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Introduction
Important goals of palaeoecology are the proper description of 
past vegetation and understanding of the long-term processes that 
govern vegetation change, for example, the influence of human 
activity, climate change, plant migration and succession. An 
important step in attaining these goals is the quantification of 
proxy data, especially fossil pollen data, a prospect that has 
haunted palynology since Hesselman’s (1916) critique of Von 
Post’s (1916) introduction of pollen percentage data. Since then 
there has been a major improvement in our understanding of the 
quantitative pollen–vegetation relationship (e.g. Andersen, 1970; 
Broström et al., 2008; Davis, 1963; Jackson, 1994; Jackson and 
Lyford, 1999; Janssen, 1966; Prentice, 1985; Sjögren et al., 2010; 
Sugita, 1994; Sugita et al., 1999; Tauber, 1965; Theuerkauf et al., 
2013) and the emergence of different methods in which past veg-
etation cover can be quantified (e.g. Bunting and Middleton, 
2009; Fyfe, 2006; Fyfe et al., 2013; Gaillard et al., 2008; Mazier 
et al., 2012; Nielsen and Odgaard, 2010; Nielsen et al., 2012; 
Sugita, 2007a, 2007b). Still, the exact relationship between 
deposited pollen and the surrounding vegetation remains elusive, 
and the practical implementation of existing methods for quanti-
fying fossil pollen data is not without difficulties.

Because the percentages of pollen in a sample are known to 
be unequal to the percentages of vegetation, most ‘intuitive’ 

interpretations of past vegetation are still based on the changes in 
percentages that are found from one sample to another. These 
changes are generally interpreted to represent the direction of 
change in the surrounding vegetation (Davis, 1963). Therefore, 
based on the pollen data alone, it is normally easier to determine 
the direction of change between samples than the actual vegeta-
tion cover at a specific moment in time.

In the present investigation, we explore an approach based on 
the R-value model (Davis, 1963) to determine the modern pollen–
vegetation relationship and to infer explicit spatio-temporal vege-
tation cover from fossil pollen percentage assemblages. Past 
vegetation cover and dynamics are quantified by comparing simu-
lated pollen deposition from direction of vegetation change (DVC) 
models with empirical pollen data. The DVC model simply 
assumes a specific spatially explicit change in the vegetation, for 
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2 The Holocene  

example, from open grassland to closed coniferous forest. We 
demonstrate the practical utility of this approach in a case study 
from the mountain valley Budalen in central Norway where land 
uses such as iron and charcoal production as well as summer farm-
ing varied over time the past 2000 years. The investigation site is 
situated in a landscape conservation area, and there have been sev-
eral archaeological, historical, palaeoecological and ecological 
investigations in the area, making quantification of plant abun-
dance and change in vegetation cover highly valuable. The vegeta-
tion quantification efforts focus on periods with major human 
impact, that is, large-scale iron production in the 4th and 9th cen-
turies, charcoal production in the 18th century and summer farm-
ing in the 19th century, and the effect of the following abandonment 
with encroachment and long-term succession.

Method
The quantification method applied here can shortly be outlined 
as:

1. Construct a DVC model (i.e. how hypothetical vegetation 
change manifests spatially).

2. Simulate pollen deposition from the DVC model.
3. Compare simulated pollen deposition with empirical fossil 

pollen deposition.
4. Accept results or return to point (1) with a new/adjusted 

DVC model.

Of course, prior to the construction of a DVC model, one 
needs to have an understanding of the investigation area and 
expected changes in vegetation. In the present case, it means 
archaeological and historical investigations, a fossil pollen record 
and vegetation maps of the surrounding area. For point (2) a pollen–
vegetation relationship has to be established, either using existing 
pollen productivity estimates or as in the present case to calculate 
site-specific pollen productivity estimates from the same site as 
the fossil pollen record. Of course, any type of pollen dispersal–
deposition model or function could be applied.

The method can be considered as a variant of the multiple sce-
nario approach (Bunting and Middleton, 2005, 2009), with the 
exception that the focus of the different scenarios is shifted to 
vegetation change rather than vegetation cover (cf. Fyfe, 2006).

Budalen valley pre-historic iron works and cultural 
landscape
The Tovmoen area in Budalen valley, central Norway, is rich in 
remains from past land uses such as pit trapping of moose; iron, 
coal and tar production; and haymaking and summer farming 
(Figure 1). The surrounding vegetation consists of open mires and 
pine forest, while open birch forest dominates on the valley slopes 
and further up the valley (Figure 1). About 1 km south of Tov-
moen, an ancient iron production site was discovered on a terrace 
along the river Bua in 1979 (Stenvik, 1982). It was named Stor-
bekken I. The archaeological remains consisted of a heap of 
roasted bog ore, four bloomery furnaces with corresponding 
heaps of slag and the nearby remains of four houses (Espelund 
and Stenvik, 1993). It is estimated that at least 30 metric tons of 
iron were produced at this site. Only charcoal from pine is associ-
ated with the iron production, while birch seemed to have been 
the most commonly used taxon for everyday firewood. Radiocar-
bon dates from the site gave age intervals of 180 bc–ad 25 (pine 
charcoal from furnace), ad 220–430 (birch charcoal from house 
remains) and ad 350–540 (pine charcoal from slag heap). Assum-
ing that the older date is biased by the inherent age of the wood 
itself, the main activity phase would be in the 4th and 5th centu-
ries. Nearby iron works at Tovmoen are also dated to this period, 

ad 340–405 and 380–540. It should be noted, however, that the 
number of datings is low, and that the local pollen record (Solem 
et al., 2012), as well as the older date, suggests that local iron 
production could have commenced as early as 200 bc.

