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ABSTRACT

Eurasian forest cover at high northern latitudes

(> 67�N) has increased in recent decades due to

stimulatory effects of global warming, but other

factors may be important. The objective of this

study is to compare the importance of historical

human exploitation and climate change. Periodic

information on forest and tundra resources along

with human and domestic animal populations and

forest harvesting was collected from sources like

official statistics and maps and compiled for joint

analysis. Our results show that the northernmost

birch and Scots pine forests of the world often

presumed as pristine were repeatedly exploited by

logging, agriculture and grazing in the last century.

In addition, repeated moth outbreaks have also had

regulatory impacts on birch forest development.

Despite these disturbances, forested area quadru-

pled during the period, largely because of reduced

human activities in recent decades. Linear mod-

elling confirms that the most important predictors

for the variation in Scots pine and birch biomass

and area were logging, grazing and farming activ-

ity, and not climatic changes. The dynamics in the

forest cover over the last century seem to follow the

‘repeated human perturbation’ scenario. This

study’s application of legacy data, and historical

and long-term data and evaluation of how the

different drivers impacted some of the northern-

most forests are essential to understand whether

the greening of the boreal and arctic regions is a

result of recent climate change or a recovery from

earlier human impacts.

Key words: northernmost forests; Scots pine;

downy birch; historical data; biomass; NDVI; re-

mote sensing; grazing; harvesting; Second World

War.
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HIGHLIGHTS

� Historical land use data may contribute to

distinguishing between impacts of recent climatic

change and prevailing impacts of historical

exploitation.

� Historical exploitation of wood resources and

farming, including grazing, over the last century

were confirmed to be more important than

climatic change for current forest area and

biomass.

� The area of forests quadrupled during the last

century, due to reduced human activities in

recent decades.

INTRODUCTION

Land plant cover at high northern latitudes

(> 67�N) is subject to rapid change. Much of the

change is a direct consequence of the stimulatory

effects of a longer and warmer growing season,

concomitant with thawing permafrost. Tempera-

ture is a principal climate variable in the framework

of global warming, and the largest temperature

increase is projected at high northern latitudes

(IPCC 2013). Recent climate warming has led to

increased biomass in large parts of the Arctic, a

process known as ‘the greening of the Arctic’ (Xu

and others 2013; Park and others 2016). This

greening trend is largely due to increased estab-

lishment and growth of tall shrub communities and

sub-Arctic birch forests onto former non-shrub

tundra (Tape and others 2006; Tømmervik and

others 2009) which then replaces the low-statured

tundra dominated by lichens, bryophytes, small

herbs and graminoids. These types of tundra may

therefore be under threat by climate change im-

pacts in concert with grazing and herbivory

(Tømmervik and others 2004; Jepsen and others

2008, 2009; Callaghan and others 2013; Fauchald

and others 2017).

Indirect effects of climate change also drive veg-

etation changes, but not necessarily towards

increasing biomass. It is known that the increased

frequency of drought and wildfires has led to re-

duced growth of biomass in the boreal and conti-

nental areas on both the North-American and

Eurasian continents (Goetz and others 2007; Wil-

liams and others 2011; Abatzoglou and Williams

2016; Abis and Brovkin 2017). Still, greening has

been significantly greater than browning in the

same regions during the last three decades (Park

and others 2016).

The expansion of invertebrate pests has also led

to reduced biomass on both continents (de Beurs

and Townsend 2008; Jepsen and others 2008,

2009). Extreme climatic events can also cause

damage to vegetation and induce plant cover

change. Examples of such events are extreme

winter warming (Bokhorst and others 2009, 2012;

Bjerke and others 2014, 2015), extreme rainstorms

and floods (Bjerke and others 2014, 2015; Komatsu

and others 2016) and frost in the growing season

(Bjerke and others 2014; Friesen and others 2014).

Direct and indirect effects of climate change are

not the only drivers of arctic plant cover change.

Increasing land use, intensified forestry practices,

industrialization and air pollution have locally

caused massive reductions of plant biomass in some

northern regions (Odasz-Albrigtsen and others

2000; Tømmervik and others 2003; Kibsgaard

2011). Unsustainable exploitation of resources is

not a new behaviour, though. For example, already

in 1685, the government of Denmark–Norway

commanded the local governors and sheriffs in

northern Norway to manage the forests in a sus-

tainable way, and this included conservation

measures: one of the world’s northernmost Scots

pine (Pinus sylvestris) forests (Alta, Finnmark) was

protected this same year (Kibsgaard 2011).

Exploitation of natural resources for herding of

semi-domesticated reindeer is another example of

land use that may induce environmental change in

boreal–arctic transition areas. Tømmervik and

others (2004, 2009) reported that the birch forest

area in the continental parts of Finnmark (Finn-

marksvidda) in the Norwegian Arctic doubled from

1957 to 2006, hence transforming the former tun-

dra into shrub tundra or forest. This change was

largely driven by a technical revolution in reindeer

husbandry, allowing for more extensive use of

Finnmarksvidda as grazing area, as herders could

access the more remote areas by means of snow-

mobiles and helicopters (Riseth and others 2016),

which resulted in excessive use of the lichen tundra

and increased establishment of vascular plants

through the removal of the so-called lichen barrier

which hampers plant seeds to reach the soil layer

(Tømmervik and others 2004). Increased mobility

and increased pressures towards commercialization

have led to increasing reindeer herds in

Fennoscandia (Tømmervik and others 2012).

