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Abstract Long-term records of environmental history at

decadal to millennial time-scales enable an assessment of

ecosystem variability and responses to past anthropogenic

disturbances and are fundamental for the development of

environmental management strategies. This study examines

the local variability of land-use history in the South Swedish

Uplands over the last 200 years based on pollen records

from three lake-sediment successions. Temporal changes in

the proportional cover of 14 plant taxa were quantified as

percentages using the landscape reconstruction algorithm

(LRA). The LRA-based estimates of the extent of four land-

use categories (cropland, meadows/grassland, wetland,

outland/woodland) were compared to corresponding esti-

mates based on historical maps and aerial photographs from

AD 1769–1823, 1837–1895, 1946 and 2005. Although the

LRA approach tends to overestimate grassland cover by

10–30 % for the two earliest time periods, the reconstructed

vegetation composition is generally in good agreement with

estimates based on the historical records. Subsequently, the

LRA approach was used to reconstruct the 200-year history

of local land-use dynamics at 20-year intervals around two

small lakes. The qualitative assessment of difference ap-

proach, which requires fewer assumptions and parameters

than LRA for objective evaluation of between-site differ-

ences in plant abundances, provides consistent results in

general. Significant differences exist in the land-use history

between the sites. Local catchment characteristics, such as

soil conditions and wetland cover, appear important for the

development of human impact on the landscape. Quantifi-

cations of past vegetation dynamics provide information on

the amplitude, frequency and duration of the land-use

changes and their effects on terrestrial and aquatic ecosys-

tems, and should be taken into account when nature con-

servation strategies are developed.

Keywords Lake sediments � Pollen analysis � Landscape

reconstruction algorithm � Land-use cover � Istorical maps

Introduction

Understanding the effects of land-use changes on terrestrial

and aquatic ecosystems is fundamental for the development

of environmental management strategies. Long-term

records of environmental history at decadal to millennial

time-scales enable an assessment of ecosystem variability

and responses to past anthropogenic disturbances (Willis
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and Birks 2006). Lake sediments offer a multitude of

ecological, physical and chemical proxies for the recon-

struction of past environmental changes in lakes and their

surrounding landscapes in response to human impact

(Willis and Birks 2006; Renberg et al. 2009).

Pollen records provide proxy time-series of past

vegetation changes, and hence valuable long-term per-

spectives on the dynamics of contemporary ecological

systems beyond the reach of historical data. Pollen records,

however, are difficult to use for quantitative reconstruc-

tions of past vegetation at clearly defined spatial scales

(Anderson et al. 2006). Several aspects of the pollen-

vegetation relationship have been poorly constrained, such

as inter-taxonomic differences in pollen productivity and

dispersal, and the spatial structure of the surrounding

vegetation. Over the last decades, advances in the theory of

pollen analysis (Prentice 1985, 1988; Sugita 1993) have

helped overcome some of these fundamental issues. Sugita

(2007a, b) introduced the landscape reconstruction algo-

rithm (LRA)—a theory-based approach for quantitative

reconstruction of vegetation and land cover. This approach

consists of two steps, first it uses the REVEALS model

(Regional Estimates of VEgetation Abundance from Large

Sites) for a reconstruction of the regional vegetation

composition within 50–100 km radii using pollen records

from large sites ([100–500 ha), and secondly it uses the

LOVE model (LOcal Vegetation Estimates) for a recon-

struction of the vegetation composition within the relevant

source area of pollen (RSAP; Sugita 1994) at smaller-sized

sites in the same region. Although the REVEALS model

has been frequently tested and applied in Europe (Hellman

et al. 2008a, b; Sugita et al. 2008; Soepboer et al. 2010;

Fredh et al. 2012, 2013; Nielsen et al. 2012), the entire

LRA process has been tested empirically in only a few

studies (Nielsen and Odgaard 2010; Sugita et al. 2010;

Overballe-Petersen et al. 2012; Cui 2013; Cui et al. 2014).

In the present study we apply the LRA approach to re-

construct vegetation and land-use dynamics in southern

Sweden. We use pollen records from three nearby lakes for

the reconstruction of vegetation and land-use history since

AD 1800. These lakes are situated in a typical rural land-

scape setting, where historical maps are available from AD

1769. The aims of this study are to evaluate the perfor-

mance of the LRA approach by comparing the LRA-based

estimates with land-use cover derived from several his-

torical maps and aerial photographs and to fill the gaps in

information on land-use changes over the past 200 years

between the mapped periods. Because the number of lake

sites is limited and not ideal for the LRA application, we

evaluate also the validity of the approach and results using

the qualitative assessment of difference (QAD) method

(Sugita et al. 2006); QAD requires much fewer assump-

tions and parameters to evaluate objectively between-site

differences in plant abundance and thus is appropriate

considering the data sets we have, even though results are

qualitative.

Hereafter, if not stated otherwise, all dates are given in

calibrated radiocarbon years AD throughout this article.

Study sites

The study area is located in the province of Småland—the

uplands of southern Sweden (Fig. 1). The crystalline

bedrock, dominated by granite and gneiss (Wikman 2000),

is covered by sandy till and scattered peat deposits (Daniel

2009). The climate is generally maritime with a mean an-

nual temperature of 6.4 �C and an annual precipitation of

651 mm (Alexandersson et al. 1991). The regional

vegetation belongs to the boreo-nemoral zone character-

ized by mixed coniferous and deciduous woodland (Sjörs

1963; Gustafsson and Ahlén 1996). Three lakes were se-

lected for this study: Fiolen (57�0405600N, 14�3104900E;

160 ha), Åbodasjön (57�0500800N, 14�2805700E; 50 ha) and

Lindhultsgöl (57�0804200N, 14�2800400E; 7 ha) (Fig. 1), with

the latter two sites used for reconstructing local-scale

changes in vegetation and land-use. Åbodasjön is an olig-

otrophic mesohumic lake currently surrounded by managed

conifer-dominated woodland with semi-open areas of

broadleaved trees and cropland near its margins. Lind-

hultsgöl is an oligotrophic polyhumic lake with a catch-

ment mostly occupied by managed coniferous woodland

and peatland (Fig. 1).

