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Abstract

The Sala fire in the Vastmanland County of central Sweden that burned about 14,000 ha in 2014 has been the largest fire recorded
in the modern history of Sweden. To understand the long-term fire history of this area, we dendrochronologically dated fire scars
on Scots pine (Pinus sylvestris L.) trees (live and deadwood) to reconstruct the fire cycle and fire occurrence in the area affected
by the 2014 fire. We identified 64 fire years, using a total of 378 pine samples. The earliest reconstructed fire dated back to 1113
AD. The spatial reconstruction extended over the period of 1480-2018 AD. Lower levels of fire activity (fire cycle, FC = 43
years, with the central 90% of the distribution limited by 35 to 57 years) dominated in the earlier period (1480—-1690 AD) that was
followed by a strong decrease in fire activity since 1700 (FC = 403 years, with 90% of the distribution being within 149 to 7308
years), with a fire-free period between 1756 and 2014. Sala area, therefore, features the earliest known onset of fire suppression in
Scandinavia. The high demand for timber during the peak in mining activities in the study area around the 1700—1800s,
accompanied by passive fire suppression policies, were possibly the main drivers of the decline in fire activity. Superposed
epoch analysis (SEA) did not show significant departures in the drought proxy during the ten years with the largest area burned
between 1480 and1690. It is unclear whether the result is due to the relatively small area sampled or an indication that human
controls of fires dominated during that period. However, significant departures during the following period with low fire activity
(1700-1756), which just preceded the last fire-free period, suggested that the climate became an increasingly important driver of
fire during the onset of the suppression period. We speculate that the lack of major firebreaks, the homogenization of forests, and
the lack of burned areas with low fuel loads might contribute to the occurrence of the exceptionally large 2014 fire in Sala.
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Introduction conditions with landscape properties, primarily vegetation and

topography, affecting their frequency, spread, and severity
Forest fires are the main drivers of boreal ecosystem dynamics  (Hellberg et al. 2004; Pinto et al. 2020). Under natural conditions,
(Johnson 1992; Johnstone and Chapin 2006) and forest carbon ~ forest fires are ignited by lightning. In many parts of the boreal
emissions (Conard and Ivanova 1997; Amiro et al. 2001). Inthe =~ zone, humans have been providing additional, and often domi-
boreal zone, forest fires are mostly driven by regional climate  nating, sources of ignition (Granstrdm 1993; Achard et al. 2008).
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In Scandinavia, the fire regime varied significantly during
recent centuries. Landscape-scale fire-scar-based reconstructions
in Sweden and Norway have shown a pattern with few, large
climate-driven fires dominating the fire regime up to the early
1600s and small but more frequent fires during most of the 1600s
and 1700s (Niklasson and Granstrom 2000; Niklasson et al.
2010). A strong decline in fire activity from the 1800s and on-
wards (Niklasson and Granstrom 2000; Rolstad et al. 2017) was
due to the introduction of fire suppression policies to support a
growing timber industry (Hogbom 1934; Niklasson and
Granstrom 2000; Drobyshev et al. 2012). Climate variability
might have played a role in the decline of fire activity since the
1800s (Drobyshev et al. 2016). Today, between 3000 and 4000
fires are recorded in the Swedish forests annually, with the total
area burned being around 0.008% of the forested area per year,
corresponding to the fire cycle of around 10* years (Drobyshev
et al. 2012; MSB 2017). In comparison, the fire cycle in the
Northern European boreal forests prior to the 1700s varied be-
tween 50 and 300 years (Niklasson and Granstrom 2000;
Drobyshev et al. 2012; Ryzhkova et al. 2020).

The effectiveness of fire suppression in the modern Swedish
forests makes large fires rare events. However, an exceptionally
large fire in the proximity of Sala town in Véastmanland County,
central Sweden, burned ~ 14,000 ha during August 2014 (MSB
2015). The Sala fire is likely the largest fire on record in modern
Sweden, a magnitude larger than other known moderm large
fires (Hogbom 1934; Foreningen Skogen 2019).