Overabundance of reindeer puts considerable

pressure on primary productivity and causes re-

versible vegetation changes (Hofgaard and others

2013; Tømmervik and others 2012). Domestic

livestock like cattle, goat and sheep may also re-

H. Tømmervik and others



duce the cover of forest in boreal–arctic transition

regions (Hofgaard and others 2013).

The importance of legacy effects of human land

use was prominently emphasized through the pa-

pers of Fuller and others (1998), Foster and others

(1998) and recently by Bürgi and others (2017).

Past events such as climate fluctuations, natural

disturbances or human activities can cause dise-

quilibrium dynamics (Normand and others 2017)

that may induce either transient or persistent veg-

etation changes (Svenning and others 2015).

Disequilibrium might occur either when the vege-

tation is too slow to respond to a perturbation, or if

it lags behind a directional change in the environ-

ment caused by a change in the climate or con-

tinued human activity (Bürgi and others 2017).

Evidence of human legacies and impacts on arctic

environments, both on temporal and spatial scale,

is sparse (Kuuluvainen and others 2017; Normand

and others 2017). Hence, to understand and predict

ongoing vegetation changes in arctic and boreal

regions, the legacies of historical human impacts

and activities need to be revealed and assessed

(Kuuluvainen and others 2017).

Remotely sensed temporal studies of circumpolar

and circumboreal changes in biomass generally

have low spatial resolution and do not focus much

on regional change in cases where it deviates from

the larger-scale trends (Xu and others 2013; Ep-

stein and others 2012; Park and others 2016). To

better understand the trends, this study focused on

one region which enabled multiple long-term da-

tasets on environmental impacts to be coupled to

time series on forest and tundra biomass. Specifi-

cally, our objectives were to evaluate how the

forest extent and biomass varied over a 100-year

period and to identify potential drivers of any

vegetation change.

STUDY AREA

The study area comprises the whole of Finnmark

County in northern Norway, situated between

68�38¢ and 71�11¢N, an area that covers

48,631 km2 including freshwater (Figure 1). The

landscape of Finnmark is mountainous and com-

prises non-forested coastal heaths, sheltered fjord

areas and river valleys, arctic tundra and sparsely

forested upland plateaus (Oksanen and Virtanen

1995; Moen 1998; Hofgaard and others 2013;

Bjørklund and others 2015; Virtanen and others

2016). The county has, for these latitudes, a very

mild, maritime-buffered climate (Moen 1998).

Summer drought and wildfires are virtually non-

existent due to the oceanic climate. Instead, out-

breaks of leaf-defoliating moths and winter warm-

ing events currently drive the vegetation change in

the area (Jepsen and others 2008, 2009; Bokhorst

and others 2009; Bjerke and others 2014). The

annual temperature varies from 1.5�C in coastal

areas to 2.5�C in inland areas with an overall in-

crease of 1–2�C during the last 100 years (Førland

and others 2013). Annual precipitation increased

approximately 2–3% per decade over the same

period and varied between 300 and 500 mm

(1961–1990; Førland and others 2013).

The dominating tree species in the study area is

downy birch (Betula pubescens), whereas Scots pine

(Pinus sylvestris) forests grow at lower elevations

across the inner part of the county. The world’s

northernmost Scots pine forests and some of the

world’s northernmost birch forests are situated in

Finnmark (Wielgolaski and Sonesson 2001). The

altitudinal limit of the tree and forest line of both

species is mostly located below 100 m alt. (Wielgo-

laski 2005). All parts of the county are utilized as

rangelands for semi-domesticated reindeer, domes-

tic sheep, wild moose and rodents. Wood resources

Figure 1. Map of Finnmark County. International borders are shown in black, and county border in grey.
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in Finnmark have been exploited since the stone age

(Sjögren and Damm 2018). It was documented that

as early as the beginning of the seventeenth century,

Finnmark’s birch and pine forests were extensively

logged and utilized for fuelwood and construction

wood (Kibsgaard 2011) and outfield clearing for

extension of grazing land. In 1743, restrictions on

logging in Finnmark were implemented due to ra-

pidly decreasing stocks of standing timber (Kibsgaard

2011). After a period with reduced forestry, logging

activity escalated during the Second World War

when large forests were exploited by the German

troops, especially near infrastructure, settlements

and towns (Kibsgaard 2011). In addition, in periods

of approximate 10-year cycles, the birch forests are

attacked by leaf-defoliating larvae of geometrid

moths, and approximately 25% of the forest was

damaged during the large 2002–2006 outbreak

(Tenow and others 2007; Jepsen and others 2008,

2009; Tomter 2012). Severe outbreaks were also

recorded in the 1920s, 1930s and 1960s (Tenow

1972). Forest fires in Finnmark are rare, and only

two fires with some extent have been reported

(Øyen 1998), one in Karasjok in 1884which burned

down 20 km2 of pine forests and 100 km2 shrub and

lichen tundra (Figure 2) and one forest fire with an

extent of 20 km2 in Pasvik (Kirkenes) in 1945.

According to Øyen (1998), the total burned forested

area in the period 1949–1987was 13.6 km2which is

less than the reported burned forest area of 33.5 km2

in the period 1870–1900.

