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Chapter 1

Chapter 1

General introduction
 

1.1. Mires as environmental archives

Mires are defined as wetlands with a vegetation which usually forms peat. Peat is litter 
which  has  not  completely  decomposed  and  has  accumulated  because  of  anaerobic 
conditions connected with a high water table (Rydin et al.,  1999).  Most Swedish raised 
bogs have a relatively undisturbed peat growth history in comparison to other Northwest 
European bog ecosystems. This resulted in thick peat deposits comprising the records of the 
past peat-forming vegetation (macrofossils), past upland vegetation communities (pollen) 
and past moisture balance (pollen, testate amoebae and other microfossils of strictly local 
origin).  Bog  ecosystems  are  therefore  suitable  research  sites  to  study  the  changes  in 
vegetation history and the relation with climate change and human impact over the last 
millennia. There is a need to better understand the ecological responses to changing climate 
and human impact, particularly in peatlands, where large carbon stores represent a potential 
source for climate change.

1.2. Climate change

During the Late Holocene climate changed from relatively warm from c. AD 950 - 1250 
(Medieval  Warm Period) to relatively cold during the period from c. AD 1300 – 1820 
(Little Ice Age; Figure 1.1). The Little Ice Age (LIA) is not one long cold period, but 
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Figure 1.1 Northern Fennoscandian summer temperature anomaly (Briffa et al., 1992)  based on tree ring data.

consists  of  a  series  of  cooler  intervals.  Several  factors  have  been  proposed  to  be  the 
dominant driver for climate change. Human impact and the enhanced green house effect are 
generally believed to be the cause of recent warming of the earth (Mann et al., 1998; Mann 
et al.,  2005). However,  the cooling phases during the LIA are most probably related to 
temporary declines of solar activity (Hoyt and Schatten, 1998; Magny, 2004; Mauquoy et 
al., 2002; van Geel et al., 1999). Declines in solar activity occurred from c. AD 1280-1340 
(Wolf  minimum),  c.  AD  1420-1530  (Spörer  minimum),  c.  AD  1645-1715  (Maunder 
minimum)  and  from  c.  AD  1790-1820  (Dalton minimum).  Cosmic  ray  intensity  is 

modulated by the strength of the solar wind. The production of cosmogenic isotopes 10Be 

and 14C in the earths atmosphere increased during the minima of solar activity during the 
Little  Ice  Age (Beer et  al.,  1998; Muscheler  et  al.,  2007).  Sphagnum remains are most 
suitable for radiocarbon dating (Kilian et al., 2000; Nilsson et al., 2001). Deposits formed 
by ombrotrophic Sphagna are archives of changing hydrology and climate change and such 
deposits  are  therefore  excellent  substrates  for  investigating  the  relationship  between 
changing solar activity and past climate  (Mauquoy et al., 2002). Van Geel et al. (1999), 
Mauquoy et al. (2002), and Speranza et al. (2003) linked wet-shifts during the Subboreal / 
Subatlantic  transition  and the  Little  Ice  Age (indicated  by changing  Sphagnum species 

composition) to increasing  14C production in the atmosphere caused by declines of solar 
activity.
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Chapter 1

Figure 1.2 A) Vegetation zones (source: Swedish Forest Agency); and B) Mean annual temperature of Sweden for 
the period 1961 – 1990 (Source: Swedish Meteorological and Hydrological Institute SMHI).
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Figure 1.3 Distribution limits in northwest Europe after Hultén (1950) of A) Pinus sylvestris, B) Picea abies, C) 
Quercus robur, D) Ulmus glabra, E) Tilia cordata and F) Fagus sylvatica.
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Chapter 1

In addition to the wetland vegetation, the dry land pollen record provides information about 
past climate change. Sweden is a long country (c. 1550 km, latitude N 64.9 – N 57.5), A 
temperature gradient is present in Sweden from North to South (Figure 1.2). Since tree 
species are bound to certain minimum winter temperatures to grow (Prentice et al., 1993; 
Sykes  et  al.,  1996),  vegetation  zones  exist.  Trees  which  grow  under  relatively  warm 
conditions, e.g.  Fagus,  Tilia, Ulmus and  Quercus have their northern distribution limit in 
the nemoral and boreonemoral zones in south or central Sweden (Figure 1.3). More cold-
resistant species, like  Pinus and  Picea,  grow in the north (Hultén, 1950). When climate 
cools  the  northern  distribution  limits  of  thermophilous  species  are  supposed  to  move 
towards the south.

1.3. Human impact

Climate change influences the vegetation in and around mire ecosystems, but also human 
impact can have a drastic effect on the natural species composition. Logging of trees for 
fuel  or  building  material  occurred  on  a  regular  basis.  Occasionally,  (exotic)  trees  are 
planted  for  forest  regeneration,  thereby  disturbing  the  natural  forest  composition.  The 
wetland  species  composition  is  vulnerable  to  changes  in  hydrology.  When  a  mire  is 
(partially) drained for peat cutting or agricultural purposes, a desiccation of the peat surface 
will occur. This will probably change the species composition and the rate of decay, which 
will  influence  the  peat  accumulation  rate.  Human  population  size  increased  more  in 
Germany and the south of Sweden than in the north of Sweden (Andersson Palm, 2000; 
Lutze, 2003). Therefore peatlands in the south will probably be more affected by human 
impact.
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1.4. Carbon accumulation rate (CAR)

Peatlands  are  important  archives  of  past  climate  change,  but  also  major  stores  of 
temporarily sequestered carbon (Clymo et al., 1998). The total area of boreal and subarctic 

peatlands is estimated as 350 million hectares with 220-455 Pg (1 Pg = 1015 g) of carbon 
(Gorham,  1991;  Sjörs,  1981;  Turunen  et  al.,  2002).  Mires  accumulate  organic  matter 
because, generally, the rate of decay is less than primary production (Clymo, 1984).

 

Carbon accumulation rates (g C m-2 yr-1) can be calculated (Klarqvist, 2001) if one knows 

the peat growth rate (r in m yr-1), the relative carbon concentration C (proportion 0-1) and 

the bulk density (ρ in g m-3).

 

CAR = r •C•ρ

 

In  some  carbon  accumulation  models  production  rate  and  decay  rate  are  regarded  as 
constant (Borren et al., 2004; Clymo, 1984). Indeed peat and carbon accumulation has been 
surprisingly steady over long time scales, however contributing processes of peat formation 
are very variable on short-term and small-spatial scales (Belyea and Clymo, 2001; Ohlson 
and  Okland,  1998;  Wallén  et  al.,  1988).  Environmental  variables,  e.g.  mean  annual 
temperature (Dorrepaal et al., 2003; Gunnarsson, 2005; Robroek et al., 2007), atmospheric 
CO2 concentration (Berendse et al., 2001; Heijmans et al., 2001; 2002; Matthews, 2007), 

depth to water table (Belyea and Clymo, 2001) and trophy status (Johnson and Damman, 
1991), influence productivity. Decay rates are affected by e.g. mean annual temperature 
(Clymo  et  al.,  1998),  depth  to  water  table  (Belyea  and  Clymo,  2001),  period  of 
decomposition (Clymo et al., 1998; Turunen et al., 2002) and trophy status (Johnson and 
Damman, 1991).
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1.5. Outline of this thesis

The aim of our study is to reconstruct plant species composition and hydrological changes 
in  and  around  four  bog  ecosystems  situated  on  a  north-south  transect  during  the  late 
Holocene. We aim to distinguish between direct effects of climate change (temperature and 
precipitation) and effects by changing human activities, on the regional and local vegetation 
development and on peat and carbon accumulation. 

Objectives:

• Reconstruct past wetland vegetation changes for the mires studied 

• Reconstruct past dry land vegetation changes 

• Establish high-precision wiggle-matched AMS-radiocarbon chronologies 

• Evaluate  effects  of  climate  change  on  dry  land  and  wetland  vegetation 
development 

• Evaluate effects of human impact on dry land and wetland vegetation development 

• Compare vegetation composition with geochemical proxies 

• Reconstruct past water tables based on testate amoebae composition 

• Compare  the  proxy  data  with  historical  temperature  and  precipitation 
measurements 

• Compare  proxy  data  with  14C record  to  evaluate  possible  links  between  bog 
development, climate change and solar activity 

• Calculate carbon accumulation rates and compare with environmental variables to 
establish main factor influencing carbon accumulation rates 
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Four peat cores (Figure 1.4) were analysed for multiproxy indicators (plant macrofossils, 
pollen/non-pollen microfossils, testate amoebae, colorimetric humification, carbon/nitrogen 
ratios,  bulk  density,  loss  on  ignition),  to  investigate  the  effects  of  climate  change and 
human impact on vegetation and peat accumulation during the last millennium. 

 

Figure 1.4 Geographical position of the research sites on the north-south transect through Sweden and Germany

 

In  Chapter  2  the results  for  the above-mentioned objectives  are  described for  the most 
northern  site  Lappmyran  (LPM).  In  Chapter  3  the  results  for  the  middle-Swedish  site 
Åkerlänna  Römosse  (ARM)  are  presented.  Chapter  4  discusses  the  results  from  the 
southern Swedish site Saxnäs Mosse (SNM). The results of the most southern site of the 
transect, Barschpfuhl (BPF in Germany), are discussed in Chapter 5. Chapter 6 presents the 
carbon accumulation rates of the four bog ecosystems and discusses the relationships with 
environmental variables. In the general discussion (Chapter 7) all gathered information of 
the previous chapters will be discussed, linked and summarized. 
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Chapter 2

Chapter 2

Late Holocene human impact and climate 
change recorded in a North Swedish peat 
deposit 

Marjolein van der Linden, Judith Barke, Emma Vickery, Dan J. Charman and Bas van Geel

Abstract

A peat core from a mire with poor fen lawns and ombrotrophic hummock strings in Northern 
Sweden was examined (plant macrofossils, pollen/non-pollen microfossils, testate amoebae, 
colorimetric  humification,  carbon/nitrogen  ratios,  bulk  densities,  loss  on  ignition)  to 
investigate the effects of climate change and human impact on the plant species composition 

and peat accumulation of the peat forming vegetation during the last 1700 years. 14C wiggle-
match dating was applied for high-precision dating. The Lappmyran region was dominated 
by Pinus and Picea forest. Changes in land use patterns and population density were visible 
in the pollen record of the regional vegetation.  Juniperus and  Rumex acetosa-type pollen 
indicated the presence of grazed land in the area between AD 1500 and 1950. The vegetation 
at  the  coring  spot  gradually  became  ombrotrophic.  The  local  plant  and  testate  amoebae 
compositions reflect changes in surface wetness caused by changes in precipitation and the 
internal dynamics of the bog. A wet interval was observed during the Maunder minimum of 
solar activity. The presence of Drepanocladus fluitans indicates less ombrotrophic conditions 
during this period probably caused by the inflow of minerogenic water from upslope owing 
to increased precipitation. The reconstructed water table shows agreement with precipitation 
measurements which were available since AD 1860.
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2.1. Introduction

Several  factors  have  been  proposed  to  be  the  dominant  driver  for  climate  change.  The 
greenhouse effect is generally believed to be the cause of recent warming of the earth (Mann 
et al., 1998; Mann et al., 2005). Other studies showed a potential link between fluctuating 
solar activity and climate change. Periods of increased rainfall, indicated by wet-shifts in bog 
vegetation and changes in lake sediments during the Subboreal / Subatlantic transition and 

the Little Ice Age, were linked to increasing  14C production in the atmosphere caused by 
declines of solar activity  (Magny, 2004; Mauquoy et al., 2002b; Speranza et al., 2003; van 
Geel et al., 1999).  Decreases in thermophilous trees pollen owing to a climate cooling may 
also be linked to declines of solar activity (van der Linden and van Geel, 2006). There is a 
need  to  better  understand  the  ecological  responses  to  changing  climate,  particularly  in 
peatlands, where large carbon stores represent a potential source for climate change. Records 
from peat deposits are also necessary to validate models which simulate and predict past and 
future  peat  accumulation and related processes  such as carbon sequestration  in peatlands 
(Heijmans et al., in press).

Peatlands form a unique ecotype by accumulating plants remains. This results in thick peat 
deposits  comprising  the  records  of  the  past  peat  forming  vegetation  (macrofossils),  past 
upland vegetation communities and past moisture balance (pollen, testate amoebae and other 
microfossils). Most Swedish raised bogs have a relatively undisturbed peat growth history in 
comparison to other Northwest European bog ecosystems. Particularly in the northern parts 
of Sweden, bogs have been able to develop a continuous archive of micro and macrofossils. 
These bog ecosystems are therefore suitable research sites to study the changes in vegetation 
history and the relation with climate and human impact over the last millennia. Ombrotrophic 
Sphagnum peat deposits are excellent substrates for investigating the relationship between 
changing solar activity and past climate (Mauquoy et al., 2002b). Ombrotrophic  Sphagnum 
growth is closely coupled to climatic conditions because the bogs receive their water through 

precipitation  alone.  The  records  of  cosmogenic  isotopes,  14C in  tree  rings,  and  10Be  in 
Greenland  ice,  reflect  changing  solar  activity  in  the  past  (Beer  et  al.,  1998;  Hoyt  and 

Schatten,  1998;  van Geel  et  al.,  1999).  Periods of  increased production of  14C and  10Be 
highlight periods of low solar activity. Sphagnum remains are most suitable for radiocarbon 

dating (Nilsson et al., 2001). Past atmospheric 14C fluctuations can therefore be recorded in 
peat deposits which are also studied palaeoecologically.
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Chapter 2

The boreal forests of northern Sweden have been affected by human disturbance since the 

Late Medieval Period. A limited agrarian expansion has been described since the 14th century 
(Engelmark et al., 1976). The landscape has been altered by opening of the forest for grazing 

and agriculture. Frequent wars and climate deterioration during the 17th and beginning of 18th 

century may have caused a  stagnation in population density.  During the 18th century the 
population  of  coastal  areas  doubled  and  logging  of  trees  for  potash  and  tar  production 
occurred on a greater scale (Engelmark et al., 1976). Land use changes may be reflected in 
the openness and human impact indicators in the pollen record.

The aim of our study is to reconstruct plant species composition and hydrological changes in 
and around the mire Lappmyran  during the late Holocene. We aim to distinguish between 
direct  effects  of  climate  changes  (temperature  and precipitation)  and effects  by changing 
human activities, on peat accumulation and on the regional and local vegetation development. 
We analyzed  the plant  species composition of a one meter  peat  core from a poor fen in 
Northern Sweden. Changes in vegetation were compared with the Fennoscandian summer 
temperature  record  (Briffa  et  al.,  1992)  and  historical  temperature  and  precipitation 
measurements to study effects of climate change. In order to better understand the human 
impact signal we discuss our palaeoecological data in the context of the historical record of 
land use of the region.  Testate amoebae analysis was used to infer the historic water table 
depths of the mire. To obtain a high-precision chronology , terrestrial plant remains were 

dated by 14C wiggle-matching (Blaauw et al., 2004; Kilian et al., 1995; 2000; Speranza et al., 
2000; van der Linden and van Geel, 2006; van der Plicht, 1993; van Geel and Mook, 1989). 
This dating strategy was used to investigate the possible link between the changing species 
composition of the bog vegetation, climate change and solar activity.