Fig. 1 Locations of lakes Fiolen, Åbodasjön and Lindhultsgöl in the

South Swedish Uplands. 2 km radii (approximate spatial scale of the

LRA reconstruction) within which historical maps were surveyed

(black circles) are shown in the perspective of modern land use. The

catchments of the respective lakes are shown by dashed lines
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Historical maps of land-use changes in the vicinity

of the lakes

Different formats of land-use maps have been produced in

Sweden since the 18th century. From 1749, cadastral maps

were produced to reduce the fragmentation of land patches

owned by individual farmers for increased agricultural effi-

ciency and productivity (Örback 1998). From 1939 to 1976

the national government replaced the traditional mapping

methods with economic maps based on aerial photographs

for administrative purposes, including forest and agriculture

management. Around Åbodasjön and Lindhultsgöl cadastral

maps are available from the storskifte reform in 1769–1826

and the laga skifte reform in 1837–1895. Economic maps

were produced in 1946 (ESM) and we used an additional set

of rectified aerial photographs (orthophotos) from 2005.

These local-scale historical records provide spatial infor-

mation on the past distribution of different land-use cate-

gories, such as wetland, cropland, outland/woodland and

meadows/grassland during specific time periods, although

species composition specific to individual land-use cate-

gories cannot be determined (Dahlström 2008). The mead-

ows are classified as those primarily used for hay production

from non-fertilized and naturally grown grasses. The outland

was the common land of a village, used for cattle grazing,

collection of firewood and timber production. During the

laga skifte reform the common land disappeared as it was

divided among the farms in the village.

Around Åbodasjön and Lindhultsgöl, 12 and 10 stors-

kifte reform maps, respectively, are available from the early

1800s, with two types of map for each village, one cov-

ering the inland (cropland and meadow) closest to the

village owned by the individual farmers and the other

covering the outland; land owned commonly by all farmers

in each village. From the late 1800s, ten and twelve laga

skifte reform maps are available respectively, with one map

for each village, covering both the inland and outland. Six

economic maps from 1946 and one orthophoto from 2005

cover the entire study area.

Methods

Field work

Surface sediment sequences were collected in 2008, using a

gravity corer (Renberg and Hansson 2008), yielding the

uppermost 32 cm at Åbodasjön (8.6 m water depth), 30 cm

at Lindhultsgöl (5.2 m), and 44 cm at Fiolen (6.8 m).

Longer, over-lapping sediment sequences were collected at

the same locations and depths at the individual sites, using

Russian and piston corers, yielding 4.5 m sediment at

Åbodasjön, 2.6 m at Lindhultsgöl and 5.7 m at Fiolen.

Correlation and chronology

At each site, correlations between the long cores and the

surface sediment sequences were established by mineral

magnetic properties (Thompson et al. 1980) and X-ray

fluorescence (XRF) measurements of element concentra-

tions (Boyle 2000).

This study is based on the most recent 200-year parts of

the records (Fig. 2), which in total cover ca. 1,000 years at

Åbodasjön, ca. 2,600 years at Lindhultsgöl and ca.

2,600 years at Fiolen. The age-depth models as published in

Fredh et al. (2013) and Bragée et al. (2013a) were based on

combinations of 210Pb (constant rate of supply modelling),
14C of terrestrial plant remains and Pb pollution markers

using Bayesian analysis. The chronology for Åbodasjön

(covering the uppermost 130 cm) was based on 25 210Pb

analyses, three 14C macrofossil dates and four Pb pollution

age markers. The chronology for Lindhultsgöl (80 cm) was

based on 19 210Pb analyses, two 14C macrofossil dates and

five Pb pollution age markers, and the chronology for Fiolen

Fig. 2 a Age-depth models for the sediment records from Lind-

hultsgöl (green line), Fiolen (red line), and Åbodasjön (blue line)

across the 200-year study period. Below the reach of reliable 210Pb

profiles the age models were constrained by radiocarbon dates and

lead pollution marker horizons. The shading indicates uncertainty

envelopes with double standard deviations; b Overview of the 20 year

pollen-count intervals together with the time spans of compiled and

digitalized historical maps within 2 km radii around Lindhultsgöl and

Åbodasjön
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(160 cm) was based on nine 210Pb analyses, six 14C

macrofossil dates and four Pb pollution age markers.

Pollen analysis

Sediment samples, 1 cm3, were collected at 0.5 cm inter-

vals and treated by the acetolysis method (Berglund and

Ralska-Jasiewiczowa 1986). The pollen grains were

counted and identified for each level using identification

keys (Punt et al. 1976–2009; Beug 2004) and the reference

collection at the Department of Geology, Lund University.

Pollen counts from several levels were pooled together to

attain at least 1,000 pollen grains of arboreal and non-

arboreal types, as shown in Table 1, for each 20-year time

window (Fig. 2).

Pollen-based reconstruction of vegetation and land-use

This study is based on pollen records from Fiolen, Åbo-

dasjön and Lindhultsgöl (Fig. 1) for reconstructing local

vegetation and land-use using the LRA approach (Sugita

2007a, b; Sugita et al. 2010). For a reliable reconstruction

of regional vegetation using REVEALS—the first step of

the LRA—pollen records from a few lakes [ 100–500 ha

would be ideal (Sugita 2007a; Hellman et al. 2008a; Sugita

et al. 2010). However, pollen data are available for this

project from only three differently-sized lakes in the range

of 7–160 ha. Extensive simulations (Sugita 2007a) and

empirical evidence (Hellman et al. 2008a; Mazier et al.