METHODS

Digitization of Historical Forest Maps

The National Forest Map for Norway from 1914

(The General Director for Forestry in Norway 1914)

includes information on the spatial extent of agri-

cultural land, coniferous forest, deciduous forest

and non-forested land. Using this map, we esti-

mated the early twentieth-century forest and land

cover (Table 1). A digital version of this map for

Finnmark was produced in the UTM 33 North

(WGS84) base map projection (Figure 2) by using

ArcGIS 9.3 (see methods in Hofgaard and others

2013). For further information of historical maps,

see Methods S1 in the Supplementary Information.

Digital Topographical and Vegetation
Maps for the Period 1990–2012

Digital topographical maps with land cover infor-

mation were used to represent the second half of

the twentieth century (Table 1). A vegetation map

for Finnmark based on the satellite images acquired

during 1998–2003 (Johansen 2009) was used for

estimating biomass and area extent for the year

2003 (Table 1). The overall accuracy of this vege-

tation map was estimated to be between 75 and

85%, depending on vegetation type (Tømmervik

and others 2009).

Monitoring of Forests and Biomass

Analyses of longer-term changes are based on for-

est surveys (Table 1). The most commonly used

methodology is the resurvey of field plots from

previous decades (Tomter 2012; Bjørklund and

others 2015). Investigation of aerial photographs is

useful tool for studying longer-term changes (Hof-

gaard and others 2013). On the basis of the differ-

ent forest and land cover maps and sources listed in

Table 1, forest and land cover statistics were cal-

culated using ArcGIS 10 (ESRI�ArcMap� 10.0) and

by the image processing software ENVI 5.4 (Exilis

Visual Information Solutions - Harris). Additional

Figure 2. Birch forest change in Finnmark County from 1914 to 2012. The map to the left is based on the forest map

produced by the General Director for Forestry in Norway (1914), while the map to the right is the forest cover from State

Mapping Authority in Norway from 2012.

H. Tømmervik and others



forest and land cover statistics from Statistics Nor-

way and Norwegian Institute of Bioeconomy Re-

search were used (Table 1). These statistics were

applied along with the map-based statistics to assess

the dynamics of the vegetation in the study area for

the period 1907–2012. To estimate the live above

ground biomass, we used different sources and

methods described in Supplementary Information

(Tables S1–S2).

Monitoring Using Earth Observation

To capture inter-annual vegetation change and

eventual rate of growth in the study area over the

last three decades (from 1982 to 2015), we used the

Global Inventory Modelling and Mapping Studies

(GIMMS) Normalized Difference Vegetation Index

(NDVI) dataset obtained from the Advanced Very

High Resolution Radiometer (AVHRR) sensor on-

board the NOAA satellite (series 7–19). NDVI is a

Table 1. Statistics, Map and Imagery Data

Statistical map and image data Scale Years Reference/sources

Census of forestry and agriculture 1900–1907 Official statistics of Norway V 85, Statistics Norway

Forest map for northern Norway

1914

1:500.000 1910–1914 The General Director for Forestry in Norway

(1914)

Census of forestry and agriculture 1918 Official statistics of Norway VI 170, Statistics Nor-

way

Census of forestry and agriculture 1917–1920 Official statistics of Norway VIII. 34 Statistics Nor-

way

Census of forestry and agriculture 1920–1929 Official statistics of Norway VIII 134, Statistics

Norway

Pine forest map for Finnmark and

Troms counties 1925

1:1.430.000 1925 Juul (1925)

Census of Forestry 1930–1933 Official statistics of Norway VIII 134, Statistics

Norway

Census of forestry and agriculture 1939–1944 Official statistics of Norway X. 99, Statistics Norway

Census of forestry and agriculture 1927–1947 Official statistics of Norway X. 161, Statistics Nor-

way

Census of forestry and agriculture 1949 Official statistics of Norway XI. 40, Statistics Nor-

way

Forest map for northern Norway

1949

1:2.000.000 1949 Ruden (1949), Eidem (1956)

Census of forestry and agriculture 1945–1959 Official statistics of Norway XII. 6, Statistics Norway

Census of forestry and agriculture 1957–1969 Official statistics of Norway XII. 248, Statistics

Norway

Census of forestry and agriculture 1957–1969 Official statistics of Norway XII 270, Statistics

Norway

Census of forestry and agriculture 1979–1989 Statistics Norway

Land cover map 1:50.000 1990 Norwegian Mapping Authority (1990)

Vegetation map Norway 2003 1:50.000 1998–2003 Johansen (2009)

Yearly County Reports - Finnmark 2008–2011 County forest administration, Finnmark, yearly

reports

Census of forestry 2005–2012 2005–2012 NIBIO (2012), Tomter (2012)

Land cover map 1:50.000 2008–2012 Norwegian Mapping Authority (2013)

