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1Department of Geology, Quaternary Sciences, Lund University, Sölvegatan 12, 223 62 Lund,
Sweden
2Swedish National Heritage Board, Contract Archaeology Service, Odlarevägen 5, 226 60
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Abstract

This study explores the relationship between land-use and floristic diversity between
600 BC and AD 2008 in the uplands of southern Sweden. We use fossil pollen as-
semblages and the Regional Estimates of Vegetation Abundance from Large Sites
(REVEALS) model to quantitatively reconstruct land-cover at a regional scale. Floristic5

richness and evenness are estimated using palynological richness and REVEALS-
based evenness, respectively. We focus on the period AD 350 to 750 to investigate
the impact of an inferred, short-lived (< 200 yr) period of land-use expansion and sub-
sequent land abandonment on vegetation composition and floristic diversity. The ob-
served vegetation response is compared to that recorded during the transition from10

traditional to modern land-use management at the end of the 19th century. Our results
suggest that agricultural land-use was most widespread between AD 350 and 1850,
which correlates broadly with high values of palynological richness. REVEALS-based
evenness was highest between AD 500 and 1600 which indicates a more equal dis-
tribution among taxa during this time interval. Palynological richness increased during15

the inferred land-use expansion after AD 350 and decreased during the subsequent
regression AD 550–750, while REVEALS-based increased throughout this period. The
values of palynological richness during the last few decades are within the range ob-
served during the last 1650 yr. However, REVEALS-based evenness shows much lower
values during the last century compared to the previous ca. 2600 yr, which indicates20

that the distribution of present day vegetation is unusual in a millennial perspective. Our
results show that regional scale changes in land-use have had clear impacts on floristic
diversity in southern Sweden, with a vegetation response time of less than 20 to 50 yr.
We show the importance of traditional land-use to attain high biodiversity and suggest
that ecosystem management should include a regional landscape perspective.25
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1 Introduction

One of the main ecological challenges during this century is to mitigate the expected
loss of species due to rapid land-use and climate changes (MacDonald et al., 2008;
Anton et al., 2010; Barnosky et al., 2011). To make adequate priorities and implement
realistic nature conservancy efforts, we need a range of methods to understand how5

these processes may impact on biodiversity (Dawson et al., 2011). Because ecosys-
tem responses may occur over decades or centuries, making them difficult to observe,
palaeobotanical records provide important information about past responses relevant
to on-going and future changes in vegetation and biodiversity (Jackson and Hobbs,
2009; Haslett et al., 2010; Willis and Bhagwat, 2010; Willis et al., 2010).10

In many areas, such as northwest Europe, agricultural land-use has influenced veg-
etation and biodiversity for thousands of years (Berglund et al., 2008; Emanuelsson,
2009; Willis et al., 2010). Many herbs originate from steppe areas where natural distur-
bances such as wind and drought have allowed these species to exist. The traditional
agriculture functioned as a substitute for these disturbances which made it possible15

for plants that not naturally grow in northwest Europe to survive also in these areas
(Emanuelsson, 2009). The rapid land-use changes during the last ca. 100 yr, towards
a modern agriculture based more on crop cultivation and forestry, have led to a de-
crease in available habitats, such as semi-open grasslands, that many species are
restricted to.20

Land-use transitions have occurred throughout agricultural history (Berglund, 1969;
Lagerås, 2007; Froyd and Willis, 2008). By studying these transitions, using high-
resolution palaeobotanical records, we may reconstruct the rate and degree of change
in land-use and vegetation. This allows us to better understand how current ecosys-
tems will respond to present and future land-use changes and provide information25

useful for ecosystem management.
The Landscape Reconstruction Algorithm (LRA) enables new ways to study past

land-use and biodiversity changes (Sugita, 2007a, b). Based on pollen counts extracted
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from sediments, LRA, with submodel Regional Estimates of Vegetation Abundance
from Large Sites (REVEALS), compensates for differences in pollen productivity and
dispersal characteristics between taxa and makes it possible to quantify past vegeta-
tion composition (Broström et al., 1998; Sugita et al., 1999; Sugita, 2007a, b; Hellman
et al., 2009). Moreover, it makes it now possible to reconstruct past floristic diversity5

using the two parameters richness and evenness. Richness is the number of species
within a specific area, which may be estimated using palynological richness, i.e the
number of different pollen taxa found in a sediment sample (Birks and Line, 1992;
Odgaard, 1999; Van Dyke, 2008; Meltsov et al., 2011). Evenness is a measure of the
relative abundance of the different species that are present within an area, which may10

be estimated for common taxa by applying evenness indices to the REVEALS output
(Magurran, 2004; Sugita, 2007a; Fredh et al., 2012). High evenness describes situ-
ations when all species within an area are represented by similar spatial coverage,
whereas low evenness characterizes landscapes where a few species cover large ar-
eas and other species cover small areas.15

Fredh et al. (2012) analyzed the relationship between land-use and floristic diversity
during the transition from traditional to modern land-use management AD 1800–2008,
using the uplands of southern Sweden as an example. In this study, the record is
extended back to 600 BC, using a similar approach and the same sediment sequence
from Lake Fiolen. The aims are to:20

– Build a robust chronology to enable quantification of rate of change.

– Analyze the relationship between land-use and floristic diversity during the last
2600 yr at a regional scale (50 km radius) using fossil pollen assemblages and
the REVEALS model.

– Specifically study the period AD 350–750 as an example of the impact of a short-25

lived (< 200 yr) period of land-use expansion followed by abandonment on vege-
tation composition and floristic diversity.
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– Compare the vegetation responses during the inferred agricultural expansion and
regression period AD 350–750 with the previous study of the transition from tra-
ditional to modern land-use management AD 1800–2008 (Fredh et al., 2012).

– Provide quantitative estimates of long-term (century to millennial scale) impacts
of land-use changes on floristic diversity, useful for ecosystem management.5

2 Study area

The study area is located in the uplands of southern Sweden, above 200 m a.s.l., in
the central part of the province of Småland (Fig. 1). The bedrock consists mainly of
crystalline bedrock of granite and gneiss, which is covered by sandy till and some
glaciofluvial deposits (Fredén, 1994). The tree cover consists of a mixture of coniferous10

and deciduous forest, which is typical for the boreo-nemoral zone (Sjörs, 1963). The
tree cover is 72 %, shrubs 1 %, herbs 21 % and Cerealia 6 %, with Picea and Pinus
as the dominant trees (Hellman et al., 2008b). Mean annual temperatures are 5–7 ◦C,
and mean annual precipitation varies from ca. 600 to ca. 1200 mm along an east-west
gradient (Raab and Vedin, 1995).15

Because of their relatively poor soils and climatic conditions, the uplands of southern
Sweden are usually less suitable for agriculture compared to lower areas and therefore
colonized relatively late, although human remains can be found at some places since
the Neolithic and before (Hyenstrand, 1979; Berglund et al., 2002; Poschlod et al.,
2005). Pollen records and archaeological evidence show that there has been a pattern20

of expansion and regression phases during the last 6000 yr and that land-use was
dominated by grazing (Hyenstrand, 1979; Berglund et al., 2002). During the Iron Age,
500 BC to AD 1050, some settlements became organized in hamlets and villages but
single farms dominated (Welinder et al., 2004).