Another iron production site is situated around 200 m from the 
Storbekken I site. This site has a totally different character and is 
dated to ad 1020–1220, and is related to the Viking iron produc-
tion phase in central Norway (cf. Espelund, 2005; Stenvik, 1990, 
1991). Other archaeological remains in the Tovmoen and Stor-
bekken area associated with iron production have also been dated 
to this phase – ad 670–755, 775–885, 980–1040 and 1015–1030 
(Stenvik, 2011a).

In the 17th century, large-scale tar and charcoal production 
commenced, and the remnants of 15 tar kilns and 17 charcoal kilns 
are known in the area around Tovmoen. The charcoal production is 
likely associated with copper production in the neighbouring val-
leys during the 18th and 19th centuries (Stenvik, 2011a).

Haymaking in the area is documented by written sources back 
to the 17th century, while pollen data suggest that it started in the 
16th or even late 15th century (Solem et al., 2012). Summer 
farming commenced at nearby Storbekklia in the late 18th cen-
tury with grazing and haymaking on a regular basis. The number 
of horses and cows in Budalen in the mid-17th century was about 
400; in 1865, this figure had doubled to about 800, putting 
immense pressure on available meadow and pastureland. In 
1769, the number of inhabitants in Budalen was 214, and in 
1865, it had increased to 540. The rapid population growth of the 
19th century also resulted in division of farms, which had the 
consequence that the reliance on outfield resources increased. 
During the second half of the 19th century, increasing emphasis 
was also given to animal husbandry, largely a consequence of 
national and international market conditions. Since the Second 
World War, the number of summer farms in the valley has gradu-
ally declined (Tretvik, 2011).

The fossil pollen record
The Storbekkøya peat profile was extracted from a mire close to 
the pre-historic iron work Storbekken I. A 10-cm-diameter plastic 
tube was hammered down into the mire, extracted and subse-
quently cut open in the laboratory. The total length of the profile 
was c. 170 cm, and the depth–age relationship is based on five 
14C-samples (Solem, 2011; Solem et al., 2012). Subsampling for 
pollen was done every 5 or 10 cm, and chemical preparations fol-
low the study of Fægri and Iversen (1989). In the present investi-
gation, only pollen of the most abundant tree taxa – pine (Pinus 
sylvestris), birch (Betula pubescens) and alder (Alnus 
glutinosa/incana), as well as grass (Poaceae) are considered. The 
pollen percentage data are presented in Figure 2 and described in 
Table 1. Pine has relatively low pollen values in the deepest part 
of the profile but increases rapidly to about 50% around ad 400 
and is dominant most of the time after c. ad 650. Birch makes up 
most of the remaining pollen spectra and consequently shows 
more or less the opposite development to pine. The relatively low 
birch pollen values after ad 650 are interrupted with peaks around 
ad 800 and 1700. Alder pollen is relatively common in the lower-
most part of the profile, prior to ad 200, but then only occurs at 
very low values. Grass pollen has relatively high values (>10%) 
prior to ad 400 but then disappears almost entirely before it 
increases to relatively low values (3–7%). This level is main-
tained throughout the rest of the profile with exception of a peak 
(25%) around ad 1850. For more details and full pollen spectra, 
see Solem (2011) and Solem et al. (2012). Because of the very 
low values of alder pollen after ad 200, it was not possible to 
include the taxon in the quantification effort. Still, the fossil pol-
len record is presented here because of its importance just prior to 
the time period concerned in the quantification effort. In the 
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pollen values used for quantification (after ad 200), alder is added 
to the birch value as it is the most similar taxa.

The pollen–vegetation relationship
In order to determine the modern pollen percentages at the Stor-
bekkøya coring site, a small surface moss/peat monolith (2.6 cm 
sides and 15 cm deep) was extracted from the same location. The 
whole monolith was analysed as a single sample. A bomb-pulse 
radiocarbon date at the bottom suggested that the sample covered 
8 years of pollen deposition (sample equivalent to BD1 in the 
study by Sjögren (2013)). This is a long enough period to mitigate 
annual variations in pollen deposition (Hicks, 2001; Hicks and 
Hyvärinen, 1999). Compared with the top sample of the fossil 
core, with an inferred date to about ad 1980, the pollen values of 
pine and birch are very similar, while grass is lower in the modern 
sample (cf. Solem, 2011).

Surrounding vegetation cover was extracted from two sets of 
vegetation maps: the field survey based Norwegian Institute of 
Land Inventory map (NIJOS; Rekdal and Larsson, 2005) and the 
satellite-derived SatVeg map (Johansen, 2009). Of the two, the 
NIJOS map is considered more accurate and used when available, 
but it has limited coverage while SatVeg covers all of Norway. 
The cover of different vegetation types was calculated within 

logarithmically increasing rings (cf. Van der Knaap et al., 2001). 
Each ring had an outer radius 101/3 larger than the inner radius. 
The NIJOS map was used for rings with radii between 0.02 and 
4.64 km (Figure 1), while the SatVeg map was used for rings with 
radii between 4.64 and 464 km. For non-mapped areas, the vege-
tation was approximated using an adjacent mapped area, in prac-
tice an area within a certain distance from the pollen sampling 
point and/or altitude. Each vegetation type was then appointed a 
certain taxon-specific vegetation composition (Table 2).

The applied pollen–vegetation relationship is based on the 
R-value model (Davis, 1963):

R  = 
Species pollen percentage

Species vegetation percentagea
a

a

The R-value model in its original form assumes infinite evenly 
distributed vegetation for proper application (Davis, 1963). As 
this is not the case, a dispersal/weighting function has been 
applied to the vegetation data, which then is expressed as dis-
tance-weighted plant abundance (DWPA). As vegetation from 
outside the investigation area is assumed to have no influence on 
the R-values, the investigation area needs to be large to mitigate 
the influence of distance transported pollen, in this case 464 km is 
considered to be adequate.

