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Charcoal particle and pollen influx values in the annually laminated sediment of a
boreal forest lake surrounded mostly by mesic soils were used to reconstruct the
history of forest fires in Eastern Finland for a 600-year period between 100 BC and
AD 500, prior to any significant human influence. Six to seven local fires were
detected during this period, at an average interval of 90—115 years. The corresponding
fire rotation time is estimated to be 180-230 years. The local fire interval and Picea
pollen percentages at the site were of the same magnitude as those recorded at two
sites with dry soils in eastern Finland, suggesting that the average fire return interval
may have been similar at dry and mesic sites. The intensity of fires was estimated
from the declines in influxes of spruce and pine pollen. Pine can survive surficial fires
of low intensity, but spruce trees are killed by virtually all fires. The contemporary
declines in spruce and pine pollen influxes suggest that about half of the fires were
strong ones, causing stand replacement.

Introduction

With the present concern about the maintenance
of biodiversity, interest in boreal forest dynam-
ics has also increased. Fires have been the most
important natural disturbance maintaining suc-
cessional cycles in boreal forests (Zackrisson
1977) and they are a significant factor in the
continuity of various forest structures (Syrjdanen

et al. 1994, Bradshaw et al. 1997). By creating a
mosaic of forest stands at varying successional
stages, repeated fires have maintained biodiver-
sity in the boreal forests as well as being impor-
tant for the nutrient dynamics of forest ecosys-
tems (Zackrisson & Ostlund 1991). In addition,
climatic conditions affect fire regimes (Engel-
mark 1984, Clark 1988a, 1990) and aerosol and
particle emissions released by fires can also
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Fig. 1. Location and de-
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have significant effects on climate (Cofer ez al.
1997).

The long term fire dynamics of European
boreal forests are poorly understood, however.
Only a limited number of dendrochronological
fire history studies have been performed in the
Fennoscandian area (Zackrisson 1977, Haa-
panen & Siitonen 1978, Engelmark 1984, Engel-
mark et al. 1994, Lehtonen et al. 1996, Lehto-
nen & Huttunen 1997, Lehtonen 1998), and
these usually cover only the past few hundred
years, due to decaying of the wood. Also, igni-
tion due to human activities has been a signifi-
cant cause of forest fires in Fennoscandia during
this period (Zackrisson 1977, Lehtonen et al.
1996, Lehtonen & Huttunen 1997, Lehtonen
1998), and in some areas the dominant one. To
obtain information on natural fire regimes and
connections between climate and the incidence
of forest fires, it is necessary to be able to extend
the time periods studied further back into the
past.

Studies based on charcoal records in annual-
ly laminated (varved) lake sediments can pro-
vide a record of fires over periods of several
millenia (Tolonen 1986), but only a few investi-
gations based on varved sediments have been

tudes of the hills in the
catchment area and of the
lake surface above sea
level are indicated.

Mire

carried out in Fennoscandia so far (Tolonen
1978, Huttunen 1980, Tolonen 1983, Pitkdnen &
Huttunen 1999). Other authors have considered
fire history on the basis of non-laminated sedi-
ments (e.g. Odgaard 1992, Sarmaja-Korjonen
1992, 1995, 1998), peat (e.g. Hyvirinen & Sep-
ponen 1988, Tolonen 1985) or mor humus
(Bradshaw & Zackrisson 1990).

The aim of the present work was to estimate
the forest fire interval at a mesic forest site prior
to any major human influence by means of
charcoal particle and pollen analyses of a varved
lake sediment. The sediment cores had original-
ly been obtained from Ristijérvi, a lake in east-
ern Finland, in the winters of 1988 and 1992 for
a study of palaeoecological land-use history, in
which the earliest evidence of slash-and-burn
cereal cultivation was dated to AD 1243, at a
sediment depth of 91 cm (Poutiainen ef al. 1994,
Taavitsainen et al. 1998). This result is in ac-
cordance with earlier pollen and historical evi-
dence from Northern Karelia that suggests that
there were limited areas with cereal cultivation
and a small population prior to AD 1300-1500
(Kononen & Kirkinen 1969, Gronlund 1995).

To reconstruct the fire frequency at this site
during a period well before slash-and-burn culti-
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vation started, a sequence of about 600 years
(ca. 100 BC-AD 500), covered by earlier pollen
analyses was chosen here for charcoal particle
analysis.