From ca. AD 1000, agriculture in the upland area was dominated by permanently25

farmed land, with clear separation between cultivated fields, meadows and common
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land around the farms used for grazing (Berglund et al., 2002). The medieval expan-
sion, ca. AD 900–1200, was interrupted by the late medieval agrarian crisis, when
marginal areas were abandoned for better soils (Berglund et al., 2002; Myrdal, 2003;
Emanuelsson, 2005; Lagerås, 2007). The uplands have been subject to slash- and
burn agriculture documented from the 17th century which was used for temporal culti-5

vation in addition to more permanent fields (Larsson, 1974). During the agricultural rev-
olution (ca. AD 1700–1900) arable fields were combined to form larger units, and the
common land was split up and divided between farmers (Gadd, 2000). The maximum
extent of agricultural land-use occurred in the late 19th century. Since then Picea plan-
tations and cultivated fields have expanded and dominate the land-use today (Morell,10

2001).

3 Methods

3.1 Field work and core correlation

During fieldwork in June 2008, overlapping sediment cores were retrieved from Lake
Fiolen (160 ha) using Kajak (core K; Renberg and Hansson, 2008), Russian (core C15

and D; Aaby and Digerfeldt, 1986) and piston (core P) corers (Fig. 2a). Correlations be-
tween the cores were carried out using mineral magnetic properties (Thompson et al.,
1980) and element compositions based on X-ray fluorescence measurements (Boyle,
2000). For more details on methods used for core correlation see Fredh et al. (2012).
All analyses were carried out on core K and P, except for a few radiocarbon datings20

performed on core C and D.
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3.2 Dating

3.2.1 Radiocarbon

14C dating was used to date organic remains in the sediment sequence. Thirteen
macrofossil samples and eight bulk gyttja samples were dated using accelerator mass
spectroscopy (AMS) at the Radiocarbon Dating Laboratory at Lund University (Table 1).5

Three of the macrofossil samples were taken from correlated parallel cores, introduc-
ing an estimated depth uncertainty of < 2 cm. The macrofossils were extracted from
the sediments using a 250 µm sieve. Only very small amounts were found, and ter-
restrial material was identified in most samples. Because of very small sample sizes,
pre-treatment (HCl and NaOH) could only be carried out for three of the macrofos-10

sil samples. Only six of the dated macrofossil samples were used to construct the
age-depth model (see below). The OxCal program (v. 4.1.7) and the CaliBomb pro-
gram were used for calibration of 14C dates based on calibration curves constructed
from terrestrial and atmospheric samples (Levin and Kromer, 2004; Levin et al., 2008;
Reimer et al., 2009).15

3.2.2 Lead-210 and Caesium-137

210Pb dating was used to date the uppermost part of the sediment sequence. 26 sam-
ples (21 from core K and five from core P) between 0 and 44 cm depth were anal-
ysed for the activity of 210Pb, 137Cs and 226Ra. The samples were analysed via gam-
maspectrometry at the Gamma Dating Centre, Institute of Geography at the University20

of Copenhagen, Denmark. The fraction of total 210Pb that is deposited on the lake
surface from the atmosphere, i.e. the unsupported 210Pb, was calculated based on
the 226Ra data obtained. The irregular profile of 210Pb below 15 cm allows for different
calculation options using the Constant Rate of Supply (CRS) model (Fig. 2e; Appelby
2001). Fredh et al. (2012) included 20 samples in the CRS model, whereas in this study25

we only included the nine samples above 15 cm (Fig. 2). Below 15 cm the activity of
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210Pb was calculated by assuming a constant sedimentation rate. Variations in 137Cs
activity can be used as time markers and this isotope was therefore measured with the
aim to validate the CRS-model (Appleby, 2001).

3.2.3 Lead pollution history

Atmospheric lead deposition recorded in lake sediments originates from historical5

mining activities and emissions from combustion of leaded petrol. The pollution his-
tory, measured in sediments using total lead concentrations and lead isotope ratios
(206Pb/207Pb), is similar between lakes in Sweden and may be used as a chronological
framework (Brännvall et al., 2001; Renberg et al., 2001). Time markers may be iden-
tified at AD 0 (Roman peak), AD 900–1000 (Medieval expansion), AD 1200 (Medieval10

peak), AD 1975 (Modern maximum) and sometimes a few more. The highest amount
of lead emissions occurred between the 1950s and the 1970s, and the highest lead
concentrations in sediments are found in the interval corresponding to this age. The
total lead concentrations in lake sediments show a gradient with higher values in the
south compared to the north, which reflects the pattern of dispersal from south and15

central Europe. Sulphide ores used in medieval times had a typical lead isotope ratio
of about 1.17 and emissions from petrol a typical ratio of 1.15. Both of these are lower
than the natural isotope ratio of bedrocks in Sweden.

Lead was measured at 1 cm intervals in the upper sediment core (core K) and at
between 1 and 11 cm intervals in the lower sediment core (core P) using X-ray Flo-20

rescence (XRF) to estimate total lead concentration (Boyle, 2000), and at ca. 5 cm
intervals using Acid Dissolution (EPA 3052) and Quadrapole ICP-MS to estimate both
total lead concentration and lead isotope composition. The XRF measurements were
carried out at the Environmental Magnetism Laboratory at the Department of Geog-
raphy, Liverpool University, UK, and the Acid Dissolution (EPA 3052) and Quadrapole25

ICP-MS measurements at the Department of Geography, Durham University, UK. In the
absence of a standard method to infer uncertainty estimates for the pollution markers,
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we used an approximation of 50 yr uncertainty for all markers except the modern max-
imum at AD 1975, which was assigned an uncertainty of 5 yr.