Figure 1. NIJOS vegetation map for the Tovmoen area in Budalen valley. The area within 1 km of the coring site Storbekkøya is marked. The 
applied species-specific composition of the vegetation types is provided in Table 2.
NIJOS: Norwegian Institute of Land Inventory.
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The pollen dispersal–deposition function assumes that the 
major dispersal vector is wind above the canopy, the wind direc-
tion is even in all direction and that pollen deposition occurs at a 
point, that is in all aspects identical to the Prentice model (Pren-
tice, 1985; sensu Sugita, 1994) with exception of the applied dis-
persal parameters. DWPA was determined with composite 
dispersal functions (Sjögren et al., 2010) based on Sutton’s equa-
tion (Sutton, 1953; sensu Prentice, 1985). The composite disper-
sal functions as applied here assume that birch and pine release 
50% of their pollen at moderate wind speed (4 m/s) at rather low 
elevation (1 m above ground), and 50% at high wind speed (7 
m/s) at high elevation (10 and 20 m above ground, respectively). 
These composite dispersal functions better imitate the volumi-
nous pollen source of a tree than release from a single point. For 
grass, the dispersal function only considers a single point of 
release at moderate wind speed (5 m/s) and very low elevation 
(0.1 m above ground). As mentioned above, it is then assumed 
that the pollen are spread equally in all directions and deposited 
according to Sutton’s equation (sensu Prentice, 1985). Pollen dis-
persal parameters are provided in Table 3. For further discussion, 
concerning the applied dispersal–deposition model and functions, 
see Sjögren et al. (2008, 2010), Filipova-Marinova et al. (2010) 
and Sjögren (2013).

The R-values for pine, birch and grass at Storbekkøya were 
then calculated by dividing the pollen percentages with the DWPA 
percentages. The resulting ratios or Rrel-values of pine, birch and 
grass were 5.2:1:0.7. This is close to the mean/median value of 
other Rrel measurements in the region (cf. Sjögren, 2013).

Constructing DVC models
In the present investigation, the modern landscape structure is 
assumed to have been consistent in time, and only changes in 
species composition of the mapped vegetation types are mod-
elled. The modern vegetation structure around the Storbekkøya 
coring site is provided in Figure 1, and the modern species com-
position of the most important vegetation types used in the pres-
ent investigation is presented in Table 2. Regional plant 
abundances around Storbekkøya (4.6–464 km) are assumed con-
stant during the period of interest (past 2 kyr) unless otherwise 
specifically stated. Fossil pollen records from Budalen valley do 

not suggest any long-term trends in the vegetation that could be 
interpreted as regional changes (Solem et al., 2012). Still, this is 
a simplification and may be a potential bias to the results.

A basic assumption for the construction of DVC models is here 
that natural succession after disturbance in this type of landscape 
follows the successional pathway: grass–birch–pine, often seen in 
boreal forests (cf. Clements, 1916; Goulden et al., 2011; Speed et 
al., 2013). We thus hypothesize that the DVC either follows this 
successional pathway or the reverse following human disturbance. 
It should then be possible to explain the different pollen assem-
blages and the changes between them by a limited number of cul-
turally and ecologically determined processes (see also Table 1):

1. Abandonment (grass → birch) is here considered to be the 
early successional stages after cessation of grazing, that is, 
colonization of birch in former open grassland (cf. Speed 
et al., 2010).

2. Long-term succession (birch → pine) is the development 
from middle to late successional stages, that is, from 
birch forest to the naturally late successional pine forest 
(cf. Olsson et al., 2000). On mire vegetation units, there 
is a succession from grass, assumed established through 
disturbance/trampling/grazing (cf. Sjögren et al., 2007), 
towards moss-dominated areas (cf. Clements, 1916).

3. Grazing + wood use (birch → grass) is a reversal of short-
term succession, that is, the expansion of open grass areas 
in birch forest. The assumed process is the removal of 
birch by people while grazing and browsing animals ham-
per reforestation (cf. Austrheim et al., 1999).

4. Pine deforestation (pine → birch) is a reversal of long-term 
succession where pine is replaced with primarily birch. The 
assumed process is that pine is chopped down by people 
after which grass and birch establish in the area, or in other 
words that a late successional stage is replaced with an 
early to middle successional stage (cf. Olsson et al., 2000).

This formed the basis for the DVC models, that is, how the 
‘change’ that resulted in a specific pollen assemblage manifested 
spatially. For practical reasons, the DVC models were calculated 
in a limited number of stages, that is, spatial-specific vegetation 
covers at fixed intervals (see Table 4). Finer intervals were occa-
sionally used to pinpoint the intercept with empirical pollen data, 
and theoretically, the number of stages could be unlimited. If a 
DVC model failed to explain the observed changes within one pol-
len percentage point, it was adjusted, and the analysis was repeated. 
Normally, this would mean that a new version was constructed 
where the general openness (amount of grass cover) was increased 
or decreased. Technical descriptions of the different versions, 
including tested but ‘failed’ versions, are provided in Table 4.

The following DVC models were used for Storbekkøya:

1. Pine deforestation model 1 (PDM1) starts with the same 
vegetation as today, but with the difference that all mod-
ern grass mires were covered by wet birch–alder forests. 
Deforestation of pine is assumed to have started at the 
coring point (close to the iron production site) and then 
expanded outwards in all directions until a modelled maxi-
mum of 4.6 km. The argument would be that the nearest 
and thus most easily attainable resources would be con-
sumed first. All vegetation within the previously pine-
covered area was replaced with birch and grass.

2. Forest recovery model 1 (FRM1) starts with PDM1 at 
1-km radius pine deforestation. Within this area, grass was 
first replaced with birch, and then birch with pine. Birch 
cover declines on mires.

