primarily determine their severity and magni-
tude (Wotton 2009). Although forest fire regimes have been widely studied in Fennoscandia, there
is still scarce information about climatic drivers and fire activity in the hemiboreal forest zone,
particularly the eastern Baltic region. The aim of this study was to assess spatio-temporal patterns
and climatic drivers of forest fire regimes in Latvia during the 20th century.

We hypothesized that the spatial pattern of fires is anthropogenically determined, while fire
occurrence and the area burned are mainly climatically driven.
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2 Materials and methods

2.1 Study area and datasets

Latvia is situated in the hemiboreal forest zone, 56°58°N, 21°28E (Ahti et al. 1968) and according
to the Latvian State Forest Service (LSFS), today 52% of its territory is covered by forests. Scots
pine (Pinus silvestris L.), birch (Betula pendula Roth and B. pubescens Ehrh.), and Norway spruce
(Picea abies (L.) H. Karst.) are the most common tree species and comprised 26.9%, 28.2%, and
18.3% of total stand area, respectively. Most of the forests (57%) occur on dry mineral soils, 24% on
drained soils, 10% on wet mineral soils, and 9% on peat soils. The climate is temperate continental
(Lindner et al. 2010); prevailing westerlies bring moist maritime air masses from the Atlantic ocean
(Dravniece 2003). Continentality increases eastwards with increasing distance from the Baltic Sea
(Briede 2016). According to data from the Latvian Environment, Geology, and Meteorology Centre,
the mean annual temperature during 1950-2003 was 5.9 °C, and January and July were the coldest
and the warmest months with a mean temperature of —4.7 °C and +17.0 °C, respectively. The mean
annual precipitation was 667 mm and most of it fell during the summer period (June—September).
The length of the period when the mean diurnal temperature was >5 °C extended for 175195 days.
The mean annual air humidity was 81% and the mean monthly air humidity ranged from 71-88 %
in May and December, respectively. During the fire seasons (March—October) of 1980-2009, the
mean annual number of days with precipitation ranged 103—118.

Country-wide annual and monthly forest fire data for the period 1922—-1974 were obtained
from published sources (Delle 1930, 1932, 1934, 1935; Upitis 1927, 1940; Stunda 1944; Kronttis
1990). Data for 1940, 1941, and 1944 were lacking. Country-wide daily forest-fire statistics for the
periods 1975-1984 and 2004-2014 were obtained from the archives of the Ministry of Forestry
and Forest Industry and LSFS database.

Daily meteorological data (mean, max, min temperatures, relative humidity, precipitation,
wind speed) for the period 1975-2014 were obtained from the Latvian Environment, Geology
and Meteorology Centre. Monthly data (mean temperatures, precipitation sums, potential evapo-
transpiration (PET)) for the period 1922-2014 were obtained from the Climatic Research Unit
high-resolution gridded dataset repository CRU TS 3.21 Harris et al. (2014); country-wide mean
values were used.

2.2 Data analysis

To assess the significance of temporal trends in fire activity (number and total burned area), a
non-parametric Mann-Kendal test was used (Helsel and Hirsch 2002). Distribution-free tests are
widely used to analyse natural time series (Hamed 2009). The differences in seasonal (monthly)
distribution of number of forest fires between the periods for which data were available (1933-1939,
1975-1984, 2007-2014), were assessed by the Chi-square test (Sokal and Rohlf 1995).

To assess spatial pattern of fire occurrence in Latvia, a grid of 12.5x12.5 km? was used,
according to the TKS93 25000 coordinate system, and global and local spatial statistics were
applied. To assess global clustering, a spatial autocorrelation index (Global Moran’s I statistics)
was calculated; to assess local clustering, a Hot Spot analysis (Getis-Ord G*) (Getis and Ord
1992) was used. Statistically significant G* values indicate the intensity of clustering; high posi-
tive values indicate a hot spot, namely a highly clustered region, while cold spots are regions with
low clustering.