3.2.4 Age modelling

Because of inconsistencies within and between the chronological data provided by
the different methods applied, we had to make some selections of these data points5

in the final age-depth model. We chose to include all pre-treated macrofossils and
as many small macrofossil samples and lead pollution markers as possible. However,
using this option we had to exclude most of the samples analyzed for 210Pb-activity
used in the CRS-model and most of the small macrofossil samples. We also assumed
that our interpretations of the total lead and lead isotopes data used for time markers10

are correct.
Using our preferred chronological data, the OxCal program (v. 4.1.7) was used to es-

tablish a chronology for the entire sediment sequence using Bayesian analysis (Bronk
Ramsey, 2009). The age model was established using a P-sequence which takes the
stratigraphic levels of dated samples into account and allows for fluctuations in sed-15

imentation rate (Bronk Ramsey, 2008). The degree of fluctuation allowed for by the
program may be modified by varying the k-value (the number of accumulation events
per unit depth). This parameter was chosen as high as possible to obtain an agree-
ment index ≥ 60 % for the entire age model (Bronk Ramsey, 2008). Two polynomial
functions, one above and one below 60 cm, with a polynomial order of seven and two,20

respectively, were fitted to the midpoints of the calibrated 2σ intervals provided by Ox-
Cal and used to calculate age estimates for the sequence at 0.5 cm intervals.

3.3 Quantitative reconstruction of land cover

Material for pollen analysis was subsampled at 0.5 to 10 cm intervals from the sed-
iment cores from Lake Fiolen and prepared using standard methods (Berglund and25

Ralska-Jasiewiczowa, 1986). Pollen grains were identified using a light microscope,
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identification keys (Beug, 1961; Punt, 1976–2003; Moore et al., 1991; Beug, 2004) and
the reference collection at the Department of Geology, Lund University. Subsequently,
pollen counts from several levels were pooled together to attain at least 1,000 grains for
each time window, varying in width between 20 and 60 yr as inferred from the chronol-
ogy. The use of time windows, in sequences when sedimentation rate and sample reso-5

lution are high, allows us to capture vegetation changes rather than weather conditions
because pollen productivity may change between individual years when sedimentation
rate and sample resolution are high (Hicks, 1999; Autio and Hicks, 2004).

Based on pollen counts for each time window, we used the REVEALS program (v.
4.2.2, Sugita, unpublished) to provide quantitative estimates of vegetation composi-10

tion at a regional scale (within a 50 km radius) between 600 BC and AD 2008. The
REVEALS model is an objective way to estimate vegetation composition by compen-
sating for known biases in how vegetation is represented in the pollen record (Sugita,
2007a). Previously, estimates of actual vegetation have been difficult to obtain due to
differences in pollen productivity and dispersal characteristics between taxa (Sugita,15

1994; Broström et al., 1998; Sugita et al., 1999; Davis, 2000; Sugita, 2007a). Tree taxa
are in general overrepresented, and many herb taxa often underrepresented, in pollen
assemblages compared to their abundance in the surrounding vegetation (Bradshaw
and Webb, 1985; Broström et al., 1998; Sugita et al., 1999; Davis 2000).

The REVEALS model requires various parameter inputs. We used pollen productivity20

estimates (PPEs), including their standard errors (SEs), obtained for 26 taxa (Table 2)
from southern Sweden and Denmark and fall speed estimates of pollen from the litera-
ture (Eisenhut, 1961; Sugita et al., 1999; Broström et al., 2004; Nielsen, 2004; Broström
et al., 2008). The REVEALS version used in this study (v. 4.2.2) assumes neutral at-
mospheric conditions and wind speed 3ms−1 as in Prentice (1985) and Sugita (1993,25

1994, 2007a, b). We used a mean radius of 714 m for Lake Fiolen, calculated from
the total lake surface area, assuming this is the area of a circular basin. The maxi-
mum spatial extent of the regional vegetation (Zmax) was set to 50 km as most of the
pollen grains found originate from within this area (Hellman et al., 2008a, b). Zmax can
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in theory be 50–400 km (Sugita, 2007a), but Mazier et al. (2012) showed that different
values of this parameter (i.e. 50, 100 and 200 km) do not affect the REVEALS output.

We used the pollen dispersal-deposition function appropriate for lakes, which as-
sumes that pollen grains deposited on a lake surface are totally mixed and evenly de-
posited on the basin floor (Sugita, 1993). Standard errors for the estimates of regional5

vegetation abundance were calculated in the REVEALS program using a hybrid of the
delta method (Stuart and Ord, 1994) and Monte Carlo simulations (Sugita, 2007a).

3.4 Reconstruction of floristic diversity

In this study we used palynological richness and REVEALS-based evenness as prox-
ies for floristic diversity and floristic evenness, respectively (Birks and Line, 1992; Fredh10

et al., 2012). Palynological richness is the number of different pollen and spore taxa
identified in each sample, whereas REVEALS-based evenness is the relative abun-
dance between the taxa reconstructed by the REVEALS model (Birks and Line, 1992;
Magurran, 2004; Sugita et al., 2007a; Fredh et al., 2012).

Due to different total pollen counts between time windows the palynological richness15

was recalculated using rarefaction (Birks and Line, 1992). We therefore present the
results of palynological richness as the expected number of pollen taxa for a specific
pollen sum. The calculation was based on all terrestrial taxa, in total 17 trees, 66 herbs
and 9 ferns. We are aware of that the relationship between pollen identified in sed-
iments and the surrounding vegetation is complex, and that the pollen grains found20

in sediments only represent a small portion of all species in surrounding vegetation
(Odgaard, 1994, 2007; Peros and Gajewski, 2008; van der Knaap, 2009). However, as
a relative measure of floristic diversity, palynological richness has shown to be reliable
(Meltsov et al., 2011, 2013).

Based on the proportional abundances estimated by the REVEALS model we cal-25

culated the Shannon index, which combines the number of taxa and the relative abun-
dance between taxa to estimate floristic diversity (Magurran, 2004; Odgaard, 2007; van
Dyke, 2008). Subsequently, we calculated floristic evenness using the ratio between
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Shannon index and maximum evenness, when all taxa are equally frequent, also
known as the Pielou’s evenness index (Pielou, 1966; Magurran, 2004; Odgaard, 2007).
Pielou’s evenness index may vary between 0 and 1. The index is 1 when all taxa cover
equal proportions of the reconstructed area. Lower values are attained when a few
taxa cover large proportions and other taxa cover small proportion within the 50 km ra-5

dius. We estimated REVEALS based evenness for all 26 taxa (14 trees and 12 herbs)
used in the REVEALS model, but also for trees and herbs separately. These 26 taxa
represent about 70–90 % of the total vegetation cover in the upland area of southern
Sweden today (Broström et al., 2004).