3. Pine deforestation model 2 (PDM2) starts with the same 
vegetation as today. Deforestation of pine is assumed to 
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Figure 2. Storbekkøya pollen profile. The pollen sum is based 
on pine, birch, alder and grass (analyst: Thyra Solem). Spline 
smoothing applied. Pollen assemblages used for potential vegetation 
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Table 1. Description and interpretation of the pollen data from Storbekkøya. DVC model: the DVC model applied for quantification of plant 
abundances (see Table 4).

Pollen 

assemblage

Age (ad) Sample no. Description of the 

pollen assemblage

General ‘intuitive’ 

interpretation

Interpreted human 

impact/ecology

Interpreted DVC DVC model

11 1950–2000 1 Strong domination 
of pine.

Pine forest: Pine forest replaces 
birch forest in the surrounding 
area.

Long-term 
succession

Birch is replaced 
by pine and 
mosses.

FRM2_1

10 1900–1950 1 Increase in pine 
and birch. Strong 
decline in grass.

Pine forest with birch: Previous 
grasslands were replaced with 
pine and birch forest following 
abandonment.

Abandonment Grass is replaced 
by birch.

FRM2_2

9 1850–1900 1 Strong decline in 
birch and strong 
increase in grass.

Open pine forest and grasslands: 
Birch woodlands have been cut 
down and transformed into 
open pasturelands. Pine forest 
stands remains largely intact.

Grazing + wood 
use

Birch is replaced 
with grass.

GMM_3

8 1800–1850 1 Increase in 
pine. Relatively 
moderate grass 
value.

Open pine forest with birch: Pine 
dominates the surrounding 
area but birch is rather 
common. Open patches of 
grassland occur. The increase 
in pine is probably caused 
by a decrease in charcoal 
production.

Reduced pine 
deforestation

Birch is replaced 
with pine.

DFM2_3

7 1700–1800 1 Pine and birch 
dominate at 
approximately the 
same values. Grass 
has relatively 
moderate values.

Open mixed pine and birch forest: 
Pine has partly been replaced 
with birch, which suggests 
increased logging related to 
charcoal production. Open 
patches of grassland occur.

Pine deforestation Pine is replaced 
with birch.

DFM2_4

6 850–1700 9 Increase in 
pine. Relatively 
moderate grass 
values.

Open pine forest with birch: Pine 
dominates the surrounding 
area but birch is rather 
common. Open patches of 
grassland occur. The vegetation 
structure is likely caused by 
repeated small-scale human 
disturbances, which stop pine 
to become fully dominant.

Reduced pine 
deforestation

Birch is replaced 
with pine.

DFM2_1

5 800–850 1 Pine and birch 
dominate at 
approximately the 
same values. Grass 
has relatively low 
values.

Mixed pine and birch forest: 
Pine has partly been replaced 
with birch, which suggests 
increased logging related to 
iron production. Low value of 
grass suggests that this is not 
accompanied by grazing, or 
that the activity sized.

Pine deforestation Pine is replaced 
with birch.

DFM2_5

4 750–800 1 Increase in 
birch. Relatively 
moderate grass 
value.

Open pine forest with birch: Pine 
still dominates but is partly 
replaced by birch and grass. 
This is probably caused by 
renewed iron production and 
grazing, but at a smaller scale 
than in stage 1.

Pine deforestation Pine is replaced 
with birch.

DFM2_2

3 650–750 1 Strong domination 
of pine.

Pine forest: Pine forest replaces 
birch- and mixed forest in the 
surrounding area.

Long-term 
succession

Birch is replaced 
by pine and 
mosses.

FRM1_1

2 400–650 2 Increase in tree 
pollen, especially 
from pine. Strong 
decline in grass.

Mixed pine and birch forest: 
Previous grasslands were 
replaced with pine and birch 
forest following abandonment.

Abandonment/
long-term 
succession

Grass is replaced 
by birch. Birch is 
replaced by pine 
and mosses.

FRM1_2

1 200–400 1 Pine and birch 
dominate at 
approximately the 
same values. Grass 
has relatively high 
values.

Open mixed pine and birch forest: 
Mixed pine and birch forest. 
Assumed local deforestation 
caused by iron production and 
grazing (possible hiatus below 
this level makes comparison 
with earlier vegetation 
difficult).

Pine deforestation Pine is replaced 
with birch.

DFM1_2
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have started at the coring point (close to the iron produc-
tion site) and then expanded outwards in all directions. 
Pine within this area was replaced with birch.

4. Grazing maxima model (GMM) starts with PDM2 at 
464-m radius pine deforestation. Grass increases on the 
mires and replaces birch in the forests within 464 m.

Table 4. List of direction of vegetation change models applied to the Storbekkøya fossil pollen data set.

General Regional vegetation (>4.6 km) stable unless noted. Mire conditions stable (basin size 10–20 m). Alder added to the 
birch value (low, 0–3%). Regional spruce (Picea abies) abundance ignored (no replacement).

PDM1 Initial conditions: All ‘grass mires’ covered in open birch forest (80% birch and 20% moss). Modelled deforestation of 
pine start at coring point and extend outward with increasing circles.

PDM1_1 No grazing. Pine forest replaced with closed (100%) birch forest.
PDM1_2 Low grazing pressure. Open birch forest (grass mires) replaced by open grazed birch forests (70% birch, 20% grass 

and 10% moss). Pine forest replaced by 80% birch and 20% grass.
PDM1_3 Moderate grazing pressure. Open birch forest (grass mires) replaced by 40% birch and 40% grass. Pine forests re-

placed by 50% birch and 50% grass.
FRM1 Initial conditions: As PDM1_2 for 1 km/stage 7. Within 1 km radius: Model start with the replacement of grass with 

birch. Then, pine replaces birch in previously pine forest area (pine +20pp, birch −20pp). Decreased birch cover on 
grass mire units while pine slowly invades (birch −15pp, pine +5pp).