GIMMS NDVI 8x8 km 1982–2015 NOAA and NASA

MODIS C6 NDVI 5x5 km 2000–2015 NASA

Legacies of Historical Exploitation of Natural Resources



global vegetation indicator combining the red and

near-infrared (NIR) reflectance and has been

broadly applied as a proxy of vegetation leaf area,

biomass and physiological functioning (Tucker

1979). The latest version of GIMMS NDVI3 g pro-

vides the longest, continuous and consistent global

vegetation records which span 1981–2015 with a

native resolution of 1/12� at bimonthly temporal

resolution (Pinzon and Tucker 2014). The growing

season integrated NDVI (GSINDVI) has been shown

to be a good proxy for vegetation gross primary

productivity (Goward and others 1985; Wang and

others 2004; Park and others 2016). In this study,

we derived long-term GSINDVI from 1982 to 2015

using the fixed growing season period (that is, June

to August), as well as the maximum annual NDVI

(MaxNDVI), which is known as a good proxy of

plant biomass in high-latitude environments (Ep-

stein and others 2012). From 2000 to 2015, we also

extracted the same parameters from the latest

version (Collection 6) of the Moderate Resolution

Imaging Spectroradiometer (MODIS) product suite

(Didan 2015). Prior to deriving the parameters

from both GIMMS and MODIS, we performed the

pre-processing steps to maintain distinct seasonal

vegetation trajectory and minimize spurious signals

(for example, cloud and snow) in the NDVI time

series (Park and others 2016).

Statistical Analyses and Potential
Factors/Drivers

Potential factors and drivers of forest dynamics

were analysed and assessed using statistical analy-

sis. This includes statistics of time series on the

number of farms, forest harvests, fire wood con-

sumption per farm, number of domestic livestock,

number of semi-domestic reindeer and climatic

data (temperature and precipitation), published by

the Central Bureau of Statistics of Norway (now

Statistics Norway) (Table 1), the Norwegian Map-

ping Authority (Table 1) and the Norwegian

Meteorological Institute (2017). Considering

uncertainties in the forest area statistics (see Sup-

plementary Information), other statistics, like

number of farms, livestock numbers and forest

harvest, have been reported to Statistics of Norway

once per decade back in time (Central bureau of

Statistics of Norway—Statistics Norway 1960), and

it is the status of each parameter in the end of the

year that counts, except for the semi-domestic

reindeer that are counted before calving on 31

March each year (Norwegian Agriculture Agency

2017). Uncertainties in the different statistics may

exist and were at the highest during the Second

World War and the following 3 years, since most of

the human population was evacuated from Finn-

mark and most of the livestock was slaughtered. To

assess which factor/driver had the greatest influ-

ence on the forest biomass, we correlated the

above-mentioned factors (predictors and response

variables) using automatic linear modelling (Yang

2013). Model selection and linear trend analyses

were undertaken using SPSS Statistics 25 (IBM

Corp., NY, USA). We used Pearson correlation

coefficient for the analyses of the different param-

eters/factors. For predictors (pressures or drivers)

assumed to have an impact on response variables,

we use 10-year averages in the correlation esti-

mations and linear modelling, this to emphasize

that a given response variable is not mostly affected

by the current-year value, but the levels in the

recent historic past. Since we do not have data from

every single year, we decided to use 10-year aver-

ages. Thus, as an example, the 10-year average

value for tree harvest in 1959 is the mean of the

values from 1949 and 1959 (no values available for

the years 1950–1958). The trend analyses of

GIMMS and MODIS data were calculated using

Vogelsang’s t-PS_T test (Vogelsang 1998). Per cent

trend is calculated with respect to mean values of

1982–2015.

RESULTS

The conversion of non-forested areas to birch forest

from 1914 to 2012 is shown in Figure 2. The fig-

ure shows that large areas in the southern and in-

ner part of Finnmark were converted to birch

forests during this period. However, the extent of

forests varied considerably during the period from

1893 to 2012 (Figure 3). Forest cover in 1893 was

estimated to be 3634 km2. The first forest map,

published in 1914, estimated the pine and birch

forest cover to be 1250 and 6255 km2, respectively,

viz. a total of 7505 km2, with a standing biomass of

14.21 mill. metric tonnes (Table 2). At the end of

the Second World War, the areas of pine and birch

forests were estimated to be around 700 km2 and

6300 km2, respectively, with a standing biomass of

9.55 mill. tonnes (Table 2). After a slight increase

from 1949 to 1959, both forest types were again

reduced, and in 1969, covered 758 and 5924 km2,

respectively, hence a total area of 6682 km2 and a

standing biomass of 11.3 mill. tonnes (Table 2).

During the last four to five decades, the forest has

expanded, and it currently (that is, 2012) covers

15,357 km2, of which 1347 km2 are Scots pine

forests and 14,007 km2 are birch forests. However,

a reduction of almost 2500 km2 of the birch forest

H. Tømmervik and others



was reported from 2003 to 2009 (Table 2). The

standing forest biomass in 2012 was estimated at

24.55 mill. tons (Table 2). The tundra biomass de-

creased substantially from 1914 to 2012 (Table 2).

Factors Influencing the Dynamics
of the Forest and Tundra Systems

The number of farms increased by 42% from 1907

to 1939, with a subsequent decrease by 95% from

1939 to 2012. The number of domestic livestock

(horse, cattle, goat and sheep) increased by 124%

from 1907 to 1939 and subsequently was reduced

by 40% from 1939 to 2012 (Table 2). The number

of reindeer decreased by 43% from 1907 to 1949

with a subsequent increase of 310% from 1949 to

2012 (Table 2). The forest harvest (roundwood cut)

and fuelwood extraction by the farms and the

Finnmark Estate Agency (a state-owned company)

increased by 81% from 1907 to the end of the

Second World War, largely due to an extreme

exploitation of forest resources by the German

army (Figure 3). After the Second World War and

until 2012, harvesting of timber and wood de-

creased by 77% (Table 2). The mean growing sea-

son temperature (JJA) varied significantly during

this period but shows an overall increase of 1.1�C
from 1894 to 2015 (Figure 4). The mean growing

season precipitation increased from 130 mm to

150 mm, a near-significant increase (r = 0.165,

P = 0.069; data not shown).