2.2. Material and methods

2.2.1. Research site

We  took  cores  with  a  Wardenaar  corer  (Wardenaar,  1987) in  the  ombrotrophic  bog 
Lappmyran (LPM), c. 50 km north-west of Umeå, Sweden (64º 09' 52.95"N, 19º 34' 58.66"E, 
Figure 2.1).  Lappmyran is a mire with poor fen conditions in the minerogenic lawns and 
ombrotrophic hummock strings (Ruuhijärvi, 1983; Rydin et al., 1999; Sjörs, 1983). 
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Figure 2.1 Map of research site (copyright map: Landmäteriverket, Gävle, 1997). 

It has an elongated shape and lies between two hills which are covered with Pinus sylvestris  
and  Picea abies. Two peat cores of c. 1 meter depth were taken at the transition between 
string (hummock) and lawn vegetation. Each core was packed in two 50 cm long metal boxes 
and transported to the laboratory. There we took contiguous 1 cm thick sub-samples from 
peat core LPM-I, which had a length of 96 cm. The second peat core was stored for possible 
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future research. In August 2004 a quick inventory of the vegetation was made by recording 
the presence or absence of the bog species along a string-lawn-string transect. Also the water 
table depths below the surface were measured (Figure 2.2). 

Figure 2.2 Vegetation inventory along a hummock string - lawn – hummock string transect  of the surface of 
Lappmyran.

2.2.2. Microfossil analyses

A cylindrical sampler of 10 mm diameter was used to select microfossil samples of c. 0.8 

cm3 each.  A known amount  of  Lycopodium grains  (c.  10679) was added to the  samples 
before being treated with KOH and acetolysed (Fægri and Iversen, 1989). The Lycopodium 
grains  were  used  to  calculate  pollen  concentrations  (Stockmarr,  1971) and  pollen 
accumulation rates (Autio and Hicks, 2004; Hicks and Sunnari,  2005; Middeldorp, 1982). 
Pollen  grains  were  identified  using  Moore  et  al.  (1991),  Beug  (2004)  and  a  reference 
collection.  Interpretation of the pollen record followed Berglund (1986) and Behre (1986). 
The pollen sum (minimum of 400 grains) included pollen of trees and shrubs and pollen of 
herbs. Those could be separated into two groups, apophytes and anthropochores (Berglund, 
1986; Poska et al., 2004), and were sorted into land-use categories (Table 2.1). Apophytes are 
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native plants that invade abandoned fields. Anthropochores are a group of plants of which the 
seeds  are  dispersed  as  a  result  of  human  activity.  Pollen  type  Humulus/Cannabis is 
characterised as anthropochorous because Humulus (hop) and Cannabis (hemp) were grown 

on  farms  (for  own  use  of  farmers)  since  respectively  AD  1442  and  the  16th century 
(Engelmark  et  al.,  1976).  The  atlas  of  the  distribution  of  vascular  plants  in  NW Europe 
(Hultén, 1950) was used to distinguish between regional and long distance transported pollen 
types. Non-pollen palynomorphs (van Geel, 1978; van Geel and Aptroot, 2006) and pollen 
types not included in the pollen sum were recorded and expressed as percentages  of  the 
pollen  sum.  Diagrams  were  prepared  using  the  Tilia  program  (Grimm,  1990). 
Stratigraphically constrained cluster analyses were performed on the pollen sum dataset and 
on  the  macrofossil  percentages  with  the  Coniss  program  (Grimm,  1987) to  identify 
assemblage zones within the dry land and wetland diagrams.

Table  2.1 List  of  herb  pollen included  in the  human impact  indicators  sorted  in indicator  type and land-use 
category (Behre, 1986; Berglund, 1986; Poska et al., 2004). * Differentiation on the basis of pollen production.

Type of indicator Land-use category Taxa
Anthropochores Cultivated land Cerealia (non Secale)
  Humulus/Cannabis
  Secale
Apophytes Ruderals (minor*) Brassicaceae
  Chamaenerion angustifolium type
  Echium vulgare
  Plantago major/media
  Rumex acetosa type
  Urtica
 Ruderals (major*) Artemisia
  Chenopodiaceae
 Meadow cf. Sedum 
  Fabaceae 
  Galium type
  Hypericum spec.
  Ranunculaceae
  Trollius europaeus
 Open land Apiaceae
  Asteraceae liguliflorae
  Asteraceae tubuliflorae
  Caryophyllaceae
  Poaceae 
  Rosaceae undif.
 Grazed forest Melampyrum
 Dry meadow Juniperus
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2.2.3. Macrofossil analyses

A cylindrical sampler of 25.2 mm diameter was used to select macrofossil samples of c. 5 

cm3. Samples were heated for c. 30 minutes in a 5% KOH solution and sieved (mesh 160 
μm). Macrofossils were scanned in a petri dish under a binocular microscope and identified 
using Grosse-Brauckmann (1972; 1974; 1986), the moss flora of Britain and Ireland (Smith, 
1978), the Nordic Sphagnum flora (Johansson, 1995), the seed atlas of Katz et al. (1965) and 
a  reference  collection.  Volume  percentages  were  estimated  for  the  mosses,  roots  and 
epidermis  material.  Leaves,  branches  and seeds of  flowering plants  were counted.  Acari, 
testate amoebae and fungal remains recorded during macrofossil analysis were estimated in 
classes of abundance expressed on a five-point scale, one plus (+) meaning low numbers, five 
plusses  pointing  to  high  numbers.  During  the  analysis  some  questions  arose  on  the 
identification of  Sphagnum sect. Cuspidata.  Sphagnum balticum was observed in the field, 
though the macrofossil analysis of the surface layers showed Sphagnum angustifolium which 
was  also  found in  the  nearby Degerö  Stormyran  (Malmström,  1923).  Both  species  were 
formerly  identified  as  Sphagnum recurvum (Smith,  1978).  A  microscopic  study  of  fresh 
Sphagnum collected  in  Lappmyran,  revealed  that  characteristics  of  both  species  were 
observed on an individual plant. No clear identification or differentiation could be made. It 
was therefore decided to use the earlier identifications and thus to name the species observed 
in the field Sphagnum balticum and the one in the macrofossils Sphagnum angustifolium.

2.2.4. Sample preparation for accelerator mass spectrometry (AMS) 14C dating

Forty  levels  of  the  peat  core  were  14C  AMS  dated.  Only  above-ground  plant  remains, 
preferably  Sphagnum remains  (branches  or  stems  with  leaves),  were  selected  from  the 
macrofossil samples (Kilian et al., 1995; Nilsson et al., 2001). Some samples did not contain 
sufficient  Sphagnum remains,  and  therefore other  plant  remains  (Drepanocladus fluitans, 
Andromeda  polifolia  or  Eriophorum  vaginatum)  were  selected  for  dating  (Table  2.2). 
Samples were cleaned to remove root material and fossil fungal remains. The samples were 
stored for one night in HCL (4%) and afterwards cleaned with Millipore water until  pH-
neutral. The samples were checked again for contamination and than dried in tin cups in a 
stove at 80°C for 48 hours. The tin cups filled with the dry samples were weighed and sent to 
the Centre for Isotope Research, University of Groningen, The Netherlands, for radiocarbon 
dating.
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Table 2.2 Radiocarbon and 14C AMS wiggle-match date results for Lappmyran.

Sample GrA- δ13C Carbon 14 C 14 C age Wiggle-match Sample

depth number  content     date composition

cm  ‰ % % +/- BP +/- AD +/- sub-set  
4 26368 -29.10 42.2 110.69 0.40 -815 30 1998 0.5 I S. fuscum 
7 26369 -27.80 42.3 111.15 0.40 -850 30 1995 0.5 I S. fuscum 

10 25369 -26.97 44.3 113.17 0.59 -995 40 1992 0.5 I S. fuscum 
14 26371 -28.40 41.1 117.38 0.42 -1285 30 1988 0.5 I S. fuscum 
16 27755 -27.10 52.7 122.32 0.50 -1620 35 1984 1.0 II S. fuscum 
17 26372 -26.90 40.6 129.27 0.45 -2060 30 1982 1.0 II S. fuscum 
18 27756 -27.50 54.5 125.98 0.51 -1855 35 1980 1.0 II S. fuscum 
20 25371 -25.34 44.1 134.54 0.68 -2385 40 1976 1.0 II S. fuscum 
22 27757 -23.90 52.6 152.75 0.61 -3400 35 1969 1.6 III S. fuscum 
24 26381 -24.90 40 125.93 0.44 -1850 30 1963 1.6 III S. fuscum 
25 27759 -24.00 52.7 122.23 0.51 -1615 35 1960 1.6 III S. fuscum 
27 26375 -23.10 40.8 99.67 0.37 25 30 1953 1.6 III S. fuscum 
30 25373 -26.28 43.9 98.05 0.55 160 40 1944 1.6 III S. fuscum 
34 26358 -25.90 41.6 98.02 0.38 160 30 1931 1.6 III S. fuscum 
35 27761 -24.40 53.5 97.79 0.43 180 35 1928 1.6 III S. fuscum 
37 26384 -23.30 43.5 100.32 0.42 -25 35 1906 5.5 IV Sphagnum 
38 27762 -24.28 44.6 98.22 0.44 145 35 1895 5.5 IV S. fuscum 
40 25374 -24.74 43.4 98.02 0.55 160 45 1873 5.5 IV Sphagnum 
44 26385 -22.20 41.5 99.43 0.42 45 35 1829 5.5 IV Sphagnum 
45 27764 -24.41 45.1 97.53 0.43 200 35 1818 5.5 IV Sphagnum 
46 27765 -24.80 44.3 97.44 0.43 210 35 1807 5.5 IV Sphagnum 
47 26386 -22.10 41.8 98.26 0.41 140 35 1796 5.5 IV Sphagnum 
48 27766 -24.56 44.6 97.33 0.43 215 35 1785 5.5 IV Sphagnum 
49 27699 -26.00 59.1 97.97 0.63 160 50 1774 5.5 IV A. polifolia 
50 25375 -26.12 42.9 98.57 0.56 115 45 1763 5.5 IV Sphagnum 
54 26387 -20.70 43.3 98.56 0.41 115 35 1719 5.5 IV D. fluitans 
57 26389 -20.20 43.6 98.63 0.42 110 35 1686 5.5 IV D. fluitans 
60 25378 -21.75 43.5 96.77 0.56 265 45 1653 5.5 IV D. fluitans 
62 27701 -24.10 51.4 96.83 0.60 260 50 1631 5.5 IV Sphagnum, D. fluitans
64 26390 -23.90 42.1 96.16 0.40 315 35 1609 5.5 IV Sphagnum 
65 27768 -25.92 44.1 95.64 0.41 360 35 1598 5.5 IV Sphagnum 
66 27769 -29.03 45.3 95.65 0.41 360 35 1587 5.5 IV Sphagnum 
67 27703 -27.10 61.5 96.55 0.60 280 50 1576 5.5 IV A. polifolia
68 27770 -29.20 45.7 95.49 0.42 370 35 1476 50.0 V Sphagnum 
69 27788 -25.71 46.2 92.10 0.40 660 35 1376 50.0 V Sphagnum 
70 27789 -23.15 45.6 88.36 0.38 995 35 1151 112.5 VI Sphagnum 
71 27790 -25.27 46.8 86.32 0.39 1180 35 926 112.5 VI Sphagnum 
72 26391 -25.50 48.1 86.96 0.36 1125 35 866 30.0 VII Sphagnum 
88 31253 -26.52 50.2 85.95 0.30 1215 30 772 28.5 VIII E. vaginatum
96 31462 -27.47 50.4 80.19 0.32 1775 30 316 28.5 VIII E. vaginatum, 

Sphagnum
 A. polifolia
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2.2.5. Testate amoebae

Peat samples measuring 1 cm3 were prepared using standard techniques for testate amoebae 
analyses (Hendon and Charman, 1997). Minor deviations from the described process include 
the use of deionised water as opposed to glycerol as both storage and counting medium for 
improved optical clarity. Safranin dye was not used. Counts were continued until at least 150 
tests had been identified. All tests were identified using the taxonomic key in Charman et al. 
(2000) and results are displayed as percentages of the total count. Reconstructed water tables 
(RWTs)  have  been  calculated  using  a  transfer  function  that  employs  modern  testate 
assemblage data and environmental  variables across seven European mire sites (Charman, 
2007; Charman et al., 2007). A complex weighted average partial least squares (WAPLS) 
model performed slightly better in cross validation of the modern samples (RMSEP= 5.63 
cm), but a weighted average tolerance downweighted (WA-Tol) model was adopted for this 
site because of its similar performance in cross validation (RMSEP= 5.97 cm) and its relative 
simplicity.  Zones  used  in  the  macrofossil  diagram  have  been  transferred  to  the  testate 
diagram as this facilitates comparison between the two figures. Changes in water table are 
described in terms of the reconstructed water table (RWT). A fall in RWT indicates drier 
conditions (deep water tables) and a rise indicates wetter conditions (shallower water table 
depths).

2.6. Bulk density, loss on ignition and C and N contents

The bulk density (dry weight / fresh volume) was measured for the top 72 cm of the core. 

Sub-samples of 10.5 cm3 were used. The dry weight of the samples was determined after 
placing the samples in the oven at 105°C until constant weight. Organic matter content was 

determined as loss on ignition by incinerating sub-samples of c. 35 cm3 for 3 hours at 550°C. 
Carbon  and  Nitrogen  contents  were  determined  with  a  Fisons  EA1108  CHN-O element 
analyser.