FRM1_1 Extra-local (1–4.6 km) conditions as PDM1 (open birch forest on grass mires).
FRM1_2 As above but all extra-local (1–4.6 km) grass replaced with birch. Regional grass abundance halved.
PDM2 Initial conditions: Modern vegetation. Half-open grass mires (15% grass). Modelled deforestation of pine start at cor-

ing point and extend outward with increasing circles.
PDM2_1 All pine changed to birch within deforested area.
PDM2_2 All pine changed to lightly grazed birch forest (85% birch and 10% grass) within deforested area.
PDM2_3 As PDM2_1 but 5pp of all grass within 4.6 km changed to birch.
PDM2_4 As PDM2_1 but 10pp of all grass within 4.6 km changed to birch.
PDM2_5 As PDM2_4 but regional grass abundance halved.
GMM Initial conditions: All pine within 464 m changed to birch, in addition is birch on local (<464 m) mire increased with 

+15pp and grass on local grass mire decreased with −15pp (model stage 4 equals PDM2_1). Then, the grass increases 
and birch decreases in the local vegetation (<464 m): grass on grass mire +5pp, increased to +15pp at model stage 
5 onwards. Birch on grass mire −5pp, increased to −10pp and model stage 5 onwards. Grass and birch in pine forest 
+20pp and −20pp, respectively, at model stage 5 onwards.

GMM_1 Moderate land-use intensity in Budalen. Extra-local (0.46–4.6 km) vegetation as modern.
GMM_2 Low land-use intensity in Budalen. Extra-local (0.46–4.6 km) vegetation: 10pp. grass changed to birch
GMM_3 High land-use intensity in Budalen. Extra-local (0.46–4.6 km) vegetation: 20pp. birch changed to grass (on grass mires 

birch is only reduced by 10pp).
FRM2 Initial conditions: local vegetation (<464 m) as GMM_3 stage 7 but all grass replaced by birch. Local (<464 m) dynam-

ics: birch on grass mire −10pp until 10%; birch in pine forest −20pp; pine in pine forest +20pp; pine on grass mire 
+5pp when birch reach 20%.

FRM2_1 Extra-local (0.46–4.6 km) vegetation as modern. Grass on grass mire +5pp when birch reach 10%.
FRM2_2 Extra-local (0.46–4.6 km) vegetation: 10pp grass changed to birch (=GMM_2). No grass on local grass mire.

Different variations of the DVC models are marked with numbers. ‘pp’ abbreviation for percentage points. Increases (+) and decreases (−) are given in 
pp for each stage in the model progression, for example, if initial cover is 0% then +5pp would mean a cover of 5%, 10%, 15%, 20% and so on. Vegetation 
units refer to the modern units (grass mire, birch forest and pine forest, see Figure 1) unless otherwise evident.

Table 3. Taxon-specific dispersal parameters used to determine the pollen–vegetation relationship.

Taxa Local c. Regional c. Fall-speed Reference

Pine (Pinus sylvestris) 4 m/s at 1 m h 7 m/s at 20 m h 0.037 m/s Eisenhut (1961)
Birch (Betula pubescens) 4 m/s at 1 m h 7 m/s at 10 m h 0.022 m/s Eisenhut (1961)
Grass (Poaceae) 5 m/s at 0.l m h 5 m/s at 0.l m h 0.035 m/s Sugita et al. (1999)

Half the pollen dispersal is modelled according to the wind speed and injection height given for ‘local’ dispersal, half for the values given for ‘regional’ (cf. 
Sjögren et al., 2010). For grass, only one set of parameters is used. The reference refers to the source of the pollen fall-speed measurements.
h: height above ground.

Table 2. Modern percentage vegetation cover used for the most abundant vegetation classes close to Storbekkøya.

Vegetation class Codea Pine (%) Birch (%) Grass (%) Mossb (%)

Grass mire 9c 20 10 15 55
Bilberry pine forest 6b 100 0 0 0
Bilberry birch forest 4b 0 100 0 0
Birch-meadow forest 4c 0 70 20 10

aAs used by Rekdal and Larsson (2005).
bIncluding moss, sedges, heather and herbs.
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5. Forest recovery model 2 (FRM2) starts with an open 
landscape (GMM_3 stage 7). Grassland is replaced by 
birch forest, pine recolonizes old habitats and birch cover 
declines on mires.

Quantifying plausible vegetation
All pollen samples were not quantified individually but were 
grouped into pollen assemblages when the differences between 
pollen samples were small in order to simplify the data. The quan-
tification effort is thus based on 11 pollen assemblages, most of 
which consist of only one pollen sample, but in some cases sev-
eral (PA2 is made up of two pollen samples and PA6 is made up 
of nine). Because of problems concerning the peat accumulation, 
including the possibility of a hiatus due to extraction of bog iron 
ore (cf. Solem et al., 2012) and the lack of modern representation 
of alder, the lowermost part of the profile was not included in 
present quantification effort.

Based on the modern pollen–vegetation relationship at Stor-
bekkøya, pollen percentage values could be simulated from the 
DVC models. This was done in several stages for each DVC 
model version, which allowed the construction of curves depict-
ing the relationship between model progression stages, which are 
directly related to explicit vegetation cover, and the correspond-
ing simulated pollen percentage at Storbekkøya. These curves 
were subsequently compared with the empirical fossil pollen per-
centage values, where the plausible vegetation cover was deter-
mined by the intercept of the empirical fossil pollen data to the 
DVC-model-generated curve, that is, when the modelled pollen 
values equal the empirical pollen values, exemplified in Figure 3. 
This process was repeated for each of the 11 pollen assemblages. 
All DVC-model variants finally selected for quantification of 
plausible vegetation were able to explain the landscape change 
within the range of one pollen percentage point of the fossil pol-
len data.