Relationships Between Forest Biomass
and Explanatory Factors

In Table S3, we present a correlation matrix for the

period 1914–2012 including the parameters of

highest importance from the linear modelling, with

10-year averages for all predictor variables. Mean

JJA 10-year temperature and mean JJA 10-year

precipitation were correlated with year (r = 0.62,

P = 0.024 and r = 0.85, P < 0.001). Mean JJA 10-

year temperature and mean JJA 10-year precipi-

tation were not significantly correlated with the

birch forest area (r = 0.38, P = 0.195, and r = 0.29,

P = 0.332) but inclusion of the years 1900 and

1907 in the analysis showed that the JJA 10-year

temperature was significantly correlated with the

area of birch forests (r = 0.59, P = 0.025). Birch

and pine forest areas were significantly correlated

with the biomass for the same forests (r = 0.98,

P < 0.001 and r = 1.0, P = 0.001). Birch forest

area was strongly correlated with the 10-year

averages of reindeer numbers (r = 0.83,

P < 0.001) and negatively correlated with the 10-

year averages of number of farms (r = – 0.71,

P = 0.006) and total forest harvest (r = - 0.76,

P = 0.002). Pine forest area was significantly cor-

related with most of the same factors as birch forest

area (Table S3). For example, it was negatively

correlated with 10-year averages of number of

farms (r = - 0.74, P = 0.004) and 10-year averages

of pine forest harvest (r = - 0.86, P < 0.001).

Figure 3. Forest cover changes of forested land in Finnmark County 1914–2012. Area is presented in km2 for both forest

types. Note different scales. Birch forests are presented in white circles, and pine forests with black circles. Geometrid

attacks are presented as stippled lines, and the number of lines indicates the magnitude (number of years) of the attacks.

The Second World War is represented by a hatched column.

Legacies of Historical Exploitation of Natural Resources
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Best Linear Models for Forest and Tundra
Development

The best linear models for the area and biomass of

forest and tundra have high accuracies (> 79%)

and show some consistent patterns (Table 3). The

extent and biomass of birch forest, total forest and

tundra were largely explained by 10-year average

reindeer numbers. This predictor explains between

43 and 84% of the best models for these response

variables. While birch forest and total forest are

positively related to reindeer numbers, tundra is

negatively related. The most important predictor

for variation in Scots pine biomass and area is 10-

year average logging activity of Scots pine which

explains 60% of the variation. Five additional

predictors were included in the best models for

forest and tundra trends, explaining between 9 and

40% of the variation in response variables. The

number of farms is included in the best models for

birch and total forested area (positive coefficient)

and tundra areas (negative coefficient). Number of

farms is the second-most important predictor for

birch area and total forested area, and this has a

positive coefficient, while the farm number is

negatively correlated with birch area (r = – 0.61,

P = 0.026) and total forested area (r = – 0.63,

P = 0.021). However, both farm numbers and birch

area increase during the interwar period (r for

1907–1939 = 0.57). Fuelwood demand is included

in the best models for Scots pine biomass and area

(positive) and tundra biomass (negative). Fuel-

wood demands came out as the third-most impor-

tant predictor for Scots pine, but with a positive

coefficient, despite these factors being negatively

correlated for the whole study period (r = – 0.78,

P = 0.002). Domestic livestock are included in the

best models for Scots pine area and biomass (neg-

ative) and birch (positive). Finally, birch logging is

in the best model for birch biomass and total tree

biomass (both positive). We also elucidated causes

for variation of forest harvesting activities over

time. Farm numbers largely explain birch harvest

volumes, total forest harvest volumes and fuel-

wood demands, explaining between 28 and 100%

of the variation (Table 3). Population number is the

second-most important variable, explaining 69% of

the Scots pine harvest and 62% of fuelwood de-

mands. Domestic livestock and JJA temperature are

also included in best models for some variables, but

with low importance as compared to farm and

population numbers.
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Remotely Sensed Monitoring of Forest
Change (1982–2015)

The growing season integrated NDVI (GSINDVI)

based on GIMMS increased by 8% from 1982 to

2000 (Figure 5, Table S4). Index values were

stable from 2000 to 2010, whereas the period from

2010 to 2015 showed an increasing trend, albeit

with one deviating year (2012). The GIMMS based

GSINDVI trend (Figure 5, middle) was positive for

the period (1982–2015) as a whole (r = 0.46,

P = 0.007) and shows a positive correlation

(r = 0.61, P < 0.001) with JJA temperature (Fig-

ure 5, upper). The MODIS-based GSINDVI (Fig-

ure 5, lower) did not show any significant temporal

change from 2000 to 2015 (r = 0.41, P = 0.113)

and was not correlated with JJA temperature

(r = 0. 41, P = 0.114). Trend maps for GIMMS

GSINDVI for the periods 1982–2015 and 2000–2015

are presented in Figure 6. A trend map for MODIS

GSINDVI for the period 2000–2015 is presented in

Figure 7. Trends were stronger for GIMMS than for

MODIS MaxNDVI for both periods 1982–2015 and

2000–2005 (Figures S1–S2). The correlation be-

tween GIMMS and MODIS (2000–2015) is weak

(Figure S3, Table S5).