The Canadian Forest Fire Weather Index (FWI), which aggregates fuel and soil moisture;
hence represents burnability (Van Wagner and Pickett 1985), was used to assess the effect of
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weather conditions on fire activity. The FWI has been successfully used for fire prediction in Finland
(Tanskanen and Venildinen 2008) as well as in the Eastern Mediterranean region (Papakosta and
Straub 2016). In addition, the FWI has been successfully applied in studies assessing the potential
influence of climate change on fire activity (Venilédinen et al. 2014; Flannigan et al. 2016) and it
has been implemented in the European Forest Fire Information System (Di Giuseppe et al. 2016).
We used arbitrarily adjusted FWI classes of Alexander and De Groot (1988) and Vajda et al. (2014)
as follows: very low (0.0-5.0), low (5.1-10.0), moderate (10.1-17.0), high (17.1-30.0), extremely
high (>30.1). For each fire event (1975-1984 and 2004-2014), FWI daily values were calculated
based on averaged daily means of meteorological data from the two local (<20 km) weather sta-
tions. A Kruskal-Wallis ANOVA with the z’ post-hoc test (Wayne 1990) was used to compare fire
occurrence according to the FWI fire danger classes.

The fire rotation metric, which indicated the period (in years) needed for the whole studied
territory to burn (Van Wagner 1978), was calculated to describe the spatial extent of fire activ-
ity. The fire rotation was calculated for the whole studied period 1922—-2014 and for sub-periods
(1922-1939, 1945-1964, 1965-1989, and 1990-2014) within the studied period.

The time series analysis approach (Sokal and Rohlf 1995) was applied to assess the climatic
drivers of fire activity. Response function and correlation analysis were used to determine relation-
ships between monthly climatic variables obtained from CRU TS 3.21 dataset (Harris et al. 2014)
and the number and area of forest fires in Latvia. The analyses were developed to reconstruct rela-
tionships between climatic variables and tree-ring growth (Blasing et al. 1984); however, it can be
applied to different annually resolved proxies (Zang and Biondi 2015). The bootstrapped confidence
intervals were used to obtain the statistical significance of the observed relationships at a=0.05.
The tested climatic variables were mean monthly temperatures, sum of monthly precipitation, and
Standardized Precipitation Evapotranspiration Index (SPEI) for the fire season (March—October).
The SPEI is a multiscalar drought index, which is based on water balance (Vicente-Serrano et al.
2010) that was calculated with respect to the previous 3 months. The index allows for a comparison
of drought variations through time and space. Due to its multiscalar characteristics, it has been
considered to be superior over the self-calibrated Palmer Drought Severity Index (PDSI) and the
Standardized Precipitation Index (SPI) (Begueria et al. 2014).

The data analysis was conducted in the R programming environment (R Core Team 2016)
using the libraries: “treeclim” (Zang and Biondi 2015) and “SPEI” (Begueria et al. 2013). Spatial
analyses were conducted in ArcMap 10.1.

3 Results

During 1922-2014 in Latvia, 56521 forest fires occurred, affecting 94410 ha of forest land. The
mean=standard error occurrence of forest fires was 628.0+38.4 events per year, while the mean
annual burned area was 1049.0+194.5 ha per year. Accordingly, the mean fire rotation period (FRP)
was 2.1x103 years. However, among the sub-periods, it differed significantly (p-value<0.05): in
1922-1939, 1945-1964, 1965-1989, and 1990-2014 it was 1.3x103, 1.1x103, 8.8x103, and 3.2x103,
respectively. Still, the FRPs were similar in 1922—-1939 and 1945—-1964. The highest number of fires
occurred in 1951, 1963, and 2006, when 1169, 1489, and 1929 events were recorded, respectively.
The highest annual area of forest fires was recorded in 1945, 1947, 1963, and 1992 when 7017,
7033, 12013, and 8412 ha burned, respectively. During the 20th century, a significant decreasing
trend in the burned area (Z=-4.33, p-value<0.001) and fire occurrence (Z=-2.03, p-value <0.05)
were observed (Fig. 1). The occurrence and the total area of forest fires were significantly cor-
related (= 0.45, p-value<0.05). Since 1946, the annual variation (variation coefficient) in forest
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Fig. 1. The area of forest land, number of forest fires (A), burned area (B), and the mean fire size (C) in Latvia during
the period 1922-2014. Note that the y-axes are logarithmic.

