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Abstract Anthropogenic  deforestation has  shaped
ecosystems worldwide. In subarctic ecosystems, primarily
inhabited by native peoples, deforestation is generally
considered to be mainly associated with the industrial
period. Here we examined mechanisms underlying
deforestation a thousand years ago in a high-mountain
valley with settlement artifacts located in subarctic
Scandinavia. Using the Heureka Forestry Decision Support
System, we modeled pre-settlement conditions and effects of
tree cutting on forest cover. To examine lack of regeneration
and present nutrient status, we analyzed soil nitrogen. We
found that tree cutting could have deforested the valley
within some hundred years. Overexploitation left the soil
depleted beyond the capacity of re-establishment of trees.
We suggest that pre-historical deforestation has occurred also
in subarctic ecosystems and that ecosystem boundaries were
especially vulnerable to this process. This study improves our
understanding of mechanisms behind human-induced
ecosystem transformations and tree-line changes, and of the
concept of wilderness in the Scandinavian mountain range.

Keywords Betula pubescens ssp. czerepanovii -
Forest history - Indigenous - Modeling - Simulation -
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INTRODUCTION

Historically, deforestation (temporary or permanent clear-
ance of forests by people) has been one of the main factors
shaping terrestrial environments (Kaplan et al. 2009;
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McWethy et al. 2010; Hughes 2011). Permanent defor-
estation in temperate ecosystems is primarily attributed to
the advance of agriculture since the early Neolithic (Harris
1996; Kaplan et al. 2009). However, in northern boreal and
subarctic ecosystems, deforestation is generally considered
to be much more recent and primarily associated with in-
dustrialization (Williams 2003, but see also Simpson et al.
2003).

Deforestation is a complex process involving interac-
tions among diverse ecological factors such as tree species
composition, natural regeneration capacity, and produc-
tivity, together with many socio-economic factors such as
population sizes, economic activities, and people’s beliefs
(Williams 2003; Trbojevic et al. 2012). Thus, a multidis-
ciplinary approach is required for rigorous reconstruction
and elucidation of historical deforestation processes.
Notably, integrative application of archeological and eco-
logical approaches has great potential for identifying dri-
vers and effects of early land-use patterns (Briggs et al.
2006). Simulations of wood use and deforestation using
models incorporating both ecological and socio-economic
factors can be particularly effective in this context for re-
constructing large-scale vegetation dynamics and previous
human use and impact on forest ecosystems (Bedward et al.
2007; Lev-Yadun et al. 2010).

The sub-alpine zone of northern Europe is dominated by
mountain birch [Betula pubescens ssp. czerepanovii (N.I.
Orlova) Hiamet-Ahti] forests, which forms an ecotone
between continuous coniferous forests and treeless alpine
heaths (Carlsson et al. 1999). The altitude of the tree-line—
defined here as the elevation at which continuous forest
gives way to alpine heaths with scattered trees (Kullman
2001)—has changed over time and is now located 700-
800 m above sea level (a.s.l.) at latitudes close to the Arctic
circle (Wielgolaski et al. 2005). The productivity in the
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mountain birch forests is generally low in terms of wood
biomass, and the forests are periodically damaged by insect
defoliation (Wielgolaski et al. 2005). Generally, the
mountain birch forest is considered to be one of the few
ecosystems in northern Europe to be virtually devoid of
human effects on forest growth and structure, and tree-line
dynamics are primarily considered to be driven by climate
and natural disturbance (Wielgolaski et al. 2005; Moen
2008). Thus, it is generally thought that there has been little
historical deforestation in this region, largely because of
the low historic population densities and late arrival of
agriculture.

However, recent palynological research at three localities
in the Scandinavian mountain range indicates that humans
have strongly influenced vegetation composition through
activities that decreased forest cover during pre-historic
times (Karlsson et al. 2007, 2009; Staland et al. 2011). In the
present study, we examined mechanisms underlying defor-
estation at one of these sites, the Adamvalta Valley (66°N),
located above the present local tree-line but below the re-
gional tree-line (Fig. 1). We addressed three main questions:
Firstly, was the deforestation in this valley caused by people,
particularly their use of mountain birch? Secondly, what
levels of land-use intensity are required for such deforesta-
tion? Thirdly, why has there been no regrowth of trees in this
valley? To address the first two questions, we applied
simulations using the Heureka Forestry Decision Support
System (DSS) (Wikstrom et al. 2011), based on the