2012) suggests that pollen records from multiple sites in-

crease the reliability of the REVEALS estimates, even

Table 1 Relative pollen productivity and fall speed of pollen of taxa and groups of taxa included in the landscape reconstruction algorithm

analysis

Taxa/groups of taxa included

in the LRA reconstruction

Taxa included in groups [ of pollen

grains (lm)

Fall speed

(m s-1)

PPE SE

Alnus 0.021 4.200 0.140

Betula 0.024 8.867 0.134

Calluna vulgaris 0.038 1.102 0.054

Car.Fra.Til.Ulm 34.7 0.034 1.317 0.024

Carpinus 42.6a

Fraxinus 23.7a

Tilia (T. platyphyllos, T. cordata) 35.9a

Ulmus (U. glabra, U. laevis, U. minor) 36.7a

Cereals (sums) 52.4 0.078 1.882 0.033

Cerealia-type 53.3a

Secale-type 52.4a

Corylus 0.025 1.400 0.042

Cyperaceae 0.035 1.002 0.164

Fagus 0.057 6.667 0.173

Juniperus 0.016 2.067 0.036

Other herbs 26.6 0.02 2.207 0.188

Asteraceae SF. Cichorioideae 42.5b

Filipendula 14b

Plantago lanceolata 32b

Potentilla-type 252

Ranunculus acris-type 22b

Rubiaceae 26b

Rumex acetosa-type 25b

Picea 0.056 1.757 0.000

Pinus 0.031 5.663 0.000

Poaceae 0.035 1.000 0.000

Quercus 0.035 7.533 0.083

The fall speeds of groups of pollen taxa are estimated based on Stoke’s law (Gregory 1973) using measurements of pollen grain diameters (from

(a) Beug 2004 and (b) Broström et al. 2004)
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when smaller-sized sites or a mixture of differently-sized

sites are used. In our case, a first test run showed that when

using one site (Fiolen) for application of the REVEALS

model, the Relevant Source Area of Pollen (RSAP) was not

always reached and hence the reconstruction of local

vegetation was not possible (results not shown). Accord-

ingly, we used pollen data from two sites for the recon-

struction of the regional vegetation around each of our

target sites, Åbodasjön and Lindhultsgöl: pollen records

from Fiolen and Lindhultsgöl for the former site and from

Fiolen and Åbodasjön for the latter. A first test showed that

the selection of sites for regional reconstruction did not

affect the REVEALS estimates (Fredh 2012).

Thereafter, the LOVE model was applied for recon-

structing the local vegetation composition and land-use

within the RSAP around Åbodasjön and Lindhultsgöl

separately. The LOVE model provides distance-weighted

plant abundance within the RSAP, the smallest spatial unit

for which vegetation abundance can be estimated by the

model using fossil records (Sugita 2007b). Hereafter, the

distance-weighted plant abundance will be referred to as

LRA-based vegetation estimates. The RSAP is usually in-

ferred from an inverse modelling approach of the LRA

(Sugita 2007b; Sugita et al. 2010). Previous studies suggest

that the RSAP is strongly influenced by the size of the

pollen-sampling basins and the spatial patterns of the sur-

rounding vegetation and land cover (e.g. Sugita 1994;

Bunting et al. 2004; Mazier 2006; Hellman et al. 2009a;

Hjelle and Sugita 2012) and that the reliability of the in-

ferred RSAP depends on the number of similarly-sized

sites available for data analysis (Sugita 2007b; Sugita et al.

2010). This project used the pollen record from only one

site for vegetation reconstruction around each of Åbo-

dasjön and Lindhultsgöl; thus it was difficult to obtain re-

liable RSAPs using the inverse modelling approach.

Instead, we applied a forward-modelling approach (Sugita

1994; Sugita et al. 1999) for estimating the RSAPs using

simulations with simple, hypothetical landscapes based on

modern vegetation maps at a 100 9 100 km plot, by

combining satellite maps of southern Sweden and Swedish

CORINE land-cover data (Hellman et al. 2008a, b). The

predicted RSAPs for Åbodasjön and Lindhultsgöl are

within radii of 1,740 and 1,440 m from the lake centres,

respectively. These RSAPs are hereafter considered as the

spatial units of vegetation reconstruction around the sites.

Ideally a LRA application uses pollen records from a

few lakes [100 ha and several small and similarly-sized

lakes \10–20 ha for reliable estimates of regional vegeta-

tion, RSAP and local vegetation composition within RSAP.

Because of the small number of lakes used in this project,

however, the LOVE results were further evaluated using

the qualitative assessment of difference (QAD) method

(Sugita et al. 2006). This method effectively neutralizes the

background pollen signal and evaluates between-site dif-

ferences in plant abundances in the same region (Sugita

et al. 2006). Although QAD results are expressed as ?, -

or zero (i.e. ordinal qualitative data, not the magnitude of

difference), those are much more objective than those

evaluated by pollen percentages alone in theory and prac-

tice. The number of assumptions, parameters and pollen

sites required for QAD is much smaller than that for LRA;

QAD uses only pollen counts from a pair of similarly-sized

sites and pollen productivity estimates for individual taxa.

Accordingly the number of sites we use in this project is

not the constraint for this method. One of the main as-

sumptions is that the RSAP is consistent at a pair of sites

compared through time; that is, we do not need to estimate

the RSAP, one of the difficult parameters to obtain in the

LRA when the number of sites is limited (Sugita 2007b).

Although this assumption may be violated at Åbodasjön

and Lindhultsgöl, the QAD results provide complementary

assessments of the differences in the LRA-based vegetation

estimates between the two sites.

All the parameter values used for REVEALS, LOVE

and QAD and assumptions for those models are listed in

the next section. The effects of departure from the as-

sumptions on the model outputs are discussed in detail

elsewhere (e.g. Sugita et al. 2006; Sugita 2007a, b; Hell-

man et al. 2008b; Sugita et al. 2010; Mazier et al. 2012).