A strong public interest in understanding the disturbance
history in Sala provided the initial impetus to develop this re-
construction. In particular, despite a large amount of existing
fire history reconstruction in Scandinavia (Drobyshev et al.
2014), the vast majority of them do not represent the history
of mesic and, currently, heavily managed forests. The available
reconstructions have been commonly developed in either
protected forests, managed with low intensity or more xeric
sites (Drobyshev et al. 2014). The primary reasons for this bias
are the increasingly difficult sample collection in forests subject
to “regular” management (so-called production forests) and the
interest of the research teams in maximizing the chronology
time span by sampling on the drier sites where preservation of
the deadwood is better than in the mesic forests. Mesic produc-
tion forests have, therefore, been largely neglected by dendro-
chronological studies, although they represent 94% of the total
forest area in Sweden (Statistics Sweden 2018).

An incentive for conducting this study was the consideration
that obtaining a long-term fire record from an area subject to
century-long intensive forest exploitation would make such a
reconstruction an important addition to the existing network of
sites with developed long-term fire histories. Indeed, the region
around the Sala municipality has been under the influence of
forest management since the establishment of mining commu-
nities in the 1300s (Emanuelsson and Segerstrom 2002), and
the forest use in the area is well-documented. The fact that
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mesic sites are poorly represented in the network of sites with
currently available reconstructions further contributed to the
rationale to undertake the reconstruction work.

We hypothesized that (H1) the Sala area exhibited frequent
fires prior to the onset of the fire suppression era, making its
fire history broadly similar to other Northern European land-
scapes. We further hypothesized that (H2) the Sala area expe-
rienced a decline in fire activity earlier than the areas in other
mid-boreal Swedish landscapes. We argued that as the Sala
region has been an area of higher economic value for timber
extraction and charcoal production for the mining industry,
uncontrolled fire activity had the potential to cause tangible
economic losses. The incentives to abandon fire as a high-risk
agricultural tool and to suppress natural wildfires might have
been, therefore, particularly strong in this region. The relative
proximity of Sala to Stockholm (about 120 km), the political
and economic center of Sweden, might further facilitate en-
forcement of the fire-related policies. Last, we hypothesized
that (H3) fire suppression resulted in a change in climate-fire
interactions, making fires occurring in the suppression era
spread during increasingly more fire-prone conditions, as
compared to the pre-suppression period. We used a combina-
tion of dendrochronological reconstruction, fire-climate anal-
ysis, and comparison of our results with previously published
reconstructions and data on the human population dynamics
to address these hypotheses (Fig. 1). The results of the study
contribute towards quantification of the historic disturbance
regimes in mesic Scots pine (Pinus sylvestris L.) forests, the
most common type of forest conditions in Sweden.
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Fig. 1 Conceptual workflow of the study, linking the hypotheses with the
specific data inputs. H1 through H3 are the study hypotheses (see
Introduction section). “Dendro reconstruction” stands for
dendrochronological reconstruction of fire history in Sala. Regime shift
analysis is done on the dendrochronological reconstructed area burned
and fire occurrence in the Sala area. Meta-analysis refers to the
comparative analysis of previously published data on historical fire
regimes and analysis of human dynamics in the area. SEA superposed
epoch analysis
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Material and methods
The study area

The Sala municipality lies in central Sweden in Vistmanland
County, around 120 kilometers northwest of Stockholm. The
climate of the area is mostly continental, with the long-term
mean temperatures being 16 °C in July and — 4.1 °C in
February (Wastenson et al. 1995). The annual mean precipi-
tation ranges from 500 to 600 mm with snow depth reaching
up to 50 cm in February. The growing season ranges between
170 and 180 days.

The soils are mostly till and peat with a bedrock consisting
mostly of granite and granodiorite (Sjodin 2016). The study
area lies predominantly within the southern boreal vegetation
zone (Ahti et al. 1968; Wastenson et al. 1996). Vistmanland
County has a forested area of around 313 000 ha (60% of the
county), from which around 96% are production forests, with
Scots pine (Pinus sylvestris L.) forests as the most common
forest type (~28%) (SLU 2017).

Numerous small fires dominate the contemporary fire re-
gime of the region. Between 1998 and 2017, Vastmanland
County registered 1729 forest fires larger than 1 m* (MSB
2017) with an average fire size of 7 ha and the median of
0.002 ha. Excluding the Sala fire, the average fire size is only
0.3 ha. Around 4.8% of the forest fires registered in this period
were ignited by lightning; the rest were attributed to the hu-
man activity of different types. Within the area burned in
2014, there is ca. 2.94 km? (~ 2.11%) of water bodies divided
into small lakes with mires and bogs in the lower elevation
areas. The elevation varies from 62 to 177 meters above sea
level (Fig. 2).