4 Results10

4.1 Chronology

The radiocarbon dated macrofossil samples show rather scattered ages (Table 2,
Fig. 2b). Most of the macrofossil samples were smaller than two milligram and there-
fore not pre-treated. This means that any contamination with modern material during
extraction, storage and identification, that would have a relatively strong influence on15

the dating results of these small samples, was not removed. An extreme case of this ef-
fect is probably illustrated by sample LuS8602 from a depth of 63.75 cm, which yielded
a modern or close to modern age (Table 2). Because of unexpectedly young ages due
to suspected contamination, most of the small macrofossil samples were rejected and
not used to construct the age model. We included all pre-treated macrofossil samples20

that were considered to be most reliable. We also included three small macrofossil
samples that were in agreement with the pre-treated macrofossil samples and our in-
terpretation of the lead pollution time markers. The bulk dates show a rather well de-
fined slope with increased age at greater depth, indicating that the sediments have not
been subject to major mixing or disturbance. The absolute ages for these samples are,25
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however, likely affected by a lake reservoir age and therefore assumed to be too old
(ca. 200 to 400 yr) and not used for the chronology.

The activity of unsupported 210Pb in the sediment sequence generally decreases ex-
ponentially with depth down to about 15 cm (Fig. 2e), while below this depth the activity
data are rather irregular. As explained above, we therefore only included the nine lead5

dates above 15 cm in the CRS-model calculation. However, using only the lead dates
from above 15 cm we have to assume that some mixing has occurred and/or that some
of the measured elements are mobile in this particular sediment below this depth. This
is supported by the high activity of 137Cs at depths below 14 cm that correspond to
ages older than ca. AD 1950 according to the CRS-model (Fig. 2f). 137Cs is normally10

only found in sediments younger than AD 1950 (Appelby, 2001).
Time markers were inferred from the total lead concentrations and lead isotope ratios

based on comparison with the typical pattern of pollution lead though time for southern
Sweden (Brännvall et al., 2001; Renberg et al., 2001). For our age model we used time
markers at 110 cm, 55 cm, ca. 38 cm, and 11 cm interpreted to represent AD 0, AD15

1000, AD 1200 and AD 1975, respectively (Fig. 2b–d). At 110 cm total lead concen-
tration increases to 16 µgg−1 and the lead isotope (206Pb/207Pb) ratio decreases with
0.12. Between 100 and 55 cm depth the lead isotope ratio increases and the total con-
centration decreases which may reflect the decline in mining activities between AD 400
and 900. Between 55 and 38 cm total lead concentration increases to 53 µgg−1 and the20

lead isotope ratio decreases with 0.13 compared to background values. At 11 cm the
highest total concentration of 189 µgg−1 is recorded which we interpret to reflect the
pollution maximum at AD 1975. The lead isotope ratio close to or below 1.17 above
19 cm indicates that a large proportion of the lead found in this interval is derived from
pollution from leaded petrol during the 20th century, which has an isotope ratio of ca.25

1.15.
Because of inconsistencies within and between the chronological data provided by

the different methods applied, dating of the Lake Fiolen sequence is not straightforward.
Our preferred age-depth model is based on six macrofossil samples (three pre-treated),
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a CRS-model (based on nine 210Pb samples) and four lead pollution markers (Fig. 2b).
We therefore rejected eight small macrofossil samples and 17 210Pb measured sam-
ples below 15 cm that were considered unreliable.

Consequently, the proposed age model is tentative, in particular between AD 1200
and AD 1950. It should also be pointed out that our age model for the interval between5

0 and 48 cm differs from that used by Fredh et al. (2012), resulting in deviating age
estimates in the lower part of this interval.

4.2 Long-term ecological changes 600 BC–AD 2008

Vegetation coverage was quantified using REVEALS for the 26 taxa (14 trees and 12
herbs) for which PPEs are available (Fig. 3). The differences between the REVEALS-10

based reconstruction and pollen percentages reflect corrections by REVEALS for dif-
ferences in e.g. pollen productivity and dispersal characteristics. Although the rela-
tive importance of taxa is different between the two datasets, their trends are similar.
The importance of Picea, Acer, Corylus, Fagus, Poaceae, Cerealia type, Carpinus,
Fraxinus, Salix, Tilia, Ulmus, Calluna vulgaris, Compositae SF. Cichorioideae, Cyper-15

aceae, Plantago lanceolata and Secale type is underestimated by pollen percentages,
while Pinus, Alnus, Betula, Quercus, Juniperus, Filipendula, Ranunculus acris type and
Rumex acetosa type are overestimated by pollen percentages compared to REVEALS-
based vegetation coverage.

According to the herb taxa coverage estimated by REVEALS, landscape openness20

varies between 5 and 34 % throughout the studied period (Fig. 4). However, we may
assume that Corylus and Juniperus mainly grew on open lands. When including these
shrubs openness varies between 18 and 60 % (Fig. 4). In either case, maximum open-
ness is recorded between AD 350 and 550, mainly due to the increase in Poaceae
coverage during this time.25

During the studied period palynological richness varies between 21 and 38, with the
highest value at AD 1600 (Fig. 4). REVEALS-based evenness varies between 0.83
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and 0.54, with maximum evenness between AD 500 and 1600. Evenness for trees is
almost identical to total evenness, which shows that the tree evenness dominate the
total evenness calculation. Evenness for herbs was generally higher the last 1400 yr,
but rather variable.

Several major vegetation changes occurred during the last 2600 yr according to the5

REVEALS reconstruction (Fig. 3). However, the period between 600 BC and AD 350
was relatively stable with a vegetation cover dominated by Corylus and Betula with
23–39 % and 12–23 % coverage, respectively. Palynological richness varies between
22 and 27 during this period, and REVEALS-based evenness shows values between
0.71and 0.78.10

Between AD 350 and 750 changes in vegetation coverage indicate land-use expan-
sion followed by regression. We divided this interval into three parts, one expansion
period and two regression phases (Fig. 5), based on changes in coverage of open
land taxa such as Poaceae, Cerealia type, early successional taxa such as Betula and
late successional taxa such as Carpinus, Quercus, Tilia and Ulmus. We also took into15

account “other herbs”, which include Calluna vulgaris, Compositae SF. Cichorioideae,
Cyperaceae, Plantago lanceolata, Ranunculus acris type, Rubiaceae and Rumex ace-
tosa type.

At the beginning of the expansion period AD 350 the coverage of Cerealia type,
Poaceae and other herbs increased significantly from 0 to 3 %, 9 to 18 % and 3 to20

8 %, respectively, which suggests a regional agricultural land-use expansion (Fig. 5).
Simultaneously, Corylus decreased significantly in coverage from 39 to 28 %. Poaceae
shows maximum abundance at AD 450 with 26 % coverage and decreased thereafter,
whereas Cerealia type in general remained at higher values at least until AD 550. Both
palynological richness and REVEALS-based evenness increased AD 350 to 550 and25

varied between 27 and 34 and between 0.74 and 0.82, respectively. Also evenness for
trees and herbs generally increased during this period.