DISCUSSION

We revealed a pattern of strong anthropogenically

induced forest dynamics in some of the northern-

most forests of the world (Wielgolaski and Sones-

son 2001), which may be perceived as pristine

(Steen Jacobsen and Tømmervik 2016) or last pri-

mary forests (Sabatini and others 2018), and often

referred to as part of ‘Europe’s last wilderness’

(Kuuluvainen and others 2017). The human-in-

duced dynamics reported here were either un-

known or rarely reported in the scientific literature.

However, reports of over-utilization, and subse-

quent regulation, of the exploitation of the Finn-

mark forests for fuel and construction wood date

back before 1685 (Kibsgaard 2011). This clearly

suggests a long history of over-exploitation of forest

resources with persistent legacies in this seemingly

pristine part of Fennoscandia (Steen Jacobsen and

Tømmervik 2016). In fact, some of the first stone

age boats built by inhabitants of Finnmark and

depicted as boat figures in approximately 5000-

year-old rock art at the UNESCO World Heritage

Site at Alta in Finnmark were most likely hollowed

out from local Scots pine trees (Klem 2012), which

further emphasizes the very long history of

exploitation of a scanty resource.

Following a century with large human and cli-

matic disturbances, the extent of the forests more

than doubled during the most recent 70-year per-

iod (1945–2015). This is in accordance with the

mean northward advance of the birch forests which

was significantly greater (8.3 km vs 6.5 km) in the

period 1975–2009 than in the period 1914–1975,

despite the last period (1975–2009) being shorter

(Hofgaard and others 2013). The uphill advance

followed the same trend as the northward advance

(Tømmervik and others 2004, 2009). There are

several reasons for the large fluctuation in forest

cover and biomass in Finnmark during the last

century. First, the general increase in Finnmark’s

human population from 1914 to 1940 resulted in

increased demand for fuel and construction wood.

This was a period when the electricity network was

not existing or poorly developed, and electricity

was expensive; thus, most private houses had to

rely on wood for warming. Every farm had an

annual demand of 4–20 m3 of fuelwood in addition

to wood for construction of fences and buildings

(Central Bureau of Statistics of Norway 1955).

Second, the increased population also gave rise to

an increase in the numbers of domestic horses,

cattle, sheep and goats, which further contributed

to reduction in forest cover and biomass, especially

around farms and settlements. Third, severe cater-

pillar (Epirrita autumnata) attacks almost once every

decade since 1910, orchestrated by high egg sur-

vival during a series of mild winters, killed large

areas of birch forest (Ruden 1949; Tenow 1972;

Tenow and others 2007; Jepsen and others 2008).

Using the ideas in the roadmap proposed by

Normand and others (2017), we analysed the data

using linear modelling. This modelling approach

provides evidence that the extent and biomass of

birch forest, and the total forest and tundra can be

Figure 4. The relationship between year and mean

temperature in Finnmark for June–July–August [JJA

from 1894 to 2015 (r = 0.33, P < 0.001)]. The time

series is based on weather data from the three longest

temperature series in Finnmark: Alta (coastal west),

Karasjok (interior south) and Vardø (coastal north-east).

Values are averages of mean monthly temperatures from

the three stations.
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largely explained by 10-year average reindeer

numbers. This predictor explained between 43 and

84% of the best models for these response vari-

ables. Although birch forest and total forest were

positively related to reindeer numbers, tundra was

negatively related. High reindeer densities at the

near-coastal summer ranges may halt forest re-

growth (Dalen and Hofgaard 2005; te Beest and

others 2016; Bråthen and others 2018). However,

density generally must exceed 5 reindeer per km2

to instigate a reduction of shrubs and forests (Brå-

then and others 2017). Thus, reduced grazing by

domestic livestock along with a reindeer density

lower than the threshold level will enable exten-

sive natural regrowth of forests and shrubs, and

hence, a return to the forested landscape of the

1960s (den Herder and others 2004; Tømmervik

and others 2009; Bråthen and others 2017). A

positive relationship between the numbers of

reindeer and forest increase in Finnmark was also

reported by Tømmervik and others (2004, 2009),

but Dalen and Hofgaard (2005) and te Beest and

others (2016) found a negative relationship. The

most plausible reason for this discrepancy is that

the two latter studies were of short duration

(3 years) and were restricted to analyses of small

reindeer fields close to fenced areas and within

migration zones, which are strongly overpopulated

during parts of the year, and consequently repre-

sent only the most extreme grazing pressures found

in Finnmark (Tømmervik and others 2009, 2012).

Thus, studies on larger regional and temporal scales

are imperative to fully understand the impacts of

reindeer on vegetation change (Fauchald and oth-

ers 2017). Another important factor is the more

extensive use of remote winter grazing areas fol-

lowing the technological revolution in the reindeer

husbandry from ca. 1968 and beyond (Riseth and

others 2016). This increased activity resulted in

rapid removal of dense landscape-covering rein-

deer lichen mats, which again allowed for increased

germination of birch seeds on soils which until

then had been unavailable for birch due to the so-

called lichen barrier (Tømmervik and others 2004,

2009).

