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Abstract. This study explores the relationship between land-a vegetation response time of less than 20 to 50 yr. We show
use and floristic diversity between 600 BC and AD 2008 in the importance of traditional land use to attain high biodiver-
the uplands of southern Sweden. We use fossil pollen assity and suggest that ecosystem management should include
semblages and the Regional Estimates of Vegetation Abuna regional landscape perspective.

dance from Large Sites (REVEALS) model to quantitatively
reconstruct land cover at a regional scale. Floristic richness

and evenness are estimated using palynological richness and

REVEALS-based evenness, respectively. We focus on thd Introduction

period AD 350 to 750 to investigate the impact of an in-

ferred, short-lived £ 200yr) period of land-use expansion One of the main ecological challenges during this century is
and subsequent land abandonment on vegetation compod Mitigate the expected loss of species due to rapid land-
tion and floristic diversity. The observed vegetation responseise and climate changes (MacDonald et al., 2008; Anton et
is compared to that recorded during the transition from tra-al-» 2010; Barnosky et al., 2011). To make adequate priori-
ditional to modern land-use management at the end of thdies and implement realistic nature conservancy efforts, we
19th century. Our results suggest that agricultural land usé€ed a range of methods to understand how these processes
was most widespread between AD 350 and 1850, which corMay impact on biodiversity (Dawson et al., 2011). Because
relates broadly with high values of palynological richness. €C0OSystem responses may occur over decades or centuries,
REVEALS-based evenness was highest between AD 500 anfaking them difficult to observe, palaeobotanical records
1600 which indicates a more equal cover among taxa durprovide important information about past responses relevant
ing this time interval. Palynological richness increased dur-t0 0n-going and future changes in vegetation and biodiver-
ing the inferred land-use expansion after AD 350 and de-sSity (Jackson and Hobbs, 2009; Haslett et al., 2010; Willis
creased during the subsequent regression AD 550—750, whil@nd Bhagwat, 2010; Willis et al., 2010).

REVEALS-based evenness increased throughout this pe- In many areas, such as northwest Europe, agricultural land
riod. The values of palynological richness during the lastUse has influenced vegetation and biodiversity for thousands
few decades are within the range observed during the las®f years (Berglund et al., 2008; Emanuelsson, 2009; Willis
1650yr. However, REVEALS-based evenness shows muclt al., 2010). The traditional agriculture, including crop cul-
lower values during the last century compared to the previoudivation, mowing and animal husbandry, made it possible for
ca. 2600 yr, which indicates that the composition of presentPlants that do not naturally grow in northwest Europe to im-
day vegetation is unusual in a millennial perspective. Our renigrate (Emanuelsson, 2009). The rapid land-use changes
sults show that regional scale changes in land use have ha@Hring the last ca. 100yr, from a small-scaled traditional

clear impacts on floristic diversity in southern Sweden, with griculture towards a modern agriculture based on large-
scaled crop cultivation and forestry, have led to a decrease in
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available habitats, such as semi-open grasslands, that man
species are restricted to (Antonsson and Jansson, 2011).
Land-use transitions have occurred throughout agricul-
tural history (Berglund, 1969; Lagas, 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 ecosystems will
respond to present and future land-use changes and provid| -
information 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 from
lake and mire sediments, LRA, with its submodel Regional |
Estimates of Vegetation Abundance from Large Sites (RE-
VEALS), compensates for differences in pollen productivity
and dispersal characteristics among taxa and makes it pos ™
sible to quantify past vegetation composition at a regional \

scale (Sugita, 2007a; Hellman et al., 2009). Moreover, it now | | s ) 100 krm
makes it possible to reconstruct past floristic diversity using | 5, B! T :
the two parameters: richness and evenness. Richness is the
number of species within a specific area, which may be estiFig. 1. Study area in the south _Sv_vedish Upland_s. The circle repre-
mated using palynological richness, i.e the number of differ-se'_“s t_he _reconst_ructed area within a 50 km radius from Lake Fiolen
ent pollen taxa found in a sediment sample (Birks and Line, WNich is situated in the centre.
1992; Odgaard, 1999; Van Dyke, 2008; Meltsov et al., 2011).
Evenness is a measure of the relative abundance of the differ-  |and-use expansion followed by abandonment on vege-
ent species that are present within an area (Magurran, 2004),  tation composition and floristic diversity.
which may be estimated for common taxa by applying even-
ness indices to the REVEALS output (Fredh et al., 2012). — Compare the vegetation responses during the in-
High evenness describes situations when all species within ~ ferred agricultural expansion and regression period
an area are represented by similar spatial cover, whereas low AD 350-750 with the previous study of the transi-
evenness characterizes landscapes where a few species cover tion from traditional to modern land-use management
large areas and other species cover small areas. For example, AD 1800-2008 (Fredh et al., 2012).
an ecosystem with two species that cover 50 % each is eco-
logically very different from an ecosystem with two species
that cover 10 % and 90 %, respectively, although the number
of species is the same.
Fredh et al. (2012) analyzed the relationship between land-
use and floristic diversity during the transition from tradi- 2  Study area
tional to modern land-use management AD 1800-2008, us-
ing the uplands of southern Sweden as an example. In thihe study area is located in the uplands of southern Swe-
study, the record is extended back to 600 BC, using a similaden, above 200 ma.s.l., in the central part of the province
approach and the same sediment sequence from Lake Fiolenf Sméland (Fig. 1). The bedrock is mainly of crystalline
The aims are as follows: granite and gneiss, which is covered by sandy till and some
glaciofluvial deposits (Frezh, 1994). The modern tree cover
— Build a robust chronology to enable quantification of consists of a mixture of coniferous and deciduous forest,
rate of change. which is typical for the boreo-nemoral zone §8j, 1963).
The tree cover is 72 %, shrubs 1%, herbs 21 % and Cerealia
— Analyze the relationship between land-use and floris-6 %, with Piceaand Pinusas the dominant trees (Hellman
tic diversity during the last 2600 yr at a regional scale et al., 2008b). Mean annual temperatures are°&-7and
(50 km radius) using fossil pollen assemblages and themean annual precipitation varies from ca. 600 to ca. 1200 mm
REVEALS model. (Raab and Vedin, 1995).
Compared to lower areas, the uplands of southern Swe-
— Specifically study the period AD 350750 as an exam-den have relatively poor soil conditions, and the agricultural
ple of the impact of a short-lived<(200yr) period of  activity has therefore been relatively low, although pollen