At AD 550 we can observe an opposite pattern. The coverage of Poaceae signifi-
cantly decreased from 20 to 14 %, Cerealia type was only recoded in some samples
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and other herbs decreased in most samples, indicating an agricultural land-use re-
gression (Fig. 5). At the same time Betula increased significantly in coverage from 13
to 18 %. Between AD 650 and 750 the late-successional trees Carpinus, Quercus, Tilia
and Ulmus increased significantly in coverage from 16 to 22 % and Betula decreased.
Between AD 550 and 750, REVEALS-based evenness remained at higher values be-5

tween 0.77 and 0.83, whereas palynological richness decreased to generally lower
values between 21 and 29. Evenness for herbs and trees also remained at generally
higher values.

At AD 750 late successional trees such as Carpinus, Quercus, Tilia and Ulmus de-
creased in coverage from 20 to 16 % (Figs. 3 and 5). Between AD 750 and 1000 Alnus10

shows a decreasing trend, whereas Betula increased. During the last 1000 yr Betula,
Quercus, Tilia and Ulmus show decreasing trends, while Picea increases in coverage
from 6 to 61 %. Also Fagus increased gradually in coverage starting at AD 1000 from
3 to 10 %, but decreased rapidly at ca. AD 1900 from 8 to 2 % coverage. Alnus had
less coverage between AD 1000 and 2008 compared to earlier periods. Corylus de-15

creased during the last ca. 500 yr and Juniperus was highest during the last 500 yr but
variable. Calluna vulgaris and Rumex acetosa type decreased in coverage during the
last ca. 150 yr from 3 to 1 % and from 1 to 0.5 %, respectively. REVEALS-based even-
ness decreased gradually from AD 1600 until today from 0.82 to 0.54. Evenness for
trees followed the same pattern as total evenness, but evenness for herbs remained at20

a higher level.

5 Discussion

We applied the study design suggested by Fredh et al. (2012), which includes high-
resolution pollen analysis, quantitative vegetation reconstruction and estimates of both
floristic richness and evenness. The quantification of taxa coverage related to human25

impact allows us to estimate the extent of agricultural land-use at different times and
its relation to floristic diversity.
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Between 600 BC and AD 350 human impact was relatively low, but pollen grains of
Cerealia and herbs related to human agriculture show that some land-use occurred.
The relatively large portion of Corylus, which requires some degree of openness, was
possibly caused by widespread grazing (Berglund et al., 2002; Fyfe, 2008).

In general, Cerealia and most herbs had a higher coverage during the last ca.5

1650 yr, which suggests an increased agricultural land-use and/or more focus on crop
cultivation during this period. Palynological richness is generally higher during the same
time, which suggests that traditional agricultural favors floristic diversity. REVEALS-
based evenness was highest between AD 500 and 1600, indicating more equal dis-
tribution among taxa during this time. An increase in palynological richness is usually10

recorded at AD 1100 to 1200 in the uplands of southern Sweden as a consequence of
increased land-use (Lindbladh and Bradshaw, 1995; Sköld et al., 2010), although max-
imum palynological richness has been recorded at earlier times, between 500 BC-AD
1000, in other areas in southern Sweden (Berglund et al., 2008).

Maximum openness, based on herb taxa coverage dominated by Poaceae, was15

recorded AD 350 to 550. This suggests a maximum extent of agricultural land-use
at this time, estimated at 26 to 34 % of the area. The increase in open-land taxa at AD
350 is interpreted as a regional land-use expansion and correlates with high values of
both palynological richness and increase in evenness for both herbs and tress, which
suggests that many plants were favoured by this land-use expansion. This could reflect20

an increased establishment of farms and permanent fields, which possibly resulted in
higher openness. Land-use expansions and regressions, similar to the one at AD 350,
have been observed throughout the last 6000 yr in several pollen diagrams and may
be related to periods of human population expansion and decline (Berglund, 1969;
Lagerås, 2007).25

This expansion was followed by a 200 yr long interval of regression, which was
recorded by decreased herb coverage and increased tree coverage (Fig. 4). The in-
creased tree cover was recorded in two steps, first by early successional tree taxa
such as Betula followed by late successional tree taxa such as Carpinus, Quercus, Tilia
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and Ulmus. This succession indicates that some areas were abandoned after AD 550,
which allowed the vegetation to expand on areas previously used for agricultural land-
use. During this land-use regression palynological richness decreased, which indicates
that this type of land-use regression is unfavourable for herbs. However, evenness for
both trees and herbs remained at a higher level, and increased somewhat in the later5

part of the period, which mainly reflect that several herbs and trees remained in the
area while Poaceae decreased in coverage. This regression period may be correlated
to the Migration period AD 400–600, which was a period of general decline and societal
change in Europe (Frezel et al., 1994).

Connell (1978) suggested the “Intermediate disturbance hypothesis”, which states10

that the highest biodiversity is created and maintained where disturbance is intermedi-
ate in frequency and intensity. Similarly, Emanuelsson (2005) suggested that discontin-
uous management, like that observed at AD 550 in this study, is essential for biodiver-
sity by allowing species groups favoured by traditional management, succession and
old growth forest to coexist. Fredh et al. (2012) suggested that floristic diversity was15

favoured during the initial ca. 40 yr of the transition from traditional to modern land-use
management. During this type of transition the landscape was probably used to a sim-
ilar extent as before, but changed from small-scale agriculture towards domination of
tree plantations and crop cultivation. In the present study, the regression at AD 550 was
accompanied by land abandonment, which allowed succession of shrubs and trees to20

occur. In this case, palynological richness declined simultaneously with land-use, which
suggests that species richness is not favoured during this type of succession, possibly
due to rapid land abandonment. However, REVEALS-based increased during this pe-
riod, which indicates that floristic evenness increased for these taxa despite a decline
in agricultural land-use.25

During the last ca. 100 yr land-use gradually changed from a small-scaled agriculture
towards a modern land-use based more on crop cultivation and forestry (Myrdal, 1997;
Morell, 2001). This is supported in our record by decreased coverage of most herbs,
such as Calluna vulgaris and Rumex acetosa type, and some trees, such as Fagus,
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Corylus and Betula, during the last ca. 100–150 yr, while Picea and Cerealia type in-
creased. A decrease in palynological richness during the last ca. 100 yr is sometimes
observed in pollen records (Lindbladh and Bradshaw, 1995; Lindbladh, 1999; Sköld
et al., 2010). In this study palynological richness decreased at AD 1700, but remained
within the range observed during the last 1650 yr. REVEALS-based evenness gradually5

decreased from AD 1600 until today, which suggests a decrease in habitats related the
traditional agricultural. Evenness for herbs remained at a higher level probably by the
increase in Cerealia, which compensated for the decline of herb coverage in general.