Field sampling and chronology development

During the 2016-2018 period, we sampled the area
burned in 2014 (Fig. 2) for dendrochronological recon-
struction. The combined effects of the long history of
mining, intense logging, and charcoal production have
resulted in the extreme scarcity of old trees and snags.
The 2014 fire itself consumed much of the deadwood.
However, the openness created by salvage logging and
the high mortality of canopy trees facilitated the visual
spotting of older deadwood (mainly stumps from previous
cuttings), which was our main source of information on
the historical fire events. Although smoldering in the
2014 fire consumed a large number of older stumps, the
surviving deadwood was visible and could be easily iden-
tified due to the total combustion of ground vegetation,
duff, and humus layers, which normally cover old dead-
wood. Using the forest road network, we selected our
sampling points, paying particular attention to rocky out-
crops, xeric sites, and transition zones between dry and

wet soils, where old stumps and old deadwood were oc-
casionally encountered. We used chainsaws to extract
wedges from snags, downed logs, and stumps of different
age classes. We sampled in the same way a limited num-
ber of living trees, and fire killed older trees to build a
continuous tree-ring chronology for the dating of older
material. In total, we collected 378 samples (Fig. 2). The
reconstruction was confined to the area burned in 2014,
because of sampling restrictions in neighboring areas.

Wood samples were dried using a drying cabinet and
sanded on a belt sander with up to 600-grit sandpaper. We
used a binocular microscope with a x 3—40 magnification to
cross-date samples using the visual pointer year method
(Stokes and Smiley 1968). A total of 282 samples out of 378
were dated, short ring sequences being the main reason for
dating difficulties.

Reconstruction of historical fire cycles

We defined the fire cycle (FC) as the period required to burn
the area equal to the total area studied (Johnson and Van
Wagner 1985). To reconstruct the historical FCs, we followed
the methodology used by Ryzhkova et al. (2020). The method
assumes that a fire dated on a site burned a certain area cen-
tered on that site. We further assumed that the sum of these
areas (later referred to as units) in a given year represented the
minimal amount of area burned in the studied landscape in
that year. We considered the unit as a circle with a radius of
300 m (i.e., ~ 28.27 ha). The chosen radius reflected both the
site density and considers the common size of the topography
features (e.g., local depressions and drier portions of the land-
scape). The chosen unit size also helped us avoid unit over-
lapping. Since some of these units included water bodies, we
used information on the hydrology of the area (Lantméteriet
2016) to exclude these non-burnable areas from the calcula-
tions. Annual aggregation of the burned units allowed us to
construct the chronology of annually burned areas of the sam-
pled area.

Using this chronology, we identified periods with tem-
porally stable fire activity, using regime shift analysis
(Rodionov 2004). The algorithm identified a regime shift,
when sequential #-tests showed a significant difference in
the accumulated sums of the normalized deviations from
the means of two adjacent periods (Rodionov 2004). For
that analysis, we set the L parameter to 10 years, which
decreased the algorithm’s ability to detect regime shifts of
a lesser length. The algorithm also used the Hubert weight
parameter to control the weights assigned to the outliers,
which was set to 1. The significance level of the #-tests
was set at 0.05. The minimum number of sites was set to
10, which limited our reconstruction to the 1480-2018
period. We then converted the chronology of the burned
areas into the period-specific estimates of the fire cycle
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Fig. 2 The study area. Top-right
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(FC). We bootstrapped the original set of study sites 1000
times to obtain 10% and 90% confidence limits for FC for
each period identified by the regime shift analysis.

The reduction in the number of samples towards the start of
the fire chronology limited its spatial coverage and, therefore,
potentially impacted the reconstructed area burned, by reduc-
ing the number of burned sites. To address this bias, we ad-
justed the reconstructed area burned by assuming that the
proportion of burned sites in the pool of non-recording sites
was the same as the proportion in the pool of recording sites
for the year in question. We then randomly classified the sites
as burned (alternatively, non-burned) in the pool of non-
recording sites.
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Climate-fire analysis

We used superposed epoch analysis (SEA) (Swetnam
1993; Grissino Mayer and Swetnam 2000) to evaluate
the role of climate forcing upon the reconstructed fire
years. SEA assessed the statistical significance of depar-
tures in the chronology of the drought proxy. We ran SEA
separately for three subsets of fire years. The first subset
included 5 years with the largest amount of reconstructed
area burned for the 1480-1756 (the last fire year before
2014) period. The second subset included 10 largest fire
years within 1480-1690, and the third — all fire years
during 1690-1756.
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We used the reconstructed standardized precipitation
evapotranspiration index (SPEI) for the summer (Seftigen
et al. 2017) as the drought proxy. The SPEI reconstruction
was built using the total precipitation for the May/June period
based on 25 tree-ring series (Seftigen et al. 2017).