— Provide quantitative estimates of long-term (century to
millennial scale) impacts of land-use changes on floris-
tic diversity, useful for ecosystem management.
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records and archaeological evidence show that there has beearried out on core K and P, except for a few radiocarbon dat-
a pattern of expansion and regression phases of agriculturahgs performed on core C and D.

land use during the last 6000 yr (Hyenstrand, 1979; Berglund

et al., 2002; Poschlod et al., 2005). During the Iron Age3.2 Dating

(500 BC to AD 1050) some settlements became organized in )

hamlets and villages but single farms dominated (Welinder3-2-1 Radiocarbon

etal., 2004) 14C dati d to dat i ins in the sediment
From ca. AD 1000, agriculture in the upland area was aling was Uused fo date organic remains in the sedimen
sequence. Thirteen macrofossil samples and eight bulk gyt-

dominated by permanently farmed land, with clear separa=, .
tion between cultivated fields, meadows and common land/2 samples were dated using accelerator mass spectroscopy

around the farms used for grazing (Berglund et al., 2002).(AMS) at the Radiocarbon Dating Laboratory at Lund Uni-

The medieval expansion (ca. AD 900-1200) was interrupted’erSIty (Table 1). Three of the macrofossil samples were

by the late medieval agrarian crisis, when marginal areaéaken from correlated parallel cores, introducing an esti-
i .mated depth uncertainty of 2cm. The macrofossils were

were abandoned for better soils (Berglund et al., 2002, _ . :
Myrdal, 2003; Emanuelsson, 2005; Lager 2007). Histor- extracted from the sediments using a 250 pm sieve. Only very
’ ' : : ' small amounts were found, and terrestrial material was iden-

ical documents from the 17th century reveal that parts Oft'f' qi ¢ les. B f I le si
the uplands were regularly cleared with fire, and used fored I MOSt Samples. because of very small Sample SIzes,
re-treatment (HCI and NaOH) could only be carried out

temporary cultivation as a complement to more permanenf th £ th fossil les. Onlv six of the dated
fields (Larsson, 1974). During the agricultural revolution or three ot the macrolossil samples. Lnly Six of the date

(ca. AD 1700-1900) arable fields were combined to form macrofossil samples were used to construct the age-depth

larger units, and the common land was split up and dividedmOdeI (see below). The OxCal program (v. 4.1.7) and the

between farmers (Gadd, 2000). The maximum extent of agri-CaIIBomb program were used for calibration YC dates

cultural land use occurred in the late 19th century. Since therlPased on qalibration curves constructed from t.erres.trial and
Picea plantations and cultivated fields have expanded anc1‘3m1o_5ph?rIC samples (Levin and Kromer, 2004; Levin et al.,
dominate the land use today (Morell, 2001). 2008; Reimer et al., 2009).

Within the past 2000 yr, there have been some significan%nz'2 Lead-210 and Caesium-137
climate changes in the northern Hemisphere, such as the Me-
dieval Warm Period (11th and 12th century) and the Lit- 210p, dating was used to date the uppermost part of the sed-
tle Ice Age (16th to 17th century) with an overall tempera- jment sequence. In all, 26 samples (21 from core K and five
ture range of about 07C (before AD 1990) (Moberg et al.,  from core P) between 0 and 44 cm depth were analysed for
2005). However, in this paper we assume that anthropogenig, o activity of 21%Pb, 137Cs and??®Ra. The samples were
Iangl use is the main driver for floristic diversity changes, analysed via gammaspectrometry at the Gamma Dating Cen-
mainly because many herbs are related to the open lands rgre |nstitute of Geography at the University of Copenhagen,
lated to the traditional agriculture, such as cultivated fields,penmark. The fraction of totZL%Pb that is deposited on the
meadows and pastures. Moreover, it could be expected thahye surface from the atmosphere (i.e. the unsupp@Heb)
the conditions in the relatively low uplands in southern Swe-y 55 calculated based on tR#Ra data obtained. The irreg-
den (<400 ma.s.l.) did not limit the plant growth much, e.g. |5r profile of219Pb below 15cm allows for different cal-
agricultural crops were common during the Little Ice Age ation options using the Constant Rate of Supply (CRS)
(Lagews, 2007). model (Fig. 2e; Appleby, 2001). Fredh et al. (2012) included
20 samples in the CRS model, whereas in this study we only
included the nine samples above 15cm (Fig. 2, Sect. 4.1).
Below 15 cm the activity of1%Pb was calculated by assum-
ing a constant sedimentation rate. Variation$3itCs activity
can be used as time markers and this isotope was therefore
measured with the aim to validate the CRS-model (Appleby,

2001).
During fieldwork in June 2008, overlapping sediment cores )

were retrieved from Lake Fiolen (160 ha) using Kajak (core3.2.3 Lead pollution history

K) (Renberg and Hansson, 2008), Russian (core C and D)