2.7. Colorimetric determination of peat humification

This  technique  is  believed  to  represent  a  semi  quantitative  measure  of  average  summer 
effective rainfall  (Blackford and Chambers,  1993; 1995), since the decomposition state is 
dependent on the time the plant remains take to pass from the biologically active acrotelm 
into the almost inert  catotelm. Local  species composition affects decomposition processes 
and decay products. This can likely be driven by internal dynamics or responses to external 
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forcing (Mauquoy et al., 2002a; 2002b). Sub-samples of c. 5 cm3 were taken from the peat 
core and analysed with a modified version of the Bahnson colorimetric method (Blackford 
and  Chambers,  1993).  The  results  are  presented  as  percentage  light  transmission  values 
(measured  after  3  h  at  550 nm).  Absorption of  light  from an  alkaline  extract  of  peat  is 
proportional  to  the  amount  of  humic  matter  dissolved,  with  greater  transmission  of  light 
through less humified material (Aaby and Tauber, 1975). Therefore high transmission values 
(low absorption) indicate a fast passage of peat through the acrotelm and the reverse for peat 
samples  that  possess  low  transmission  values  (Mauquoy  et  al.,  2002a;  2002b).  High 
transmission  values  should  indicate  a  high  average  summer  effective  rainfall  causing  a 
relatively high water table in a raised bog. Recent studies combining humification with other 
proxies  of  mire surface  wetness  have identified  inconsistencies  between the records,  and 
therefore  this  proxy  should  be  interpreted  with  caution  (Yeloff  and  Mauquoy,  2006). 
However, some multiproxy studies show agreement between the humification data and other 
surface-moisture proxies (Sillasoo et al., 2007)

2.3. Results

2.3.1. Peat stratigraphy and geochemical analyses 

The  results  of  bulk  density  measurements,  degree  of  humification  (percentages  of 
transmission),  Carbon and Nitrogen  concentrations,  C/N ratio  and loss  on ignition  (LOI, 
percentages  of  organic  matter)  are  presented  in  Figure  2.3.  The  bulk  densities  and  N 
concentrations are very high in the dark brown deepest part of the peat section. Transmission 
percentages and C/N ratio are very low. From 90 cm depth bulk densities decrease from 0.16 

g cm-3 to 0.09 g cm-3 at 86 cm depth; nitrogen concentrations also show a sharp decrease. 
Transmission and C/N ratio values increase. High bulk density values are found between 72 
and 67 cm depth. The peat in this interval has a dark colour. Transmission data and C/N ratio 
are  low.  Between  67  and  52  cm  depth  we  find  relatively  low  bulk  densities  and  N 
percentages. This results in high C/N ratio values. Dark-colored peat is present again between 
50  and  40  cm  depth.  In  that  interval  bulk  densities  and  N  percentages  are  high  and 
transmission values are low. Bulk densities and N percentages steadily decrease from 40 cm 
to 24 cm depth. Between 24 and 21 cm depth bulk densities and C and N concentration show 
a  peak;  transmission,  C/N ratio  and LOI values  show a  depression.  Bulk  density  values 
remain almost constant from 21 cm depth towards the top of the core. In the upper three 
samples the N concentration sharply increases; C/N ratio and LOI decrease.
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Figure  2.3  Lappmyran  geochemical  analyses.  Results  of  bulk  density  (g  cm-3),  degree  of  humification  (% 
transmission), C/N ratio and loss on ignition (LOI, % organic material) analyses. Note the differences in scale.

2.3.2. Chronology

The results of 14C AMS dating are presented in Table 2.2. The dates were not calibrated in 
the conventional way, but wiggle-matched (Kilian et al., 2000; van Geel and Mook, 1989) 
using the INTCAL 98 calibration curve (Stuiver et al., 1998). The atmospheric bomb pulse 

(‘bomb peak’) was used to wiggle-match the post-1950  14C dates  (Goodsite et  al.,  2001; 
Goslar et al., 2005; Levin and Hesshaimer, 2000; Levin et al., 1994). 
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Figure 2.4 14C AMS wiggle-match dating of the Lappmyran (LPM) peat deposit using the INTCAL 98 calibration 

curve (Stuiver et al., 1998) updated with the modern 14C record reflecting the atmospheric bomb pulse (Goodsite 
et al., 2001; Levin and Hesshaimer, 2000; Levin et al., 1994). The radiocarbon dates are marked with their sample 
depths. A) dates before 1950 and B) dates after 1950.
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Therefore the Excel-approach  (Blaauw et al., 2003; 2004; Mauquoy et al., 2002b; van der 
Linden and van Geel, 2006) updated with modern ‘negative’ radiocarbon years  (Cain and 
Suess, 1976; Levin and Hesshaimer, 2000; Levin et al., 1994) was used.  In this approach, 
linear peat accumulation over limited stratigraphic intervals is preferred over a more complex 
accumulation  model.  Blaauw  et  al.  (2003,  2004)  showed  that  this  approach  produced 
satisfactory and reliable results.

The dataset was split up into 8 sub-sets, each one with its own linear peat accumulation rate. 
The  subdivision  in  sub-sets  was  based  on  shifts  in  the  pollen  concentration,  Sphagnum 
species composition, degree of humification and bulk density results (Blaauw et al., 2003; 

2004; Kilian et al., 2000; Speranza et al., 2000). For each sub-set the best fit with the  14C 
calibration curve was found by applying several accumulation rates onto the data. The year of 
sampling was used as a starting point for the top sample and then the samples were wiggle-
matched  from  young  to  old  using  the  oldest  year  of  the  previous  (younger)  sub-set  as 

anchoring point. The results are plotted on the 14C calibration curve in Figure 2.4. The ages 
of the samples  between the wiggle-matched levels were estimated by linear  interpolation 
(Appendix A).

2.3.3. Micro- and macrofossil analyses

2.3.3.1. Regional vegetation development (dry land taxa)

The pollen percentage diagram for regional taxa is shown in Figure 2.5. Pollen concentration 
and pollen accumulation rates (PAR) are shown in Figure 2.6. Omitted microfossil taxa are 
presented in Appendix B. Trees, mainly Pinus sylvestris and Picea abies, are dominant over 
the entire peat section.

 

Zone LPM-I (96 to 90.5 cm depth, c. AD 315 – 630)

This zone has low taxon diversity.  Picea shows up to 45 percent;  Pinus is less abundant. 
Betula is present in low numbers but shows an increase towards the end of the zone. Alnus 
and southern thermophilous trees show low percentages.  Apophytes and anthropochores are 
present  in  low  numbers.  Humulus/Cannabis is  recorded  several  times.  Most  taxa  show 
increasing pollen concentrations and pollen accumulation rates (PAR) through the zone.

29



30



Chapter 2

Figure  2.5 (Opposite  page)  Pollen  percentage  diagram of  regional  vegetation  (dry land  taxa)  of  Lappmyran. 
Omitted taxa are named in Appendix B. The black silhouettes show the percentage curves of all taxa, the depth bar  
filled silhouettes show the five times exaggeration curves. The legend is described in Figure 2.3.

Zone LPM-II (90.5 – 67.5 cm depth, c. AD 630 – 1530)

Tree pollen concentrations  show a maximum at  90 cm.  Picea is  no longer  the dominant 
taxon; Pinus is most abundant and is steadily increasing. Betula shows high percentages with 
some peaks, but decreases towards the top of the zone.  Alnus percentages show a strong 
decrease from 80 to 76 cm depth. From 74 cm depth Secale and other Cerealia are present. A 
gradual increase of apophytes is visible towards the top of the zone. Between 74 and 68 cm 
depth all taxa show two peaks in pollen concentration and high pollen accumulation rates.

Zone LPM-III (67.5 – 49.5 cm depth, c. AD 1530 – 1770)

Pinus percentages increase.  Picea shows relatively low percentages,  but increases towards 
the top of the zone. Betula increases and peaks at 62 cm depth (38 %) but decreases towards 
the top of the zone to 15 %. Alnus shows several maxima. Southern thermophilous trees show 
lower  percentages  and  decrease  towards  the  top  of  the  zone.  Apophytes  show  higher 
percentages, mainly caused by increases of dry meadow indicators (e.g.  Juniperus), general 
open land indicators (e.g. Poaceae) and ruderals (e.g. Rumex acetosa type and Urtica).

Zone LPM-IV (49.5 – 33.5 cm depth, c. AD 1770 – 1933)

Trees decrease to 90%. Picea percentages increase and Pinus percentages decrease, but Pinus 
remains dominant. Betula and Alnus show little variation. Quercus is no longer present. The 
increase in apophytes and anthropochores to 10 % of the pollen sum from c. 40 cm is caused 
by relatively high percentages  of the dry meadow indicator  Juniperus,  general  open land 
indicators (e.g. Poaceae) and ruderals (e.g. Rumex acetosa type). This increase is also visible 
in the pollen accumulation rates. Taxa of the meadow and cultivated land land-use categories 
are recorded.

Zone LPM-V (33.5 – 19.5 cm depth, c. AD 1933 – 1977)

Picea shows an increase to 31 % and then decreases to 5 %. Pinus shows a minimum where 
Picea peaks and increases afterwards to c. 75 %. Betula shows a maximum at 32 cm depth. 
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Figure 2.6 A) Pollen concentrations and B) pollen accumulation rates (PAR) of regional vegetation (dry land taxa) 
of Lappmyran. The legend is described in Figure 2.3.
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Apophytes, dominated by Poaceae, and anthropochores start at c. 12% of the pollen sum but 
decrease between 25 cm depth and 20 cm depth to c. 5% (decline of  Juniperus, Poaceae, 
Rumex acetosa type and Urtica). Cerealia are present. Concentrations of all taxa decrease but 
show a small peak at 23 cm depth which is also visible in the pollen accumulation rates. 

Zone LPM-VI (19.5 – 0 cm depth, c. AD 1977 – 2003)

Pinus shows percentages up to 75%.  Picea shows some variation, but generally decreases. 
Betula shows a sharp decrease between 12 and 7 cm depth. General open land indicators and 
ruderals  decrease.  Dry  meadow  and  cultivated  land  indicators  are  scarce.  Pollen 
concentrations are low and PAR is high.

2.3.3.2. Local vegetation development (mire surface)

The  macrofossil  diagram (Figure  2.7)  shows  the  changes  in  local  vegetation.  The  zone 
boundaries are mainly based on the changes in the dominance of Sphagnum species. Omitted 
macrofossil taxa are presented in Appendix B. The zonation of Figure 2.8 (pollen and spores 
of taxa from fens and bogs and non-pollen palynomorphs) and Figure 2.9 (testate amoebae) is 
derived from the macrofossil record. Testate amoebae are recorded from 72 cm depth. 

There are considerable differences between the testate amoebae found during the macrofossil 
and pollen counting (Figures 2.7 and 2.8) and the separate testate amoebae analysis (Figure 
2.9).  Differences  are  related  to  sample  preparation  (Charman  et  al.,  2000).  The  pollen 
samples are acetolysed and sieved with a 212 μm mesh sieve,  dissolving many tests and 
perhaps  separating  some  of  the  largest  testate  amoebae  from  the  pollen  sample.  The 
macrofossil preparation uses a 180 μm mesh sieve, losing the small testate amoebae that form 
the majority of the testate  amoebae assemblages.  Smaller  tests  would in any case not be 
visible  during  low  power  microscopy  used  for  macrofossil  analysis.  Records  of  testate 
amoebae obtained through pollen slides and macrofossil analysis therefore only record part of 
the assemblage and cannot be used as a measure of changes in relative abundance of testate 
amoebae taxa.

The separate testate amoebae  analysis  shows that tests were well-preserved throughout the 
profile and count levels in excess of 150 were achieved in all samples, with up to 199 tests 

counted in some samples. Concentrations were low in some samples with < 1500 tests cm-3. 

33



34



Chapter 2

Figure 2.7 (Opposite page) Macrofossil diagram (local vegetation) of Lappmyran,  volume percentages and (n) 
numbers. Omitted taxa are named in Appendix B. The legend is described in Figure 2.3.

In general the testate amoebae assemblages show major changes in the relative abundance of 
different  taxa but many taxa are present  throughout the whole sequence,  so that it  is  the 
fluctuating percentage presence that is the main driver of reconstructed water table (RWT) 
changes in the transfer function.

 

Zone LPM-W (96 – 86.5 cm depth; c. AD 315 – 780)

This zone is characterised by the presence of small yellow organic particles, probably bulbils 
(unidentifiable),  and  amorphous  organic  material.  Only  a  few  remains  of  Sphagnum 
magellanicum and Sphagnum section Acutifolia are found. At 96 cm depth some Andromeda 
polifolia branches are recorded. Also a peak of Entophlyctis lobata (T. 13) is recorded. High 
percentages  of cyperaceous roots and rhizomes and  Eriophorum vaginatum epidermis are 
found. Spores and pollen of  Sphagnum, Cyperaceae and Ericales show low percentages. At 
88 cm depth Sphagnum cuspidatum (Sphagnum section Cuspidata) appears. Newly described 
fungal spore Type 267 (Plate I) is initially present in low numbers and also increases at 88 cm 
depth.

Plate I Microscopic photos of new fungal types found in Lappmyran. Scale bar is 10 μm long.

1. Type 266 (Sample LPM3): Uredospores (?), 17-18 x 12-14 μm brown-black coloured with light coloured round 
thin sections, 2.5 μm in diameter. Type 266 spores occur in the top 5 cm of the Lappmyran peat section.

2. Type 267 (Sample LPM32): Long chains of fungal cells, 18-24 septate, small pores in end cells, 88-100 x 2.5-4 
μm. Type 267 spores were found in the deepest part (96-30 cm) of the Lappmyran peat section together with 
Sphagnum section Cuspidata.
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Figure 2.8 (Opposite page) Diagram of local taxa (pollen and non-pollen palynomorphs) of Lappmyran. Omitted 
taxa are named in Appendix B. The legend is described in Figure 2.3.

Zone LPM-X (86.5 – 69.5 cm depth; c. AD 780 – 1230)

Sphagnum  sect. Cuspidata is  the main peat former. Spores of  Sphagnum and its parasitic 
fungus Tilletia sphagni (T. 27) show a maximum at 84 cm depth. Relatively high values of 
coprophilous fungi are found at 82 cm depth. Type 267 increases and shows two peaks, at 80 
and 74 cm depth. Yellow bulbils are still present but disappear at 70 cm depth. Percentages of 
cyperaceous  roots  and  rhizomes  and  Eriophorum vaginatum decrease.  Many  leaves  of 
Andromeda polifolia are  found in this  interval.  Entophlyctus  lobata decreases.  Empetrum 
nigrum appears in the pollen record but no macrofossils are found yet. Fungal remains of 
Helicoon  pluriseptatum (T.  30),  Type  53  and  Type  90  are  found.  The  testate  amoebae 
analysis shows very high percentages of  Amphitrema flavum  and presence of  Amphitrema 
wrightianum and Heleopera sphagni, with a few other minor taxa. The reconstructed water 
table (RWT) is relatively high and stable around 5 cm depth below the surface. 

Zone LPM-Y (69.5 – 46.5 cm depth, c. AD 1230 – 1800) is mainly characterised by the 
presence of Drepanocladus cf. fluitans. Two sub-zones were distinguished.

Sub-zone LPM-Y-1 (69.5 – 55.5 cm depth, c. AD 1230 – 1700)

This sub-zone is characterised by recognisable remains of S. cuspidatum and S. angustifolium 
(both Sphagnum sect. Cuspidata), the appearance and increase of Drepanocladus cf. fluitans 
remains and the absence of Ericales roots. Pinus sylvestris needles are found regularly, Type 
267  peaks  at  66  cm depth.  Entophlyctis  lobata is  found in  very  low quantities.  Tilletia  
sphagni, Type 53 and Type 90 peak at 64 cm depth.  Amphitrema flavum is found in high 
quantities but decreases through the zone. Arcella discoides type increases to relatively high 
numbers.  Assulina muscorum and  Bullinularia indica are also present.  Placocista spinosa 
type peaks in this sub-zone. Overall RWT remains stable at around 5cm depth but there are 
minor fluctuations related to the relative abundance of A. flavum and A. discoides type.

Sub-zone LPM-Y-2 (55.5 – 46.5 cm depth, c. AD 1700 – 1800)

This sub-zone is marked by the presence of  Sphagnum sect.  Cuspidata and  Drepanocladus 
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cf.  fluitans and the reappearance of  Eriophorum vaginatum remains and Ericales rootlets. 
Pollen of  Rubus chamaemorus is present in low numbers.  Entophlyctis lobata percentages 
increase. Drepanocladus cf. fluitans disappears and Type 267, Type 53 and Type 90 decrease 
at 50 cm depth.  Amphitrema flavum dominates the zone but rapidly decreases at the end of 
the zone, with increases in Difflugia pulex type, Heleopera sphagni and Arcella catinus type. 
RWT remains high and stable at around 5 cm below the surface throughout sub-zone Y-2 
with some fall towards drier conditions in the top few samples associated with the start of the 
decline in A. flavum and a rise in D. pulex type.