physiogeography of the Adamvalta Valley, estimated human
population during the occupancy period, empirical data on
the sub-alpine birch forest structure, and estimated rates of
fuel-wood collection and consumption. The simulations
enabled us to model pre-settlement conditions and effects of
tree cutting on forest cover during the settlement period, c.
AD 800-1200 (unless specified otherwise, all ages presented
below are in calibrated years). Information on population
densities, habitation patterns, and tree-line altitudes during
the settlement period is ambiguous; therefore, we simulated
scenarios based on two estimates of habitation density, four
habitation periods, and two estimates of tree-line altitude. To
address the third question, we estimated total ecosystem
nitrogen (N), by summing the N content of primary N pools
and mineralizable N in humus and mineral soil samples in
the Adamvalta Valley and a forested reference area.

STUDY SETTING AND OVERVIEW OF PREVIOUS
RESEARCH

Study area

Today the Adamvalta Valley is a treeless valley located on
the eastern side of the Scandinavian mountain range near
the border between Sweden and Norway (67°01'N,
16°37'E) (Fig. 2). The floor of the valley is dominated by
glaciofluvial sediment terraces and the slopes by glacial till

Fig. 1 View of the central part of the Adamvalta Valley. Photo by Greger Hornberg
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Fig. 2 Location and topographic map showing the position of the Adamvalta Valley (including the Stallo settlements and with the elevation

contours 750 and 800 m a.s.l. highlighted)

and, in some parts, boulders. The altitude varies from c.
600 m a.s.1. at the valley bottom to over 1200 m at the tops
of mountains surrounding the valley. The vegetation is
low-alpine heath, dominated by Empetrum hermaphrodi-
tum Hagerup, Vaccinium spp., Arctostaphylos alpinus
Adans. and Betula nana L. (Carlsson et al. 1999). The
present tree-line in nearby mountain valleys is situated at c.
750 m a.s.l.

Archeological investigations and interpretations
of local societal structure

Stallo foundations are specific forms of archeological
monuments that represent remnants of settlements are
scattered throughout the Scandinavian mountain range in
both alpine heaths and sub-alpine birch forest close to the
forest limit. They consist of an oval area, a sunken floor
with a hearth in the center, surrounded by a low soil
embankment. In the Adamvalta Valley, 31 stallo foun-
dations (at 12 settlement sites, each with 1-5 founda-
tions—Fig. 2) have been found, and extensive accelerator
mass spectrometric (AMS) 14C—analysis of burnt wood
excavated from the hearths indicates a continuous settle-
ment period from AD 800-1050 (Liedgren et al. 2007;
Bergman et al. 2008). Analysis of the burnt wood has
shown that it consists almost exclusively of mountain
birch (Hellberg 2004), providing conclusive evidence that
such wood was available locally during the settlement
period.
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Paleoecological investigations

Studies by Hellberg (2004) and Karlsson et al. (2007)
suggest that the Adamvalta Valley used to be forested with
mountain birch and that a deforestation process coincided
with the settlement period. Their results provide evidence
of a sharp shift in vegetation around AD 1050 from
mountain birch woodland to alpine heath (a dramatic de-
crease in abundance of mountain birch pollen accompanied
by a strong increase in abundance of pollen from dwarf
shrubs such as Salix spp. and B. nana). It has further been
suggested that subsequent mountain birch regeneration was
impaired by herbivore grazing and trampling, increasing
climatic harshness during the Little Ice Age (LIA, c. AD
1300-1800), and nutrient degradation of the area (DeLuca
et al. 2002; Karlsson et al. 2007; Staland et al. 2011). The
major drivers of this deforestation cannot be firmly deter-
mined by pollen and charcoal analyses.

Experimental studies

A major problem when interpreting pre-historical and
historical forest use is the lack of robust quantitative data
on fuel-wood consumption (cf. Williams 2003; Trbojevic
et al. 2012). In order to overcome this obstacle, Liedgren
and Ostlund (2011) experimentally evaluated the volume
of wood consumed by occupants of a stallo-hut under re-
alistic conditions, using unseasoned mountain birch wood.
Their results indicate that c¢. 26.2 m> of birch wood was
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consumed per stallo-hut annually—estimates based on
6 months of high-intensity fires in a hut (winter conditions),
3 months of medium intensity fires (autumn and spring,
50% of winter wood consumption), and 3 months of low
intensity fires (summer, 25% of winter wood consumption).