(Aaby and Digerfeldt, 1986) and piston (core P) corers Atmospheric lead deposition recorded in lake sediments was
(Fig. 2a). Correlations between the cores were carried outsed as an independent dating tool. Pollution lead originates
using mineral magnetic properties (Thompson et al., 1980)¥rom historical mining activities and emissions from com-
and element compositions based on X-ray fluorescence medustion of leaded petrol. Total lead concentrations and lead
surements (Boyle, 2000). For more details on methods useiotope ratios °PbP’Pb) measured in sediments which
for core correlation see Fredh et al. (2012). All analyses werageflect the pollution history are similar between lakes in

3 Methods

3.1 Field work and core correlation
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Fig. 2. (a) Cores used in this studgh) Age model established by the OxCal program when including six radiocarbon dates based on three
large & 2 mg) macrofossils (dark blue) and three smal{mg) macrofossils (light blue), a CRS-model based on AlfEb samples (black

dots above 15cm), and four lead pollution markers (yellovgrBrall et al., 2001). Seven radiocarbon dates based on small macrofossils
(red), eight bulk radiocarbon dates (green) and¥lPb 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 calibrateda2intervals (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. (2@)2)ptal lead concentrations measured using Quadrapole ICP-MS (black line)
and XRF (red line), respectivelfd) Lead 206/207 ratide, f) Unsupported19Pb andl37Cs concentrations measured on core K (black) and

core P (red).

Sweden and may be used as a chronological frameworland the Acid Dissolution (EPA 3052) and Quadrapole ICP-
(Brannvall et al., 2001; Renberg et al., 2001). Time markersMS measurements at the Department of Geography, Durham
may be identified at AD 0 (Roman peak), AD 900-1000 (Me- University, UK. In the absence of a standard method to in-
dieval expansion), AD 1200 (Medieval peak) and AD 1975 fer uncertainty estimates for the pollution markers, we used
(Modern maximum). The highest amount of lead emissionsan approximation of 50 yr uncertainty for all markers except
occurred between the 1950s and the 1970s, and the highete modern maximum at AD 1975, which was assigned an
lead concentrations in sediments are found in the interval coruncertainty of 5yr.

responding to this age. The total lead concentrations in lake

sediments show a gradient with higher values in the souttB.2.4 Age modelling

compared to the north, which reflects the pattern of dispersal

from south and central Europe. Sulphide ores used in megecause of inconsistencies within and between the chrono-
dieval times have a typical lead isotope ratio of about 1-17Iogical data provided by the different methods applied, we
and emissions from petrol a typical ratio of 1.15. Both of haq to be selective in the use of data points in the final age-
these are lower than the natural isotope ratio of bedrocks "Uepth model. We chose to include all pre-treated macrofos-
Sweden. _ _ sils and as many small macrofossil samples and lead pollu-
Lead was measured at 1cm intervals in the upper sedition markers as possible. However, using this option we had
ment core (core K) and at between 1 and 11 cm intervals ing exclude most of the samples analyzed 3Pb-activity
the lower sediment core (core P) using X-ray Florescencg;sed in the CRS-model and most of the small macrofossil
(XRF) to estimate total lead concentration (Boyle, 2000), andsamples. We also assumed that our interpretations of the total
at ca. 5cm intervals using Acid Dissolution (EPA 3052) and |54 and lead isotopes data used for time markers are correct.
Quadrapole ICP-MS to estimate both total lead concentra- Using our preferred chronological data, the OxCal pro-
tion and lead isotope composition. The XRF measurementgam (v. 4.1.7) was used to establish a chronology for the
were carried out at the Environmental Magnetism Laboratoryantire sediment sequence using Bayesian analysis (Bronk
at the Department of Geography, Liverpool University, UK, Ramsey, 2009). The age model was established using a

Biogeosciences, 10, 31531473 2013 www.biogeosciences.net/10/3159/2013/
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Table 1. Radiocarbon dates on macrofossils and bulk sediment samples. Calibrated age intervals are those provided by the OxCal progran
when calculated for each sample individually (not in a sequence)l4@age for sample LuS8602 is younger than AD 1950 and therefore
expressed as percent modern carbon (pMC). Sample weights are those reported by the laboratory for material used for graphitization (aftel
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 l4c age BP Calibrated age Calibrated age weight Pre- Type of Core
(cm) +lo BP (Io interval) AD/BC (I interval) (mg) treatment material

LuS9161  33.75 268 50 429--1 AD 1521-1951 3.1(C) HCI, NaOH  Twig P

LuS9103  44.50 958 50 925-796 AD 1025-1154 2.1(C) HCI, NaOH Plant remains C

LuS9105 58.00 116 45 1170-1000 AD 780-950 1.29 (C) - Plant remains D

LuS9104 59.50 125% 50 1274-1141 AD 676-809 0.52 (C) - Plant remains C

LusS8602 63.75 105%0.7 pMC —3--57 AD 1953-2007 0.39 (org. mtrl) — LeafBetula P
catkin scale

LuS8603  73.75 75660 734-658 AD 1216-1292 0.15 (org. mtrl) — Betula catkin P
scale

LusS8061  83.75 107@ 120 1169-803 AD 781-1147 0.15 (org. mtrl) — Alnus fruit P

LuS8604 87.50 1266 60 1279-1095 AD 671-855 0.57 (org. mtrl) - Plant remains P
Betula
catkin scale

LuS8605 99.50 308 60 456-299 AD 1494-1651 0.29 (org. mtrl) — Mas8etula catkin P
scale+ plant remains

LuS8606 115.50 109% 60 1060-937 AD890-1013 0.53 (org. mtrl)  — LeaBetula catkin P
scale+ plant remains