This study uses fourteen plant/pollen types for LRA and

QAD: Picea, Pinus, Alnus, Betula, Quercus, Car.-

Fra.Til.Ulm, Fagus, Corylus, Juniperus, Calluna, Cyper-

aceae, Poaceae, Other herbs and Cereals (sum). The

selection criteria for those taxa are discussed in detail in the

section below.

Parameter values, and plant/pollen taxa used

for reconstruction of vegetation and land cover

with the LRA

The REVEALS, LOVE, and QAD models require raw

pollen counts and parameter inputs including site radius

(m), fall speed of pollen (FSP, m s-1), pollen productivity

estimates (PPEs) and their standard errors (SEs). The site

radii (m) were calculated from the total area (ha) of the

study lakes, assuming circular shapes. The radii were set to

714 m for Fiolen, 400 m for Åbodasjön and 150 m for

Lindhultsgöl, assuming constant site radii and PPEs

through time. We used PPEs, SEs from southern Sweden

and fall speeds of 24 relevant taxa as established in the

literature (Eisenhut 1961; Sugita et al. 1999; Broström

et al. 2004, 2008; Nielsen 2004). A first test run showed

that the RSAP was not reached for several time windows

when including rare taxa (i.e. Carpinus, Fraxinus, Tilia,

Ulmus; see Table 1 for complete list). The LRA-based

estimates for rare taxa tend to be small with relatively large
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SEs because of low pollen counts, and the RSAP estimate

can be sensitive to those rare taxa. Therefore it is better to

restrict the number of taxa used for the LRA approach for

reliable reconstruction. The rare taxa were merged into three

groups of pollen types [Car.Fra.Til.Ulm, other herbs and

Cereals (sum)] with similar fall speed and ecology, as listed in

Table 1. Their pollen counts were summed for each time

interval. Values of fall speed for these pollen-groups were

estimated from the mean diameter of all pollen types included

in a group, size measurement were given in the literature

(Beug 2004; Broström et al. 2004). This mean diameter was

then used to calculate the pollen-group FSP based on Stoke’s

law (Gregory 1973). These three groups are referred to as taxa

in the paper. Their mean PPEs and SEs were estimated using

the delta method (Stuart and Ord 1994). This study used

fourteen plant/pollen types for LRA and QAD: Picea, Pinus,

Alnus, Betula, Quercus, Car.Fra.Til.Ulm, Fagus, Corylus,

Juniperus, Calluna, Cyperaceae, Poaceae, other herbs and

Cereals (sum). Although the PPEs of herbs, particularly cul-

tivated types, may have changed through time, we do not have

reliable estimates of the magnitude of changes for major crop

cultivars in northern Europe, thus we assume that PPEs used

have not changed in the past.

We used the REVEALS v.2.2.2.exe and LOVE v.3.2.0

computer programs (Sugita, unpublished), assuming neu-

tral atmospheric conditions and an average wind speed of

3 m s-1 as in Prentice (1985) and Sugita (1993, 1994,

2007a, b). The Ring Source model (Sugita 1993) of pollen

dispersal and deposition for lakes and ponds was used, and

Zmax, the maximum spatial extent of the regional

vegetation from the centre of the study sites, was set to

50 km as in Mazier et al. (2012).

Historical changes in land-use and human population

over the last 200 years

This study classifies the land-use categories differently for

the two sets of maps in such a way that the areas of indi-

vidual land-use types can be compared with the LRA-based

estimates. For the storskifte and laga skifte reform maps,

the land-use categories included outland, meadow, crop-

land, wetland, lake and buildings, as compared to wood-

land, clear-cut, grassland, cropland, wetland, lake and

buildings for the economic maps and orthophotos. Cadas-

tral maps and orthophotos covering areas within 2 km radii

(ca. RSAPs) around Åbodasjön and Lindhultsgöl were

collected, rectified and digitized in vector format. The

storskifte and laga skifte reform maps and economic maps

were rectified using control points (i.e. cross-roads, lake

borders and administrative borders) on a geo-referenced

modern base map. In all cases the land-use categories were

classified accordingly, and their areas were estimated from

the maps using ArcGIS 9.2.

In each time period, the proportions of the areas (m2)

occupied by individual land-use types were estimated in

each concentric ring at 20 m increments out to 2,000 m

from the lake shore using ArcGIS 9.2. For the storskifte

and laga skifte reform maps, non-classified areas, which

varied from 8 to 31 % in individual concentric rings, were

excluded from the calculations, as were the non-pollen-

producing areas (i.e., buildings, lakes and clear-cut).

The LRA approach provides vegetation estimates ex-

pressed as distance-weighted plant abundance within the

RSAP. Pollen counts for each taxon from several 20 year

intervals were merged according to the time span of the

maps. The LRA-based estimates of individual taxa were

grouped into the pollen-producing land-use categories de-

scribed in the maps. Each of the fourteen taxa was assigned

to one of the land-use categories specifically classified for

this study—mainly representative of the taxa in that land-

use category today—although some taxa may appear in

several categories (Fig. 3).

For the comparisons with the LRA-based vegetation

estimates, the vegetation data extracted from historical

maps need to be distance-weighted. Therefore cumulative

estimates of the land-use composition within 2,000 m radii

were calculated around the two lakes, using a distance-

weighted method. Each land-use type was assumed to be

represented by a group of taxa according to Fig. 3 (i.e.

meadow included Poaceae, other herbs and Corylus), and a

model of pollen dispersal and deposition for lakes (Sugita

1993) was used for distance weighting. The fall speed of

pollen (FSP), necessary for distance weighting, was cal-

culated by averaging the diameter of all the pollen types

included in a land-use category (Fig. 3) and by applying

Stoke’s law (Gregory 1973). The FSP of the land use

categories was set to 0.034, 0.037, 0.024, 0.027, 0.037 and

0.078 m s-1 for outland, woodland, grassland, meadow,

wetland and cropland, respectively.

Population data for the study area were derived from

parish church books from 1571 to 1900 according to An-

dersson Palm (2000). Additional population data based on

church book chronicles (1750–2000) provided by local

historical societies were also used.