Material and methods
The study area

The study lake, Ristijarvi (63°37°N, 28°57E), is
situated on the boundary between the south and
middle boreal vegetation zones (Ahti et al. 1968).
The average temperature in summer (June—Au-
gust) is from 14 to 15 °C, and that in midwinter
(December—February) from —10 to —12 °C, with a
mean annual temperature around +1.5 °C and
precipitation of 650 mm a™!, of which an average
of 220 mm falls as rain during the summer
(Ilmatieteen laitos 1991).

The lake is ca. 30 ha in area and has a
maximum water depth of 22 m. The drainage
basin is 550 ha in area. The lake (106 m a.s.l.) is
situated between morainic hill ridges, with the
terrain rising about 100 m above the lake surface
on the eastern side. The ridges in the other
directions are lower, about 25-40 m above the
lake surface. The low-elevation soils around the
lake consist of fine-grained water-lain silts and
clays. One brook discharges into the lake and
one outlet leaves it (Fig. 1). The forests today
are in commercial use and are mostly dominated
by spruce (Picea abies) and represent the Vac-
cinium myrtillus type (sensu Cajander 1949),
although there are also patches representing dry
forest types that are dominated by Scots pine
(Pinus silvestris). Birch (Betula pendula and B.
pubescens) and alder (Alnus incana) are found
to a lesser extent in the drainage area.

Sediment sampling, sediment
characteristics and sample treatment

A sediment core of 3—-109 cm was taken from
the deepest part of the lake with a freezing corer
(Fig. 1) (Huttunen & Merildinen 1978) in 1988,
and two longer cores, to sediment depths of
110-527 cm, with a hammer-piston corer (Hut-
tunen & Merildinen 1975) in 1992. The cores
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Fig. 2. Numbers of varves (years) for the sediment
sequence dated to 100 BC—AD 500.

were photographed and correlated visually ac-
cording to similarities in their varve structure.
The varves in the frozen core were counted from
photographs and those in the piston core from
fresh sediments (Fig. 2). The sediment sequence
151-200 cm was chosen for the present charcoal
analysis, as a pollen analysis had been per-
formed on continuous 1-cm segments of it earli-
er (Poutiainen et al. 1994).

Laminations were visible in the fresh sedi-
ment in the form of yearly couplets of greyish
and narrower darker bands, the latter represent-
ing accumulation of humic compounds in the
winter, a common varve structure in the boreal
forest zone (Renberg 1981, Simola 1990, 2000).

Samples for loss-on-ignition analysis were
taken at 1 cm intervals, dried at 70 °C for 24 h
and ignited for three hours at 550 °C. Subsam-
ples of about 1 cm® had been taken from the
sediment cores at continuous 1-cm intervals for
the earlier pollen analysis and prepared accord-
ing to standard procedures with a short HF
treatment (Berglund & Ralska-Jaziewiczowa
1986).

Three Lycopodium clavatum spore tablets
were added to each sample to provide marker
grains for the calculation of absolute pollen
frequencies (Stockmarr 1971). A wet weight of
1 g was assumed to correspond to 1 cm?® of
sediment, although about 40%—-50% of the wet
weight of the sediment consisted of mineral
matter. Thus, the calculated absolute pollen val-
ues are smaller than the real values. The propor-
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tions of mineral matter in the samples varied
only slightly, however (Fig. 3A), so that the
influx values for the samples are comparable
with each other.

Pollen concentrations in the samples were
calculated using the following formula:

C=PXxXLIL.xW (1)

where C is the pollen concentration (pollen
grains cm™), L is the number of Lycopodium
spores added, L, is the number of Lycopodium
spores counted in the samples, P is the number
of pollen grains counted, and W is wet weight
(g) of the sample.

Pollen influx values were calculated from the
formula:

I=CV @

where [ is the pollen influx, cm™ a”!, C is the
pollen concentration, cm=, and V is the number
of varves counted in the sample.

< 625 um?; solid line =
influx values for charcoal
particles > 625 pm2.