Zone  Z  (46.5  –  0  cm  depth,  c.  AD  1800  –  2003)  is  characterized  by  the  presence  of 
Sphagnum section Acutifolia. Three sub-zones were distinguished.

Sub-zone LPM-Z-1 (46.5 – 32.5 cm depth, c. AD 1800 – 1936)

This sub-zone is characterised by a change to Sphagnum section Acutifolia as the dominant 
peat former (from 40 cm depth identifiable as  Sphagnum fuscum). Cyperaceous roots and 
rhizomes and remains of  Eriophorum vaginatum initially are present in high numbers but 
decrease. Pollen of Rubus chamaemorus is found in relatively high percentages. Macrofossils 
of Rubus chamaemorus are also present. Few fungal spores are found. Difflugia pulex type is 
present in high percentages and peaks at 40 cm depth. Amphitrema flavum is present initially 
in low numbers; later it peaks between 37 and 33 cm depth.  Arcella discoides and  Nebela 
militaris generally increase.  Difflugia pristis type appears with high numbers but decreases 
towards the top of the zone. Heleopera petricola shows higher numbers than in the previous 
zones. Trigonopyxis arcula is present and peaks at 33 cm depth. RWT drops to 10 cm depth 
at the start of the zone and rises slightly by the end of the zone.

Sub-zone LPM-Z-2 (32.5 – 22.5 cm depth, c. AD 1936 – 1968)

Sphagnum fuscum is the main peat former. A large peak in Sphagnum spores is recorded at 
31 - 30 cm depth. Microscopic charcoal particles occur in high numbers. Type 53 re-appears 
and  Tilletia  sphagni shows  a  peak.  Type  267  disappears.  Testate  amoebae  Amphitrema 
flavum,  Arcella  discoides type  and  Heleopera sphagni peak in  this  sub-zone.  Cyclopyxis  
arcelloides type,  Heleopera petricola,  Nebela militaris and  Hyalosphenia papilio increase. 
Difflugia pulex type and Trigonopyxis arcula decrease and almost disappear. RWT rises to 4 
cm below surface at 25 cm depth and decreases to 9 cm depth in sample depths 24 and 23.
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Sub-zone LPM-Z-3 (22.5 – 0 cm depth, c. AD 1968 – 2003)

Sphagnum  fuscum is  dominant.  At  21  cm  depth  high  numbers  of  Drosera 
rotundifolia/anglica seeds are recorded.  Empetrum nigrum branches are found only in this 
sub-zone. Cyperaceous pollen and Type 53 decrease. Type 90, Type 96 and Type 8H are 
present but disappear in the top of the core. Newly described fungal spore Type 266 (Plate I) 
is present from 11 cm depth and peaks in the surface layers of the peat. Also, some pine 
needles are found in the upper part.  Nebela militaris is dominant but decreases towards the 
surface  of  the  peat  while  Amphitema  flavum increases.  Arcella  discoides type  and 
Hyalosphenia papilio peak around 18 cm depth. Assulina muscorum, Euglypha strigosa type 
and  Trigonopyxis arcula  remain abundant towards the top of the core.  RWT shows great 
variability with a minimum of 19 cm water table depth at 13 cm core depth, and then an 
increase to 9 cm water table depth in the top of the core.

2.4. Interpretation

2.4.1. Regional vegetation development (dry land taxa, Figures 2.5 and 2.6)

c. AD 315 to 630 (zone LPM-I; 96 to 90.5 cm depth)

Picea and  Pinus dominated  the  forest  around  Lappmyran.  Threshold  limits  in  pollen 
accumulation rates can be used to estimate the distance between the source of the pollen and 
the deposition site. According to Hicks and Sunnari (2005) the threshold limits based on the 
results of the pollen monitoring network for openings of c. 200 m in diameter for  Pinus 

sylvestris and Picea abies are resp. > 2500 and > 200 grains cm-2 year-1 for dense forest. The 
low PARs  of  apophytes  and anthropochores  and the  high PARs  of  Picea mean  that  the 
Lappmyran area was covered with a dense coniferous forest consisting of spruce and few 
pine trees. Betula stands were not present within at least one kilometre.

c. AD 630 to 1530 (Zone LPM-II; 90.5 – 67.5 cm depth)

Not many changes are visible in the pollen record during this long period. PARs suggest 
alternating  periods  of  open and dense forest  of  conifers  and  Betula  (Hicks  and Sunnari, 
2005). 
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Figure 2.9 (Opposite page) Testate amoebae and reconstructed water table changes of Lappmyran. The legend is 
described in Figure 2.3.

c. AD 1530 to 1770 (Zone LPM-III; 67.5 – 49.5 cm depth)

The area around Lappmyran probably remained forested, but the pollen record also shows an 
increase in apophytes, e.g. Poaceae and  Juniperus, which implies increased human impact. 
All trees show lower concentrations and lower PARs. The coniferous forest becomes more 
open and Betula is not present within one kilometre (Hicks and Sunnari, 2005).

c. AD 1770 to 1933 (Zone LPM-IV; 49.5 - 33.5 depth)

A decrease  of  Pinus goes together  with an increase  of  apophytes  and cultivated  species, 
indicating intensified human impact. However, open Picea and Pinus forest remains present 
(Hicks and Sunnari,  2005).  Southern thermophilous broad-leaved trees e.g.  Quercus were 
never present in the Lappmyran area, so the pollen found in zone LPM-III represents long 
distance transport. Thermophilous tree pollen is hardly recorded in zone LPM-IV. This may 
be a result of a decrease in openness of the surrounding vegetation of Lappmyran resulting in 
more pollen from the surrounding vegetation being deposited. However,  it seems that the 
surrounding vegetation openness increased as implied by the increase of nonarboreal pollen. 
And thus that the northern distribution limit of thermophilous trees moved southwards after 
cooling of the climate or broad-leaved trees were logged and therefore less pollen was found.

c. AD 1933 to 1977 (Zone LPM-V; 33.5 – 19.5 cm depth

Apophytes and cultivated land taxa decrease from c. AD 1960 on, indicating a decrease in 
agricultural land use. PARs imply the presence of a dense Pinus and  Picea forest and also 
Betula is present within one kilometer (Hicks and Sunnari, 2005).  Between AD 1966 and 
1968  a  peak  in  all  pollen  concentrations  is  visible,  which  co-occurs  with  peaks  in  bulk 
density and N concentration and decreases in transmission and LOI percentages. This implies 
a period of high decomposition, which may have been caused by a dry period (Figure 2.10). 
There is also a peak in all pollen accumulation rates (23 and 22 cm depth) and minima in 
samples 21 and 20 cm depth. This may suggest that the chronology is in error here, since 

PAR is affected by the number of years per cm. However, the high-resolution  14C wiggle-

matched chronology (Figure 2.4) does not show a discrepancy with the 14C calibration curve 
between AD 1966 and 1968. The transition between subset I and II is positioned just after 
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this  interval  between  AD  1968  and  1975  (22  and  20  cm  depth).  Sample  22  could  be 
positioned on the ‘old side’ of the atmospheric bomb peak, if it is assumed that a hiatus is 
present between 22 and 20 cm depth. That would result in even higher PAR because fewer 
years per cm would be present in the high concentration samples. Therefore we suppose that 
the  chronology is  correct.  Perhaps  the  pollen  production  was  extremely  high during  this 
period. Autio and Hicks (2004) compared pollen deposition with temperature conditions in 
the previous year. They found that each ‘good pollen year’, at least for pine, was preceded by 
one with a high effective temperature sum for the growing season. Figure 2.10 shows higher 
temperatures  during  the  AD  1966-1970  period,  which  may  have  induced  higher  pollen 
production. Bennett and Hicks (2005) concluded that when peat profiles are sampled at high 
(near-annual)  temporal  resolution,  analyses  of  pollen  accumulation  rate  do  not  reflect 
vegetation  abundance,  but  temperature  related  pollen  abundance.  Barnekow et  al.  (2007) 
found a strong correlation between summer temperature and Picea abies, Pinus sylvestris and 
Betula spp. pollen accumulation rates in Kiruna, northern Sweden. The Lappmyran PARs 
show the same trend as the Kiruna PARs.

c. AD 1977 to 2003 (Zone LPM-VI; 19.5 – 0 cm depth)

The recent PARs of Lappmyran are extremely high and therefore suggest that the Lappmyran 
region was dominated by dense  Pinus and  Picea forest  during the last c. 25 years.  Open 
Betula forest was probably present in the area. This is consistent with the current vegetation 
in  the Lappmyran  area.  Agricultural  areas changed to  mainly  grassland,  indicated  by the 
decrease of pollen of apophytes  and anthropochores.  Years of high pollen production are 
visualized by peaks in the pollen accumulation rates at 13 cm depth (AD 1989), 9 cm depth 
(AD  1993),  6-5  cm  depth  (1996-1997)  and  2-1  cm  depth  (AD  2001-2003).  These  are 
consistent with the years of high pollen production found by Hicks (2001) and Barnekow et 
al. (2007).

2.4.2 Local development of mire surface (vegetation and testate amoebae, Figures 2.7, 2.8  
and 2.9))

c. AD 315 – 780 (Zone W; 96 – 86.5 cm depth)

The coring spot was not ombrotrophic during this period. At the bottom of the core, from AD 
315 to 750 AD, almost no Sphagnum remains are present. Amorphous organic material might 
indicate relatively dry conditions and/or a high decomposition rate and therefore slow peat 
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accumulation.  The  Andromeda  polifolia findings  at  96  cm  depth  also  indicate  moist 
environment  which  changes  to  a  wetter  environment  with  more  Cyperaceae,  mainly 
Eriophorum vaginatum. The high amount of cyperaceous roots and rhizomes at 92 cm depth 
are probably the ingrown roots of the E. vaginatum plants, the characteristic remains of which 
were found abundantly at 88 cm depth. At 88 cm depth c. 30% Sphagnum sect.  Cuspidata 
was recorded which also points to lawn conditions within a poor fen. 

Figure  2.10  Instrumental  data  of  A)  Umeå  summer  temperature  and  B)  Umeå  summer  precipitation  records 
(source SMHI); April-August mean (grey line), 5 year moving average (black line).

43



c. AD 780 – 1230 (Zone X; 86.5 – 69.5 cm depth)

Poor fen conditions remained at the coring spot but it was dominated by  Sphagnum  sect. 
Cuspidata lawn vegetation. This shift from cyperaceous to Sphagnum dominated vegetation 
is probably the cause for the sharp decrease in bulk densities. The high abundance of the 
testate  amoeba  Amphitrema flavum  also points to high water levels,  resulting in the high 
RWT values (5 cm below the surface). This is accompanied by an increase in transmission 
percentages from 72 cm depth to 60 cm depth indicating less decomposition. Bulk densities 
and pollen concentrations increase which may have been caused by the high compaction 
degree of Sphagnum sect. Cuspidata peat (Aaby and Tauber, 1975).

c. AD 1230 – 1700 (Zone Y-1; 69.5 – 55.5 cm depth)

Wet local conditions are reconstructed in the RWT which shows almost stable values of c. 5 
cm depth. Zone Y-1 has higher levels of Placocista spinosa but this does not have sufficient 
influence to alter RWT, which is mainly a function of dominance by A. flavum.  A peak in 
bulk density and minima in transmission percentages at 69-68 cm depth suggest a dry period 
around AD 1313 ± 50 year. This may be connected to a minimum in Amphitrema flavum at 
67-66 cm depth, also pointing to a slightly drier surface. Probably, a lower water table caused 
secondary  downward  decomposition  which  is  reflected  in  the  bulk  density  and  the 
transmission  data.  Afterwards,  the  decrease  of  bulk  density  and increase  of  transmission 
values indicate local wet conditions. This is confirmed by the fact that hardly any Ericales 
rootlets  are  present  and  that  the  remains  of  Sphagnum  sect. Cuspidata (Sphagnum 
cuspidatum and  S.  angustifolium)  are  better  preserved than in other  layers.  The recorded 
needles of Pinus sylvestris may have been transported on the water surface or by wind over a 
snow or ice covered surface. The peat is much lighter in colour and the bulk densities are 
lower from c. AD 1590 – 1760 (66 – 50 cm depth). Transmission values were high, also 
indicating a low decomposition rate and wet conditions. From c. AD 1630 to 1763 (62 to 50 
cm  depth)  the  presence  the  aquatic  moss  Drepanocladus cf.  fluitans may  indicate  less 
oligotrophic conditions. According to Sjörs (1983) it  grows in ombrotrophic bogs to acid 
poor fen conditions. Inflow of surface water from the surrounding area owing to increased 
precipitation  may  have  caused  more  mesotrophic  conditions.  However,  the  low  N 
concentration  and  high  C/N  ratio  indicate  wet  oligotrophic  conditions.  The  presence  of 
Drepanocladus is further discussed in section 2.5.2.
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c. AD 1700 – 1800 (Zone Y-2; 55.5 – 46.5 cm depth)

Initially,  less  oligotrophic  wet  conditions  remain,  indicated  by  the  high  percentages  of 
Drepanocladus cf.  fluitans.  RWT  is  initially  high.  Qualitatively,  the  lower  levels  of 
Bullinularia indica and higher levels of A. wrightianum between c. AD 1700 – 1750, before 
the increase  Difflugia pulex type, suggest that this interval may have been wetter than the 
previous period. The main transition in the plant macrofossils from dominance by Sphagnum 
section  Cuspidata (including  S.  cuspidatum and  S.  angustifolium)  to  dominance  by 
Sphagnum section Acutifolia and S. fuscum, initiated since c. AD 1750. It is associated with a 
major decrease in A. flavum, and other taxa become equally or more important in following 
zones, indicating a change to less wet local conditions. Difflugia pulex type is suggested to be 
a relatively dry indicator (Charman et al., 2000), which is reflected by the decreasing RWT at 
the top of zone Y-2.  It  co-occurs with  Eriophorum vaginatum and with dark coloured peat 
with high bulk densities and low transmission and C/N values. Also the findings of Ericales 
rootlets point to drier conditions. The disappearance of  Drepanocladus cf.  fluitans (c. AD 
1763; 50 cm depth) from the record indicates a change to an ombrotrophic environment. 

c. AD 1800 – 1936 (Zone Z-1; 46.5 – 32.5 cm depth)

Sphagnum sect. Cuspidata is replaced by the hummock forming  Sphagnum sect. Acutifolia 
(Sphagnum  fuscum)  indicating  a  change  to  ombrotrophic  and  drier  local  conditions. 
Relatively dry conditions are also suggested by the appearance of macrofossils of Vaccinium 
and the appearance of pollen of the insect-pollinated Rubus chamaemorus. Drier conditions 
(RWT up to 10cm below the surface) are indicated by rises in Difflugia pulex type,  Nebela 
militaris and several other minor taxa, and the decrease in  A. flavum and  A. wrightianum. 
Afterwards the reconstructed water table rises steadily but remains lower than in zone Y. 
Increasing wetness is also visible in the bulk density and transmission data. From c. AD 1870 
– 1966 (40 – 23 cm depth) the decreasing bulk density values and increasing transmission 
percentages  imply a  period of  low peat  decomposition  which could be caused by a  high 
average  summer  effective  rainfall  causing  a  high  water  table  (Blackford  and  Chambers, 
1993).