fire occurrence has increased significantly (z=6.104, p-value<0.01). During the 20th century,
the mean fire size (r =—0.364, p-value<0.001) has decreased (Fig. 1C). However, the magnitude
of forest fires has been variable, as indicated by significant differences between the two periods
1975-1984 and 2004-2014 (Chi-square = 26.59, p-value<0.01) (Fig. 2). The proportion of large
fires (1-10 ha) increased from 29.1% (1975-1984) to 49.5% (2004-2014), while the proportion
of small fires (<0.1 ha) decreased from 70.2% to 48.8%, respectively.

40

@D 1975-1984
@D 2004-2014

Number of fires
20
|

001 01 1.0 20 50 100 200 500 >50.0
size, ha

Fig. 2. Distribution of mean fire size classes for the periods 1975-1984 and 2004-2014.
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Fig. 3. Monthly distribution of fire occurrence in the periods 1933-1939, 1975-1984, and 2007-2014.

Over the 20th century, fire occurrence had a distinct seasonal pattern (Fig. 3). The occurrence
of fires peaked in May, resulting in a positively skewed distribution. The distribution of seasonal
fire occurrence was similar in the sub-periods 1933—1939 and 1975-1984 while in 2007-2014,
a significantly higher number of early spring (March, April) fires were recorded in comparison
to the previous periods 1933-1939 and 19751984, with a x2 =22.91, p-value<0.05, ¥*=50.61,
p-value<0.05, respectively.
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Fig. 4. Response function (asterisk) and Pearson’s correlation (bars) coefficients between fire activity and climatic
variables: monthly cumulative precipitation, mean temperature, and standardised precipitation evotranspiration index
(SPEI) for the period 1923-2012. Significant correlations (at a= 0.05) are shown in black; asterisk indicate significant
(at o= 0.05) response function coefficient.
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The annual variation in occurrence of forest fires and burned area were affected by climatic
variables (Fig. 4). Of the tested climatic variables, 11 showed significant correlations, yet 4 showed
significant response function coefficients. Fire occurrence was correlated to water balance (SPEI)
and precipitation during the June—October period, as well as mean temperature in late summer
(August—September). Response function analysis showed that precipitation in June and SPEI in
June—August had the strongest effect on fire occurrence. In contrast, the burned area was clearly
less affected by the tested climatic variables, because only the mean air temperature in June showed
a weak, but significant, correlation.

The fire-weather season and occurrence of fires were described according to the FWI system
(Fig. 5). In both periods (1975-1984 and 2007-2012) the distribution of days described by FWI
danger classes was similar and for the majority of days (>65%), the fire danger was rated “very
low”, while in other fire danger classes the proportion of days was considerably lower, ranging from
0.1% to 16% (Fig. SA). The proportion of fires occurring on days with a “high” and “extremely
high” FWI fire danger class increased from 23.4% (1975-1984) to 33.8% (2007-2012), while in
other FWI fire danger classes it decreased (Fig. 5B). The mean size of fires gradually increased with
increasing fire danger values (Fig. 5C); particularly, the mean size of fires in the “very low”FWI fire
danger class was significantly (p-value<0.01) lower in comparison to the “high” and “extremely
high” FWI fire danger class.

The locations of forest fires during 2007-2014 were spatially clustered, as indicated by a
significant positive spatial autocorrelation (Moran’s [=0.51; Z=17.2; p-value<0.001). Most of
the forest fires were located near urban areas, particularly near the largest cities: Riga, Daugavpils,
and Ventspils (Fig. 6). In total, 15 significant (p-value <0.05) forest fire occurrence hot-spots were
distinguished, and the majority were located close to Riga and Daugavpils, but no significant cold-
spots were detected.
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Fig. 5. Distribution of days (A) and fire occurrence (B) in the Canadian Fire Weather Index (FWI) danger classes during
1975-1984 and 2007-2014. Distribution of mean fire size (C) in the FWI danger classes during 2007-2014.
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Fig. 6. The spatial clustering pattern of forest fire occurrence per 100 00 ha per year 2007-2014.