Previous pollen records, as well as archaeological/historical records, from the re-
gion suggest maximum openness during the last ca. 1000 yr, often including a promi-10

nent expansion at ca. AD 900–1200 (Lindbladh and Bradshaw, 1995; Björkman,
1996; Lagerås, 1996; Lindbladh, 1999; Lindbladh et al., 2000; Andersson Palm, 2001;
Berglund et al., 2002), which is not consistent with our record. However, some pollen di-
agrams do show equally high, and sometimes higher, openness between AD 0 and 500
compared to the last 1000 yr (Lagerås, 1996; Björkman, 1996). Most previous pollen15

studies were based on small lakes and bogs, which partly reflect the local vegetation,
since approximately 35 to 50 % of the pollen assemblage originates from within few
kilometers from small sites (< 1–100 ha) (Sugita, 1994). Therefore, it is not straightfor-
ward to compare these records with our pollen record reflecting regional vegetation.
There are a few pollen-analytical studies based on medium sized lakes (approximately20

75 ha) from the region, but the chronologies in these studies are based on bulk gyttja
samples, which makes detailed dating of events difficult (Digerfeldt, 1972; Jacobson,
unpublished). Furthermore, Russian and Livingstone corers sometimes fail to recover
the uppermost part of a sediment sequence, which may explain why a late 19th century
maximum in land-use is only recorded in a few pollen diagrams. Our study is also one25

of the first in the region using the Landscape Reconstruction Algorithm to correct for
biases in pollen representation of vegetation.

When relating our record to earlier studies in the region, it should be kept in
mind that establishing a chronology for the Lake Fiolen sediment sequence was not
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straightforward despite our rather ambitious dating program involving a range of meth-
ods. The age-depth relationship in the interval between 160 and 40 cm is almost linear
and in general parallel to the slope of the bulk dates. However, the interval between 40
and 20 cm reflects a more variable and generally lower sedimentation rate compared
to the sections above and below. Possibly, there are other options to construct an age-5

depth model. However, given the available data, we consider our age-depth model the
most probable one.

Fredh et al. (2012) studied land-use and floristic diversity during the last 200 yr in
detail using the same sediment sequence but based on a different chronology. Although
pollen percentages for some taxa do not differ so much between the chronologies10

covering the last 200 yr, the overall interpretation of the pollen record would be different
using the chronology in this study. The main differences are in the interval AD 1800
to 1950 when Pinus, Betula, Corylus, have significantly larger coverage, while Picea
have significantly less coverage in this study compared to Fredh et al. (2012). Also,
Fagus has both significantly higher and lower coverage during this time in comparison.15

Palynological richness is similar between the two chronologies, but between AD 1800
and 1920 REVEALS-based evenness is higher with 0.75 to 0.83 compared to Fredh
et al. (2012) with 0.63 to 0.73.

Fredh et al. (2012) interpreted the increase in Poaceae and many herbs at AD 1880
as an increase in biomass rather than an increase in coverage. This biomass increase20

was proposed to be connected to a reduction in grazing and mowing promoting flow-
ering of grasses and herbs, i.e. a change to less intense agricultural land-use. Accord-
ing to the chronology used in this study this transition occurred at AD 1500, which
is a known period of expansion in the uplands of southern Sweden (Lagerås, 2007).
Therefore, the change in coverage of Poaceae and other herbs at this time could pos-25

sibly be interpreted both as an expansion and a regression. This is not obvious since
Poaceae includes a large number of species which may react differently to land-use
changes (Broström et al., 2008). During the last ca. 150 yr, grass cultivation increased,
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which may explain the relatively small change in Poaceae coverage during this time,
despite a decrease in extent of meadows and pastures.

Since long we are aware of that the traditional agriculture land-use promote floris-
tic diversity (e.g. Emanuelsson, 2009), however, this study is one of first that have
quantified the effect modern land-use has had on the landscape on a regional scale.5

REVEALS based evenness for our modern landscape is 0.54 compared to 0.70–0.83
between 600 BC and AD 1700 i.e. unusually low in a millennial perspective. For the
palynological richness the differences are not as striking, however, lower today than
between AD 1500 and 1700. Our results also makes it possible to quantify the rate
of diversity changes in a traditionally managed landscape moving from expansion to10

regression with two successional phases. We show that the impact on diversity is dif-
ferent from the transition to modern land-use (Fredh et al., 2012). During the expansion
of agricultural land-use AD 350–550 both palynological richness and REVEALS based
evenness increased less than 20–50 yr after the first sign of expansion. In the early
succession of the regression, dominated by the significant increase in birch, there is15

a rapid reaction (less than 20 yr) in palynological richness. In the late succession of
the regression there is a slight increase in palynological richness, however, not to the
same numbers as before the regression. REVEALS based evenness also increased
to the highest values (0.83) in the late successional phase because of the increased
coverage of several of the broadleaved trees.20

How are our results useful for ecosystem management? On a regional landscape
scale the evenness is strikingly higher in traditional than in modern agricultural land-
use. This suggests that ecosystem management should also include a regional land-
scape perspective in addition to the management of the small fragments of traditional
agricultural land-use left. Also we provided an estimate of reaction time of richness and25

evenness to expansion and regression of traditional agricultural land-use.
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6 Conclusions

Because of inconsistencies within and between the chronological data provided by
a range of different methods applied, the absolute chronology of this study is tentative,
in particular between AD 1200 and AD 1950. However, given the available data, we
consider our age-depth model the most probable one.5

Our results suggest that agricultural land-use was most widespread between AD
350 and 1850, which correlates broadly with high values of palynological richness.
REVEALS-based evenness was highest between AD 500 and 1600, which indicates
more equal distribution among taxa during this time. We identified a period of land-use
expansion followed by regression between AD 350 and 750.10

At the beginning of the expansion period at AD 350, land-use, palynological richness
and REVEALS-based evenness for herbs increased simultaneously, which suggests
that floristic diversity was favored by this land-use expansion. In contrast, during the
land-use regression at AD 550, palynological richness and REVEALS-based evenness
for herbs decreased at the same time as land-use. Maximum openness was recorded15

during the expansion period AD 350 to 550, with 27 to 34 % open land taxa coverage.
The regression period AD 550 to 750 was initially characterised by early succes-

sional tree taxa such as Betula, followed by a shift towards late successional tree taxa
such as Carpinus, Quercus, Tilia and Ulmus, indicating that areas were abandoned
and allowed the vegetation to develop in a natural succession. REVEALS-based even-20

ness for trees increased at this time, which suggests that tree cover expanded and tree
vegetation became more diverse.