c. AD 1936 – 1968 (Zone Z-2; 32.5 – 22.5 cm depth)

The relatively  dry and ombrotrophic  conditions continue as  evidenced by the findings of 
hummock species: Sphagnum fuscum, Ericales rootlets, Vaccinium remains and the records of 
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Rubus chamaemorus branches  and  pollen.  From  c.  AD  1940-1944  extremely  high 
percentages of  Sphagnum and  Tilletia sphagni spores, and Ericales pollen are recorded. At 
the same time high numbers of charcoal particles are found in the macro and micro remains. 
This may have been a period with frequent superficial bog fires or forest fires.  Throughout 
sub-zone Z-2, water tables rise gradually, associated with a decrease in Difflugia pulex type.

c. AD 1968 – 2003 (Zone Z-3; 22.5 – 0 cm depth)

The change to much drier conditions in zone Z-3 where RWT is up to 19 cm below the 
surface, is primarily a function of large increases in N. militaris, the permanent presence of 
Assulina muscorum and Trigonopyxis arcula, and concurrent decreases in indicators of wet 
conditions  such  as  Arcella  discoides and  Heleopera  sphagni.  This  is  supported  by  the 
increase  in  abundance  of  remains  of  Sphagnum  fuscum,  Empetrum  nigrum and  Rubus 
chamaemorus. The  findings  of  many  Drosera  rotundifolia/anglica seeds  may  indicate  a 
temporarily bare soil between c. AD 1969 and 1976 (22-20 cm depth). Also a peak in all 
pollen  concentrations  is  visible  during  that  period,  which  co-occurs  with  a  peak in  bulk 
density and N concentration and a decrease in transmission percentages, C/N ratio and LOI. 
This  coincides  with  a  relatively  warm and dry  period  (See  discussion  and Figure  2.10). 
Minima in A. flavum and RWT are visible at 21 cm depth but this is not the driest period; the 
lowest  RWT of 19 cm below surface is  found at  AD 1989 (13 cm depth).  This may be 
connected to the mean April-August temperature and precipitation records of Umeå (Figure 
2.10) which respectively show a maximum and a minimum at AD 1989. The upper 5 cm of 
the peat deposit show a decrease in organic material in the LOI analysis (to 98%). It might 
indicate in blown soil dust (inorganic material). In this interval newly recorded fungal Type 
266 was present in high numbers. This fungal type is also recorded in the surface microfossil 
samples taken on a string and flark transect in Lappmyran (van der Linden and van Geel, 
unpublished). It occurs in the lawn samples, indicating intermediate to wet conditions.

2.5. Discussion

2.5.1. Possible effects of climate and human impact on regional vegetation

The climate during the period from AD 300 - 800 was quite cold, with some major glacier 
expansions in central Europe (Holzhauser et al., 2005). Temperature related proxy studies of 
the Northern Hemisphere (Briffa et al., 1992; Osborn and Briffa, 2006) show that the climate 
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became warmer from c. AD 800, the start of the Medieval Warm Period (MWP). The MWP 
was characterised by the major Viking expansions outward from Scandinavia over Europe, 
Iceland and Greenland where glaciers retreated and less sea ice covered the sailing routes 
(Helle,  2003;  Nesje  and  Dahl,  2000).  From  c.  AD  800  Juniperus (dry  meadow)  and 
Melampyrum (grazed  forest)  are  found  in  the  pollen  record,  indicating  the  presence  of 
herbivores. In the regional pollen diagram increases in apophytes and anthropochores reflect 
the  increased  agricultural  activities  in  the  area,  probably  caused  by an  increased  human 
population density. A low temporal resolution is present in the palaeorecord between c. AD 
900 and 1500 owing to slow peat accumulation. Identification of climate or human induced 
vegetation change is therefore hampered.

The 16th, 17th and 18th centuries were turbulent times for Sweden for three reasons. Firstly, 
between AD 1496 and 1814 many wars were fought with Denmark, Russia and the Baltic 
states, which had their culmination at c. AD 1600 (Figure 2.11A). Secondly, the cooler period 
of the Little Ice Age caused many bad harvests and starvation. Thirdly, several outbreaks of 
the Black Death occurred in Scandinavia. Effects of these events on the regional and local 
vegetation are visible in the Lappmyran dataset.

Warfare had an ambiguous effect on the landscape. On one hand Pinus sylvestris forest in the 
Umeå region was logged for shipbuilding materials (e.g. masts), which created a more open 
landscape (Engelmark et al., 1976). On the other hand the number of used agricultural fields 
decreased owing to lack of farmers since the men were sent to war and often did not return 

(Stiles, 1992). Agriculture in the Norrland province during the 16th and 17th century showed 
a  considerable  bias  towards  a  less  intensive  form  of  agriculture;  animal  production 
(Engelmark  et  al.,  1976).  The logged sites  were often used as pasture  land for  livestock 
breeding.  Sheep  and  goats  grazed  on  hay  meadows  and  consumed  tree  saplings,  except 
Juniperus which is tolerant to grazing. Effects are visible in the Lappmyran pollen diagram 

(Figure 2.5 and 2.11C); from 66 cm depth, in the second half of the 16th century an increase 
in apophytes (mainly Poaceae and  Juniperus) is visible in the pollen record.  Melampyrum 
pollen is found, which indicates grazed forest. Also the coprophilous fungi Chaetomium and 
Sporormiella are found in this interval and point to the presence of herbivores in the vicinity. 
Pinus and  Picea coverage alternates between sparsely present and open forest according to 
the low pollen accumulation rates during this period (Hicks and Sunnari, 2005).
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Figure 2.11 (Opposite page) A) Schematic  view of Swedish history;  B) Fennoscandian Summer Temperature 
record  (Briffa  et  al.,  1992)  C)  Lappmyran  regional  AP  (trees)  and  NAP  percentages  (apophytes  and 
anthropochores); D) Schematic view of dominant macrofossils of Lappmyran on calendar time scale from AD 500 
– 2000; E) 14C calibration curve (14C BP) and Δ 14C showing the minima in solar activity (Stuiver et al., 1998).

Next to warfare, the colder climate of the Little Ice Age had a severe effect on the economy 

and living conditions. Many crop failures in Upper Norrland are described during the 17th 

century (Engelmark et al., 1976). A declining population density was the obvious cause of 
contraction  of  agrarian  settlements  (Engelmark  et  al.,  1976;  Vahtola,  2003).  Veski  et  al. 

(2005) showed an event in Estonia where war and crop failure in the beginning of the 17th 

century led to a c. 75% abandonment of farmsteads shown by reduced NAP values and a 
peak of Betula in the pollen record. A comparable event is visible in the Lappmyran pollen 
record. At c. 1600 AD a decrease in apophytes and a peak in Betula occurred right after the 
climate cooling (arrow 1 in Figure 2.11C). Sweden was also at war at that time; the civil war 
(1599-1604)  had just started and the first  Polish-Swedish war (1600–1629) began (Stiles, 
1992). A minimum in NAP pollen percentages is visible at c. AD 1700 (arrow 2 in Figure 
2.11C), the Maunder minimum of solar activity (AD 1645-1715). According to Lagerqvist 
(2001)  the  bad  harvests  of  1695-1697  were  so  catastrophic  that  more  people  died  of 
starvation than were killed in all the wars fought by Karl XII. After the end of the Great 
Northern War (AD 1700 – 1721) which led to the destruction of several coastal villages, 
including Umeå in 1720 (Engelmark et al., 1976), population growth halted, and economic 
growth slowed.

 

Several outbreaks of the Black Death occurred in Scandinavia during the period of warfare 
and bad harvests.  At least 10 outbreaks were recorded in Norway between AD 1521 and 
1654, however the real number of outbreaks must have been higher (Vahtola, 2003).  From 
1713–1714, Stockholm suffered from the Black Death. In Europe, mortality ranged between 
30% and 60% of the population in the outbreak of AD 1347 (Kelly, 2005). Unfortunately it is 
not known what the mortality rates were in later outbreaks in Scandinavia or how far north 

the disease reached. The low signal of human impact in the Lappmyran region in the 18th 

century (low pollen percentages of apophytes and anthropochores) is probably caused by a 
decrease and stagnation in population growth which was likely to be the result of warfare, 
starvation and disease.
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During  the  18th century  land  use  changed.  Potash  (potassium  carbonate  K2CO3)  was 
produced  in  the  Umeå  region  and  became  a  major  export  product.  Large  quantities  of, 
preferably, Betula were burned. When these trees became too scarce Pinus sylvestris and later 
Picea abies were used (Engelmark et al., 1976; Östlund et al., 1998). Another destructive 
land use  type  was  related  to  tar  production.  Pinus sylvestris trees  were barked for  resin 

(Engelmark, 1976). Tar production started already in the 16th century but increased rapidly in 

the 18th century.  In the 19th century it  caused a serious deterioration of  the forests.  The 
selective cutting of  Pinus sylvestris greatly increased the possibilities for an expansion of 
Picea abies and contributed to the far higher proportions of  Picea abies forest found in the 
Umeå district, as compared to other parts of the Västerbotten province. This is probably the 
cause of the temporary increase of Picea in the Lappmyran pollen record from c. AD 1750.

In the beginning of the 18th century water-powered sawmills were introduced in the coastal 
area (Engelmark et al., 1976). Following the expansion of the sawmill industry in the early 

part of the 19th century; the forests lying at a greater distance from the Ume river valley were 
also exploited. Since AD 1900 these industries have ceased and the area is dominated again 
by spruce and pine forest which is recorded in the Lappmyran palaeorecord (Figure 2.5).

From AD 1934 to 1956 high summer temperatures and high NAP values are recorded (Figure 
2.10 and 2.11C). Many charcoal particles were found in the microfossil data, which might 
indicate  bog or  forest  fires.  Apophytes  decrease  from AD 1977 onwards  and are largely 
dominated by Poaceae, implying a change to grassland agricultural activities and an increase 
of the Picea abies and Pinus sylvestris forest.

2.5.2. Possible effects of climate and human impact on mire surface

Poor fen conditions were present  at the coring spot  in the deepest  part  of  the peat  core. 
Initially, it was a cyperaceous (Eriophorum vaginatum) dominated minerogenic lawn within 
a poor fen with slow peat accumulation. This changed between AD 775 and 870 (88 – 72 cm 
depth)  when  rapid  peat  accumulation  has  been  recorded.  The  shift  from  cyperaceous 
dominated  vegetation  to  Sphagnum dominated  vegetation  is  probably  the  cause  of  this 
increased peat accumulation. The Northern Fennoscandian Summer Temperature (Briffa et 
al,  1992; Figure 2.11B) shows two cooler intervals at AD 800 and 870. Perhaps a cooler 
climate induced Sphagnum domination and a lower decomposition rate. Another reason may 
be that  strings within (aapa)  mires  can move down (gravity)  or  sometimes  even upslope 
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forced by the expansion of frozen water in the flarks (Koutaniemi, 1999). In this case the 
strings may have moved towards the coring spot. The decomposition rate increased from c. 
AD 900 at the start of a long period with high summer temperatures (Medieval Warm Period) 
which is recorded as an interval of c. 600 years in just 5 cm of peat. We cannot exclude the 
possibility of a hiatus but no abrupt changes are visible in the diagrams. A continuous record 
is therefore assumed.

The interval from AD 1550 to 1760 (67-50 cm depth) shows local wet conditions according 
to the findings of Sphagnum cuspidatum and S. angustifolium, testate amoebae inferred high 
water  table  depths  and  lower  bulk  densities  and  high  transmission  data,  possibly  as  a 
consequence  of  a  wetter  climate.  The  appearance  and  increasing  abundance  of 
Drepanocladus cf. fluitans since AD 1660 (Figure 2.11D) points to a local wet environment, 
probably influenced by surface water from the surroundings of the bog. The testate amoebae 
composition with high levels of Amphitrema wrightianum between c. AD 1700 – 1750 also 
suggests  that  this  interval  was  very wet,  although not  much more than in  the  preceding 
period. This period comprises the Maunder minimum of solar activity (Figure 2.11E) and is 
generally accepted as the period with the lowest solar activity during Little Ice Age (Hoyt and 
Schatten, 1998) and with a high cosmic ray influx (Svensmark,  1998; Svensmark, 2007). 
Recently,  a  causal  mechanism  has  been  found  by  which  cosmic  rays  can  facilitate  the 
production  of  clouds,  low-level  clouds  particularly.  Low-level  clouds  cover  more  than a 
quarter of the Earth and exert a strong cooling effect at the surface (Svensmark, 2007). The 
Northern Fennoscandian Summer Temperature record (Briffa  et  al.,  1992) shows that  the 
Maunder  minimum  was  a  cold  period.  An  accompanying  increase  in precipitation  and 
reduced evaporation  probably caused groundwater  levels  to  rise  and may have increased 
inflow of minerogenic  groundwater  into the lawn of the peat  bog.  When  Drepanocladus 
disappears at c. AD 1750, the local conditions, and possibly climate, becomes drier.

 

From AD 1860 instrumental temperature and precipitation measurements are available from 
the Umeå region (Figure 2.10) which show a slow increase in summer temperature from 8 to 
11 ºC from AD 1860 to AD 1940. Precipitation shows more variability. Dry periods have 
been recorded between AD 1870-1885, AD 1915-1922, AD 1940-1945 and wet periods from 
AD 1905-1910, AD 1925-1930 and AD 1950-1965. This last wet phase is combined with a 
drop in summer temperatures of one degree Celsius. From c. AD 1870 – 1965 (40 – 23 cm 
depth)  the decreasing  bulk density  values  and increasing  transmission  percentages  in  the 
Lappmyran core imply a period of slow peat decomposition which could be caused by a high 
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average  summer  effective  rainfall  causing  a  high  water  table  (Blackford  and  Chambers, 
1993).  This  contradicts  with  the  instrumental  precipitation  data  but  is  confirmed  by  the 
reconstructed water table inferred from testate amoebae data, which shows a slow rise from 8 
to 5 cm depth below the surface. The main peat former in this layer is Sphagnum fuscum, but 
wet growing Sphagna are also found. Sphagnum sect. Cuspidata shows peaks at c. AD 1860 
and between AD 1900 - 1910; which coincide with the wet intervals in the instrumental 
precipitation data. Apparently both climate and internal dynamics signals are present in the 
proxy  data.  Possibly  the  change  from  Sphagnum  sect. Cuspidata to  Sphagnum  sect. 
Acutifolia is  only a  local event,  caused by internal  dynamics  of  the bog and not climate 
induced. It has been shown that hummock strings in mires slowly move down slope, which 
might  have happened in Lappmyran  (Couwenberg and Joosten,  2005;  Koutaniemi,  1999; 
Warburton et al.,  2004).  However,  the small  peaks in  Sphagnum  sect.  Cuspidata may be 
climate (precipitation) driven.