MATERIALS AND METHODS
Simulation model

To model the pre-deforestation state of the forest land-
scape, tree volumes, growth rates, and cutting patterns in
the Adamvalta Valley, we used the Heureka Forestry DSS
(PlanWise version 1.9.8). Heureka can simulate forest
landscapes and succession in them using selected single-
tree growth, in-growth, and mortality models to describe
the tree layer’s development, as described by Wikstrom
et al. (2011). The system is designed to handle tree-level
data obtained from inventories, and/or other appropriate
sources, such as remote sensing images and stand-level
empirical measurements (Wikstrom et al. 2011).

Input data

The pre-deforestation state was reconstructed using em-
pirical data on forest structure recorded in the field, and the
basic parameters latitude, altitude, and both soil and water
conditions. Data on tree species composition, tree density,
height, age, and diameter were acquired in 2001 from
surveys of 10 sample plots (100 m?) in a reference area, the
Adjevaratj Valley located 11 km from the center of the
Adamvalta Valley at 650-700 m a.s.l. The Adjevaratj

Valley is currently forested with mountain birch, and there
are no registered archeological monuments in it. In addi-
tion, we collected data on the stem form of individual trees
in the plots. In 2009, the sample plots were re-inventoried
to record basal area growth of individual trees, tree mor-
tality, and in-growth of trees. The empirical data derived
from the sample plots were used to adapt the Heureka
model to local forest stand and growth conditions.

Scenario design

We simulated forest changes (tree cutting and volume of
mountain birch trees) over 300 years in 12 scenarios based
on four seasonal habitation patterns and two habitation
densities (Table 1). Numbers of occupied stallo-huts and
seasonal habitation patterns were also varied (as described
below), and the estimated annual volume of cut wood was
varied accordingly, from 74 m® for the summer habitation
of 15 stallo-huts to 818 m* for the year-round habitation of
31 stallo-huts. The scenarios were simulated for two ap-
proximations of forested area in the valley, 720 and 921 ha,
based on tree-line altitudes of 750 m a.s.l. (the current
upper tree-line in the Adjevaratj reference area and sur-
rounding valleys) and 800 m a.s.l., respectively. Scenarios
for the higher tree-line altitude were simulated because the
examined deforestation process coincided with a period of
warmer summer temperatures in northern Scandinavia (see
Osborn and Briffa 2006). Both estimates of forested area
were adjusted to compensate for wetlands and non-forested
land. The delimitation of the valley (i.e., simulated forested
area) was based on altitude on all sides except the western
side, where it ends in a large delta (Ldjrosldddo) on the
north side of Lake Pieskejaure (Fig. 2). Here the periphery

Table 1 Description of 12 scenarios used to simulate tree cutting and changes in tree volume in the Adamvalta valley

Scenario Annual total wood Habitation density Habitation Tree-line

consumption (m3)? (no. of occupied period elevation

stallo huts) (m a.s.l.)
la 396 (1980) 15 Year-round 750
1b 291 (1455) 15 Winter 750
2a 818 (4090) 31 Year-round 750
2b 601 (3005) 31 Winter 750
2¢c 223 (1115) 31 Spring—summer—autumn 750
2d 74 (370) 31 Summer 750
3a 396 (1980) 15 Year-round 800
3b 291 (1455) 15 Winter 800
4a 818 (4090) 31 Year-round 800
4b 601 (3005) 31 Winter 800
4c 223 (1115) 31 Spring—summer—autumn 800
4d 74 (370) 31 Summer 800

® Calculations based on an annual consumption of 26.2 m* fuel wood and 4 m® construction wood per stillo hut. Figures within parentheses
relate to total consumption in 5-year intervals. Data derived from Liedgren and Ostlund (2011)
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Table 2 Forest characteristics used to model the pre-deforestation state in the Adamvalta Valley. Data derived from the Adjevaratj reference site

Sample plot Basal area Dbh Stem density Mean tree Mean age Tree volume
(m® ha™") (cm) (ha™") height (m)® (years)® (m*> ha™")°
1 15.8 83 2600 72 65.7 56.6
2 17.2 9.3 2400 7.3 66.0 63.4
3 4.9 5.0 2100 4.7 54.6 13.3
4 16.3 7.3 3500 6.6 62.5 54.5
5 16.7 72 3300 7.4 66.0 61.7
6 11.3 8.3 1800 7.0 65.7 40.0
7 10.4 6.5 2700 5.8 60.0 304
8 12.2 6.0 3600 6.2 60.5 38.7
9 22.4 9.7 2300 9.8 75.1 100.5
10 10.3 6.4 2700 5.9 60.5 313
Mean 13.7 9.9 2700 6.8 63.7 49.0