Results
Quantified plausible vegetation at Storbekkøya
The pollen percentage values and quantified plausible vegetation 
cover within 1 km radius for each period are presented in Table 5, 
and on a linear timescale in Figure 4. For each of the 11 pollen 
assemblages, plausible vegetation cover was reconstructed with a 
spatial resolution of 10 × 10 m2 units within 4.64 km radius, and 
30 × 30 m2 within 464 km radius. Still, as the impact of vegetation 
per unit cover declines rapidly with distance, it is primarily the 
local (c. <1–2 km) vegetation and vegetation changes that can be 

reconstructed with any degree of certainty, and the applied DVC 
models also assume that most relevant vegetation changes occur 
locally. According to the models, the size and form of the modern 
vegetation units (see Figure 1) are constant through time and only 
the vegetation composition within these units is altered, thus all 
vegetation ‘units’ refer to the modern labels. A description of the 
quantified plausible vegetation for the different pollen assem-
blages follows.

Pollen assemblage 1 (PDM1_2), ad 200–400, deforestation of pine 
and low grazing pressure. Open birch forest exists on (modern) 
grass mire units (birch 70%, grass 20% and moss 10%) and on 
pine forest units (birch 80% and grass 20%) within 1 km of the 
coring site. The surrounding grass mire units are covered by open 
birch forest (birch 80%, moss 20%), otherwise the vegetation is 
the same as today.

Pollen assemblage 2 (FRM1_2), ad 400–650, regional abandon-
ment and encroachment. All vegetation within 1 km radius is 
replaced with birch forest and scattered pine trees on grass mire 
units (birch 82.5%, pine 2.5% and moss 15%) and on pine forest 
units (birch 90% and pine 10%). Extra-local (1–4.6 km) surround-
ing grass mire units are covered by open birch forest (birch 80% 
and moss 20%), open grazed upland birch forests become closed 
(birch 100%) and regional (4.6–464 km) grass abundance is 
halved.

Pollen assemblage 3 (FRM1_1), ad 650–750, succession of pine 
and mire vegetation. Birch cover on grass mire units is reduced 
and replaced by pine and mire vegetation (birch 15%, pine 25%, 
grass 10% and moss 50%). Pine forest on pine forest units has 
fully recovered (pine 100%). Birch is still common on surround-
ing grass mire units (birch 80% and moss 20%), regional vegeta-
tion otherwise as today.

Pollen assemblages 4–8 (PDM2), ad 750–1850, deforestation of 
pine. Pine deforestation affects the vegetation cover the entire 
period but at varying degree. The average level of pine deforesta-
tion corresponds to a clear-cut of 400–500 m around Storbek-
køya, but it peaks in the 9th and 18th centuries, where all pine 
trees within at least 1 km of the investigation site were cut down. 
The pine trees are replaced with birch on grass mire units (birch 
30%, grass 15% and moss 55%) and on pine forest units (birch 
100%). Extra-local and regional vegetation are the same as today. 
Different variants of PDM2 refer to different grazing regimes/
abundance of grass.
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Pollen assemblage 9 (GMM_3), ad 1850–1900, high grazing pres-
sure. Birch declines and grass expands on local (<0.46 km) grass 
mire units (grass 60% and moss 40%) and in pine forest units 
(birch 40% and grass 60%). Grass cover in extra-local (0.46–4.6 
km) birch forest and on grass mire is about double compared with 
today (up 20 percentage points on the expense of birch). Regional 
vegetation is the same as today.

Pollen assemblage 10 (FRM2_2), ad 1900–1950, abandonment 
and encroachment. All local (<0.46 km) grass is replaced by 
birch on grass mire units (birch 50% and moss 50%) and by birch 
and pine in pine forest units (birch 80% and pine 20%). Grass 
cover in extra-local (0.46–4.6 km) birch forest and on grass mire 
about half compared with today (down 10 percentage points and 
replaced by birch). Regional vegetation is the same as today.

Pollen assemblage 11 (FRM2_1), ad 1950–2000, succession of 
pine and mire vegetation. Birch cover on grass mire units is 
reduced and replaced by pine and mire vegetation (birch 10%, 
pine 20%, grass 15% and moss 55%). Pine forest on pine forest 
units has fully recovered (pine 100%). Regional vegetation is as 
today.

Discussion
The use of quantification approaches
Between a limited number of sites with fossil pollen records and 
an explicit vegetation cover there is an information gap, which 
cannot be bridged unless more information is included than that is 
provided by the fossil pollen alone. The use of Geographic Infor-
mation System (GIS)-based simplified vegetation change models 
for unravelling past vegetation dynamics and cover was first 
applied by Fyfe (2006), and the approach presented here can be 
considered to be a specific variant of the multiple scenario 
approach (Bunting and Middleton, 2005, 2009) when it comes to 
quantification of fossil pollen data. Most quantification efforts 
have otherwise been based on the assumption that the species of 
interest were evenly distributed in the landscape (e.g. Filipova-
Marinova et al., 2010; Mazier et al., 2012; Nielsen et al., 2012; 
Sjögren et al., 2008; Sugita, 2007a) or at least occurring in spe-
cific patch sizes with no major gradients in the vegetation (Sugita, 
2007b; e.g. Fyfe et al., 2013; Nielsen and Odgaard, 2010). The 
exception would be the use of more advance vegetation dynamic 
models (e.g. Gaillard et al., 2010), although it may be more appro-
priate to consider this as model validation rather than quantifica-
tion efforts. The main advantage of the present method is that it is 
relatively simple and easy to apply, enabling hypothesis testing 
and reconstruction of plausible vegetation based on most types of 
fossil pollen records and vegetation cover data. The drawback is 
that it is more subjective than, for example, the Landscape Recon-
struction Algorithm (Sugita, 2007a, 2007b) and testing of general 
vegetation models (Gaillard et al., 2010).