Results

Land-use changes based on historical maps

and orthophotos

This section describes the land-use changes within 2 km

radii based on the original percentage cover obtained from

the maps (Table 2; Fig. 4). The storskifte reform maps in

the late 1700s and early 1800s show that, around Åbo-

dasjön and Lindhultsgöl, outland (common lands) covers
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42 and 49 %, meadow 21 and 21 %, cropland 2 and 3 %,

and wetland 3 and 15 %, respectively (Fig. 4; Table 2).

The laga skifte reform maps in the late 1800s indicate that:

(1) the outland expanded a few percent from that in the

previous reform period around Åbodasjön, (2) the cropland

was doubled in area around both lakes, and (3) the meadow

area was reduced accordingly around both lakes. In total,

14 and 20 % of the total areas were transformed around

Åbodasjön and Lindhultsgöl, respectively. Between the

late 1800s and mid-1900s more than 60 % of the total

cover around the lakes was converted to other land-use

types. Most of the converted areas became woodland,

shifting mostly from outland and meadows; the area of

cropland also doubled to ca. 12 % around both lakes. The

cover of wetland increased a few percent around Lind-

hultsgöl and one percent around Åbodasjön. Between the

mid-1900s and 2005, the major changes were the increase

in clear-cut and the conversion of grassland, wetland and

cropland to coniferous woodlands (Table 2). In comparison

with the previous period the area of cropland was reduced

to half around both lakes, and the wetland decreased from

17 to 12 % around Lindhultsgöl (Fig. 4). In total ca. 40 %

of the area around each lake was converted to other land-

use types.

Comparison of historical map-based estimates

with the LRA-based reconstruction

Results from the LOVE model are expressed as percentage

covers of individual taxa that are based on the distance-

weighted plant abundance within the RSAP (Sugita 2007b).

Therefore we compared the LOVE-based estimates of

vegetation with the distance-weighted plant abundance

derived from the historical maps within a 2 km radius area

around each site (Fig. 5). The results are comparable in

general. The LRA-based estimates of cropland areas were

similar to those from historical maps, except for the laga

skifte reform and economic map periods at Lindhultsgöl and

for the storskifte reform period at Åbodasjön, where the

LRA slightly overestimated the cropland cover. The LRA-

based estimates of wetland cover corresponded well to those

from the historical maps at Åbodasjön for the four periods,

but were overestimated for periods of the laga skifte reform

and the economic map at Lindhultsgöl. The LRA-based

estimates of meadows corresponded well to those in the

storskifte and laga skifte reform periods at Åbodasjön, but

were slightly overestimated at Lindhultsgöl.

Except for the economic map period at Åbodasjön, the

grassland cover was highly overestimated in the LRA re-

construction. The cover of outland was broadly similar

between the LRA- and map-based reconstruction at both

sites in the storskifte and laga skifte reform periods.

However, the outland cover around Lindhultsgöl was un-

derestimated by the LRA reconstruction for the storskifte

reform period. For the two latest periods, the LRA-based

woodland cover was underestimated relative to that using

the historical maps, except for the orthophoto period at

Lindhultsgöl.

LRA-based reconstruction of local vegetation and land-

use dynamics

The differences between the LRA-based estimates and the

pollen percentages (Fig. 6) are particularly important for

six taxa: Betula, Calluna, Corylus, Poaceae, Pinus and

Picea. In comparison to their LRA-estimated abundance,

Calluna, Corylus, Poaceae and Picea are underrepresented

in pollen percentages, whereas Pinus and Betula are

Fig. 3 Harmonisation of the

land-use categories with

corresponding taxa included in

the LRA analysis. For

comparison with the LOVE

results, individual taxa are

assigned to specific land-use

categories (red lines) but may

appear also in several other

land-use categories (grey lines)
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Table 2 Proportional cover of non distance-weighted land-use categories (upper panels) and landuse change (lower panels) within 2 km radii

around Åbodasjön and Lindhultsgöl
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Fig. 4 Documented land-use categories derived from historical maps and orthophotos available within 2 km radii around Åbodasjön and

Lindhultsgöl

Fig. 5 Comparison of LRA-based estimates and distance-weighted

plant abundances derived from historical maps and orthophotos

expressed as land-use categories. For the laga skifte reform and

storskifte reform maps, four land-use categories are compared:

cropland, wetland, meadows and outland. For the economic maps

and orthophotos, four partly different land-use categories are com-

pared: cropland, wetland, grassland and woodland. The LRA-based

estimates for each taxon are grouped into land-use categories

according to Fig. 3. The open and hatched histograms represent

LRA- and map-based estimates, respectively
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overrepresented in pollen percentages. Hereafter we will

only describe the LRA-based reconstruction of local

vegetation.

Åbodasjön (Fig. 6)

Over the last 200 years landscape openness based on herb

taxa cover varied between 12 and 27 %; if Corylus and Ju-

niperus were assumed to be growing mainly on grazed areas it

varied between 31 and 59 %. The highest openness occurred

in 1860–1900 and decreased thereafter. Total tree cover

increased consistently from 34 to 64 % mainly because of the

significant increases in the percentage covers of Picea and

Pinus. The percentage cover of Picea increased from 9 % in

1900–1920 to 27 % in the most recent interval. Among the

deciduous trees, the percentage covers of Fagus and Quercus

were consistently low over the last 200 years. Calluna was

always low in percentage cover. Four time zones with sig-

nificant changes in local vegetation were as follows:

1800–1860: The landscape was semi-open, characterized

by ca. 40 % and ca. 50 % of forested and unforested vegeta-

tion, respectively. The major tree taxa were Alnus, Pinus and

Fig. 6 Pollen percentages (grey histograms) and LRA-based esti-

mates of vegetation composition (black histograms) based on 14 taxa

for a Åbodasjön and b Lindhultsgöl. The horizontal lines represent

local vegetation zones identified by constrained cluster analysis

(Coniss; Grimm 1987)
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Betula, and the characteristic shrubs and herbs Corylus (ca.