Human population data

We used human population data for the Sala parish, covering
the 1571 to 1950 period (Palm 2000; Stads- och
kommunhistoriska institutet 2008a) and data for the Sala mu-
nicipality covering 1951 to 2018 period (Statistics Sweden
2020). Parish data originated from the analysis of tax registers
and the number of households, either from the parish itself or
from neighboring parishes (Palm 2000) (Nilsson 1992;
Nilsson and Lilja 1996). From 1951 to 2018, we used data
from the official statistics either from scanned documents
(1950-1967) or the online database (1968—2018) (Statistics
Sweden 2020). The data for years 1962 and 1965 were not
available either in the online database or in the scanned
records.

Results

We dated 302 fire scars from 282 samples (Fig. 3a). The
record spanned from 1113 to 2018 AD and contained dates

of 64 single fire years from 1130 to 2014. We identified the
seasonality in only 48 fire scars (~ 15% of the total number of
dated scars) dated to 30 different fire years. Of these, 43 oc-
curred in the early season (earlywood scars) and five in the late
season (latewood scars). The reconstructed area burned
exceeded 500 ha in 26 years (40% of the total number of fire
years), and in ten fire years (15%), the reconstructed area
burned was larger than 1000 ha. A fire-free period of 258
years was identified between 1756 and 2014.

The regime shift analysis covered the period between 1480
and 2018. Dynamics of both fire occurrence and the area
burned showed a change around the turn of the seventeenth
and eighteenth centuries (Fig. 3 a and b). In the reconstructed
area burned, we observed a change in the FC around 1690
(Fig. 4a, Table 1). The first period between 1480 and 1690
had an FC of 43.57 years, the bootstrapped 90% confidence
envelope being 35 to 57 years. The second period between
1700 and 2018 had an FC of 403 years (with the 90% confi-
dence envelope of 149 to 7308 years, Table 1).

The regime shift analysis for the fire occurrence also
showed a change in regime around 1720 (Fig. 4b, Table 1).
The first period between 1480 and 1720 had an occurrence of
1.34 fire years per decade, while the second period (1730-
2018) had a mean decadal occurrence of 0.00 (Table 1).

For the SEA analysis, we identified ten large fire years
(LFY), i.e., the years with the largest amount of reconstructed
area burned: 1523, 1527, 1575, 1585, 1610, 1613, 1631,

Fig. 3 Dendrochronological
reconstruction of the fire history
between 1130 and 2014. a The
summary of site-level data with
fire scars (302 fire scars in 64
single fire years, black dots) for
each site (69 sites, straight lines).
The variation in the periods
covered by single sites was due to
the variation in the availability of
the dated wood covering a

particular period. b Reconstructed
area burned for the period 1480—
2014 with the ten largest fire years
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Table 1 Reconstructions of the
fire cycle and fire occurrence in

the Sala area

Epoch Mean 5% quantile 95% quantile
Fire cycle (FC) 1480-1690 43.57 35.254 57.575

17002018 403.52 149.10 7308.65
Decadal fire occurrence 14801720 1.34 1.12 1.56

1730-2018 0.00 0.00 0.13

1652, 1666, and 1689 (Fig. 3b). We excluded the 2014 event
from that list for two reasons. First, the distance in time be-
tween this fire and other LFY was large enough to suggest that
it occurred under different climate and fuel settings than the
reconstructed fires. Second, the conditions under the 2014 fire
have been well-documented (MSB 2015). All LFY's occurred
in the period with high fire activity, between 1480 and 1690
(Fig. 3b). The reconstructed area burned in all fire years, ex-
cluding the 2014 event, had an average of 2.3 km®. The aver-
age reconstructed area burned for the 10 LFY's was 4.8 km?.
For the 1480-1690 period it was 2.6 km? and for 1700-1760
period - 0.39 km?.