When it comes to the pollen–vegetation relationship the 
Prentice–Sugita model (Prentice, 1985; Sugita, 1994) based on 
Andersen’s (1970) model is the most commonly applied (cf. 
Broström et al., 2008). The Prentice–Sugita model has lately been 
criticized for underestimating the amount of distance transported 
pollen (Theuerkauf et al., 2013), and in the present investigation, 
we apply composite dispersal functions (Sjögren et al., 2010) and 
the R-value model (Davis 1963). The R-value model does not 
include a background component (cf. Andersen, 1970), which 
means that the investigation area needs to be very large and a 
proper distance weighting needs to be applied in order to correctly 
explain the pollen dispersal–deposition. On the other hand, the 
R-model explains the entire pollen–vegetation relationship 
explicitly, making practical applications to vegetation models and Ta
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fossil pollen data easier. The pollen dispersal–deposition model 
applied here only provides an useful approximation of the rela-
tionship between pollen and the surrounding vegetation, and 
more advance models are required to explain the actual dispersal 
and deposition processes per se (e.g. Theuerkauf et al., 2013).

In the present investigation, only a single surface sample was 
used to determine the modern pollen–vegetation relationship 
and a single peat profile to determine past pollen deposition. 
Single-site pollen productivity measurement can vary substan-
tially (cf. Filipova-Marinova et al., 2010; Sjögren, 2013; Sjögren 
et al., 2010), and it is debatable whether it is better to use a 
regional mean/median pollen productivity estimate or a local 
single measurement from the same site. In the present case, the 
local measurement was very similar to the regional mean/
median of the few measurements available for the region (cf. 
Sjögren, 2013), and the problem is thus not crucial for this par-
ticular investigation. In addition to the site-to-site variation, one 
has to consider random variability in deposition within the mire, 
and several nearby modern samples might be preferable, which 
in addition would give an error estimate on the local pollen depo-
sition. The same concern could be put forward for the fossil 
samples, and a duplicate core confirming the results would be to 
prefer. These problems are of course of concern for most inter-
pretations of fossil pollen data, but may be accentuated in quan-
tification efforts. Plausible vegetation induced from DVC models 
highlights the impact of small absolute variations in the pollen 
abundance of taxa with a relatively small presence in the pollen 
assemblage. It is thus important to keep in mind that the quanti-
fications are never more reliable than the original pollen data. In 
ideal situations, one would prefer pollen data with homogeneous 
periods containing several pollen samples each, and clear varia-
tion in the pollen percentage values between these periods.

The DVC model approach only considers relatively large-
scale vegetation cover and only the most common species in that 
area. It thus does not replace other forms of pollen interpretation 
based on a more complete set of pollen types, be they intuitive or 
numerical. The best overall results are achieved if one combines 
quantitative and qualitative approaches.

As for the multiple scenario approach (Bunting and Middle-
ton, 2005, 2009), it would be possible to construct different DVC 
models that could explain the same changes and values seen in a 
specific pollen record. Without further testing/proof, it is then  

better to talk about reconstructed plausible vegetation, as there 
exist different potential reconstructions. In order to evaluate a 
specific DVC model in itself, a multi-site approach would be pre-
ferred. The same model should predict a specific pollen signal at 
each site, and it would be easy to compare with the fossil pollen 
data. This would greatly reduce the number of DVC models able 
to produce such a signal and thus largely improve the reliability, 
but also considerable increase in the complexity of the investiga-
tion. Such multi-site approaches coupled with more explicit 
hypothesis testing likely have great potential.

The present data set was neither especially selected nor devel-
oped for the application of quantification methods, and may in 
several aspects be considered to be suboptimal, for example, 
interpretations are based on single pollen samples and the cover 
of surrounding vegetation maps is not complete, although, subop-
timal data sets are likely to be the case for many, if not most, 
investigations where quantitative methods might be considered, 
for example, in archaeological and ecological contexts. Early 
planning for application of a specific quantification method could 
substantially enhance the reliability of the results. Still, for the 
present investigation, the main processes in the landscape (i.e. 
pine deforestation, grazing and long-time succession) seem to 
have been largely captured within the applied DVC models and 
pollen assemblages.

Quantifying the effect of iron and charcoal 
production on the vegetation
According to the pollen percentage data, the pine values were 
consistently low prior to ad 200. Other pollen diagrams from fur-
ther up the valley (Solem, 2011; Solem et al., 2012) do not show 
a reduced presence of pine at that time, but instead point towards 
rather stable regional values for the past 5000 years. This suggests 
that some local factors might be responsible for the low pine val-
ues at Storbekkøya, for example, a closed birch–alder forest or 
annual flooding from the nearby river. Therefore, if we assume 
that there was no pine growing on grass mire units (which were 
presumably covered with birch–alder forest) but that pine cover 
otherwise was as today, it allows us to calculate the reduction in 
pine forest cover as an assumed response to iron production. The 
amount of pine forest that would have been clear-cut in order to 
fuel the furnaces would then have been c. 115 ha, equivalent to 
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Figure 4. DVC-based quantification of plausible vegetation cover within 1 km of the coring site. The data are expressed on a linear timescale 
and smoothed according to a spline function. Pollen assemblages used for the reconstruction of plausible vegetation are marked.
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about all pine forest within 1000 m of Storbekkøya. Archaeologi-
cal estimates based on the amount of slag give a similar figure of 
c. 100 ha (for all production sites, Stenvik, 2011b). Still, both of 
these calculations are based on a number of assumptions, and 
should be viewed as rather hypothetical estimates. Regardless, it 
is clear that pine became more or less locally absent by the end of 
the early Iron Age production phase.