Values of palynological richness for the last few decades are within the range ob-
served during the last ca. 1650 yr. However, REVEALS-based evenness shows much
lower values during the last century than during the previous ca. 2600 yr, which indi-25

cates that the distribution of present day vegetation is unusual in a millennial perspec-
tive.
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Our data suggest that floristic diversity responds within 20 to 50 yr to changes in
land-use on a regional scale, as illustrated by the inferred land-use expansion and
regression at AD 350 and 550, respectively. Our results show the importance of tra-
ditional land-use to attain high biodiversity and suggest that ecosystem management
should include a regional landscape perspective.5
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Berglund, B. E., Lagerås, P., and Regnell, J.: Odlingslandskapets historia i Sydsverige – en
pollenanalytisk syntes, in: Markens minnen, edited by: Berglund, B. E. and Börjesson, K.,10

Swedish National Heritage Board, Stockholm, 150–169, 2002.
Berglund, B. E., Persson, T., and Björkman, L.: Late Quaternary landscape and vegetation

diversity in a north European perspective, Quatern. Int., 184, 187–194, 2008.
Beug, H.-J.: Leitfaden der Pollenbestimmung, Lieferung 1, Fischer, Stuttgart, 1961.
Beug, H-J.: Leitfaden der Pollenbestimmung für Mitteleuropa und angrenzende Gebiete, Pfeil,15

München, 2004.
Birks, H. J. B. and Line, J. M.: The use of rarefaction analysis for estimating palynological

richness from Quaternary pollen-analytical data, Holocene, 2, 1–10, 1992.
Björkman, L.: The late holocene history of beech fagus sylvatica and Norway spruce picea

abies at stand-scale in Southern Sweden, Ph. D. thesis, Lund University, 1996.20

Boyle, J.: Rapid elemental analysis of sediment samples by isotope source XRF, J. Paleolimnol.,
23, 213–221, 2000.

Bradshaw, R. H. W. and Webb, T.: Relationships between contemporary pollen and vegetation
data from Wisconsin and Michigan, USA, Ecology, 66, 721–737, 1985.

Bronk Ramsey, C.: Deposition models for chronological records, Quaternary Sci. Rev., 27, 42–25

60, 2008.
Bronk Ramsey, C.: Bayesian analysis of radiocarbon dates, Radiocarbon, 51, 337–360, 2009.
Broström, A., Gaillard, M-J., Ihse, M., and Odgaard, B.: Pollen-landscape relationship in mod-

ern analogues of ancient cultural landscapes in Southern Sweden – a first step towards
quantification of vegetation openness in the past, Veg. Hist. Archaeobot., 7, 189–201, 1998.30

Broström, A., Sugita, S., and Gaillard, M-J.: Pollen productivity estimates for the reconstruction
of past vegetation cover in the cultural landscape of Southern Sweden, Holocene, 14, 368–
381, 2004.

19108

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/19085/2012/bgd-9-19085-2012-print.pdf
http://www.biogeosciences-discuss.net/9/19085/2012/bgd-9-19085-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 19085–19120, 2012

The impact of
land-use change on

floristic diversity

D. Fredh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Broström, A., Nielsen, A. B., Gaillard, M-J., Hjelle, K., Mazier, F., Binney, H., Bunting, J.,
Fyfe, R., Meltsov, V., Poska, A., Räsänen, S., Soepboer, W., Von Stedingk, H., Suutari, H.,
and Sugita, S.: Pollen productivity estimates of key European plant taxa for quantitative re-
construction of past vegetation: a review, Veg. Hist. Archaeobot., 17, 461–478, 2008.

Brännvall, M-L., Bindler, R., Emteryd, O., and Renberg, I.: Four thousand years of atmospheric5

lead pollution in northern Europe: A summary from Swedish lake sediments, J. Paleolimnol.,
25, 421–435, 2001.

Connell, J. H.: Diversity in tropical rain forests and coral reefs, Science, 199, 1302–1310, 1978.
Davis, M. B.: Palynology after Y2K – understanding the source area of pollen in sediments,

Annu. Rev. Earth Pl. Sc., 28, 1–18, 2000.10

Dawson, T. P., Jackson, S. T., House, J. I., Prentice, I. C., and Mace, G. M.: Beyond predictions:
biodiversity conservation in a changing climate, Science, 332, 53–58, 2011.

Digerfeldt, G.: The post-glacial development of Lake Trummen. Regional vegetation history,
water level changes and palaeolimnology, Folia limnologica scandinavica, 16, 104, 1972.

Eisenhut, G.: Untersuchungen über die Morphologie und Ökologie der Pollenkörner heimischer15
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cleared from forests in the roman iron age and the time of migrating germanic tribes based
on reginal pollen diagrams, Fischer, Stuttgart, 1994.

Froyd, C. A. and Willis, K. J.: Emerging issues in biodiversity and conservation management:
The need for a palaeoecological perspective, Quaternary Sci. Rev., 27, 1723–1732, 2008.

Fyfe, R. M., Brück, J., Johnston, R., Lewis, H., Roland, T. P., and Wickstead, H.: Historical30

context and chronology of bronze age land enclosure on Dartmoor, UK, J. Archaeol. Sci.,
35, 2,250–2,261, 2008.

Gadd, C-J.: Den agrara revolutionen 1700–1870. Natur och Kultur/LTs förlag, Stockholm, 2000.

19109

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/19085/2012/bgd-9-19085-2012-print.pdf
http://www.biogeosciences-discuss.net/9/19085/2012/bgd-9-19085-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 19085–19120, 2012

The impact of
land-use change on

floristic diversity

D. Fredh et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Haslett, J. R., Berry, P. M., Bela, G., Jongman, R. H. G., Pataki, G., Samways, M. J., and
Zobel, M.: Changing conservation strategies in Europe: a framework integrating ecosystem
services and dynamics, Biodivers. Conserv., 19, 2963–2977, 2010.

Hellman, S., Gaillard, M-J., Broström, A., and Sugita, S.: Effects of the sampling design and
selection of parameter values on pollen-based quantitative reconstructions of regional vege-5

tation: a case study in Southern Sweden using the REVEALS model, Veg. Hist. Archaeobot.,
17, 445–459, 2008a.

Hellman, S., Gaillard, M-J., Broström, A., and Sugita, S.: The REVEALS model, a new tool to
estimate past regional plant abundance from pollen data in large lakes: validation in Southern
Sweden, J. Quatarnary Sci., 23, 21–42, 2008b.10

Hellman, S., Bunting, J., and Gaillard, M.-J.: Relevant source area of pollen in patchy cultural
landscapes and signals of anthropogenic landscape disturbance in the pollen record: a sim-
ulation approach, Rev. Palaeobot. Palyno., 153, 245–258, 2009.

Hicks, S.: The relationship between climate and annual pollen deposition at northern tree-lines,
Chemosphere, 1, 403–416, 1999.15
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Table 1. Fall speed of pollen, relative pollen productivity estimates (PPE) and associated stan-
dard error estimates (SE) for 26 taxa obtained for southern Sweden (Sugita et al., 1999;
Broström et al., 2004) and Denmark (numbers in bold; Nielsen et al., 2004) used in the RE-
VEALS model run.