LuS8062 121.75 1995 50 1995-1887 45BC-AD 63 3.8 (org. mtrl)  HCI, NaOH Leaf P

LuS8607 134.75 1475 60 1408-1306 AD 542-644 0.34 (org. mtrl) — Plant remains P

LuS8608 158.25 2444 60 2695-2359 745-409 BC 0.17 (org. mtrl)  — LeaBetula P

fruit

Bulk sediments

Lab-ID Depth 14¢C age BP Calibrated age Calibrated age weight Pre- Type of Core
(cm) +lo BP (Io interval) AD/BC (I interval) (mg) treatment material
LuS9616  29.75 995 50 961-800 AD 989-1150 4.1(C) HCL Bulk P
LuS9617  44.75 116% 50 1171-1005 AD 779-945 4.3 (C) HCL Bulk P
LuS9618 59.75 141% 50 1353-1290 AD 597-660 4.3 (C) HCL Bulk P
LuS9619  79.75 197% 50 1988-1878 38BC-AD72 5.0 (C) HCL Bulk P
LuS9620 99.75 2116 50 2146-2004 196-54BC 5.3(C) HCL Bulk P
LuS9621 119.75 222650 2320-2156 370-206 BC 5.0 (C) HCL Bulk P
LuS9622 139.75 2598 50 2771-2546 821-596 BC 5.0 (C) HCL Bulk P
LuS9623 157.75 2708 50 2845-2761 895-811BC 5.3(C) HCL Bulk P

P-sequence which takes the stratigraphic levels of dated sanprepared using standard methods (Berglund and Ralska-
ples into account and allows for fluctuations in sedimenta-Jasiewiczowa, 1986). Pollen grains were identified using
tion rate (Bronk Ramsey, 2008). The degree of fluctuationa light microscope, identification keys (Beug, 1961, 2004;
allowed for by the program may be modified by varying the Punt, 1976—2003; Moore et al., 1991) and the reference col-
k-value (the number of accumulation events per unit depth)lection at the Department of Geology, Lund University. Sub-
This parameter was chosen as high as possible to obtain asequently, pollen counts from several levels were pooled to-
agreement index- 60 % for the entire age model (Bronk gether to attain at least 1000 grains for each time window,
Ramsey, 2008). Two polynomial functions, one above andvarying in width between 20 and 60 yr as inferred from the
one below 60 cm, with a polynomial order of seven and two,chronology. The use of time windows, in sequences when
respectively, were fitted to the midpoints of the calibrated 2 sedimentation rate and sample resolution are high, allows us
intervals provided by OxCal and used to calculate age estito capture vegetation changes rather than weather conditions

mates for the sequence at 0.5 cm intervals. because pollen productivity may change between individual
years when sedimentation rate and sample resolution are high
3.3 Quantitative reconstruction of land cover (Hicks, 1999; Autio and Hicks, 2004).

Based on pollen counts for each time window, we used

Material for pollen analysis was subsampled at 0.5 to 10 CMu e REVEALS program (v. 4.2.2, Sugita, unpublished) to
intervals from the sediment cores from Lake Fiolen and

www.biogeosciences.net/10/3159/2013/ Biogeosciences, 10, 3153-2013
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provide quantitative estimates of vegetation composition afTable 2. Fall speed of pollen, relative pollen productivity estimates

a regional scale (within a 50 km radius) between 600 BC andPPE) and associated standard error estimates (SE) for 26 taxa ob-
AD 2008. The REVEALS model is an objective way to es- tained for southern Sweden (Sugita et al., 1999; Bdostet al.,
timate vegetation composition by compensating for known2004) and Denmark (numbers in bold; Nielsen et al., 2004) used in
biases in how vegetation is represented in the pollen record'® REVEALS model run.

(Sugita, 2007a). Previously, estimates of actual vegetation

have been difficult to obtain due to differences in pollen pro- Pollen taxa Fall speed ($)  PPE SE
ductivity and dispersal characteristics between taxa (Sugita, Acer 0.056 1.267 0.452
1994, 2007a; Brostm et al., 1998; Sugita et al., 1999; Alnus 0.021 4.200 0.140
Davis, 2000). Tree taxa are in general over-represented, and Bétula _ 0.024 8.867 0.134
many herb taxa often under-represented, in pollen assem- Calluna vulgaris 0.038 1.102 = 0.054
blages compared to their abundance in the surrounding veg- carpinus 0.042 2:533  0.070
4 . Cerealia-t 0.060 0.747 0.039
etation (Bradshaw and Webb, 1985; Brostr et al., 1998; Comp. SF. Cichorioideae 0.051 0244 0.065
Sugita et al., 1999; Davis, 2000). Corylus 0.025 1.400 0.042
The REVEALS model requires various parameter inputs. Cyperaceae 0.035 1.002 0.164
We used pollen productivity estimates (PPEs), including Fagus 0.057 6.667 0.173
their standard errors (SEs), obtained for 26 taxa (Table 2) Filipendula 0.006 2.480 0.821
from southern Sweden and Denmark and fall speed estimates Fraxinus 0.022 0.667 0.027
of pollen from the literature (Eisenhut, 1961; Sugita et al., ;Li‘ge'}gerus 8'822 igg; 8'8(3)?)
1999; Brostqm et al., _2004_1, 2008; Nielsen, 2004). The RE- Pinus 0031 5663 0.000
VEALS version used in this study (v. 4.2.2) assumes neutral pjantago lanceolata 0.029 0.897 0.235
atmospheric conditions and wind speed 3thas in Pren- Poaceae 0.035 1.000 0.000
tice (1985) and Sugita (1993, 1994, 2007a, b). We used a Potentilla-t 0.018 2.475 0.377
mean radius of 714 m for Lake Fiolen, calculated from the Quercus 0.035 7.533 0.083
total lake surface area, assuming this is the area of a circular Ranunculus acrig 0.014 3.848 0.718
basin. The maximum spatial extent of the regional vegetation Rubiaceae 0.019 3.946 0.589
(Zmax) was set to 50 km as most of the pollen grains found g;lri?(ex acetosa-t 8'822 1i525697 %0381%
originate from within thls area (Hellman et al., 2008a, b) as Secalet 0.060 3017 0.052
recommended by Mazier et al. (2012). Tilia 0.032 0.800 0.029
We used the pollen dispersal-deposition function appropri- Uimus 0.032 1.267 0.050