After c. ad 400, there is an increase of birch pollen in replace-
ment of grass pollen. This change coincides with a temporary ces-
sation of dung fungi in the peat profile (Solem, 2011; Solem et al., 
2012) and is interpreted as encroachment following the end of 
grazing by domestic animals. It should be noted that there is very 
little response in pine cover for the first 200 years of abandon-
ment, until the 7th century, when pine recovers and even expands 
beyond its assumed pre-human-impact level.

The subsequent pollen assemblages (4–8, ad 750–1850) cover 
a long time period with varying degree of pine exploitation. Two 
major pine deforestation phases centred around ad 800 and 1750 
can be discerned, likely associated with the Viking Age iron pro-
duction phase and Early Modern Period charcoal production, 
respectively. Lesser removals of pine probably continued through-
out pollen assemblage 6 (ad 850–1700) so that pine never fully 
recovered to the level seen around ad 700. Browsing might have 
affected the local birch forest in the early phase of pine deforesta-
tion (ad 750–800) but seems otherwise to be at or below the pres-
ent level.

During the severe declines in pine around ad 800 and 1750, all 
mature pine trees within at least 1 km would have been cut down 
and temporarily replaced with birch forests, while the average 
pine level of pollen assemblages 4, 6 and 7 corresponds to a clear-
cut of 400–500 m around Storbekkøya. The archaeological esti-
mation of pine demand during the Viking Age iron production is 
50 ha (for all production sites, see Stenvik, 2011b), considerably 
less than the c. 130 ha suggested by the DVC models (compared 
with the pine maximum ad 700). The reconstructed plausible veg-
etation of the Viking Age pine minima is based on a single pollen 
sample and thus associated with some uncertainties, and a more 
conservative estimate based on the general pine abundance ad 
750–1850 might be more accurate. The pine decline based on 
DVC models would then be 47 ha, much more in accordance with 
the archaeological estimates. The timing of the major decline of 
pine around ad 1750, corresponding to 87 ha, fits well with the 
archaeologically and historically known charcoal production in 
the area. Large quantities of charcoal were produced in the 18th 
and 19th centuries, probably destined for the regional copper 
industry. However, it also coincides with the ‘Little Ice Age’, and 
it is possible that the colder climate reduced the pollen productiv-
ity of pine (cf. Hicks, 2006) and the modelled decline in pine 
cover is exaggerated (i.e. it is present but low temperatures pre-
vented flowering). The DVC models applied (PDM2) assume that 
pine cutting starts close to the Storbekkøya site, which would give 
maximum effect on the pollen signal and thus provide minimum 
estimates of pine deforestation.

Quantifying the effect of summer farming on the 
vegetation
The start of local summer farming around ad 1850 as determined 
by the pollen record was preceded by historically known charcoal 
and tar production in the 18th century and possibly also 17th cen-
tury, and likely also by mowing of mires. Still, summer farming is 
exceptional in its impact on the landscape as it combines high fuel 
demand with high grazing and browsing pressure (i.e. has activi-
ties that have the potential to both open up the landscape and sup-
press regeneration). For dairy production, an estimated 0.6–0.9 
m3 firewood per cow is required every summer (Reinton, 1955). 
A major difference from the earlier iron and charcoal production 

is that birch is used instead of pine. According to the DVC model 
(GMM), the decrease in birch cover was 62 ha within 1 km of 
Storbekkøya.

In the late 19th century, the DVC model (GMM) suggests a 
very open landscape, with almost one-third of the vegetation 
within 1 km of Storbekkøya classified as grass. The timing of this 
open phase coincides well with what is known of the historical 
establishment of summer farms in the area (Tretvik, 2011), and it 
is evident that not only Storbekkøya but also the entire valley had 
a low tree cover at this time. The limited cover of birch does not 
last long according to the pollen data, and an increase in birch 
cover is evident by the early 20th century. From historical sources, 
it is known that intense summer farming in Budalen continued 
well into the 20th century (Tretvik, 2011), so either there was 
some early local encroachment at Storbekkøya or the near surface 
depth–age model might be inaccurate because of rapid changes in 
peat accumulation rate (cf. Sjögren et al., 2007). The open grazed 
phase is followed by encroachment of birch and subsequently 
pine and open mire vegetation.

Concluding remarks
Based on fossil pollen records, it is in many occasions easier to 
get an idea about the direction of change in the vegetation than the 
amplitude of the change or the actual vegetation cover it results 
in. By formalizing this idea of a specific direction of change in the 
vegetation into a simple spatially explicit model, it is possible to 
simulate how the pollen deposition would change as the model 
progresses. Comparing this with the empirical fossil pollen 
record, it is possible to pinpoint both the amplitude of change and 
the (plausible) vegetation cover at a given time. Applied to fossil 
pollen data from Budalen valley, central Norway, the approach 
allowed the quantification of the effects on vegetation cover from 
iron and charcoal production as well as summer farming. In addi-
tion, the actual plausible vegetation cover at different moments in 
time could be reconstructed. The vegetation changes quantified 
by the DVC models correspond rather well with expected effects 
of land-use changes during the last 2000 years as derived from 
archaeological and historical data in this mountain valley.

The approach is not without problems and the quantifica-
tions are based on several assumptions concerning vegetation 
cover and change. Still, as relatively simple to apply, it may be 
a valuable tool for interpreting fossil pollen records, especially 
if changes in actual (plausible) vegetation cover are required to 
address specific ecological or archaeological questions. If 
more reliable results are required, it is possible to use multiple 
sites, which would severely limit the amount of alternative 
models that could explain the perceived changes in the pollen 
records.
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