* Tree heights were first calculated with the height function for birch by Séderberg (1992), and then calibrated by multiplying the calculated
height by a factor that equals observed mean height divided by mean height based on function values. Mean tree height refers to basal area

weighted mean heights

® Tree ages were first calculated with tree age function for birch by Elfving (2003), and then calibrated in analogy with the tree height calibration

¢ Tree volumes were calculated with the volume function by Brandel (1990), which uses diameter and height as explanatory variables. The
measured diameter and the calibrated height for each tree were used as input

is far from the settlement sites, and settlers would have
needed to have transported wood harvested there upwards.
Accordingly, on this side of the Adamvalta Valley, we set
the limit at c. 1 km from the settlement sites (cf. Shackleton
and Prins 1992). For detailed information on scenario de-
sign and evaluation, see Electronic Supplementary
Material.

Empirical determinations of N contents in soil,
biomass, and vegetation

Three separate sites, each with five 1 m? plots, were
established at the Adjevaratj reference birch forest and the
heathland at Adamvalta Valley to estimate N content of
soil, biomass, and vegetation. Composite samples (of three
sub-samples) were collected from the humus layer and
surface mineral soil in each of the plots using a corer. No
visible charcoal was found in any of the samples. The 15
soil and humus samples were subsequently analyzed to
determine their bulk density using the undisturbed core
method (measuring the dry mass of each 98 cm® core and
dividing by volume), and total N contents by dry com-
bustion. Further, potentially mineralizable N using a 14-
day anaerobic incubation was measured on humus and soil
samples collected with a corer on eight separate plots at
each site and a sample created by compositing three sub-
samples per plot.

Above-ground understory vegetation biomass was
measured by harvesting all vegetative matter from five
replicate 25 cm? plots, drying the material at 70°C for

@ Springer

48 h, and then weighing its dry mass. Replicate composite
samples of birch leaves and stem tissue were also col-
lected at each of the five plots along each transect. Birch
and understory vegetation samples were then dried at
70°C, ground to pass through a 76 um mesh sieve, and
analyzed for total N content by dry combustion. Total N
content was then converted to unit mass per hectare (tree
basal area measured by calipering all trees at breast
height in ten 100 m? plots). Total ecosystem N was es-
timated by summing vegetation, humus, and mineral soil
N pools and comparing the Adamvalta heathland to the
Adjevaratj reference forest using a T test for the three
sites (n = 3) with five plots per site. Comparison of po-
tentially mineralizable N in the Adjevaratj birch forest
humus and mineral soil with that in the heathland at
Adamvalta was also conducted using a two tailed T test
(n =28). All statistical analyses were performed using
SPSS (version 19).

RESULTS

This study presupposes that the Adamvalta Valley was
covered with mountain birch up to approximately 750-
800 m a.s.l. at the time of the first settlement around AD
800. Pre-deforestation conditions, based on the forest
structure data collected from a reference area, were re-
constructed and modeled using the information presented
in Table 2 and Fig. 3a and b. The average annual increase
in wood biomass in the reference area is 0.4 m> ha™'.

© Royal Swedish Academy of Sciences 2015
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Fig. 3 Diameter (a) and age (b) distribution of all trees recorded in the 10 sample plots in the Adjevaratj reference site

Changes in annual tree cutting

The volume of mountain birch cut annually with the lower
habitation density (15 occupied stallo huts) and tree-line
elevation (750 m a.s.l.) remained stable for 80 and
130 years under year-round occupation and winter occu-
pation, respectively (scenarios la and b, Fig.4a). This
means that the inhabitants cut as much as they needed as
long as there was enough of birch trees available and then
progressively less. Modeling with a higher tree-line
(800 m a.s.l.) prolonged the period of stable tree cutting by
35 years (year-round occupation) and 55 years (winter oc-
cupation) (scenarios 3a and b, Fig. 4c). With a higher
habitation density (31 occupied stallo huts) and tree-line at
750 m a.s.1., the time period with stable tree cutting was 40
and 60 years under year-round and winter occupation, re-
spectively (scenarios 2a and b, Fig. 4b). Modeling with a
higher tree-line (800 m a.s.l.) slightly prolonged this time
period by a further 5-10 years (scenarios 4a and b, Fig. 4d).
Scenario 2c, with occupation of 31 stallo huts during
spring—autumn and tree-line at 750 m a.s.l., resulted in a
gradual reduction in annually cut tree volumes, starting
after 185 years (Fig. 4b). Scenario 4c¢ (31 stallo huts oc-
cupied during spring—autumn with a 800 m a.s.l. tree-line)
and scenarios 2d and 4d (31 stallo huts occupied only
during summer with 750 or 800 m a.s.l. tree-lines) resulted
in minor (or no) changes in annual cut tree volumes
(Fig. 4b, d).