Charcoal particle analysis

The area of charcoal particles was measured
with a graticule of mesh size 6.1 um? the
particles being divided into two size classes: 50—
625 um? and > 625 um? Large particles in the
> 625 um? size class were measured individual-
ly. Only two size classes were used because the
slides were “foggy” making it very difficult to
count and measure the small charcoal particles.
Particles smaller than 50 um? were therefore
ignored. This problem may have been due to too
short a duration of the hydrofluoric acid treat-
ment.

The particles were counted at 400X magnifi-
cation on traverses across the microscope slides
at 1 mm intervals. Counting was continued until
at least 20% of Lycopodium spores counted in
the pollen analysis were recorded. To obtain the
total area of the smaller particle size class, the
midpoint of the size class (337 wm?) was multi-
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plied by the number of particles counted. For the
total particle area, the sum of the areas of the
individually measured particles was added for
the value of the smaller size class. Area influx
values for charcoal particles were then calculat-
ed in the same way as in the pollen analyses.

Estimation of local charcoal peaks

The interpretation of peaks in charcoal influx
diagrams, in terms of the location and size of the
area burned, is a problematic question in fire
history studies based on lake sediments, because
charcoal particles are transported into lakes via
the air, and transport by surface flow is signifi-
cant only in exceptional cases (see Clark 1988b).
Thus the microscopic charcoal particles found in
lake sediments may originate from sources lo-
cated long distances away (see Patterson et al.
1978, Clark 1988b), or else they may have been
produced in fires taking place adjacent to the
lake (Pitkdnen et al. 1999). On the other hand,
macroscopic charcoal particles are transported
only very short distances and their presence
indicates fires close to the basin (Clark 1988b).
The latter are almost absent from the sediments
of Ristijdrvi, however, and thus cannot be used
as indicators of local fires. A scarcity of macro-
scopic charcoal particles is also found in some
other lakes in Eastern Finland (Pitkénen et al.
1999, Pitkdnen 2000).

For the above reasons, declines in spruce
pollen influx values coinciding with charcoal
peaks were taken as indicators of local fires. It
has been shown that even weak fires destroy all
the spruce trees in the affected area (Heikinhei-
mo 1915, Kujala 1926, Sarvas 1937), and as
Picea pollen grains are fairly large and heavy,
the majority of the pollen grains are transported
only short distances. In addition, according to
the pollen dispersal model of Sugita et al. (1997),
the Picea pollen influx will decline sharply after
a fire on a lake shore or 100 metres of the shore.
Fires at greater distances, up to a few hundred
metres, may also be reflected in a decline in
Picea and other arboreal pollen if the area
burned is large enough, about eight times larger
than the area of the lake (Sugita et al. 1997).

According to Jackson (1990), most of the
pollen of poorly dispersed species (Picea,
Tsuga) originates within 500 m of the lake, and
Schmidt-Vogt (1986) similarly notes that about
50% of Picea pollen is deposited within 500 m
of its source at a wind speed of 4 ms™, and only
25% spreads further than 2 km. In view of the
poor dispersal of spruce pollen, it is reasonable
to assume that declines in spruce stands due to
fires are reflected in its pollen influx if the
burned areas are restricted to the lake shore or
are situated less than 500 m from the shore. In
this study only charcoal peaks followed by a
decline in Picea pollen lasting for at least 40-50
years, were regarded as evidence of local fires.
The term local fire is used here to refer to a fire
occurring within a distance of 500 m from the
lake shore.

Other fire history studies connecting declines
in Picea pollen with charcoal records in lake
sediments or peat include those of Tolonen
(1978, 1985, 1987a, 1987b), Huttunen (1980),
Sarmaja-Korjonen (1992), Pitkdnen and Hut-
tunen (1999), and Pitkénen (2000).

The Betula/Picea pollen ratio was used as an
additional clue to the local character of charcoal
peaks, as it may respond sensitively to local fires
by virtue of the fact that Picea cannot survive
fires and much of its pollen originates from very
close distances, whereas a high proportion of
Betula pollen originates from a large area (Jack-
son 1990). Also, Betula is a fast-growing pio-
neer species on burned sites, so that an increase
in its pollen can be expected following a local
fire.