4 Discussion

Over the 20th century in Latvia, fire activity has gradually decreased (Fig. 1). Similar long-term
trend of reduced fire occurrence has been observed in Fennoscandia over the same period (Wal-
lenius 2011; Drobyshev et al. 2012). Improvement of the fire suppression system and forest road
network (Salin§ 1999; Granstrom and Niklasson 2008), as well as continuous investments in fire
surveillance system (Vasilevskis 2007) most likely has helped to limit fire activity in Latvia; simi-
larly, to Fennoscandia (Wallenius 2011; Drobyshev et al. 2012). Still, some bias in the fire data
might be introduced by the political conditions, particularly regarding the data about fire area. In
the former political system, the area of fires was the measure of efficiency of forest management,
hence official statistics might underestimate the actual situation. In addition, the thresholds of forest
fires to be recorded have been slightly shifting (Salins 1999).

Over the last few decades, an increase of fire magnitude was observed (Fig. 2). Similar trends
of increased fire activity have been observed in the Mediterranean region (Turco et al. 2016) and
Poland (Szczygiet et al. 2008), which could be caused by ongoing climate change and socioeco-
nomic reasons (Turco et al. 2016). Our results of FRP (2.1x103 years) are similar to those obtained
by Drobyshev et al. (2012) in southern Sweden. Considering possible bias, still the extended FRP
during 1975-1984 (8.8x103 years) could be related to wetter (SPEI index was on average by 19%
lower compared to the preceding and following periods, respectively) weather conditions (Harris
et al. 2014), as also indicated by the number of fires (Figs. 1A,4).
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Over the 20th century, the peak of forest fire seasonal occurrence has shifted towards ear-
lier in spring (Fig. 3). A similar peak of seasonal fire occurrence has been observed in southern
Sweden (Drobyshev et al. 2012), Finland (Lehtonen et al. 2016), and Poland (Ubysz et al. 2006).
The observed changes in timing and duration of fire seasons have been attributed to climate change
(Westerling et al. 2006; Szczygiet et al. 2008; Turco et al. 2016). Increasing mean air temperature in
spring (Briede 2016) causes earlier snowmelt and drying of fuels, consequently promoting earlier
ignition of fire. Spring forest fires usually start from burnings of easily flammable grasslands that
spread into forests; nevertheless, the origin of these fires is mainly anthropogenic (Drobyshev et al.
2012; De Groot et al. 2013; Lehtonen et al. 2016). After the collapse of the former Soviet Union,
approximately 42% of the agriculture land was abandoned in Latvia (Prishchepov et al. 2012) and
consequently, there were increased burnings of abandoned lands, which likely facilitated forest
fire occurrences in the spring.

Climatic conditions had a significant effect on the variability of fire activity in Latvia.
During the summer season, drought conditions, which determines the flammability of fuels, had
the strongest effect on fire occurrence (Fig. 4). Similar, drought-driven fire activity has been
observed in Scandinavia (Drobyshev et al. 2012). In spring, when the fire occurrence was the
highest (Fig. 3), the relationships with climatic variables were insignificant. Because the spring
fires predominantly start from grassland burnings (De Groot et al. 2013; Lehtonen et al. 2016)
the water-balance might be of less importance since a grassland fire can be initiated soon after
snowmelt and a short period of drier weather conditions (Drobyshev et al. 2012). Human-caused
changes in spatial and temporal characteristics of fire activity reduce the explained variability
in fire-climate relationships (Drobyshev et al. 2012). For example, in Finland, climatic variables
explained only half of the variability in annually burned area (Lehtonen et al. 2016). Similarly,
in our study, a weak correlation between climatic variables and burned area (Fig. 4B) indicates
that the majority of fires are suppressed in a timely and effective manner after the initial attack
by firefighters. Still, years with exceptionally high fire occurrences (1951, 1963, 2006) and total
burned area (1945, 1947, 1992) were triggered by extreme fire-weather conditions, particularly
the combination of long periods of drought condition and high air temperatures, according to data
from the Latvian Environment, Geology and Meteorology Centre, indicating the prevailing role
of climatic conditions on extreme fire activity.