Between AD 1965 and 1976 a dry and warm period is visible in the instrumental data (Figure 
2.10). This period is also visible in the peat core as a dark layer containing less Sphagna and 
a peak in bulk densities and minima in transmission percentages, C/N ratio and LOI. Also the 
testate amoebae inferred water table depth is extremely low. This event seems to be regional 
and climate induced.

The acrotelm is estimated to comprise the top 20-30 cm of the peat. The acrotelm is the upper 
layer of peat which is not permanently water saturated. The plant remains in this layer are 
still liable to processes of degradation by aerobic bacteria and fungal activity. Therefore the 
state of decomposition of the acrotelm, visualised in the geochemical analysis data (Figure 
2.3), is not comparable to the permanently water saturated peat underneath, the catotelm.

2.6. Conclusions

This research shows a well-dated palaeorecord of northern Swedish Late Holocene vegetation 
development.  We  were  able  to  reconstruct  the  vegetation  composition  and  hydrological 
conditions  in  and  around  the  raised  bog  from  c.  AD  300  until  2003.  The  vegetation 
surrounding  the  mire  Lappmyran  was  influenced  by  human  activities  from c.  AD 1500 
onwards. Not only changing land use activities altered the surrounding vegetation; between 
AD 1600-1700 warfare,  diseases and crop failures  probably caused a  decrease  in human 
population development which is visible as an increase in  Betula pollen and a decrease in 
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non-arboreal  pollen.  The  Little  Ice  Age  (LIA)  is  reflected  by  changes  in  local  moss 
composition  on  the  mire  surface,  indicating  wet  and  more  nutrient  rich  groundwater-
influenced conditions during the Maunder minimum (AD 1645 - 1715); a period of low solar 
activity. The regional pollen data do not give a strong LIA signal. Previously, in our southern 
Swedish research site (van der Linden and van Geel, 2006), we used the abundance of pollen 
from broad-leaved thermophilous  trees  to  identify  cold and warm intervals  in  the  pollen 
record,  but  these  trees  did  not  grow  in  the  Lappmyran  area.  However,  long  distance 
transported pollen of southern thermophilous trees is found in the oldest part of the record. Its 
decrease from c. AD 1770 probably indicates an increase in forest density of the Lappmyran 

area. The increased production of potash and tar in the end of the 18th century is visualised in 
the decrease of pollen accumulation rates of  Pinus and  Betula and temporary increase of 
Picea.

The testate amoebae record was used to reconstruct hydrological  changes in mire surface 
wetness. The inferred water table depth shows the same signal as bulk density, transmission, 
C/N ratio and LOI data. These proxy records are generally in agreement with the instrumental 
precipitation data from the Umeå region from AD 1860 on, indicating that the vegetation 
development  of  the  bog  reflects  a  regional  climate  signal.  Occasionally  instrumental 
precipitation data and testate amoebae inferred water table depth do not agree. This may be a 
local  effect  caused  by  internal  dynamics  of  the  bog  e.g.  shifts  to  more  minerogenic 
conditions; or  the mire vegetation and testate amoebae responses to climate change may be 
not as straightforward as we might think. 
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Chapter 3

Effects of human impact and climate change 
during the last 350 years recorded in a Swedish 
raised bog deposit
 

Marjolein van der Linden, Emma Vickery, Dan J. Charman and Bas van Geel

Abstract

A peat  core from an  ombrotrophic  mire  in  central  Sweden was analysed  for  multiproxy 
indicators (plant macrofossils, pollen/non-pollen microfossils, testate amoebae, colorimetric 
humification,  carbon/nitrogen  ratios,  bulk  densities,  loss  on  ignition),  to  investigate  the 
effects of climate change and human impact on vegetation and peat accumulation during the 

last c.  350 years.  14C wiggle-match dating was applied for high-precision dating. Testate 
amoebae assemblages were used to reconstruct past water table depths and compared with 

other proxies and instrumental climate data from the mid-18th century onwards. Changes in 
mire surface wetness were mainly caused by climate change (precipitation and evaporation), 
but the internal dynamics of the local bog vegetation may also have played a role in the 
recorded water table changes. The human impact signal in the pollen data was compared with 
Swedish  population  and  landuse  data.  A  link  between  climate  change,  human  impact 
(openness of the vegetation) and demographic change was found. Cold and wet periods show 
a decrease in human impact and open land indicators  in the pollen data,  followed by an 
increase in death rate and/or an increase in emigration. 
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3.1. Introduction

Most Swedish raised bogs have a relatively undisturbed peat growth history in comparison to 
other Northwest European bog ecosystems. Swedish bogs are therefore suitable research sites 
to study changes in vegetation history and the relationship with climate change and human 
impact over the last 3-400 years. Proxy data derived from these studies can be used to test 
models that simulate and predict past and future peat accumulation and related processes such 
as  carbon  sequestration  (Heijmans  et  al.,  in  press).  This  is  valuable  information  in  the 
discussion  about  causes  and  effects  of  climate  change,  global  warming  and  the  role  of 
greenhouse gasses.

Not only the dry land pollen deposition may provide information concerning past climate 
change. Also sub fossil mire plant remains and testate amoebae provide information about 
past bog surface wetness.  Sphagnum bogs are therefore valuable deposits for investigating 
past climate change and the possible relationship with changing solar activity (Mauquoy et 
al., 2002b). Ombrotrophic Sphagnum bog growth is closely coupled to the atmosphere, since 
the bogs receive their water through precipitation alone. Van Geel et al. (1999), Mauquoy et 
al. (2002b), and Speranza et al.  (2003)  linked wet-shifts during the Subboreal / Subatlantic 
transition and the Little Ice Age (indicated by changing Sphagnum species composition) to 

increasing 14C production in the atmosphere caused by declines of solar activity. Decreases 
of thermophilous trees in pollen records may also be linked to declines of solar activity (van 
der Linden and van Geel, 2006).

The Swedish landscape was also influenced by changes in human society. Population size 

increased during the 19th and 20th centuries as a result of agricultural and medical advances. 
Also industries and railways systems began to develop in the Stockholm and Uppsala areas. 
This  brought  more  openness  to  the  landscape.  These  vegetation  changes  can  be  studied 
palaeoecologically.

The aim of our study was to reconstruct the late Holocene plant species composition in and 
around a Swedish  raised bog.  We aimed to distinguish between direct  effects  of  climate 
changes (temperature  and precipitation)  and effects  by changing human activities,  on the 
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regional and local vegetation development. We analyzed the plant species composition of one 
metre of peat, cored in a raised bog in central Sweden. Also a testate amoebae analysis was 
done  to  infer  the  historic  water  table  depths.  To obtain  a  high-resolution  reconstruction, 

terrestrial plant remains were dated by 14C wiggle-matching (Blaauw et al., 2004; Kilian et 
al., 1995; 2000; Speranza et al., 2000; van der Linden and van Geel, 2006; van der Plicht, 
1993; van Geel and Mook, 1989).  This dating strategy was used to investigate the possible 
link between the changing species composition of the bog vegetation, climate change and 
solar  activity.  The  human  impact  signal  in  the  regional  pollen  data  was  compared  with 
demographic  and  landuse  data  of  Sweden in  order  to  search  for  links  between  human 
population growth, landuse types and landscape development.

3.2. Material and methods

3.2.1. Research site

Peat cores were taken with a Wardenaar corer (Wardenaar, 1987) from the ombrotrophic mire 
Åkerlänna Römosse (ARM), c. 30 km north-west of Uppsala, Sweden (60º 01' 11.74"N, 17º 
21' 33.52" E, Figure 3.1). Åkerlänna Römosse has an oval shape; it is c. 1000-1300 m long 
and 600-800 m wide. It is the mire area of what was once a large fen and bog area called 
Bälinge Stormossen (Eriksson, 1912; Lennartsson et al., 1996). Nowadays, the surrounding 
area is mainly farmland. Two long ditches enclose the mire. These ditches were probably dug 
between AD 1716 and 1862 because they are visible on maps dating from AD 1862 but not 
on maps from AD 1716.  Smaller  ditches for  peat-cutting activities  were dug east  of  the 
eastern ditch. Exploitation took place mainly during the period AD 1910-1920 but lasted until 
1953  (Soro  et  al.,  1999).  During  the  Second  World  War  peat-cutting  activity  increased 
temporarily. After the peat-cutting activities stopped in 1953 the ditches were not maintained. 
Around the mire a vegetation belt with  Pinus sylvestris and  Picea abies is present (margin 
forest zone), which gradually changes to  Ledum palustre (syn.  Rhododendron tomentosum) 
dominated shrubby vegetation. Small pine trees grow on the mire surface. The centre of the 
bog is open and appears unaffected by drainage. Small hollows and hummocks are present 
and Sphagnum fuscum, S. balticum, S. cuspidatum, S. majus, S. magellanicum, S. lindbergii,  
S. rubellum, S. angustifolium and S. capillifolium were observed in the field. Both cores were 
taken  in  the  centre  of  the  mire,  at  the  spatial  transition  between  hummock  and  hollow 
vegetation.  Each core  was  packed  in  two metal  boxes  of  50  cm and  transported  to  the 
laboratory. Contiguous 1 cm thick sub-samples were taken from peat core ARM-I, which had 
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a length of 96 cm. The second peat core was stored for possible future research.

Figure 1 Location map of Åkerlänna Römosse (copyright map: Landmäteriverket, Gävle, 1997).
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3.2.2. Microfossil analyses

A cylindrical sampler was used to take microfossil samples of c. 0.8 cm3, each from 1 cm 
thick horizontal slices from the peat core. A known amount of Lycopodium grains (c. 10679 
in one tablet) was added to the samples before being treated with KOH and acetolysed (Fægri 
and Iversen,  1989).  The  Lycopodium grains  were used to  calculate  pollen  concentrations 

(Stockmarr, 1971) and pollen accumulation rates (PAR ≈ pollen influx in grains cm-2 yr-1) 
(Autio and Hicks, 2004; Middeldorp, 1982). Pollen was identified using Moore et al. (1991), 
Beug (2004) and a reference collection. Interpretation of the pollen record followed Berglund 
(1986) and Behre (1986). Non-pollen palynomorphs (van Geel, 1978; van Geel and Aptroot, 
2006; van Geel et al., 2003) and pollen types not included in the pollen sum were recorded 
and expressed as percentages of the pollen sum. The pollen sum (minimum of 400 grains) 
included pollen of regional trees, shrubs and herbs. Herbs and shrubs were separated into two 
groups, apophytes and anthropochores (Berglund, 1986; Poska et al., 2004), and were sorted 
into  land-use  categories  (Table  3.1).  Apophytes  are  native  plants  that  invade  abandoned 
fields. Anthropochores are a group of plants of which the seeds are dispersed as a result of 
human activity. Pollen type Humulus/Cannabis is characterised as anthropochorous because 

Humulus (hop)  and  Cannabis (hemp) were grown on farms since AD 1442 and the 16th 

century  respectively  (Engelmark  et  al.,  1976).  Diagrams  were  prepared  using  the 
TILIAGRAPH and CONISS programs (Grimm, 1990).

3.2.3. Macrofossil analyses

A cylindrical sampler of 25.2 mm diameter was used to take macrofossil samples of c. 5 cm3. 
Samples were heated for c. 30 minutes in a 5% KOH solution and sieved (mesh 160 μm). 
Macrofossils  were  scanned  in  water  in  a  petri  dish  under  a  binocular  microscope  and 
identified  using  Grosse-Brauckmann  (1972;  1974;  1986),  the  moss  flora  of  Britain  and 
Ireland (Smith, 1978), the Nordic Sphagnum flora (Johansson, 1995), the seed atlas of Katz et 
al. (1965), the key of macrolichens of Denmark, Finland, Norway and Sweden (Dahl and 
Krog, 1973), and a reference collection (Mauquoy and van Geel, 2007). Volume percentages 
were estimated for the mosses, roots and epidermis material. Other remains such as seeds and 
twigs were counted.
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Table 3.1 List of herb pollen included in the human impact indicators in Åkerlänna Römosse record (Behre, 1986; 
Berglund, 1986; Poska et al., 2004). * Differentiation on basis of pollen production.

Type of indicator Land-use category Taxa
Anthropochores Cultivated land Centaurea cyanus
  Cerealia (non Secale)
  Humulus/Cannabis
  Secale
  Symphytum officinale
   
Apophytes Ruderals (minor*) Brassicaceae
  Plantago lanceolata
  Plantago major/media
  Rumex acetosa type
  Urtica
   
 Ruderals (major*) Artemisia
  Chenopodiaceae
   
 Meadow Fabaceae 
  Galium type
  Helianthemum spec.
  Ranunculaceae
   
 Open land Apiaceae
  Asteraceae liguliflorae
  Asteraceae tubuliflorae
  Caryophyllaceae
  Poaceae 
  Rosaceae undif.
   
 Dry meadow Juniperus

3.2.4. Sample preparation for accelerator mass spectrometry (AMS) 14C dating

Thirty six levels of the peat core were 14C AMS dated. Only above-ground plant remains of 
Sphagnum fuscum were selected from the macrofossil samples (Kilian et al., 1995; Nilsson et 
al.,  2001).  Samples were cleaned to remove root  material  and fossil  fungal  remains.  The 
samples were stored for one night in HCL (4%) and afterwards cleaned with millipore water 
until pH-neutral. The samples were checked again for contamination and oven-dried in tin 
cups at 80°C for 48 hours. The tin cups filled with the dry samples were weighed and sent to 
the  Centre  for  Isotope  Research,  University of  Groningen,  The  Netherlands,  where  the 
samples were radiocarbon dated.
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3.2.5. Testate amoebae

Peat samples measuring 1 cm3 were prepared using standard techniques for testate amoebae 
analyses (Hendon and Charman, 1997). Minor deviations from the described process include 
the use of deionised water as opposed to glycerol as both storage and counting medium for 
improved optical clarity, and Safranin dye was not used. Counts were continued until at least 
150 tests had been identified. All tests were identified using the taxonomic key in Charman et 
al.  (2000) and are displayed as percentages of the total count. Reconstructed water tables 
(RWTs)  have  been  calculated  using  a  transfer  function  that  employs  modern  testate 
assemblage data and environmental variables across 7 European mire sites (Charman et al., 
2007). A complex weighted average partial least squares (WAPLS) model performed slightly 
better in cross validation of the modern samples (RMSEP= 5.63 cm), but a weighted average 
tolerance downweighted (WA-Tol) model was adopted for this site because of its similar 
performance in cross validation (RMSEP= 5.97 cm) and its relative simplicity. Zones used in 
the  macrofossil  diagram  have  been  transferred  to  the  testate  diagram  as  this  facilitates 
comparison between the two figures allowing consistent changes to be identified. Changes in 
water table are described in terms of the reconstructed water table (RWT). A fall in RWT 
indicates drier conditions (deep water tables) and a rise indicates wetter conditions (shallower 
water table depths).

3.2.6. Bulk density, loss on ignition and C and N concentration

Bulk density was measured for all samples. Sub-samples of 10.5 cm3 were used. The dry 
weight of the samples was determined after placing the samples in the oven at 105°C until 
constant weight. Organic matter content was determined as loss on ignition by incinerating 

sub-samples of c.  35 cm3 for 3 hours at  550°C. Carbon and nitrogen concentration were 
determined with a Fisons EA1108 CHN-O element analyser.