Previous logging activity was the predictor

explaining most of the variation in extent and

biomass of Scots pine, while population size ex-

plained most of the variation in logging activity of

Scots pine. The demands of wood and outfield

forage increased considerably with the invasion of

German troops, which over the war’s 5-year period

tripled the human population in Finnmark (Ruef

1984). At the end of the war, 168,000 m3 of Scots

pine was logged annually, which was 114,000 m3

more than the annual growth (Ruden 1949; Kibs-

gaard 2011), resulting in a rapid reduction of Scots

pine.

Figure 5. The relationship between the mean GIMMS

GSINDVI and the growing season mean temperature

(June to August, JJA) for the period 1982–2015 (upper).

The time series of GIMMS and MODIS GSINDVI for the

period 1982–2015 and 2000–2015 (middle and lower),

respectively.
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Number of farms is the second-most important

predictor for birch area and total forested area, with

a positive coefficient. This may seem counterintu-

itive, given that farm number is negatively corre-

lated with birch area and total forested area.

However, both farm numbers and birch area in-

crease during the interwar period and this may

likely be the reason for a positive coefficient in the

linear modelling. Hence, in the linear model,

reindeer number best explains post-war increase

while farm number best explains the early twen-

tieth-century increase in birch area. However, the

positive relationship between birch area and farm

numbers may not need to be causative. Instead, it is

Figure 7. Trend (2000–2015) in MODIS C6 GSINDVI of Finnmark County in Northern Norway. The trend was calculated

using Vogelsang’s t-PS_T test and significance is shown in inset figure (***P < 0.01; **P < 0.05; *P < 0.1; –

insignificant). Regions with limited valid observations and outside Finnmark County are shown in grey and white,

respectively. Per cent trend is calculated with respect to mean of 2000–2015. The brown areas at the coast indicate areas

with autumnal moth attacks.

Figure 6. Trend (1982–2015) in NDVI3 g-based growing season integrated NDVI (GSINDVI), left) and GSINDVI for the

period 2000–2015 (right) over Finnmark County in Northern Norway. The trend was calculated using Vogelsang’s t-PS_T

test, and significance is shown in inset figure (***P < 0.01; **P < 0.05; *P < 0.1; – insignificant). Regions with limited

valid observations and outside Finnmark County are shown in grey and white, respectively. Per cent trend is calculated

with respect to mean of 1982–2015.
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plausible that the increase of birch from 1907 to

1939 was a lagged response to the early twentieth-

century warming, which was a period of warmer

summers (and winters) after a long, cooling period

during the nineteenth century (Luterbacher and

others 2004). Thus, the likely reason for JJA tem-

perature not being selected in the linear modelling

approach is that our birch dataset does not include

data from the nineteenth century.

During the autumn and winter of 1944–1945,

almost all settlements and farms in Finnmark were

burned and destroyed by the Nazi German forces

retreating from the attacking Soviet Russian army

(Ruef 1984; Skogan 1993). After the war, there

were massive demands for both construction wood

and fuelwood to rebuild settlements (Ruden 1949;

Kibsgaard 2011), which accounted for the dramatic

decline in extent and biomass of both Scots pine

and birch in the post-war period from 1945 to

1967. After 1967, the forest areas and biomass

recovered and increased again. Our analysis shows

that this increase corresponded with a decline in

number of farms and domestic livestock, reduced

demand for fuelwood, the latter largely because of

fewer farms and a rapid development of electrical

power for heating (Central Bureau of Statistics of

Norway 1955 and the yearly reports by Statistics

Norway). Fuelwood consumption came out posi-

tively as the third-most important predictor for

Scots pine, despite these factors being negatively

correlated for the whole study period. However,

from 1949 to 1969, these two factors were posi-

tively related, both increasing from 1944 to 1959,

then both showing a decline from 1959 to 1969

(r = 0.305 for this 25-year period). This may be the

reason why fuelwood was selected as a positive

factor in the linear modelling, and the relationship

is probably not causative, as fuelwood demands

were highest in coastal reconstruction fishing

hamlets far from any major Scots pine forests

(Ruden 1949; Kibsgaard 2011). Thus, despite high

fuelwood demands, Scots pine area and biomass

could increase from 1944 to 1959. This may also be

the main reason why the best linear model shows a

positive relationship between birch biomass and

birch harvest: increasing availability resulted in

increasing harvests from 1907 to 1929 (r = 0.744).

Post-war forest extent remained below pre-war

extent until 1979. However, during a 10-year per-

iod from 1979 to 1989 the forest extent nearly

doubled, and this was largely related to an increase

in birch. This rapid increase in forest area biomass

may be attributed to several factors. As shown

above, reindeer is selected as the most important

factor in the best linear models for birch, and this

with a positive coefficient. The increase may

therefore primarily be a result of the deterioration

of lichen tundra during the technological revolu-

tion of the reindeer husbandry, which paved the

way for increased establishment of birch on previ-

ous lichen tundra, as discussed above. In fact,

reindeer number is also the most important pre-

dictor for tundra area and biomass, and there with

a negative coefficient.

The extensive increase in birch from 1979 to

1989 in fact took place during a period of summer

cooling (average JJA temperature: 1970–1979:

10.8�C; 1980–1989: 10.2�C). This shows that

extensive shrubification in arctic environments can

take place also during climate cooling. From 1979

to 1989, fuelwood demands declined by 29%. Still

fuelwood was not selected in the best models for

birch area and biomass, even if fuelwood demands

and birch biomass are strongly inversely correlated

(r = – 0.746, P = 0.003). The exclusion of fuelwood

from the best model may be related to an increase

of both factors from 1907 to 1939. Thus, the lagged

warming response of early twentieth century of

birch growth, as discussed above, was larger than

the increasing fuelwood demands in the same

period. Instead, fuelwood, with a negative coeffi-

cient, is the second-most important factor for tun-

dra biomass, which likely is related to a 9%

decrease in tundra biomass from 1914 to 1944

coinciding with a doubling of fuelwood demands.