Reduction of tree volume over time

All modeled scenarios resulted in a reduction of total tree
volume over a 300-year period (Fig. 5a—d). Tree volumes

© Royal Swedish Academy of Sciences 2015
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were most rapidly reduced in the scenarios with year-
round or winter occupation of all 31 stdllo huts and a tree-
line at 750 or 800 m a.s.l. (scenarios 2a, 2b, 4a, 4b, Fig. 5b,
d). Within 45-130 years, the total tree volumes were
reduced to c. 1800-3300 m> (corresponding to ca.
2.6-3.6 m> ha™ "), less than the annual wood requirement
for fuel and construction (cf. Table 2). Similarly, tree
volume fell below this threshold (1800 m’ or c. 2.6
m>ha™!) in scenario la (based on the lower habitation
density, occupation year-round, and a tree-line at 750
m a.s.l.) after 250 years (Fig. 5a). Scenario 1b, with year-
round occupation, low habitation density for 260 years,
and a tree-line at 750 m a.s.l. resulted in a 90% reduction
of tree volume (Fig.5a), and Scenario 3a (with low
habitation density, year-round occupation, and a tree-line
at 800 m a.s.l.) also resulted in a 90% reduction in tree
volume after 230 years (Fig.5c). Tree cutting during
winter with low habitation density and a 800 m a.s.l. tree-
line (scenario 3b), or every season except winter with high
habitation density and either 750 or 800 m a.s.l. tree-lines
(scenarios 2c—d and 4c—d), reduced the tree volume
moderately or weakly (Fig. Sb—d).

Differences in N contents in soil, biomass,
and vegetation

Replicate measurements of soil N pools demonstrated little
difference in total N content between the Adjevaratj ref-
erence birch forest and the heathland soils at Adamvalta, as
most of the N is held within the mineral soil (which is
similar in both systems). However, total N in the birch
forest was found to be significantly greater than that
in the heathland ecosystems (1314 and 896 kg Nha™',

@ Springer
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Fig. 4 Simulated cut volume (m3) at 5-year intervals for scenarios la-b (a) and 2a—d (b) based on an initial tree-line elevation at 750 m a.s.1.,
3a-b (c¢), and 4a—d (d) based on an initial tree-line elevation at 800 m a.s.1

respectively, P < 0.01)—largely due to differences in N
contents of the above-ground vegetation (trees and shrubs)
and humus layer (Fig. 6). It should also be noted that N
demand is far higher in the birch forest than in the heath-
land. Annual leaf biomass production in the birch forest
was estimated at 165gm™2y~' equivalent to about
33 kg N ha~' y~'in the leaves alone, assuming an N content
of 20 g kg~ '. With a further 3.7 kg N ha~' y~' in stems and
growth increment, this results in a total N demand of
36.7 kg N ha~' y~! for above-ground parts of the birch trees.
Understory biomass in the plots was found to amount to
7110 kg ha™'. Thus, assuming that 40% of the biomass is
produced annually and has 15 g N kg™ ', we estimate total
understory N consumption at 42.7 kg N ha~' y~'. Hence,
the birch forest would consume c. 77.4 kg N ha™" y~!, most
of which would be recycled via reabsorption and litterfall.
In contrast, total biomass in the heathland plots was
found to be just 631 kg biomass ha™', with an average N
content of 6.9 gkg~ ' ha~' (due to the greater domination
by woody stems) or a total of 47.8 kg N ha~" in biomass.

@ Springer

Assuming 40% annual turnover, this results in a total N
requirement of 19.1 kg N ha~' y~', fourfold lower than the
birch forest’s demand. This is supported by the significantly
(P < 0.05) higher mineralizable N content observed in birch
forest soils (over 27 kg PMN ha™') compared with heath-
land soils (<15 kg PMN ha™") (Fig. 7).