3.2.7. Colorimetric determination of peat humification

This  technique  is  believed  to  represent  a  semi-quantitative  measure  of  average  summer 
effective rainfall  (Blackford and Chambers,  1993; 1995), since the decomposition state is 
dependent on the time the plant remains take to pass from the biologically active acrotelm 

into the almost inert catotelm. Sub-samples of c. 5 cm3 were taken from the peat core and 
analysed  with  a  modified  version  of  the  Bahnson  colorimetric  method  (Blackford  and 
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Chambers,  1993).  The  results  are  presented  as  percentage  light  transmission  values 
(measured  after  3  h  at  550 nm).  Absorption of  light  from an  alkaline  extract  of  peat  is 
proportional  to  the  amount  of  humic  matter  dissolved,  with  greater  transmission  of  light 
through less humified material (Aaby and Tauber, 1975). Therefore high transmission values 
(low absorption) indicate a fast passage of peat through the acrotelm and the reverse for peat 
samples  that  possess  low  transmission  values  (Mauquoy  et  al.,  2002a;  2002b).  High 
transmission  values  should  indicate  a  high  average  summer  effective  rainfall  causing  a 
relatively  high  water  table  in  a  raised  bog.  However,  local  species  composition  affects 
decomposition processes and decay products; the species effect (Chambers et al., 1997). This 
can be likely driven by internal dynamics or responses to external forcing (Mauquoy et al., 
2002a; 2002b). Recent studies combining humification with other proxies of mire surface 
wetness have identified inconsistencies between the records, and therefore this proxy should 
be interpreted with caution, especially where there are major changes in peat composition 
(Yeloff and Mauquoy, 2006). However, other multiproxy studies show agreement between 
the humification data and other surface-moisture proxies (Sillasoo et al., 2007).

3.3. Results

3.3.1. Geochemical analyses

Results of the bulk density measurements (g cm-3), degree of humification (transmission %), 
carbon and nitrogen concentration and ratio,  and the organic matter content (LOI %) are 
presented in Figure 3.2. Because the upper samples are still within the acrotelm, and are still 
undergoing rapid decay, the characteristics of the upper samples are not directly comparable 
with  those lower  in the profile.  For  example,  the decrease in bulk density and increased 
transmission are mainly a function of this factor. The deepest part of the peat core between 90 
and 60 cm depth has rather stable bulk densities, between 0.04 and 0.06 g cm-3. High C/N 
ratios are observed when N percentages are low; C percentages are not necessarily high. At 
59 and 58 cm depth a dark layer is visible in the peat stratigraphy and high bulk densities are 
present. Transmission percentages show a minimum. Both C and N percentages are relatively 
high  and a  small  decrease  in  LOI is  visible.  From 55 to  40 cm depth bulk  density  and 
transmission values are relatively stable. C/N ratio starts high and decreases afterwards. At 40 
cm depth the peat colour changes to a darker shade. Bulk densities and C and N percentages 
steadily increase. Transmission percentages decrease. At 35 cm depth a transition to darker 
coloured  peat  is  visible  in  the  stratigraphy.  Bulk  densities  increase  and  transmission 
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percentages decrease. Hardly any decrease is visible in the LOI percentages.  The interval 
from 30 to 20 cm depth shows no major changes. From 20 to 17 cm the colour of the peat is  
very dark.  A peak in bulk density is present  at 20 cm depth.  Low transmission and LOI 
percentages together with high N percentages are visible between 20 and 17 cm depth. In the 
top part of the peat core, which is the acrotelm in which decomposition process is still going 
on, bulk densities decrease and transmission percentages increase.

Figure 3.2  Åkerlänna Römosse  chemical analyses.  Results of bulk density (g cm-3), degree of humification (% 
transmission), C/N ratio and Loss on Ignition (LOI, % organic material) analyses. Note the differences in x-axis 
scales.
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Table  3.2  Radiocarbon  and  14C AMS wiggle-match  date  results  for  Åkerlänna  Römosse.  All  samples  were 
composed of Sphagnum  fuscum.

Sample GrA- δ13C Carbon 14 C 14 C age Wiggle-match

depth number  content     date

cm  ‰ % % +/- BP +/- AD +/- sub-set
4 26623 -27.25 45.4 109.76 0.46 -750 35 2001 0.4 I
7 26624 -27.28 42.7 110.79 0.44 -825 30 1998 0.4 I
10 25968 -27.09 43.7 111.16 0.62 -850 40 1996 0.4 I
14 26626 -26.97 41.0 113.52 0.45 -1020 30 1993 0.4 I
15 29024 -27.87 46.7 112.89 0.48 -970 35 1992 0.4 I
16 29010 -27.05 47.0 114.05 0.50 -1060 35 1991 0.4 I
17 26627 -24.59 41.2 119.64 0.46 -1440 30 1985 7 II
18 31252 -28.86 44.8 116.97 0.36 -1260 25 1958 2 III
19 29013 -28.42 45.8 100.27 0.44 -20 35 1954 2 III
20 25970 -27.42 48.4 98.67 0.49 110 40 1950 2 III
24 26628 -28.02 39.8 98.89 0.40 90 35 1934 2 III
27 26631 -27.57 41.0 98.64 0.41 110 35 1922 2 III
30 25997 -27.62 44.1 99.61 0.75 30 40 1910 2 III
34 26682 -26.40 39.7 99.05 0.52 80 40 1894 2 III
37 26632 -25.55 40.9 98.09 0.41 155 35 1882 2 III
40 25998 -25.08 43.9 98.64 0.51 110 40 1870 2 III
44 26633 -25.34 42.9 99.08 0.41 75 35 1854 2 III
47 26634 -24.40 42.1 99.46 0.40 45 35 1842 2 III
50 26000 -24.82 43.9 98.34 0.51 135 40 1830 2 III
53 29014 -25.67 46.5 98.28 0.44 140 35 1818 2 III
54 26636 -24.82 47.0 98.41 0.40 130 35 1814 2 III
55 29026 -24.75 45.6 98.85 0.42 95 35 1810 2 III
57 26637 -25.49 45.6 98.01 0.39 160 35 1802 2 III
60 26001 -26.24 43.9 97.46 0.56 205 45 1790 2.5 IV
64 26638 -25.90 43.6 97.82 0.41 180 35 1770 2.5 IV
67 26641 -26.13 43.5 98.21 0.42 145 35 1755 2.5 IV
70 26003 -25.60 44.4 98.68 0.51 105 40 1740 2.5 IV
74 26642 -26.13 43.7 98.63 0.41 110 35 1720 2.5 IV
77 26644 -25.10 43.4 97.29 0.40 220 35 1705 2.5 IV
80 26004 -25.38 43.4 98.26 0.54 140 40 1690 2.5 IV
83 26646 -25.23 42.3 97.91 0.41 170 35 1675 2.5 IV
85 26647 -26.54 42.0 97.17 0.39 230 35 1665 2.5 IV
87 29028 -26.26 44.7 97.30 0.44 220 35 1655 2.5 IV
88 26648 -26.26 42.3 96.92 0.40 250 35 1650 2.5 IV
89 29030 -26.67 45.0 96.22 0.43 310 35 1645 2.5 IV
90 26005 -26.92 44.1 96.10 0.48 320 40 1640 2.5 IV

Figure 3.3 (Opposite page) 14C AMS wiggle-match dating of the Åkerlänna Römosse (ARM) peat deposit using 
the  INTCAL  98  calibration  curve  (Stuiver  et  al.,  1998)  updated  with  the  modern  14C record  reflecting  the 
atmospheric bomb pulse (Goodsite et al., 2001; Levin and Hesshaimer, 2000; Levin et al., 1994). The radiocarbon 
dates are marked with their sample depths in cm. A) 14C dates before AD 1950 and B) 14C dates after AD 1950 .
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3.3.2. Chronology

The results of 14C AMS dating are presented in Table 3.2. The dates were not calibrated in 
the conventional way, but wiggle-matched (Kilian et al., 2000; van Geel and Mook, 1989) 
using the INTCAL 98 calibration curve (Stuiver et al., 1998). The atmospheric bomb pulse 

(‘bomb peak’) was used to wiggle-match the post-1950  14C dates (Goodsite et al.,  2001; 
Goslar et al., 2005; 2000; Levin et al., 1994). Therefore the Excel-approach (Blaauw et al., 
2003;  2004;  Mauquoy et  al.,  2002b;  van  der  Linden  and van  Geel,  2006) updated  with 
modern ‘negative’ radiocarbon years  (Cain and Suess, 1976; Levin and Hesshaimer, 2000; 
Levin et al., 1994; van der Linden and van Geel, 2006) was used. In this approach, linear peat 
accumulation  over  limited  stratigraphic  intervals  is  preferred  over  a  more  complex 
accumulation  model.  Blaauw  et  al.  (2003,  2004)  showed  that  this  approach  produced 
satisfactory and reliable results.

 

The dataset was split up into 4 sub-sets, each one with its own linear peat accumulation rate. 
The  subdivision  in  sub-sets  was  based  on  shifts  in  the  pollen  concentration,  Sphagnum 
species composition, degree of humification and bulk density results (Blaauw et al., 2003; 

2004; Kilian et al., 2000; Speranza et al., 2000). For each sub-set the best fit with the  14C 
calibration curve was found by applying several accumulation rates to the data. The year of 
sampling was used as a starting point for the top sample and then the samples were wiggle-
matched  from  young  to  old  using  the  oldest  year  of  the  previous  (younger)  sub-set  as 

anchoring point. The results are plotted on the 14C calibration curve in Figure 3.3. The ages 
of  the samples between the wiggle-matched levels  were estimated by linear interpolation 
(Appendix C). The maximum of the atmospheric bomb pulse signal in the ARM data is not 
registered, although data in Appendix A suggest it should be at c. 17 cm depth. However, the 
same  data  indicate  that  the  sample  at  that  depth  comprised  some 27  years,  and  so  will 

represent the average 14C accumulation over that period. This resulted in a ‘flattening’ of the 
bomb  peak  (see  also  Goslar  et  al.,  2005).  Indeed,  the  results  from  contiguous  samples 
between 14 and 20 cm suggest that there was a period of very slow or no peat accumulation 
in the late 20th Century.

Figure  3.4  (Opposite  page)  Pollen  percentage  diagram  of  regional  vegetation  (dry  land  taxa)  of  Åkerlänna 
Römosse. The black silhouettes show the percentage curves of all taxa; the depth bar filled silhouettes show the 
five times exaggeration curves. The legend is described in Figure 3.2.
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3.3.3. Micro- and macrofossil analyses

3.3.3.1. Regional vegetation development (dry land taxa)

The results of the pollen analysis of regional taxa are presented in Figure 3.4 (percentages) 
and Figure 3.5A (concentrations) and 3.5B (pollen accumulation rates, PAR). A zonation was 
made with CONISS (square root transformation) using the pollen percentages of pollen sum 
taxa as species data. Tree pollen dominates the entire pollen record.  Pinus sylvestris shows 
the highest percentages followed by Betula spp. and Picea abies. Pinus and Betula are in the 
pollen sum and counted as regional taxa. However, these species can also grow on the bog 
surface and might therefore occasionally represent a local signal. The macrofossil data may 
indicate local presence of these species. Dates in the text will be given in calendar years AD 
without the error. The chronology with the corresponding errors is presented in Table 3.2.

Zone ARM-I (90 - 83.5 cm depth; AD 1640 - 1673)

Apophytes and anthropochores show low percentages. Pinus sylvestris decreases from 89 to 
86 cm depth. Betula and Poaceae increase at the same time. Rumex acetosa type decreases. 
The decline of Pinus and the peak in Betula are also present in the PAR data.

Zone ARM-II (83.5-60.5 cm depth; AD 1673 - 1787)

Apophytes show higher percentages than in the previous zone. At 76-75 cm depth a peak in 
Betula and  Juniperus is visible.  Pinus sylvestris percentages decrease. At 57-56 cm depth 
another  peak  in  Betula and  Juniperus and  a  decrease  in  Pinus is  visible.  Poaceae  and 
Pteridium increase. Grains of Plantago lanceolata and P. major/media are found on a regular 
basis.  Rumex acetosa type shows relatively high percentages in the entire zone, but slightly 
decreases when Betula peaks. 

Zone ARM-III (60.5-46.5 cm depth; AD 1787 - 1844)

Tree  percentages  increase  and  apophytes  decrease  caused  by  the  decline  in  Juniperus, 
Poaceae and Rumex acetosa type. From 60 - 57 cm depth peaks in PAR are visible in all taxa.

Figure  3.5  (Opposite  page)  A)  Pollen  concentrations  and  B)  pollen  accumulation  rates  (PAR)  of  regional 
vegetation (dry land taxa) of Åkerlänna Römosse. The legend is described in Figure 3.2.
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Zone ARM-IV (46.5-33.5 cm depth; AD 1844 - 1896)

Increasing percentages of  Juniperus, Poaceae and  Rumex acetosa type and a related slight 
decrease in tree percentages characterize this interval. Between 38 and 37 cm depth peaks in 
PAR are visible in all taxa.

Zone ARM-V (33.5-16.5 cm depth; AD 1896 – 1987)

This  zone  is  characterised  by  high  Betula percentages.  Pinus  sylvestris shows  lower 
percentages than in previous zones. At the start of the zone, increases in Poaceae, Fabaceae 
and  Ruderals  are  recorded.  Apophytes  percentages  remain  relatively  high  but  decrease 
towards the top of the zone. Also Ranunculaceae, Brassicaceae and Plantago lanceolata are 
found regularly. At 33 cm depth most taxa peak in pollen accumulation rates, afterward they 
show  low  values  which  slowly  increase.  The  same  pattern  is  visible  in  the  pollen 
concentration data. The peak in Pinus sylvestris percentages is not visible in PAR. At the end 
of the zone Poaceae and Secale decrease, while Rumex acetosa type almost disappears. At the 
top of the zone at 17 cm depth a huge peak of 70%  Betula and very low  Pinus sylvestris 
percentages are recorded.

 

Zone ARM-VI (16.5 – 0 cm depth; AD 1988 – 2003)

Apophytes have low percentages and cultivated land taxa are hardly present. Pinus sylvestris 
is  dominant.  Poaceae  show lower  percentages  than  in  previous  zones.  Ruderals  are  still 
present but Urtica is now dominant over Rumex acetosa type.

3.3.3.2 Local vegetation development (mire surface)

The macrofossil  results  are presented in Figure 3.6.  A zonation was made with CONISS 
(square root transformation) using the plant remains data. The macrofossil zonation was also 
used in the local pollen and spores diagram (Figure 3.7) and the testate amoebae diagram 
(Figure 3.8). 

Figure  3.6 (Opposite  page)  Macrofossil  diagram (local  vegetation)  of  Åkerlänna  Römosse.  Omitted  taxa  are 
named in Appendix D. The legend is described in Figure 3.2.
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Testate  amoebae  were well-preserved throughout  the profile.  Concentrations  were  low in 

some samples with < 1000 tests cm3; however, count levels in excess of between 150 and 200 
were obtained on all samples. The testate amoebae assemblages show major changes in both 
the presence and the relative abundance of different taxa and both of these factors drive the 
reconstructed water level (RWT) changes in the transfer function. Testate amoebae were also 
counted in the pollen slides. These do not give a complete view of the species composition or 
ratio because some tests probably dissolved during the pollen treatment.