ate for lakes, which assumes that pollen grains deposited on
a lake surface are totally mixed and evenly deposited on the
basin floor (Sugita, 1993). Standard errors for the estimates
of regional vegetation abundance were calculated in the REand that the pollen grains found in sediments only repre-
VEALS program using a hybrid of the delta method (Stuart sent a small portion of all species in surrounding vegeta-
and Ord, 1994) and Monte Carlo simulations (Sugita, 2007a)tion (Odgaard, 1994, 2007; Peros and Gajewski, 2008; van
der Knaap, 2009). However, as a relative measure of floris-
3.4 Reconstruction of floristic diversity tic diversity, palynological richness has shown to be reliable
(Meltsov et al., 2011, 2013).
In this study we used palynological richness and REVEALS- Based on the proportional abundances estimated by the
based evenness as proxies for floristic diversity and floris-REVEALS model we calculated the Shannon index, which
tic evenness, respectively (Birks and Line, 1992; Fredh ettombines the number of taxa and the relative abundance be-
al., 2012). Palynological richness is the number of differenttween taxa to estimate floristic diversity (Magurran, 2004;
pollen and spore taxa identified in each sample (Birks andOdgaard, 2007; van Dyke, 2008). Subsequently, we calcu-
Line, 1992), whereas REVEALS-based evenness is the rellated floristic evenness using the ratio between Shannon in-
ative abundance between the taxa reconstructed by the RElex and maximum evenness, when all taxa are equally fre-
VEALS model (Fredh et al., 2012). guent, also known as the Pielou’s evenness index (Pielou,
Due to different total pollen counts between time windows 1966; Magurran, 2004; Odgaard, 2007). Pielou’s evenness
the palynological richness was recalculated using rarefacindex may vary between 0 and 1. The index is 1 when all
tion (Birks and Line, 1992). We therefore present the resultstaxa cover equal proportions of the reconstructed area. Lower
of palynological richness as the expected number of pollervalues are attained when a few taxa cover large proportions
taxa for a specific pollen sum. The calculation was based orand other taxa cover small proportions within the 50 km ra-
all terrestrial taxa, in total 17 trees, 66 herbs and 9 fernsdius. We estimated REVEALS-based evenness for all 26 taxa
We are aware that the relationship between pollen identi{14 trees and 12 herbs) used in the REVEALS model, but
fied in sediments and the surrounding vegetation is complexalso for trees and herbs separately. These 26 taxa represent

Biogeosciences, 10, 3153473 2013 www.biogeosciences.net/10/3159/2013/
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about 70-90 % of the total vegetation cover in the uplandtal concentration decreases which may reflect the decline in

area of southern Sweden today (Brostret al., 2004). mining activities between AD 400 and 900. Between 55 and
38 cm total lead concentration increases to 53 gand the
lead isotope ratio decreases with 0.13 compared to back-

4 Results ground values. At 11 cm the highest total concentration of
189 ug g is recorded which we interpret to reflect the pol-
4.1 Chronology lution maximum at AD 1975. The lead isotope ratio close to

or below 1.17 above 19 cm indicates that a large proportion

The radiocarbon dated macrofossil samples show rather scadf the lead found in this interval is derived from pollution
tered ages (Table 1, Fig. 2b). Most of the macrofossil sam{rom leaded petrol during the 20th century, which has an iso-
ples were smaller than two milligram and therefore not pre-tope ratio of ca. 1.15.
treated. This means that any contamination with modern ma- Because of inconsistencies within and between the
terial during extraction, storage and identification, that wouldchronological data provided by the different methods ap-
have a relatively strong influence on the dating results ofplied, dating of the Lake Fiolen sequence is not straight-
these small samples, was not removed. An extreme case dbrward. Our preferred age-depth model is based on six
this effect is probably illustrated by sample LuS8602 from macrofossil samples (three pre-treated), a CRS-model (based
a depth of 63.75cm, which yielded a modern or close toon nine 21%b samples) and four lead pollution markers
modern age (Table 1). Because of unexpectedly young age@-ig. 2b). We therefore rejected eight small macrofossil sam-
due to suspected contamination, most of the small macrofosples and 172%b measured samples below 15 cm that were
sil samples were rejected and not used to construct the ageonsidered unreliable.
model. We included all pre-treated macrofossil samples that Consequently, the proposed age model is tentative, in par-
were considered to be most reliable. We also included threg¢icular between AD 1200 and AD 1950. It should also be
small macrofossil samples that were in agreement with thepointed out that our age model for the interval between 0 and
pre-treated macrofossil samples and our interpretation of thé8 cm differs from that used by Fredh et al. (2012), resulting
lead pollution time markers. The bulk dates show a ratherin deviating age estimates in the lower part of this interval.
well-defined slope with increased age at greater depth, indi-
cating that the sediments have not been subject to major mix4.2 Long-term ecological changes 600 BC—AD 2008
ing or disturbance. The absolute ages for these samples are,
however, likely affected by a lake reservoir age and thereforé/egetation cover was quantified using REVEALS for the 26
assumed to be too old (ca. 200 to 400 yr) and not used for théaxa (14 trees and 12 herbs) (Fig. 3). Although the relative
chronology. importance of taxa is different between the REVEALS-based