DISCUSSION AND INTERPRETATION

Areas such as the Adamvalta Valley are anomalous in the
Scandinavian mountain range. The lower part of this
valley lies at an altitude that is well below the regional
tree-line but there is no mountain birch forest. It has
clusters of archeological monuments with hearths where
people have burnt birch wood (Hellberg 2004; Liedgren
et al. 2007). Today, the closest patch of mountain birch
forest is situated c. 5 km from these settlement remains.
The local pollen and charcoal records show that dramatic
vegetation changes occurred during the settlement phase

© Royal Swedish Academy of Sciences 2015
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and indicate that the initial forest gave way to the open
landscape of heathland that we see today (Karlsson et al.
2007). The fundamental sequences of events, and their
timing, are not contested here but we seek to elucidate the
mechanisms underlying the deforestation and assess the
likelihood that it was caused by people’s use of the
mountain birch.

Importance of habitation density, habitation period,
and tree-line altitude

Our simulations indicate that cutting mountain birch trees for
fuel and wooden constructions could have deforested the
Adamvalta Valley within a timeframe corresponding to the
settlement period, AD 800-1050, supporting the hypothesis
that deforestation events have occurred during pre-historic
times in the Scandinavian mountain range (see Hellberg 2004;
Karlsson et al. 2009; Staland et al. 2011). The most rapid
deforestation occurred in scenarios 2a, 2b, 4a, and 4b,
simulating year-round or winter occupation of all 31 stallo
huts (Fig. 5b, d). In these scenarios, the tree volume decreased
from almost S0 m*>ha™' to c. 2.6-3.6m> ha™" in just 45—
130 years, a substantially shorter timeframe than the c. 200-
300 years suggested by Karlsson et al. (2007), and within the
range of the estimated settlement period. Moreover, scenario
la (with year-round, low habitation density, and a 750 m tree-
line altitude) also led to deforestation within 260 years
(Fig. 5a). Interestingly, the scenarios simulating occupation
during spring, summer, and autumn or only during summer
had weak to moderate effects on the standing tree volumes and
did not lead to deforestation. Thus, we suggest that the habi-
tation period rather than habitation density and/or tree-line
altitude was the most influential factor affecting the
Adamvalta Valley’s deforestation.

The stallo foundations are among the most prominent
archeological monuments in the Scandinavian mountain
range. Despite extensive previous research, their economic and
cultural contexts remain obscure. Whether the people who
built the stallo foundations based their economy on hunting
wild reindeer, as suggested by Mulk (1994), or on herding
reindeer, as proposed by Storli (1994) and Liedgren and
Bergman (2009), remains unclear. There are also disagree-
ments regarding the structural design of the stallo buildings and
the time(s) of year they were occupied. The type of construc-
tion has been interpreted as representing either permanent
buildings (Liedgren and Bergman 2009) or foundations for
temporary raised tents (Mulk 1994; Storli 1994). Our simula-
tion approach clearly supports the proposition by Liedgren and
Bergman (2009) that the settlements were occupied year-round
or at least during the winter. The annual and winter wood
consumption per stallo hut used in our modeling included es-
timates for both fuel wood and construction wood (estimated at
4 m’ year™"). However, the key driver of the dramatic
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reductions in tree volumes was presumably heavy cutting for
fuel wood (Fig. 5a, b, d), a necessity for surviving the long,
cold winters in the mountain areas (Liedgren and Ostlund
2011).