Pollen taxa Fall speed (ms−1) PPE SE

Acer 0.056 1.267 0.452
Alnus 0.021 4.200 0.140
Betula 0.024 8.867 0.134
Calluna vulgaris 0.038 1.102 0.054
Carpinus 0.042 2.533 0.070
Cerealia-t 0.060 0.747 0.039
Comp. SF. Cichorioideae 0.051 0.244 0.065
Corylus 0.025 1.400 0.042
Cyperaceae 0.035 1.002 0.164
Fagus 0.057 6.667 0.173
Filipendula 0.006 2.480 0.821
Fraxinus 0.022 0.667 0.027
Juniperus 0.016 2.067 0.036
Picea 0.056 1.757 0.000
Pinus 0.031 5.663 0.000
Plantago lanceolata 0.029 0.897 0.235
Poaceae 0.035 1.000 0.000
Potentilla-t 0.018 2.475 0.377
Quercus 0.035 7.533 0.083
Ranunculus acris-t 0.014 3.848 0.718
Rubiaceae 0.019 3.946 0.589
Rumex acetosa-t 0.018 1.559 0.089
Salix 0.022 1.267 0.313
Secale-t 0.060 3.017 0.052
Tilia 0.032 0.800 0.029
Ulmus 0.032 1.267 0.050
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Table 2. Radiocarbon dates on macrofossils and bulk sediment samples. Calibrated age inter-
vals are those provided by the OxCal program when calculated for each sample individually
(not in a sequence). The 14C age for sample LuS8602 is younger than AD 1950 and therefore
expressed as percent modern carbon (pMC). Sample weights are those reported by the labo-
ratory for material used for graphitization (after any pre-treatment). Weights for the first dated
sample batches (LuS8XXX) were reported as mg organic material, while weights for samples
dated later were reported as mg C.

Macrofossils

Lab-ID Depth
(cm)

14C age BP ±1σ Calibrated age BP (1σ interval) Sample weight (mg) Pre-treatment Type of material Core

LuS9161 33.75 260±50 429– –1 3.1 (C) HCl, NaOH Twig P
LuS9103 44.50 950±50 925–796 2.1 (C) HCl, NaOH Plant remains C
LuS9105 58.00 1160±45 1170–1000 1.29 (C) - Plant remains D
LuS9104 59.50 1255 ± 50 1274–1141 0.52 (C) - Plant remains C
LuS8602 63.75 105.5±0.7 pMC 3– –57 0.39 (org. mtrl) - Leaf + Betula catkin scale P
LuS8603 73.75 750±60 734–658 0.15 (org. mtrl) - Betula catkin scale P
LuS8061 83.75 1070±120 1169–803 0.15 (org. mtrl) - Alnus fruit P
LuS8604 87.50 1260±60 1279–1095 0.57 (org. mtrl) - Plant remains + Betula catkin scale P
LuS8605 99.50 300±60 456–299 0.29 (org. mtrl) - Moss + Betula catkin scale + plant remains P
LuS8606 115.50 1095±60 1060–937 0.53 (org. mtrl) - Leaf + Betula catkin scale + plant remains P
LuS8062 121.75 1995 ± 50 1995–1887 3.8 (org. mtrl) HCl, NaOH Leaf P
LuS8607 134.75 1475±60 1408–1306 0.34 (org. mtrl) - Plant remains P
LuS8608 158.25 2440±60 2695–2359 0.17 (org. mtrl) - Leaf + Betula fruit P

Bulk sediments

Lab-ID Depth
(cm)

14C age BP ±1σ Calibrated age BP (1σ interval) Sample weight (mg) Pre-treatment Type of material Core

LuS9616 29.75 995±50 961–800 4.1 (C) HCL Bulk P
LuS9617 44.75 1165±50 1171–1005 4.3 (C) HCL Bulk P
LuS9618 59.75 1415±50 1353–1290 4.3 (C) HCL Bulk P
LuS9619 79.75 1975±50 1988–1878 5.0 (C) HCL Bulk P
LuS9620 99.75 2110±50 2146–2004 5.3 (C) HCL Bulk P
LuS9621 119.75 2220±50 2320–2156 5.0 (C) HCL Bulk P
LuS9622 139.75 2590±50 2771–2546 5.0 (C) HCL Bulk P
LuS9623 157.75 2700±50 2845–2761 5.3 (C) HCL Bulk P
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Fig. 1. Study area in the south-Swedish Uplands. The circle represents the reconstructed area
within a 50 km radius from Lake Fiolen which is situated in the centre.
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Fig. 2. (a) Cores used in this study. (b) Age model established by the OxCal program when in-
cluding six radiocarbon dates based on three large (> 2 mg) macrofossils (dark blue) and three
small (< 2 mg) macrofossils (light blue), a CRS-model based on nine 210Pb samples (black dots
above 15 cm), and four lead pollution markers (yellow, Brännvall et al., 2001). Seven radiocar-
bon dates based on small macrofossils (red), eight bulk radiocarbon dates (green) and all 210Pb
samples below 15 cm were excluded when constructing the model. Two polynomial functions,
one above (red line) and one below 60 cm (orange line), with a polynomial order of seven and
two, respectively, were fitted to the midpoints of the calibrated 2σ intervals (grey) provided by
OxCal and used to calculate ages for the sequence at 0.5 cm intervals. Green line represents
the age/depth model used in Fredh et al. (2012). (c) Total lead concentrations measured using
Quadrapole ICP-MS (black line) and XRF (red line), respectively. (d) Lead 206/207 ratio. (e),
(f) Unsupported 210Pb and 137Cs concentrations measured on core K (black) and core P (red).
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Fig. 3. Pollen percentage diagram (left side) and estimated regional vegetation cover using the
REVEALS model (right side) for 26 taxa for the period 600 BC to AD 2008. Note the different
scales for the upper and lower parts of the figure.
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Fig. 4. Regional vegetation cover for selected taxa/taxa groups, openness, palynological rich-
ness and REVEALS-based evenness between 600 BC to AD 2008. Openness was estimated
both including and excluding bushes shown by blue and red line, respectively. REVEALS-based
evenness was calculated for all 26 reconstructed taxa (black line), but also for trees (red line)
and herbs (blue line) separately.
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Fig. 5. Regional vegetation cover for selected taxa/taxa groups, openness, palynological rich-
ness and REVEALS-based evenness at the transition from expansion to regression AD 350
to 750. Openness was estimated both including and excluding bushes shown by blue and
red line, respectively. REVEALS-based evenness was calculated for all 26 reconstructed taxa
(black line), but also for trees (red line) and herbs (blue line) separately. The transition was
divided into one expansion and two regression phases.
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