The activity of unsupportedPb in the sediment se- reconstruction and pollen percentages, their trends are simi-
quence generally decreases exponentially with depth dowtar. The importance dPiceg Acer, Corylus Fagus Poaceae,
to about 15 cm (Fig. 2e), while below this depth the activity Cerealiatype, Carpinus Fraxinus Salix Tilia, Ulmus Cal-
data are rather irregular. As explained above, we thereforduna vulgaris Compositae SF. Cichorioideae, Cyperaceae,
only included the nine lead dates above 15cm in the CRSPlantago lanceolataand Secaletype is underestimated by
model calculation. However, using only the lead dates frompollen percentages, whikinus Alnus Betula Quercus Ju-
above 15cm we have to assume that some mixing has oiperus Filipendula Ranunculus acrisype andRumex ace-
curred and/or that some of the measured elements are mobitesatype are overestimated by pollen percentages compared
in this particular sediment below this depth. That some eleto REVEALS-based vegetation cover.
ments are mobile is supported by the high activity$iCs According to the herb taxa cover estimated by REVEALS,
at depths below 14 cm that correspond to ages older thatandscape openness varies between 5 and 34 % throughout
ca. AD 1950 according to the CRS-model (Fig. 2§’/Cs  the studied period (Fig. 4). However, we know from the
is normally only found in sediments younger than AD 1950 historical record that some light-demanding shrubs grew on
(Appleby, 2001). meadows and pastures (Antonsson and Jansson, 2011). We

Time markers were inferred from the total lead concen-may therefore assume th&orylus and Juniperusmainly
trations and lead isotope ratios based on comparison witlyrew on open lands. When including these shrubs openness
the typical pattern of pollution lead through time for south- varies between 18 and 60 % (Fig. 4). In either case, maxi-
ern Sweden (Bxnnvall et al., 2001; Renberg et al., 2001). mum openness is recorded between AD 350 and 550, mainly
For our age model we used time markers at 110 cm, 55 cmgue to the increase in Poaceae cover during this time.
ca.38cm, and 11 cm interpreted to represent AD 0, AD 1000, During the studied period palynological richness varies
AD 1200 and AD 1975, respectively (Fig. 2b—d). At 110cm between 21 and 38, with the highest value at AD 1600
total lead concentration increases to 16 g gnd the lead  (Fig. 4). REVEALS-based evenness varies between 0.83 and
isotope £°%PbP%"Pb) ratio decreases with 0.12. Between 100 0.54, with maximum evenness between AD 500 and 1600.
and 55 cm depth the lead isotope ratio increases and the td=venness for trees is almost identical to total evenness, which
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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.

shows that the tree evenness dominate the total evenness caig this period, and REVEALS-based evenness shows values
culation. Evenness for herbs was generally higher the lasbetween 0.71and 0.78.
1400 yr, but rather variable. Between AD 350 and 750 changes in vegetation cover in-

Several major vegetation changes occurred during the laddicates land-use expansion followed by regression. We di-
2600 yr according to the REVEALS reconstruction (Fig. 3). vided this interval into three parts, one expansion period and
However, the period between 600 BC and AD 350 was rel-two regression phases (Fig. 5), based on changes in cover
atively stable with a vegetation cover dominated Gyry- of open land taxa such as Poace@erealia type, early
lus and Betula with 23—-39% and 12-23% cover, respec- successional taxa such Betulh and late successional taxa
tively. Palynological richness varies between 22 and 27 dursuch asCarpinus Quercus Tilia and Ulmus We also took

into account “other herbs”, which includgalluna vulgaris
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Fig. 4. Regional vegetation cover for selected taxa/taxa groups, openness, palynological richness and REVEALS-based evenness betwee
600 BC to AD 2008. Openness was estimated both including and excluding sfamysefusand Corylug shown by blue and red lines,
respectively. REVEALS-based evenness was calculated for all 26 reconstructed taxa (black line), but also for trees (red line) and herbs (blue
line) separately.

Compositae SF. Cichorioideae, Cyperac®antago lance- tula decreased. Between AD 550 and 750, REVEALS-based
olata, Ranunculus acritype,Rubiacea@ndRumex acetosa evenness remained at higher values between 0.77 and 0.83,
type. whereas palynological richness decreased to generally lower
At the beginning of the expansion period AD 350 the covervalues between 21 and 29. Evenness for herbs and trees also
of Cerealiatype, Poaceae and other herbs increased signifiremained at generally higher values.
cantly from 0 to 3%, 9 to 18% and 3 to 8%, respectively, At AD 750 late successional trees suclCagpinus Quer-
which suggests a regional agricultural land-use expansiortus Tilia and Ulmus decreased in cover from 20 to 16 %
(Fig. 5). SimultaneouslyCorylusdecreased significantly in  (Figs. 3 and 5). Between AD 750 and 108thus shows a
cover from 39 to 28 %. Poaceae shows maximum abundancdecreasing trend, whereBegtulaincreased. During the last
at AD 450 with 26 % cover and decreased thereafter, whereas000 yr Betulg Quercus Tilia and UImus show decreasing
Cerealiatype in general remained at higher values at leasttrends, whilePiceaincreased in cover from 6 to 61 %. Also
until AD 550. Both palynological richness and REVEALS- Fagusincreased gradually in cover starting at AD 1000 from
based evenness increased AD 350 to 550 and varied betweéto 10 %, but decreased rapidly at ca. AD 1900 from 8to 2 %
27 and 34 and between 0.74 and 0.82, respectively. Als@over.Alnushad less cover between AD 1000 and 2008 com-
evenness for trees and herbs generally increased during thigared to earlier period<orylus decreased during the last
period. ca. 500 yr andluniperuswas highest during the last 500 yr
At AD 550 we can observe an opposite pattern. The coveibut variable.Calluna vulgarisand Rumex acetostype de-
of Poaceae significantly decreased from 20 to 1&%ealia  creased in cover during the last ca. 150 yr from 3 to 1% and
type was only recorded in some samples and other herbs dérom 1 to 0.5 %, respectively. REVEALS-based evenness de-
creased in most samples, indicating an agricultural land-usereased gradually from AD 1600 until today from 0.82 to
regression (Fig. 5). At the same tirBetulaincreased signif-  0.54. Evenness for trees followed the same pattern as total
icantly in cover from 13 to 18 %. Between AD 650 and 750 evenness, but evenness for herbs remained at a higher level.
the late-successional tre€arpinus Quercus Tilia andUI-
musincreased significantly in cover from 16 to 22 % a3t
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Fig. 5. Regional vegetation cover for selected taxa/taxa groups, openness, palynological richness and REVEALS-based evenness at the
transition from expansion to regression AD 350 to 750. Openness was estimated both including and excludingustipebssandCorylug