Deforestation and its long-term ecosystem effects

Ecosystems can be affected by dramatic regime shifts
(Scheffer and Carpenter 2003). High-latitude ecotones are
especially susceptible to environmental or climatic change
and can shift to alternative stable states after large-scale
disturbances (Larsen 1989). For example, Arseneault and
Payette (1997) found evidence of severe losses of black
spruce [Picea mariana (Mill.) Britton, Sterns & Poggenb.]
forest in peatlands close to the Arctic tree-line in northern
Québec, Canada, following forest fire disturbance. This
shift from a forest to a tundra landscape highlights the
sensitivity of subarctic forest ecosystems. In the Scandi-
navian mountain range, however, fire events are extremely
rare due to low probability of lightning strikes (Granstrom
1993), high humidity, low temperature, and a short
vegetation period (http://www.smhi.se/klimatdata). There
were no peaks in the fossil charcoal records established by
Karlsson et al. (2007), which would indicate large fire
events, and the charred particles were too few to corre-
spond to a substantial reduction of the tree cover. Rather,
this fossil charcoal seems to derive from fires made in the
huts as indicated by experimental studies of charcoal dis-
persal in this area (see Hornberg and Liedgren 2012).
Furthermore, a single fire event might cause deforestation,
but regeneration follows as a result of the fact that only
about half of the N is lost from the O horizon in a single
fire event (unless it is unusually severe) and basically none
is lost from the surface mineral soils (Smithwick et al.
2005). Accordingly, it takes multiple return events to de-
grade the nutrient base (DeLuca and Sala 2006). We be-
lieve that the Adamvalta Valley was deforested through
extensive tree cutting within less than 260 years (as indi-
cated by our simulations), and previous studies have shown
that mountain birch forest has been transformed into alpine
heath at several locations in the Scandinavian mountain
range (Karlsson et al. 2007, 2009; Staland et al. 2011).
Our study illuminates the mechanisms behind such an-
thropogenic deforestation events, but the reason why no
trees have regenerated after such large-scale disturbances is
still unclear. However, the results obtained in this study
and from other studies of various subarctic ecosystems
suggest that the following processes, including loss of the
nitrogen-fixing feathermoss—Nostoc complexes, may ex-
plain the changes detected in Adamvalta. Both subarctic
forests and alpine heaths are generally nitrogen-limited, but
the latter also experience available phosphorus deficiencies
(Soudzilovskaia and Onipchenko 2005). Nitrogen is
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introduced to the ecosystem via epiphytic cyanobacteria
that live in the leaf incurves of the dominant feathermosses
and reduce N, gas to ammonia, some of which is used by
the mosses and ultimately converted to organic soil nitro-
gen (DeLuca et al. 2002; Zackrisson et al. 2009). This
process builds up the total N content in sub-alpine birch
forests but not in alpine heathlands where feathermosses
are generally absent (Fig. 6). As fuel wood became scarcer
due to deforestation, the local residents may have resorted
to harvesting low-growing woody shrubs during winter
months, but when all wood resources had been depleted,
the local conditions changed dramatically as solar radiation
and surface wind speeds increased. Such environmental
changes, probably in combination with reindeer trampling
and grazing, resulted in drier conditions and humus and soil
erosion during summer, while the stronger winds reduced
the snow cover and promoted deeper ground frosts in
winters (cf. Arseneault and Payette 1997). The dry, ex-
posed soil surfaces with reduced tree cover were less
suitable for feathermosses (Wookey and Robinson 1997),
leading to reductions in nitrogen-fixing rates and lower N
content in humus (Fig. 7). This development gradually
changed the sub-alpine birch forest ecosystem surrounding
the stallo settlements into an alpine heath, and eventually
the deforested area was abandoned due to the lack of fuel
wood, and according to Bergman et al. (2013), persistent
ecosystem degradations necessitated shifts in land use to-
ward more flexible and sustainable strategies.

Nevertheless, single trees or small patches of forest may
still have been present in the Adamvalta Valley that could
have served as seed sources for tree regeneration. However,
around AD 1300, the climate deteriorated and remained
harsher for several centuries (i.e., LIA, see Campbell and
McAndrews 1993), substantially reducing successful tree
regeneration throughout the Scandinavian mountain range
(Osborn and Briffa 2006). Some free-laying hearths date to
the LIA in the Adamvalta Valley, showing that it was used
occasionally by people during this period (Liedgren et al.
2007). Presumably, the few trees and shrubs that were still
present were used as fuel wood by these people. Further-
more, as vegetation re-establishment was hindered for a
long time due to the harsh climate, soil nutrient depletion
was not countered by plants. Hence, the area remained
open for a long time due to a sequences of events driven by
several interacting factors, including tree cutting, browsing
and trampling by herbivores, loss of N, fixing feathermoss—
Nostoc associations, climate change, and most likely nu-
trient depletion through leaching, leading to long-term
degeneration of the alpine heath.

A similar ecosystem shift has been detected in other parts
of northernmost Sweden, where patches of dense mixed
coniferous forests on sedimentary soils were transformed
into open degenerated spruce forests (DeLuca et al. 2013).
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This degeneration probably resulted from recurrent anthro-
pogenic fires followed by climatic deterioration (during the
LIA) and herbivore trampling and grazing, all of which
negatively affected tree regeneration and ecosystem pro-
ductivity. Our results demonstrate that the heathland has lost
a great deal of nitrogen, compared to the reference forest
(Fig. 6), even though most of the nitrogen resides in the
mineral soil in both systems and did not readily influenced
shifts in vegetative community (Fig. 7). Furthermore, the
birch forest requires nearly four times more nitrogen than
the heathland, and could probably not be sustained by the
limited nitrogen resources in the heathland surface soil.