We analyzed the departures of SPEI during three groups of
fire years: (1) the five largest fire years during the period with
high fire activity (1575, 1585, 1610, 1631, and 1652), (2) the
ten largest fire years over the period with high fire activity

(1523, 1527, 1575, 1585, 1610, 1613, 1631, 1652, 1666,
and 1689), and (3) all the fire years (n = 5) in the low activity
period (1690—-1756), which were identified by the regime shift
analysis on the reconstructed area burned. For the later analy-
sis, these fire years were 1693, 1710, 1713, 1719, and 1756.
The SEA showed no significant departures of SPEI in the
cases (1) and (2) (Fig. 5a and b). The SEA showed a signifi-
cant negative SPEI departure for the lag year 0 in the analysis
covering the low fire activity period between 1690 and 1756
(Fig. 5¢).

Discussion

The multi-century fire history reconstruction in Sala re-
vealed a period with frequent fires between 1480 (the start
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Fig.5 Superposed epoch analysis a
of fire years and SPEI 11
reconstruction for the a five
largest fire years over the 1480—
1690 period, b 10 LFYs over the
1480-1690 period, and ¢ fire

years during the decline period, 4 & e g _g----® - o __-e-___
1690-1756. Dashed and solid .\° * e I o ¢ d ——e
lines refer to the 0.95 and 0.99 -5 -4 -3 2 1 0 1 2 3 4 5
confidence intervals, respectively,

. . 1 - P *— — . *—— k3 rs —a
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Mean departure

of the reconstruction) and 1690. This was followed by a
period with almost non-existent fire activity, with the last
pre-2014 fire recorded in 1756. The observed pattern is
characteristic of the general decline in forest fires in
Fennoscandia during the 1800s and is well-documented
(Niklasson and Granstrom 2000; Pitkdnen et al. 2003;
Niklasson et al. 2010; Storaunet et al. 2013; Rolstad
et al. 2017).

The unique feature of the Sala area appears to be the onset
of fire suppression in 1690, the earliest among all currently
available reconstructions from Northern Europe (Table 2).
Although we did not reconstruct fires of similar size to the
one that occurred in 2014, the reconstruction showed that
the minimum size of at least four fires dated prior to 1700
were about 40% of that size (Fig. 3b). However, because our
sampling did not extend outside the borders of the area affect-
ed by the 2014 fire, it is highly likely that many historical fires
reached a similar magnitude as the 2014 fire.

Human impact on fire activity

The long-term fire history in Sala revealed a century-long
decline in fire activity, similar to the reconstructions from
other regions in Fennoscandia (Table 2), supporting our
hypothesis H1. In Northern Europe, the increase of the
economic value of timber and more efficient agricultural

Lag, years

production drove the shifts in land use practices respon-
sible for this pattern. In central Sweden, the human pres-
ence has impacted the natural fire regime, by slash-and-
burn agriculture and the mining and production of iron
and silver (Emanuelsson and Segerstrom 2002;
Segerstrom and Emanuelsson 2002; Bindler et al. 2011).
Both techniques actively used fire to create arable land
(slash-and-burn) and to produce charcoal (iron and silver
production). The use of slash-and-burn techniques was
common in central Sweden from the 1300-1500s until
the 1900s (Segerstrom and Emanuelsson 2002). Iron pro-
duction has been known in the area between the eleventh
century AD and the middle of the twentieth century
(Bindler et al. 2009). The discovery of silver ores at the
end of the 1400s and the establishment of furnaces in the
1500s likely had a major impact on the local population
and expanded the use of forest burning for the production
of charcoal in the region (Ostlund 1993; Niklasson and
Drakenberg 2001). Throughout the centuries, there were
at least 250 ironworks in the Vistmanland County alone
(Hedenberg 2013).