shown by blue and red lines, 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.

5 Discussion during the same time, which suggests that traditional agri-
culture favoured floristic diversity. REVEALS-based even-

We applied the study design suggested by Fredh et al. (2012§1€SS was highest between A_D 50Q an_d 1600, _|nd|cat|ng more
which includes high-resolution pollen analysis, quantitative €dual cover among taxa during this time. An increase in pa-
vegetation reconstruction and estimates of both floristic rich-ynological richness is usually recorded at AD 1100 to 1200
ness and evenness. The quantified cover of taxa related # the uplands of southern Sweden as a consequence of in-
human impact allows us to estimate the extent of agriculturaT€ased land use (Lindbladh and Bradshaw, 1995]c5ét
land use at different times and its relation to floristic diver- & 2010), although maximum palynological richness has
sity. However, it should be kept in mind that establishing a PE€n recorded at earlier times, between 500 BC-AD 1000, in
chronology for the Lake Fiolen sediment sequence was noPther areas in southern Sweden (Berglund et al., 2008).
straightforward despite our rather ambitious dating program Maximum openness (26-34 %), based on herb taxa cover
involving a range of methods. The age-depth relationship indominated by Poaceae, was recorded at AD 350 to 550. This,
the interval between 160 and 40 cm is almost linear and irfo9ether with increased Cerealia cover, suggests a maximum
general parallel to the slope of the bulk dates. However, theExtent of agricultural land use at this time and could reflect
interval between 40 and 20 cm reflects a more variable an@" increased establishment of farms and permanent fields. It
generally lower sedimentation rate compared to the section’$ @S0 possible that grazing became more widespread dur-
above and below. Possibly, there are other options to conld this period, which resulted in higher openness. In either
struct an age-depth model. However, given the available data@: the increase in open-land taxa at AD 350 is interpreted
we consider our age-depth model the most probable one. 23S 2 regional land-use expansion, which correlates with high
Between 600 BC and AD 350 human impact was relativelyvalues of both palynological rlch_ness and increase in even-
low, but pollen grains o€erealiaand herbs related to human N€SS for both h_erbs and trees. This suggests that more species
agriculture show that some anthropogenic land use occurredV€'e present in the area and that they were represented by
The relatively large portion dEorylus which requires some More equal cover, favoured by this land-use expansion. How-
degree of openness, was possibly caused by widespread grag¥e" it should be noted that certain kinds of Woodl'and man-
ing (Berglund et al., 2002; Fyfe et al., 2008). agement may also chf_mge tree pollen values, partlcu_larly for
In general, Cerealiaand most herbs had a higher cover SPecies that are coppiced or pollarded (€grylus, which
during the last ca. 1650 yr, which suggests an increased agrfould affect our openness estimations (Waller et al., 2012).
cultural land use and/or more focus on crop cultivation dur-L@nd-use expansions and regressions, similar to the one at
ing this period. Palynological richness is generally higherAD 350, have been observed throughout the last 6000yr in
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several pollen diagrams and may be related to periods ofrom AD 1600 until today, which suggests a decrease in habi-
human population expansion and decline (Berglund, 1969tats related the traditional agriculture. Evenness for herbs re-
Lagegs, 2007). mained at a higher level probably due to the increase in Ce-
This expansion was followed by a 200yr long interval of realia, which compensated for the decline of herb cover in
regression, which was recorded by decreased herb cover argkneral.
increased tree cover (Fig. 4). The increased tree cover was Previous pollen records, as well as archaeologi-
recorded in two steps, first by early successional tree taxaal/historical records, from the region suggest maximum
such asBetulafollowed by late successional tree taxa such openness during the last ca. 1000yr, often including a
asCarpinus Quercus Tilia andUImus This succession in- prominent expansion at ca. AD 900-1200 (Lindbladh and
dicates that some areas were abandoned after AD 550, whicBradshaw, 1995; Bjrkman, 1996; Lagdés, 1996; Lind-
allowed trees to expand on areas previously used for agribladh, 1999; Lindbladh et al., 2000; Andersson Palm, 2001;
cultural land use. During this land-use regression palynolog-Berglund et al., 2002), which is not consistent with our
ical richness decreased as several herb taxa disappeared fraecord. However, some pollen diagrams do show equally
the record, which indicates this transition was unfavourablehigh, and sometimes higher, openness between ADO and
for some herbs. However, evenness for both trees and her00 compared to the last 1000 yr (Laggr1996; Byrkman,
remained at a higher level, and increased somewhat in th&996). In the present studyicea and Fagus increased
later part of the period, which reflect that the cover of the gradually from AD 1000, which is in agreement with
26 taxa included in the REVEALS reconstruction was still estimates of the immigration éficeato the region, whereas
rather equal. This regression period may be correlated to th€agus were present earlier but had a more patchy distri-
Migration period AD 400-600, which was a period of soci- bution (Lageas, 1996; Bradshaw et al., 2000; Bradshaw
etal change in Europe (Frenzel et al., 1994). Several polleand Lindbladh, 2005). Most previous pollen studies were