25 %) and Poaceae (ca. 15 %). The percentage cover of Ju-

niperus increased during the entire period and the highest

percentage cover of Cereals (ca. 8 %) occurred in this period.

1860–1900: Open-land vegetation taxa, such as Corylus

and Poaceae (ca. 40 %) with abundant Juniperus (ca.

15 %) characterized this period. The percentage cover of

Betula and Alnus dropped to their lowest values, especially

Betula that was absent in 1860–1880. The percentage cover

of deciduous taxa, i.e. Car.Fra.Til.Ulm and Fagus, in this

period reached the highest values of the last 200 years.

1900–1980: Woodland areas increased to ca. 60 % in

this period. Picea, Alnus and Betula become more domi-

nant than before. The transition from the previous zone is

characterized by the percentage cover increase in Alnus and

Betula and the decrease in Juniperus. The percentage cover

of Picea increased throughout this period, while that of

Pinus became low and eventually disappeared locally at the

end of the period. The Juniperus cover decreased dra-

matically during this period.

1980–2008: The total tree cover was similar to that in

the previous period. However, Picea, Pinus, Betula and

Alnus became more dominant, especially Pinus, which

differed from the 1900–1800 period. The Poaceae cover

decreased and became low in this period.

Lindhultsgöl

The percentage cover of unforested areas varied between 8

and 21 % over the last 200 years, and between 20 and

38 % when Juniperus and Corylus were included. The total

tree cover increased from 40 to 70 % with a significant

increase in 1960–1980. On the contrary the wetland cover,

characterized by Calluna vulgaris and Cyperaceae, de-

creased from 27 to 8 %. Juniperus and deciduous broad-

leaved taxa, especially Fagus, were not abundant locally

throughout the period, except for Betula which was abun-

dant consistently. Four time zones with significant changes

in local land-cover were classified as follows:

1800–1840: The landscape was characterized by woodland

(ca. 45 %), open areas (ca. 30 %) and wetlands (ca. 25 %).

The dominant taxa were Picea, Betula, Calluna and Poaceae.

1840–1920: Compared to the previous period, there was

a shift in the coniferous woodland composition: a decrease

in the percentage cover of Picea and an increase in that of

Pinus. The dominant taxa were Pinus, Betula, Corylus,

Calluna and Poaceae.

1920–1960: This zone is defined by decreases in the

percentage cover of Alnus, Corylus and Calluna vulgaris

and increases in Pinus and Poaceae.

1960–2008: The forested area increased to ca. 70 % and

the wetland cover decreased to 8 %. The percentage cover

of Picea and Pinus became 35 and 20 %, respectively.

Abundant Betula and Poaceae in the landscape also char-

acterized this period.

Differences in vegetation and land-use

between Åbodasjön and Lindhultsgöl: LRA

versus QAD

In general, the differences in the LRA-based reconstruction of

vegetation and land cover between the two sites were con-

sistent with those indicated by the QAD results (Fig. 7).

Among the 154 pairs of comparisons possible between the two

sites (i.e., 11 time windows 9 14 plant taxa/classes), 43 cases

showed differences in the rank order between the sites for the

LRA- and QAD-based estimates. These cases were mostly for

low-abundance taxa/classes, such as other herbs, Cereals

(sum) and broadleaved deciduous trees (Car.Fra.Til.Ulm). For

example, the results indicate that Car.Fra.Til.Ulm was more

abundant locally at Åbodasjön than at Lindhultsgöl in

1860–1880. However the QAD results show that there were

no significant differences in these taxa between the two sites.

Thus, interpretations of these cases using the LRA-based es-

timates of low-abundance taxa need caution.

Several taxa were locally more abundant at Åbodasjön

than at Lindhultsgöl, such as Alnus (5–13 %), Corylus

(8–26 %), Juniperus (2–26 %), and Car.Fra.Til.Ulm

(5–7 %), except for the periods when these taxa were about

equally abundant at the two sites, i.e. 1860–1900, 1820–1840,

1940–1960 and 1820–1840/2000–2008 respectively. In gen-

eral, the percentage covers of Calluna (4–24 %) and Pinus

(4–18 %) were larger at Lindhultsgöl, except in 1820–1840

when the abundance of Pinus was higher (12 %) than at

Åbodasjön, and in 1800–1820 and 2000–2008 when the

abundance of Pinus was the same at the two sites. The per-

centage covers of Betula (13–23 %) and Quercus (2–4 %)

were higher at Lindhultsgöl than at the other lake in

1820–1900. The percentage cover of Cyperaceae was mostly

similar between the two sites in 1980–2008 and those of Picea

and Poaceae were mostly the same in 1800–1900. However,

the patterns of change in percentage cover of these taxa di-

verged significantly between the sites after 1900.

Discussion and conclusions

Advantages and disadvantages of pollen data

and historical maps for land-use reconstruction

Pollen-based approach

This study uses pollen data from two different-sized lakes

to estimate regional vegetation abundance for the recon-

struction of the local vegetation at individual small lakes

(Åbodasjön and Lindhultsgöl). A similar study in the same
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region (Cu 2013; Cui et al. 2014) concluded that there are

clear similarities between the regional estimates. More-

over, the general agreement between the LRA- and QAD-

based results provides confidence in the interpretation of

the differences in vegetation and land-use cover between

the two sites, even though some of the assumptions of both

approaches are not fully satisfied.