The spatial distribution pattern of fires shows a strong anthropogenic influence (Fig 6). A
similar pattern has been observed in northern Europe (Lehtonen et al. 2016) and the Mediterra-
nean region (Modugno et al. 2016). Humans can initiate fire whenever environmental and weather
conditions are suitable (Granstrom and Niklasson 2008). For example, in Latvia, fire occurrence
clusters (Fig. 6) coincide with spatial distributions of Scots pine dominated forest stands (accord-
ing to data from the LSFS), which are areas characterized by a high content of flammable and
easily ignitable fuels (Fernandes et al. 2008). Similar observations of positive correlation between
suitable fuel type, moisture conditions and population density have been observed in Finland
(Larjavaara et al. 2004). Worldwide, the interface zone where wildland meets urban areas (WUI)
is associated with increased fire risk due to strong human pressure and a considerable amount of
vegetative fuel (Mondugno et al. 2016). The highest WUI values are concentrated around Riga and
along the coastline (~1.5% of the total land territory of Latvia) according to Modugno et al. (2016);
these findings are consistent with our results. Thus, forest fire prevention and surveillance systems
should incorporate mitigation measures of fire hazards, specifically in WUI zones. The ecological
consequences of natural and human-caused fires can differ considerably, since human-caused fires
can occur under a much broader scale of climatic conditions than naturally caused (e.g., lightning)
fires (Granstrom 2001). Still, the quality of historical records of causes of fire was too low for such
assessment, yet the recent (2007—2014) estimates show that <5% of fires might have been caused
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by lightning. The evaluation of ecological consequences of the observed spatial distribution pat-
tern of fire occurrence in Latvia cannot be interpreted because information about fire severity and
post-fire management is not available to assess the ecological response of the ecosystem.

Our results showed a trend of increasing fire occurrence during days of high and extremely
high fire danger, while the proportion of days with high and extremely high fire-weather remained at
the same level (Fig. 5). The majority of forest fires are of anthropogenic origin in Latvia (Schmuck
et al. 2015), and changes in fire occurrence might be attributed to socio-economic reasons, such
as during the Soviet rule (1975-1985) when the use of forests for recreation was more strictly
regulated than today (Salin$ 1999; Vasilevskis 2007). Thus, more active use of forest for recreation
purposes might increase the number of fire ignition cases. The observed increase in mean fire size in
higher fire danger classes indicates a more favourable combination of flammable fuels and weather
conditions for fire spread during more severe fire-weather periods (Wotton and Beverly 2007).
Similar trends of increasing mean fire size with increasing fire-weather risk has been observed in
Finland (Lehtonen et al. 2016); nevertheless, the damage is greater after fires that occurred during
high fire-risk periods (Hasson et al. 2008). According to studies (Venéldinen et al. 2014; Lehtonen
et al. 2016) fire-danger risks will increase in future, because more extreme climatic condition are
expected (Avotniece et al. 2012), and thus fire prevention policy should incorporate measures to
adapt to ongoing climate change, to reduce risks of fire hazards and to increase ecosystem resil-
ience (Duguy et al. 2012).

5 Conclusions

In conclusion, the strong correlation between drought conditions and fire occurrence, as well
as the positive association between FWI and fire activity, indicate the considerable influence
of climatic conditions on fire activity. In addition, a decreasing trend of fire occurrence, spatial
distribution pattern of fires, and a low correlation between burned area and climatic variables,
all suggest dominance of human-related factors shaping forest fire regime in Latvia over the
20th century.
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