records from the uplands of southern Sweden indicate landbased on small lakes and bogs, which partly reflect the
abandonment during this period (Lagsr 1996; Bjrkman,  local vegetation, since approximately 35 to 50% of the
1996). pollen assemblage originates from within few kilometers
Connell (1978) suggested the “intermediate disturbancdrom small sites (1-100ha) (Sugita, 1994). Therefore, it
hypothesis”, which states that the highest biodiversity is creds not straightforward to compare these records with our
ated and maintained where disturbance is intermediate ipollen record reflecting regional vegetation. There are a
frequency and intensity. Similarly, Emanuelsson (2005) sugfew pollen-analytical studies based on medium sized lakes
gested that land abandonment, like that observed at AD 55Qapproximately 75 ha) from the region, but the chronologies
in this study, is essential for biodiversity by allowing speciesin these studies are based on bulk gyttja samples, which
groups favoured by traditional management, succession anthakes detailed dating of events difficult (Digerfeldt, 1972;
old growth forest to coexist. However, in our study paly- Jacobson, unpublished data). Furthermore, Russian and
nological richness declined simultaneously with land use,Livingstone corers sometimes fail to recover the uppermost
which suggests that species richness is not favoured duringart of a sediment sequence, which may explain why a late
this type of succession, possibly due to rapid land abandon19th century maximum in land use is only recorded in a few
ment. In contrast, Fredh et al. (2012) suggested that florispollen diagrams. Our study is also one of the first in the
tic diversity was favoured during the initial ca. 40yr of the region using the Landscape Reconstruction Algorithm to
transition from traditional to modern land-use managementcorrect for biases in pollen representation of vegetation.
(ca. 100yr ago). However, during this type of transition the Fredh et al. (2012) studied land-use and floristic diversity
landscape was probably used to a similar extent as before, buaturing the last 200 yr in detail using the same sediment se-
changed from small-scale agriculture towards dominance ofjuence but based on a different chronology. Although pollen
tree plantations and crop cultivation. percentages for some taxa do not differ so much between
During the last ca. 100 yr land use gradually changed fromthe chronologies covering the last 200yr, the overall inter-
a small-scaled agriculture towards a modern land use basepretation of the pollen record would be different using the
more on crop cultivation and forestry (Myrdal, 1997; Morell, chronology in this study. The main differences are in the in-
2001). This is supported in our record by decreased cover oferval AD 1800 to 1950 wheRinus Betulg Corylus have
most shrubs and herbs, such@alluna vulgarisandRumex  significantly larger cover, whil®iceahave significantly less
acetosaype, and some trees, suchFagus, Corylus and Be- cover in this study compared to Fredh et al. (2012). Fagus
tula, during the last ca. 100-150 yr, whiticeaandCerealia  has significantly higher cover AD 1800 to 1880 and lower
type increased. A decrease in palynological richness duringover AD 1900 to 1940 in this study compared to Fredh et
the last ca. 100yr is sometimes observed in pollen recordsl. (2012). Palynological richness is similar between the two
(Lindbladh and Bradshaw, 1995; Lindbladh, 1999plBket ~ chronologies, but between AD 1800 and 1920 REVEALS-
al., 2010). In this study palynological richness decreased abased evenness is higher with 0.75 to 0.83 compared to Fredh
AD 1700, but remained within the range observed during theet al. (2012) with 0.63 to 0.73.
last 1650 yr. REVEALS-based evenness gradually decreased
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Fredh et al. (2012) interpreted the increase in Poaceae araljement to preserve species in the future. For this purpose,
many herbs at AD 1880 as an increase in biomass rather thathe regional landscape compaosition may be important e.g. for
an increase in cover. This biomass increase was proposetbnnectivity between the small fragments of traditional agri-
to be connected to a reduction in grazing and mowing pro-cultural land use that remain. The adopted approach has the
moting flowering of grasses and herbs (i.e. a change to lespotential to be used also in other study areas with different
intense agricultural land use). According to the chronologyvegetation and land-use history. However, to make knowl-
used in the present study the increase in Poaceae and maegge about long-term processes more useful for ecosystem
herbs occurred at AD 1500, which is a known period of ex- management it requires an active strategy to merge palaeoe-
pansion in the uplands of southern Sweden (Lage2007). cology and modern records, as well as developing methods
Therefore, the change in cover of Poaceae and other herdsow to implement this kind of data in ecosystem manage-
at this time could possibly be interpreted both as an expanment.
sion and a regression. Different interpretations are possible
because Poaceae includes a large number of species which
may react differently to land-use changes (Brastret al.,  AcknowledgementsVe thank lan Snowball for help during
2008). During the last ca. 150 yr, grass cultivation increasedfieldwork, Shinya Sugita for inputs on quantitative vegetation
which may explain the relatively small change in Poaceaereconstruction and John Boyle for help with XRF measurements.

cover during this time, despite a decrease in extent of meadwe are also very thankful to all colleagues in the NordForsk
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