Because the LRA approach is a multi-step process with

many parameters, the propagation of errors is an important

issue. The number and location of sites, sizes and character

of basins, pollen productivity estimates, total pollen counts

and chronological control of the records all affect the error

estimates (Sugita 2007b). The optimum number of sites for

reliable LRA outputs varies depending on the spatial

heterogeneity of the vegetation and land cover. In general,

however, the larger the number of sites the better the

vegetation reconstructions. Previous studies indicate that

pollen data from 2 to 5 large lakes ([100–500 ha) provide

reliable estimates of regional vegetation composition using

the REVEALS model (Hellman et al. 2008a, b). Pollen

records from a number of smaller-sized sites can also be

used for regional vegetation reconstruction by averaging

out the between-site differences in pollen assemblages,

although error estimates are usually large (Sugita 2007a),

as well as pollen records from a number of sites of different

size (Sugita 2007a; Mazier et al. 2012). High pollen counts

reduce the uncertainties of both regional and local

vegetation estimates; a minimum of 1,000 grains is gen-

erally recommended (Sugita 2007b, Sugita et al. 2010,

Mazier et al. 2012). This study was based on 1,000–2,330

pollen grains counted at time intervals of 20 years in order

to reduce the uncertainties.

Reliable estimates of past RSAP require pollen records

from several similar-sized sites (Sugita 2007b; Sugita et al.

2010). This study uses the simulation-based estimates of

the past RSAP—the area within a 1,740 m radius at Åbo-

dasjön and a 1,440 m radius at Lindhultsgöl. These are

similar to the estimates for Danish lakes (3–27 ha) based

on historical maps in 1800 (Nielsen and Sugita 2005) and

to the estimates for Småland peatbogs (same area as our

study, Cui et al. 2014) based on the forward modeling

approach. Consistent with Nielsen and Odgaard (2010), we

assume that the RSAP is constant through time for our

reconstruction. Although this assumption is reasonable for

the last 200 years, further evaluation with more forward-

and inverse-modelling is necessary (Sugita 2007b).

This study selects the most reliable dates possible for

establishing the age-depth model at each lake (Fredh et al.

2013; Bragée et al. 2013a). For the last 200 years, the

uncertainty envelopes at the 95.4 % confidence level are

2–119 years for Åbodasjön, 4–156 years for Lindhultsgöl,

and 1–260 years for Fiolen. These uncertainty estimates

show that relatively large deviations from the ages used in

this study are possible, especially in the older parts of the

records.

Map-based approach

The maps from the storskifte and laga skifte reform periods

include detailed land-cover information of a high technical

Fig. 7 LRA-inferred local vegetation compositions based on 14 taxa

for Abodasjön (grey) and Lindhultsgöl (pink) compared with the

output of the QAD method. The QAD results are indicated by solid

diamonds on the right-hand side of each taxon. The colour code for

the diamonds indicate when the QAD-based direction between

Åbodasjön and Lindhultsgöl is negative (blue), positive (red) or

insignificant (black). The green dots indicate level of similar direction

of differences in plant abundance for both QAD and LRA approaches
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and geometric quality (Örback 1998); thus the rectification

of the maps is reliable. The standardized identification of

cropland, meadows, wetland and outland in these maps

(ESM) together with supplementary information from as-

sociated written documents proved to be valuable. How-

ever, the map-based estimates of the composition and

percentage cover of individual taxa in each of the land-use

categories are not precise. There was no distinction of

different cultivated crops on the maps, the cropland

category includes mainly cereals, but could also encompass

potatoes, grass or leguminous plants (Cui et al. 2014). The

surveyors describe the meadows with respect to their

quality and productivity, the forest with comments about

sufficiency, and the outland with information about tree

sizes, quality of grazed vegetation and sometimes the use

of trees as leaf fodder (Dahlström 2008). Therefore the

main difficulty and source of error in our comparison with

the LRA output is that trees and shrubs often grow in the

meadows, and the outland was used for grazing and the

collection of fire wood (Gadd 2000). Some maps show tree

symbols in the outland polygons with occasional notes and

tables that indicate low tree cover in the outland, although

quantification is difficult. In contrast, the interpretation of

tree cover based on the aerial photographs from 1946 and

2005 is straightforward (Ihse and Norderhaug 1995).

The historical maps record the spatial extent of crop-

land, meadows and common lands. However, differences

in the classification of land-use categories exist (Dahlström

2008). The maps in the storskifte and laga skifte reform

periods were produced in 1769–1823 and 1837–1895,

representing periods of 54 and 58 years respectively. Thus

it is difficult to quantify the changes in terms of exact dates.

Moreover, these maps do not always cover the villages and

their surroundings which are within the 2 km radius of our

study sites. Despite those deficiencies, however, the tran-

sition from traditional to modern agriculture in the late

1800s based on the changes in the land-use categories can

be depicted reasonably well.

Potential and limitations

The estimates of the land-use covers are comparable be-

tween the LRA-and map-based approaches. The LRA ap-

proach provides realistic estimates of the differences in

cover of wetland (Lindhultsgöl [ Åbodasjön) and mead-

ows (Lindhultsgöl \ Åbodasjön) at the two sites in the

early 1800s. The LRA-based estimates of cropland are also

in good agreement with the map-based estimates for most

of the 200 year period.

Taxonomic harmonization (Fig. 3) and the application of

the distance-weighted method to historical maps are both

necessary for a comparison of the LRA- and map-based

vegetation estimates. We are aware that individual taxa may

appear in several of the land-use categories (Fig. 3), such as

Corylus, which grew partly in meadows (Ekstam and For-

shed 1992; Morell 2001) and partly in woodland. Calluna

can also grow in different vegetation types—i.e. conifer

forests, bogs and grazed heaths. In a similar study in Småland

(Cui et al. 2014), using comparable historical maps to ours,

Calluna was found to be abundant in forest and bog cate-

gories on the two younger maps and in all three vegetation

types on the two older maps. Another issue is the accuracy

and mismatch of the time units in both records, i.e. the

chronological uncertainties of the Fiolen sediment record

and the large time span represented by the maps from the

1800s. From 1940 and onwards the chronological uncer-

tainties are smaller; the temporal resolution of the economic

maps and orthophotos is 1 year and that of the LRA results is

20 years. Further evaluation of the effects of these mis-

matches in temporal scales is necessary, although beyond the

scope of this study.