In Sala, the onset of the period when the land use did
not rely on the use of fire (slash burning for food and
grazing) occurred much earlier than in other regions of
Fennoscandia, where the shift was typically observed in
the 1800s (Table 2) (Niklasson and Granstrom 2000;

@ Springer
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Table2 Dynamics of fire cycles reconstructed in Northern Europe with
the help of fire-scar data
The area and the period Fire cycle, Reference
years

Sala, middle Sweden This study
1480-1690 41

17002014 403
Tiveden, middle Sweden Page et al. 1996

~ 1500-1600 75

~ 1600-1700 63

~ 1700-1800 88
Bjurholm, northern Sweden Niklasson and Granstrom

2000

~ 1500-1600 304

~ 1600-1700 217

~ 1700-1800 320

~ 1800-1900 233
Hornso, south-eastern Niklasson et al. 2010

Sweden

<1750 64-156

1750-1860 68-175

1900-2003 2556-infinity
Buskerud, south-central Norway Rolstad et al. 2017
1300-1624 325

1625-1799 175
Lapland, north Finland Wallenius et al. 2010
1400-1800 269

1800-2000 546
Karelia, Russian Karelia Ryzhkova et al. 2020
1400-1630 178

1640-1920 46

1930-2000 283

Granstrom and Niklasson 2008; Wallenius et al. 2010;
Rolstad et al. 2017). This result supported our hypothesis
H2. Two southern Swedish reconstructions show the on-
set of the fire suppression period in the mid- and late
1700s, which is still half a century later than in Sala
(Niklasson and Drakenberg 2001; Niklasson et al. 2002).

The available record of population density in the Sala area
does not provide a conclusive answer on the role of humans in
fire dynamics. The first population record of the Sala munic-
ipality dates back to 1571 and indicates 624 inhabitants (Palm
2000), approximately corresponding to a population density
of 0.5 inhabitants/km”. The recognition of Sala as a city in
1624 (Stads- och kommunhistoriska institutet 2008b) mani-
fested the economic development of the area and was follow-
ed by doubling the local population from 847 in 1620 to 1881
in 1699 (0.7 and 3.9 inhabitants/km?, respectively). Such an
increase inevitably led to a higher demand for food. However,
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the disappearance of fires during the first half of the 1700s
suggests that already at the time, the region possessed a suffi-
cient amount of arable land and agricultural practices that
would sustain the growing population, ultimately leading to
the abandonment of the slash-and-burn.

Paleo-chronological studies have suggested that changes
associated with the transition from the cultivation of rye and
hay-making to the cultivation of barley may be responsible for
a shift from slash-and-burn to possibly fertilized permanent
plots or smaller meadow-field rotation (/indbruk or
koppelbruk, in Swedish) (Emanuelsson and Segerstrom
2002; Segerstrom and Emanuelsson 2002). In parallel, an in-
crease in timber value in Scandinavia in the late eighteenth
century could play a role in abandoning the use of fire and
promote the view of the forested land primarily as a source of
timber. We believe that it is primary this economic incentive,
rather than adoption of “anti-fire” legislation in Sweden in
1647, that paved the way for fire-free forest use (Groven and
Niklasson 2005; Storaunet et al. 2013).

Similar to other areas in Scandinavia, we expect that fire
suppression efforts played a role in decline of fires. However,
the inaccessibility to forested areas due to the sparse road
network and the lack of mechanized equipment likely limited
its effectiveness (Wallenius et al. 2011; Rolstad et al. 2017).
There has been no in-depth analysis of the causes of the mas-
sive fire decline seen in Scandinavian fire histories to date.
Large variability in the onset of fire suppression, as document-
ed in published studies, suggests that multiple factors were
involved in the transition from fire-based to fire-free land
use. Interpretation of the fire decline trend in a single area,
including Sala, therefore, remains speculative.

Climate influence on historical fires

The two different periods identified by the regime shift anal-
ysis varied in the strength of fire-climate relationships. The
SEA showed no relationship between the proxy of climato-
logical fire hazard and the occurrence of LFY during the pe-
riod with high fire activity, 1480-1690, suggesting that
humans might be the main driver of fires during this period.
The use of the forest for cattle grazing and slash-and-burn for
agriculture and charcoal production possibly overrode the in-
fluence of climate factors. We also realize that the lack of
significance in the SEA may indicate limitations of the climate
proxy in capturing sub-seasonal variability in fire hazard (see
below).

The significant negative departures of drought proxy
in the decline period (1690-1760) indicated that in
contrast to the fire-rich era, fires occurred in dry years
during that period. This result supported our H3. We
speculate that the cessation of active use of fire at the
turn of the seventeenth and eighteenth centuries in the
Sala area enhanced the climate signal in the fire
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chronology, with fire occurrence being increasingly
more controlled by climatic conditions. It is noteworthy
that the analysis, which yielded significant departures,
was operated on all dated fire years in that period, not
a subset of large fire years.