Again, there may not be a direct causative link

between these two trends but be related to birch

establishing in tundra regions until 1939 due to a

lagged climate warming effect.

The post-1979 continuous increase in forest ex-

tent and biomass halted in 2003. From 2003 to

2009, birch forest area declined by 21% according

to our field-based data and reports from the

authorities (Finnmark skogsselskap 2010). Birch

mortality caused by outbreaks of leaf-defoliating

larvae of autumnal moths (Jepsen and others 2008,

2009) is the most plausible factor for this decline.

Historical data on the extent and severity of moth

outbreaks were too scanty to be included as a

predictor in our linear modelling approach. How-

ever, literature records show that outbreaks have

recurred every decade since the 1960s (Jepsen and

others 2008). The last major outbreaks were from

2002 to 2008 and from 2013 to 2015 (Jepsen and

others 2008, 2009; County Governor of Finnmark

2015), and more than 2000 km2 of the dense birch

forests was assumed to be partly or totally damaged

during the first of these two outbreak events (Fin-

nmark skogsselskap 2010). Regionally aggregated

GSINDVI showed an increasing trend for the whole

H. Tømmervik and others



county from 1982 to 2015, but decreasing trends at

local scales were also evident, and this is most

strongly visible from 2000 to 2015 (Figure 6).

Declining trends are strongest in areas known to

have been severely attacked by moths (Jepsen and

others 2008, 2009). There are at least five possible

reasons for the dominant increasing trends, despite

severe damage from leaf-defoliating moths. First,

the increasing birch forest area and biomass (Ta-

ble 1) were superior to the damage caused by the

moth outbreaks. Second, sporadic damage and

following recovery may mask any possible decline

of remotely sensed vegetative signals. Third, this

could be that significant parts of the forest floor in

dense birch forests attacked by the moths were

turned into grass-dominated cover (Karlsen and

others 2013), thereby quickly regaining high NDVI

values (Bjerke and others 2014). Fourth, the Scots

pine forest area shows a steady increase since 1979,

without any decline in the 2000s, and thereby

contributes to the increasing GSINDVI in pine-

dominated parts of the county. Fifth, as much as

75% of Finnmark is non-forested (Bjørklund and

others 2015), and because remotely sensed GSINDVI

is a composite result of signals from several vegeta-

tion types in addition to forest, any positive trends

for mires, heaths and tundra will have strong effects

on county-level GSINDVI trends.

Because we do not know the exact species

composition of the birch and pine forests-especially

back in time-it is challenging to assess previous

disequilibrium dynamics (Normand and others

2017), a challenge which is intensified by the re-

peated human impacts in concert with biological

pressures and climatic variability. Based on pollen

analysis from a lake in the Finnish-Finnmark bor-

der area, Miller and others (2008) found a signifi-

cant reduction of the biomass of Scots pine and

birch over the last millennium. This is in accor-

dance with the reported over-utilization of the

forests in Finnmark during the seventeenth cen-

tury (Kibsgaard 2011), but may also be related to a

slow, but prevailing paludification process (Craw-

ford and others 2003; Sjögren and Damm 2018).

During the last century, the area and biomass of

both species were significantly reduced to a mini-

mum in 1960–1970s which was followed by an

increase during the last decades (Miller and others

2008). Overall, the equilibrium dynamics for Fin-

nmark seems to follow the ‘repeated human per-

turbation scenario’ proposed by Normand and

others (2017). A recent study by Song and others

(2018) concluded that human land use was the

dominant driver of long-term global land cover

change, accounting for 60% of global land change

from 1982 to 2017. This conceptually aligns with the

argument being made here, which is that human

land use plays a larger role in vegetation change in

the northern boreal forests than previously thought.

Our study shows that the analyses of long-term data

series (> 100 years) and assessments of legacy

impacts provide a much-improved foundation for

the interpretation of the magnitude of current

change and their causes (Bürgi and others 2017;

Kuuluvainen and others 2017; Normand and others

2017). For our study area, the historical analysis

sheds new light on factors influencing the longer-

term dynamics of the arctic-boreal ecotone.

CONCLUSIONS

Although northern-Eurasian forests (> 66�N)
currently are gaining biomass, we show here an

example of a large northern forest area that, due to

variable human impacts and other factors, has

undergone large fluctuations in area and biomass

since 1900. Our study area may be considered as

pristine to an untrained eye due to the lack of

major human infrastructure, but we have shown

that even this northern region, far from any major

urbanized area, has a long history of human

influence which continues to have major impacts

on the forest and tundra structure. Linear mod-

elling confirmed that the most important predictors

were historical land use activities including grazing

and not climate change. Overall, we conclude that

the application of historical time series is essential

for interpreting the importance and magnitude of

current trends, for example, whether the current

greening trend of the boreal and arctic regions is a

result of periods of climate warming, a restoration

from human legacies or a combination of both, and

we now understand that the latter is the case here.
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