Results
Charcoal influx

The mean estimated charcoal influx area was 0.4
mm? cm™ a”!, with a range of 0.15-0.7 mm?
cm? a”! (Fig 3). The actual charcoal influx must
be higher, however, because small particles (<
50 um?), which were excluded from the present
counts, were abundant in all samples. The number
of large charcoal particles (> 625 um?) was low

in all the samples, and the maximum size was
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Fig. 4. Pollen influx diagram for selected taxa from 100 BC to AD 500. Horizontal dotted lines indicate the

dates of estimated local fires.

5000 um?. The influx of large charcoal particles
varied in the range 0-910 particles cm™ a™!, with
an average of 120 particles cm™? a™'.

Pollen influx

The declines in Picea pollen influx which match
the charcoal peaks suggest that six local fires
(Figs. 3 and 4) occurred during the period stud-
ied here. The declines lasted from 50 to 100
years, and the average interval between deduced
local fires is about 115 years (range about 60—
200 years). There are also ten other charcoal
peaks with an areal influx of more than 0.4 mm?
cm™ a”!, indicating fires at longer distances than
about 500 m from the lake. The arboreal pollen
influx values and selected pollen taxa are shown
in Fig. 4. The average influx of boreal tree
pollen was 6180 grains cm™ a™!, with a range of
3190-10 600 grains cm™ a™'. The pollen records
indicate a mixed coniferous forest structure in
the area.

The total arboreal pollen (AP) influx values
showed fluctuations connected with the inferred
fires. This is reflected in an increase in AP influx
during the longest interval between fires (ca. AD
90-300). There were also significant phases of
decreasing AP influx lasting several decades
after the fires that occurred around 80 BC, AD
300 and AD 390. The Pinus influx also showed
distinct declines following these fires (Fig. 4).
Around 80 BC Pinus pollen influx values de-
clined to 30% of their previous level, after
which they remained at a low level for more
than 250 years.

In comparison, these decreases in total arbo-
real pollen influx were of much smaller magni-
tude than the decline in AP influx at the begin-
ning of intensive forest clearing at the end of
17th century (Fig. 5), which suggests that prior
to slash-and-burn cultivation only a part of the
lake catchment may have burned during a single
fire. An abrupt decline in tree pollen influx
between AD 1680 and 1690 indicates deforesta-
tion of a large area, possibly the whole catch-
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ment of the lake, due to slash-and-burn cultiva-
tion (Fig. 5).

The increases in Betula pollen influx after
the inferred fire years probably reflect an in-
crease in birch at the burned sites, as is evident
in the Betula/Picea pollen ratio. The ratio reach-
es its maximum about 40-50 years after each
inferred fire indicating post-fire increases in
Betula in burned areas. The halting of the in-
crease in the Betula/Picea pollen ratio suggests
that the new generation of spruce had started
effective pollen production (Fig. 6). Alnus pol-
len fluctuated quite randomly and increased only
after two fire dates (80 BC and AD 460). The
fluctuations in the sparse non-arboreal pollen
taxa followed a random pattern not associated
with the inferred fire dates, but the ignition
residue values suggest a slight increase in organ-
ic matter in the sediment after some of the
estimated fires notably in 10 BC, AD 300 and
AD 460. The changes in the values were not
significant in the other cases (Fig. 3).

Discussion
Fire interval
The average local fire interval of 115 years

obtained here is consistent with the findings of
earlier fire history studies in Finland, where esti-

1400
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mates of local mean fire intervals before slash-
and-burn cultivation based on annually varved
lake sediments vary between 70 and 124 years
(Tolonen 1978, Huttunen 1980, Tolonen 1983,
Pitkdnen & Huttunen 1999). A slight decline in
Picea percentages and an abrupt increase in the
Betula/Picea ratio (Fig. 6) suggest one additional
fire in the vicinity of the lake about AD 220,
although this is not reflected in the Picea pollen
influx. Inclusion of this possible local fire in the
calculations would reduce the mean local fire
interval estimate to about 90 years.