An examination of the SPEI reconstruction revealed
the lack of strong drought conditions for the region during
the decline period (~ 1700 —1756) (Seftigen et al. 2013),
suggesting that both climate and human factors might
have contributed to the reduction in fire activity in the
first half of the eighteenth century. At the same time,
the fire-free period in Sala featured dry and fire prone
years. Both the SPEI reconstruction and the synthesis of
fire history studies suggested the occurrence of moderate
to very dry years and regionally large fire years during the
second half of the eighteenth and the nineteenth centuries
(Drobyshev et al. 2012; Seftigen et al. 2013). The lack of
fires in Sala in that period reinforces the notion that the
area might already be under the land use regime
disfavoring the fire activity.

The small number of scars dated with seasonal resolution
(~ 15% of all scars) precluded partitioning of the historical fire
activity into early and late season events. Seasonal signals
were, therefore, difficult to obtain, making the dendroclimatic
analyses less powerful. Similarly, the selection of bi-monthly
SPEI as a historical drought proxy for the entire fire season
assumed a limited within-season variability in drought/fire
hazard, which may not necessarily be the case (see
discussion in Ryzhkova et al. 2020). Finally, the moderate size
of the sampled area (~ 14000 ha) might prevent our fire re-
construction from capturing the regional climate signal.
Indeed, previous studies relying on regional syntheses consis-
tently revealed an association of LFY with regionally dry con-
ditions, resulting from the establishment of high-pressure at-
mospheric cells over the Scandinavian peninsula (Drobyshev
et al. 2012, 2015).

Does fire-free management precondition landscapes
for large fires?

The observation that the largest forest fire in the Swedish
history occurred in the area with the longest fire-
suppression period opens for discussion on the role of
humans in affecting both the general flammability of the
landscape and the risks for large fire episodes. We speculate
that the dynamics of fuel loads and changes in the forest
structure, which occurred since the cessation of fire, were
of importance in this context. First, fire in boreal forests is
an important control of fuel loads (van Wagtendonk 1996;
Schimmel and Granstrom 1997; Agee and Skinner 2005;
Mitchell et al. 2009). In the Sala area, fire-associated reduc-
tion in fuel loads ceased in the mid-1700s, and it is likely
that gradual accumulation of fuels (Schimmel and

Granstrom 1997), particularly in the organic layer of the
soil, occurred during the period dominated by timber-
oriented forest management. Second, modern forest man-
agement exhibits a strong reliance on monodominant conif-
erous forest stands, resulting in a substantial and general
reduction in the proportion of the low-flammable deciduous
component (in particular, early successional species, e.g.,
Betula and Populus) and reduction in the variability of stand
age distributions in the landscape. All of these factors con-
tribute to the homogenization of the landscape, in terms of
fuel types and their spatial distribution, decreasing the var-
iability in the propensity of forest patches to carry fire. Such
homogenization might be another contributing factor facil-
itating the 2014 fire spread.

Previous fire history reconstructions in Sweden present-
ed records of fires of the same and larger sizes as the fire in
2014 (Niklasson and Granstrom 2000), suggesting that the
Swedish landscape and the natural fuel conditions enable
large fires to occur. The future scenarios of increasing tem-
peratures and longer fire seasons (Flannigan et al. 2013)
and recent increases in the annual area burned (in 2018
fires burned a total of 24 000 ha, almost a magnitude larger
than the long-term average (Sjostrom and Granstrom 2020)
both suggest increasing risks of large fire events. To miti-
gate these future scenarios, the forest management strate-
gies regarding fire risks in use may need improvements and
long-term changes.

These considerations call for a combination of the use of
prescribed fires, along with fuel management actions, such
as retaining a higher fraction of non-flammable species
(Betula, Populus, Alnus) in the landscape, as a means to
manage landscape fuel loads and its structural complexity.
High structural variation and multi-cohort stands should be
the targets of adaptive management (Palik and Zasada 2003;
Drobyshev et al. 2008), aiming at both fire risk management
and broadly defined restoration of the forest ecosystems
used for timber production. In Scandinavia, such prescribed
fires are currently carried out exclusively with conservation
purposes in mind (Granstrdm 2001; Nilsson 2005). Their
use for fuel management in the face of projected increases
in extreme drought episodes in Scandinavia (Agee and
Skinner 2005) deserves careful consideration.
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