Modeling deforestation in local and wider
perspectives

Modeling present and future forest composition and land-
scape patterns as functions of climate, disturbance regime,
and land use can be highly valuable for testing hypotheses
and enhancing understanding of various aspects of land-
scape ecology and ecosystem changes (see Scheller and
Mladenoff 2007). Despite their value, there have been few
simulations of forest changes under pre-historic conditions,
but notable exceptions include the following. Berland et al.
(2011) simulated long-term ecosystem changes, and then
compared model outputs with empirical paleoecological
vegetation data to identify key drivers of vegetation dy-
namics in the Big Woods region in Minnesota, USA.
Scheller et al. (2008) modeled forest changes in the New
Jersey Pine Barrens, USA, under pre-colonial conditions to
construct scenarios mimicking a pre-colonial landscape.
Both of these studies demonstrated the value of spatial
simulation modeling for elucidating ecosystem changes
and landscape history. Further, quantitative reconstructions
of past regional plant abundance (Sugita 2007) or of fluc-
tuating tree-lines (von Stedingk and Fyfe 2009) based on
fossil pollen data may also be useful for this purpose.

In this study, we used the Heureka DSS as a framework
to model a deforestation event during pre-historical times
when the forest was primarily used as a source of fuel
wood. The Heureka DSS is primarily designed for forestry
planning and analysis of forest development in productive
forest areas. However, it is capable of handling detailed
(single-tree) forest inventory data, simulates cuttings, pre-
dicts forest development over long time horizons, and in-
cludes a built-in problem solver permitting simulations of
scenarios under diverse assumptions. Thus, it is also highly
appropriate for purposes such as those in the present study,
provided that growth projections can be calibrated to the
case study area.

Anthropogenic deforestation (temporary or permanent)
such as that studied here is thought to be rather unusual in
boreal and subarctic ecosystems, and thus little researched.
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An important exception includes Trbojevic et al. (2012),
who studied fuel-wood consumption in a full-scale replica
of a Icelandic Viking Age house, and found that so large
quantities of fuel wood were required to fulfill the daily
household needs that woodland management is likely to
have been widespread to prevent deforestation. Also other
studies from Iceland and Greenland, in relatively similar
settings and during approximately the same time period,
have likewise shown intense impact on birch forests but
also suggested that early active forest management may
have increased survival and regeneration of the forest to
prevent rapid deforestation (Simpson et al. 2003; Dugmore
et al. 2007; Schofield and Edwards 2011). To what extent
the people inhabiting the Adamvalta Valley tried to man-
age the birch forest is unclear. Was this resource exhausted
or did the intense and prolonged tree cutting trigger an
unstoppable process which eventually led to complete de-
forestation? Mountain birch is not a limiting resource at the
landscape level in this region, and therefore not a critical
factor for the location of the settlement. The Adamvalta
Valley was most certainly important for the use of other
resources, presumably related to reindeer. This is indicated
by repeated use during several centuries and the estab-
lishment of permanent constructions (cf. Bergman et al.
2008). At a certain point, mountain birch became too
scarce to sustain the settlements with fuel wood, which
triggered people to abandon the valley. We speculate
therefore that the forest resource was exploited, eventually
exhausted and not managed.

CONCLUSIONS

The approach presented in this study improves our under-
standing of the mechanisms behind tree-line dynamics and
large-scale ecosystem transformations caused by people
during pre-historical times. Our results indicate that cutting
mountain birch trees for fuel and wooden constructions
may have deforested an entire mountain valley within just a
few hundred years, and that the habitation period rather
than habitation density was the most influential factor
affecting the deforestation. Re-establishment of trees was
then prevented through a complex interaction between
degeneration, nutrient depletion, and elimination or gross
reduction of plant species that facilitate biological N,
fixation. This study, together with similar studies from a
wide range of ecosystems indicates that deforestation
during pre-historical times could be both dramatic and
persistent under certain conditions and caused by tempo-
rally limited but intensive human land use. Presumably,
ecosystem boundaries (e.g., the ecotone where sub-alpine
forest transcends to alpine heath) are especially vulnerable
to this process. In this perspective, we challenge the
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common view of the Scandinavian mountain range as be-
ing the last remaining wilderness in Europe.
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