In view of dendrochronological observations
that some sites burn more often than others
depending on the soil type, topography and
aspect of the slope (Zackrisson 1977, Engelmark
1984), it has been assumed that the advance of
successive fires in the landscape may follow the
same pattern, and that mesic sites burn less often
than dry ones (Angelstam & Rosenberg 1993).
Mesic forests may have burned as often as dry
forests, however, if the fires occurred during a
dry period which had lasted long enough to dry
them out (Granstrom et al. 1995). The average
local fire interval of 90 years obtained here
differs only slightly from the corresponding
estimates of 70-80 years and 85 years recorded
at two dry forest sites (Vaccinium type) in
Eastern Finland at a time prior to any significant
human influence (Pitkdnen & Huttunen 1999,
Pitkidnen 2000).
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Fig. 6. Betula/Picea pollen ratios over the period 200 BC to AD 500 (two-sample moving averages). The
estimated local fires are indicated with asterisks, of which the one in parentheses is a possible fire event not
reflected in a decline in spruce pollen influx. Increases in the ratio suggest decline in spruce and simultane-

ous increases in birch after fires.

Fire rotation time

Heinselman (1973) used the term “fire rotation
time” to refer to the average period during
which the whole ecosystem would have burned
over, while Zackrisson (1977) used it to refer to
the time required for an area of defined size to
be completely affected by fire. In that sense, a
coarse estimate of the fire rotation time for the
forests surrounding Ristijirvi may be obtained
by considering the area over which “local fires”
can be detected from spruce pollen fluctuations.
This area can be assumed to exceed a distance of
500 m from the lake shore. Theoretical calcula-
tions by Sugita er al. (1997) predict that a
burned area should be about eight times the area
of the lake in order to be reflected significantly
in a decline in pollen influx, i.e. at least 200 ha
in the present case. Two fires of 200 ha in size
may have been enough to burn over the sur-
roundings of Ristijarvi entirely within a few
hundred metres. Consequently, if the mean in-
terval between local fires was 90-115 years, the
fire rotation time may have been about 180-230
years. The shorter estimate is more probable,
because the longer mean local fire estimate (115
years) was due to one possibly exceptional fire
interval of 200 years.

This estimate for fire rotation time in the
catchment of the lake may also broadly repre-

sent the burning rate in the landscape on a larger
scale. The relatively small fluctuations in arbo-
real pollen influx prior to intensive human in-
fluence compared with the sudden decrease in
tree pollen influx during the late 17th century
(Fig. 5) indicate that the forests around the lake
were only partially burned during each fire.
Reconstruction of past burned areas in a one
square kilometre tract of Itasca National Park,
Minnesota, USA (Clark 1990) indicates that the
catchments of small lakes do not usually burn
entirely on one occasion. Often about half or
more than half will remain intact.

Fire intensity

The declines in the influx of Pinus pollen after
three fires (ca. 80 BC, AD 300 and AD 390)
suggest that they were intensive enough to kill
the pine trees. Pine survives well in the case of
surficial fires of low or moderate intensity (Hei-
kinheimo 1915, Sarvas 1937), and thus the re-
duction suggests strong, stand-replacing fires. In
the other three cases the fires may have been
surficial and of relatively low intensity, since the
Pinus pollen influx did not decline (Fig. 4).
Also, pollen and charcoal data from two other
sites in Northern Karelia suggest that about half
of the fires were strong enough to kill pines
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(Pitkdnen & Huttunen 1999, Pitkdnen 2000).
This result is contrary to the view that strong
surface fires or crown fires are much less com-
mon in the Fennoscandian forests than low-
intensity surface fires (Saari 1923, Granstrom
1996, Lehtonen & Huttunen 1997). One possi-
ble explanation may be that the dendrochrono-
logical and historical material available for fire
history studies in Fennoscandia covers only the
last few centuries, during which time fire condi-
tions may have changed due to the greater
human influence on the forests. The increase in
fire frequency due to human activities resulted
in the disappearance of spruce from drier sites
and altered the forest structure in Northern Ka-
relia to a pine-dominated type. Also, the propor-
tion of deciduous trees in the forests increased
due to slash-and-burn cultivation (Lehtonen 1998,
Pitkdnen & Huttunen 1999). The absence or
scarcity of spruce reduces the probability of a
fire rising to the crown layer. According to
observations from Russian forests, fires are usu-
ally of low intensity as long as there are only a
few spruce trees in the forest and are stronger in
forests with abundant spruce (Syrjdnen et al.
1994). Pollen studies in Finland also indicate a
change to a pine-dominated forest structure after
the appearance of cultivation indicators (Tolonen
1978, Sarmaja-Korjonen 1992, Gronlund et al.
1990, Pitkdnen & Huttunen 1999).
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