The overestimation of the grassland cover in the LRA

results relative to the economic maps and orthophoto

around Åbodasjön is similar to that described in Nielsen

and Odgaard (2010). Several explanations are possible. For

example, the inclusion of Corylus in this land-use category

for the LRA approach may distort the estimates of grass-

land cover (Fig. 5). The exclusion of the clear-cut area

(usually treated as a non-pollen producing area), often

characterized by graminoid plants including Poaceae taxa,

can be another factor. This is directly and irreversibly

linked to our assumptions of assigning each taxon to a

unique land-use category. Underestimation of the LRA-

based woodland relative to the orthophoto-based cover

around Åbodasjön may be caused partially by young

plantations of trees that do not produce pollen in great

quantity. Matthias et al. (2012) show that Picea and Pinus

reach their flowering age at 40 and 20 years, respectively.

Therefore a young plantation will not produce much pollen

while it will appear like a dense forest on an aerial

photograph

Local land-use dynamics for the last 200 years around

two lakes

This section integrates the LRA-based estimates of land-

use changes and the historical development of the social,

economic and technological aspects of the local commu-

nities to discuss the land-use dynamics around Åbodasjön

and Lindhultsgöl (Fig. 8).

Åbodasjön

Over the last 200 years the landscape around the lake has

remained relatively open, although mixed woodland has
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become common in recent years. Landscape openness in-

creased throughout the 1800s, mainly because of the

grassland expansion. On the other hand, cropland de-

creased slightly between 1860 and 1920. Population in-

crease and extensive land-use activities were the main

causes of the vegetation and land-cover changes. The

population of the parish increased from 11 to 20 inhabitants

per km2 between 1800 and 1867 (Fig. 8), accelerating

needs for grazing areas, hay meadows and cropland. In the

1800s large areas of outland were exploited for these

purposes (Myrdal 1997). In 1867 a great famine occurred

because of a harvest failure in southern Sweden, triggering

an extensive migration of population to urban areas, as well

as to the United States (Sundbärg 1883). The decline of

rural population during the transition to modern agriculture

in the late 1800s resulted in a significant increase of de-

ciduous-woodland cover around the lake. Since then,

coniferous woodland cover characterized by Pinus and

Picea has increased right up to the present. The abandon-

ment of grazing areas for cattle and the start of forestry in

the late 1800s led to an increase of trees in the grasslands

(Ekstam and Forshed 1992). The increase in cropland cover

during the 1900s reflected the increase in agricultural ef-

ficiency and indicated a shift from the traditional agricul-

tural practices to the modern systems. All these changes

show that much of the human labour, self-sufficient agri-

culture, and interdependence between the land-use cate-

gories has become redundant in recent years (Emanuelsson

2009).

Lindhultsgöl

The landscape around Lindhultsgöl changed from a

relatively open rural landscape, i.e. mixed grassland and

wetland, to a wooded landscape characterized by Picea and

Pinus over the last 200 years. In the early 1800s hay

meadows and croplands increased for a short period in the

outland areas but afterwards, the deciduous woodland

cover became significantly larger than before. The wetland

cover has changed significantly since the early 1800s: there

was a dramatic decline in the mid-1800s, an increase

around 1900, and a decline from 1920 to the present. In-

creased grazing and fodder pressure led to the decline of

the wetland cover around mid-1800s. Soon after, however,

these activities were abandoned until the early 1900s.

Around 1940 the development of drainage systems, which

aimed to improve forest lands for timber production, ac-

celerated the decline of the wetland cover. After 1960 both

Picea and Pinus characterized the woodlands. The co-

dominance of these two taxa reflected the plantation history

of Picea; in the 1800s the coniferous forests consisted

mostly of Pinus (Fig. 6), but this changed dramatically at

the beginning of the 1900s when the plantation of Picea

started (Eliasson 2002).

Implications for long-term environmental analyses

The palaeoecological methods used in this study are useful

for environmental management as they provide long-term

records of ecosystem dynamics and response to land-use

change (e.g. size, frequency and duration). Combinations

of pollen-based reconstructions of past landscape, includ-

ing the LRA- and QAD-based approaches, together with

the historical maps enabled us to evaluate the reliability of

the local vegetation and land-use estimates (Berglund

1991; Nielsen 2004; Dahlström 2008; Hellman et al.

2009b). Historical maps and aerial photographs were in-

valuable to describe spatiotemporal dynamics of land-use

patterns in detail, for a better understanding of the effects

of the past land-use practices on the modern landscape

(Skånes and Bunce 1997; Cousins 2001; Johansson et al.

2008). On the other hand the historical maps are restricted

to specific periods and cannot provide a continuous record

of land-use and vegetation (Dahlström 2008). For this

study area, the applications of the LRA approach with

high-resolution pollen records provided detailed informa-

tion on land-use dynamics for evaluating the impacts of

human activities on biodiversity and ecosystem changes

during recent millennia (Fredh et al. unpublished). The

inferred changes in land-use were also used as input vari-

ables in an integrated local-scale evaluation of potential

processes affecting trends in lake-water dissolved organic

Fig. 8 LRA-based estimates of land-use coverage compared to the

population development in Slätthög Parish for a Åbodasjön and

b Lindhultsgöl Dark green indicates coniferous woodland, light green

deciduous woodland, orange grassland (Corylus and Juniperus

included), brown wetland and yellow cropland
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carbon (DOC) concentrations in Åbodasjön and Lind-

hultsgöl beyond the reach of monitoring data (Bragée et al.

2013b).
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1861–1880 (Monthly and seasonal variation in mortality in

Sweden, 1861–80) (in Swedish). Statistisk Tidskrift 69:153–194

Thompson R, Bloemendal J, Dearing JA, Oldfield F, Rummery TA,

Stober JC, Turner GM (1980) Environmental applications of

magnetic measurements. Science 207:481–486

Wikman H (2000) Beskrivning till berggrundskartorna 5E Växjö NO
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