Zone X (90 – 59.5 cm depth; AD 1640 - 1792)

Zone  X  is  mainly  characterized  by  the  presence  of  Sphagnum  fuscum,  Sphagnum 
magellanicum,  Sphagnum section  Cuspidata and  Oxycoccus  palustris  (syn.  Vaccinium 
oxycoccus). 

Sub-zone X-1 (90 -87.5 cm depth; AD 1640 - 1653)

This  sub-zone  is  characterised  by  high  percentages  of  Sphagnum  magellanicum and 
Sphagnum section  Cuspidata.  Sphagnum  fuscum percentages  are  low.  Some  Oxycoccus 
palustris branches were found.  Amphitrema flavum is dominant within the testate amoebae 
community.  Assulina  muscorum shows  relatively  high  percentages  but  is  decreasing. 
Assulina  seminulum,  Bullinularia  indica and  Hyalosphenia  ovalis are  present.  RWT  is 
relatively low with a minimum of 12.4 cm at 88 cm depth.

Sub-zone X-2 (87.5-59.5 cm depth; AD 1653 – 1792)

sub-zone X-2 is dominated by Sphagnum fuscum. Few remains of Sphagnum magellanicum 
and  Sphagnum section  Cuspidata are  present.  Oxycoccus  palustris branches  were  found 
regularly. RWT is relatively stable at, on average, 8.2 cm below the surface, principally due 
to  the loss  or  decline of  dryness  indicators  A. muscorum and  B. indica.  At 66 cm depth 
Sphagnum  magellanicum peaks  and  replaces  Sphagnum  fuscum for  a  short  period. 
Amphitrema flavum is dominant but is replaced by Difflugia pulex at 65 cm depth. Also at 65 
cm depth 16 charred  Sphagnum leaves were found. Fungal Type 53 shows two peaks and 
disappears  from  the  record  at  65  cm  depth.  Spores  of  cellulose-decomposing  fungus 
Chaetomium spec. were found in the top of the sub-zone. At 60 cm depth there is a huge peak 
in Cyperaceae pollen representation and a peak of the coprophilous fungus Sporormiella sp.
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Figure 3.7 Diagram of local taxa (pollen and non-pollen palynomorphs)  of Åkerlänna Römosse.  Some testate 
amoebae were counted in the pollen slides. See Figure 3.8 for complete testate amoebae analysis. Omitted taxa are 
named in Appendix D. The legend in described in Figure 3.2.
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Zone Y (59.5 – 33.5 cm depth; AD 1792 – 1896)

Sample depth 59 cm (AD 1794) deserves special attention. The species composition differs 
much  from the  other  sample  depths.  The  total  Sphagnum percentage  is  only 10%.  High 
percentages (38%) of amorphous organic material are found together with high amounts of 
Ericales roots and ericaceous leaf material. Also Andromeda polifolia and Empetrum nigrum 
branches have been recorded. Many  Sporormiella spores are present.  Amphitrema flavum 
decreases to minimal percentages  and remains low at 58 cm depth (AD 1798). Difflugia 
pulex, Assulina seminulum, Bullinularia indica, Nebela militaris and  Nebela tincta peak at 
59-58 cm depth. RWT is low at 11.6-13 cm below the surface. 

The rest of the zone is dominated by Sphagnum fuscum, Andromeda polifolia and Empetrum 
nigrum. Ericales pollen grains larger than 42 μm are found when macrofossils of A. polifolia 
peak.  These  grains  are  probably  from  Andromeda.  At  39  cm  depth  many  Andromeda 
polifolia and  Drosera  rotundifolia/anglica  seeds  are  found.  Amphitrema  flavum and 
Heleopera  sphagni are  the  dominant  testate  amoebae  species.  Heleopera  petricola,  
Trigonopyxis arcula type and Arcella discoides show high values between 53 - 43 and 37 - 
34 cm depth. At these depths, Type 64 is present in large quantities. It also seems to peak 
when  Empetrum nigrum  pollen peaks. In between,  Tilletia sphagni peaks at 43 cm depth. 
Chaetomium spec. peaks between 37 and 35 cm depth. RWT shows great variability with an 
amplitude of 10 cm in zone Y. From 49 to 43 cm depth a decrease in RWT from 3 – 13 cm 
below surface is recorded, in contrast to the rather stable macrofossil composition. 

 

Zone Z (33.5 – 0 cm depth; AD 1896 – 2003)

Zone Z is characterized by the presence of  Sphagnum section  Cuspidata,  S. magellanicum, 
Calluna vulgaris and lower Sphagnum fuscum percentages. 

Sub-zone Z-1 (33.5 – 26.5 cm depth; AD 1896 – 1924)

Percentages of  Sphagnum fuscum decrease while  Sphagnum section Cuspidata and Ericales 
rootlets are increasing. From 33 cm depth Calluna vulgaris branches are present. At the start 
of sub-zone Z-1 some  Empetrum remains were found.  Amphitrema flavum  and  Heleopera 
sphagni decline and are replaced by Difflugia pulex. Dry-indicators Trigonopyxis arcula and 
Nebela militaris show relatively high percentages. RWT stays below 8.7 cm with a minimum 
of  12.3  cm  below  the  surface.  Calluna  vulgaris pollen  percentages  increase.  Pollen  of 
(extralocal fen species) Filipendula and Rubus chamaemorus is present. 

74



Chapter 3

Figure 3.8 Testate  amoebae (main taxa)  and reconstructed  water  table  of  Åkerlänna  Römosse. The  legend is 
described in Figure 3.2.
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(Continued sub-zone Z-1)

A  peak  in  Sphagnum spores  coincides  with  a  peak  in  charcoal  (<  60  μm)  and  charred 
Sphagnum leaves at 30 cm depth. Relatively few fungal remains were found. Pleospora spec. 
(T. 3B), Herpotrichiella spec. (T. 22) and Type 23 were found at the transition of zone Y to 
Z, but disappear afterward. Entophlyctis lobata shows low percentages. Type 73 increases. 

Sub-zone Z-2 (26.5 - 20.5 cm depth; AD 1924 – 1948)

This interval is characterized by the presence of sclerotia of Cenococcum geophilum and the 
temporary absence of  Sphagnum section Cuspidata. Fewer remains of  Calluna vulgaris are 
present  than  in  the  previous sub-zone.  High percentages  of  Ericales  rootlets  were found. 
Pollen of Empetrum, Calluna and Rubus chamaemorus has been recorded. Fungal spores of 
Lasiosphaeria cf. caudata (T. 63A), Entophlyctis lobata, Type 64, dryness indicator Type 73 
and  Tilletia  sphagni are  present.  Difflugia  pulex shows  high  percentages.  Cyclopyxis  
arcelloides type peaks at 23 cm depth. Arcella discoides increases and Trigonopyxis arcula 
type decreases. RWT rises from 10.8 to 5.5 cm below the surface.

 

sub-zone Z-3 (20.5 – 17.5 cm depth; AD 1948 – c. 1970)

This  sub-zone  is  characterized  by  the  presence  of  Sphagnum  angustifolium and  well 
preserved remains of the lichen Cetraria cf.  ericetorum (Plate II).  Sphagnum fuscum shows 
relatively low values. Calluna vulgaris remains show higher percentages. Arcella discoides is 
present in high percentages together with other wet-indicators  Difflugia leidyi and Nebela 
griseola.  Difflugia  pulex is  rapidly  decreasing.  Amphitrema  flavum has  the  lowest 
percentages  of  the  entire  peat  section.  RWT  falls  from  4  to  6  cm  below  the  surface. 
Microthyrium spec. peaks at 19-18 cm depth. Tilletia sphagni and Entophlyctis lobata fungal 
spores decrease and are hardly present at the top of this sub-zone.  Helicoon pluriseptatum 
appears and increases from 18 cm depth.

 

Sub-zone Z-4 (17.5 – 0 cm depth; AD c. 1970 – 2003)

The  topmost  sub-zone  of  this  peat  core  is  characterized  by  the  presence  of  Sphagnum 
angustifolium and  Sphagnum magellanicum (from 12 cm depth to the top). Branches with 
leaves attached and many seeds of Calluna vulgaris were found. Between 10 and 8 cm depth 
large  amounts  of  Cyperaceae  epidermis  are present.  Andromeda polifolia and  Oxycoccus  
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palustris are also present. A rapid increase in Amphitrema flavum was recorded at the start of 
sub-zone Z-4. Nebela militaris,  Diffluglia pristis type,  Euglypha strigosa,  Nebela tincta and 
Hyalosphenia elegans are  increasing.  Arcella  discoides decreases  toward the  surface  and 
Difflugia pulex is hardly present. RWT is variable; the highest and lowest stands of the water 
table of the entire core are present within this sub-zone. At 16 cm depth RWT is 1.8 cm 
below the surface. It decreases to 7.9 cm at 14 cm depth and rises sharply to 1.3 cm depth 
below surface at 12 cm sample depth. From that point RWT decreases to 11.7 cm at sample 
depth 8 cm and remains relatively stable until  the surface. Large numbers of microscopic 
charcoal particles and some charred Sphagnum leaves were found. Type 3A fungal spores are 
present  at the start  of sub-zone Z-4.  Entophlyctis lobata and  Helicoon pluriseptatum  start 
with low percentages and increase toward the surface with maxima between 12 and 8 cm 
depth.

Plate II Microscopic photos of the Cetraria cf. ericetorum macrofossil remains.
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3.4. Interpretation

3.4.1.  Possible  effects  of  climate  change  and  human  impact  on  regional  vegetation  
development

c. AD 1640 – 1673 (Zone ARM-I; 90 - 83.5 cm depth)

The area around Åkerlänna Römosse is dominated by forest, which mostly comprises Picea 
abies indicated by the high PARs. Few human impact indicators are recorded. At c. AD 1655 
the forest  composition changes to more  Betula dominated forest  types.  At the same time 
small decreases in Rumex acetosa type and Secale are visible. The expansion of Betula may 
have been facilitated by logging of pine forest and/or by abandonment of arable land. See 
Table 3.3 for interpretation of pollen accumulation rates in terms of forest openness after 
Hicks and Sunnari (2005).

c. AD 1673 - 1787 (Zone ARM-II; 83.5 - 60.5 cm depth)

Agricultural activities suddenly expanded in the area starting at c. AD 1673. A synchronous 
peak at c. AD 1710 - 1715 in  Betula and  Juniperus and decrease in  Pinus sylvestris  and 
Rumex acetosa type may have been induced by logging of Pine forest or abandonment of 
arable land.

c. AD 1787 - 1844 (Zone ARM-III; 60.5 - 46.5 cm depth)

Low  Juniperus and  Plantago  lanceolata percentages  are  present  during the entire  period 
indicating  a  decrease  in  pasture  land.  Between  c.  1790  and  1800  a  peak  in  the  pollen 
accumulation rate of all taxa is present. Comparable intervals with high PARs were observed 
in other research sites of this project: raised mire Saxnäs Mosse in Southern Sweden (van der 
Linden and van Geel,  2006) and in a poor fen Lappmyran in Northern Sweden  (van der 
Linden et al., in review). Hicks (2001) suggested that the annual amount of pollen production 
is related to climate conditions and that, at this temporal scale, the climate signal overrides 
the vegetation signal. After warm summers pollen production is higher than normal  (Autio 
and Hicks, 2004), which may lead to even higher pollen concentration and therefore PAR 
remains high. These intervals are composed of more humified peat, which may also suggest 
warm and dry conditions. Another theory is that in periods of dryness, more pollen remains 
airborne  because  it  is  not  washed out  of  the  air  by rainfall  (people  with  hay fever  will 
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recognize this). Therefore more pollen can reach the bog surface because it was not deposited 
elsewhere closer to the source. Barnekow et al. (2007) found a strong correlation between 
summer temperature and Picea abies, Pinus sylvestris and  Betula spp. pollen accumulation 
rates in Kiruna, northern Sweden.

c. AD 1844 - 1896 (Zone ARM-IV; 46.5 - 33.5 cm depth)

Agricultural activities expand at c. AD 1850 indicated by the increase in  Secale,  Juniperus 
and Betula. From c. AD 1870 to 1896 high PARs are calculated for most taxa, which may 
indicate a warmer/drier period. 

Table  3.3  Forest  density  around Åkerlänna  Römosse  based  on pollen accumulation  rates  threshold  limits  for 
openings of c. 200 m diameter  after Hicks and Sunnari  (2005).  NP-10: Not present  within 10 km; NP-1: not 
present within 1 km; P-sparsely: Present, but only sparsely.

ARM Pinus     

Zone NP-10 NP-1 P-sparsely Open forest Dense forest
VI     X
V X X X X X
IV  X X X X
III  X X X X
II   X X  
I   X X  
      

ARM Picea     

Zone NP-10 NP-1 P-sparsely Open forest Dense forest
VI     X
V   X X X
IV    X X
III    X X
II   X X X
I    X X
      

ARM Betula     

Zone NP-10 NP-1 P-sparsely Open forest Dense forest
VI    X X
V  X X X X
IV  X X   
III  X X X X
II  X X   
I  X X   
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c. AD 1896 – 1988 (Zone ARM-V; 33.5 - 16.5 cm depth)

Pine forest  declined at  the end of the 19th century.  Betula increases  but total  tree pollen 
decreases.  Human impact  was  high,  indicated  by the  wide  variety  of  landuse indicators. 
Meadows are indicated by Fabaceae and Ranunculaceae and ruderal areas by Artemisia and 
Chenopodiaceae.  The decrease in  Rumex acetosa type  suggests  a decrease in arable  land 

during the first half of the 20th century. At c. 1950 Secale cultivation disappeared and other 
human impact indicators decreased. The extreme peak in Betula at c. 1985 is probably not a 
regional signal. A pollen sum of 1415 grains was counted of which 1240 were Betula pollen. 
Some birch trees on the bog may have produced a lot of pollen. The macrofossil analysis 
showed that this interval had dry conditions (see section 3.4.2 macro zone Z-2). Thus birch 
may have been present at the bog surface near the coring site. However, measured annual 
pollen deposition values (Hicks, 2001) show relatively high Betula pollen accumulation rates 
at 1985-1986 and extremely high values in 1989. These contemporous findings of high PARs 
in different regions imply temporary warm conditions resulting in a high pollen production 
and a dry environment.

c. AD 1988 – 2003 (Zone ARM-VI; 16.5 - 0 cm depth)

The last decades are dominated by Picea abies and Pinus sylvestris. This is consistent with 
the  current  vegetation  around  the  bog.  Human  impact  indicators  have  been  reduced  to 
Poaceae, Artemisia and Urtica. The last-named is regularly present, indicating eutrophication 
in the area caused by increased nitrogen deposition. PARs are high and variable in this zone. 

The  warming  of  the  climate  at  the  end  of  the  20th century  may  have  increased  pollen 
production. Bennett and Hicks (2005) concluded that when peat profiles are sampled at high 
(near-annual)  temporal  resolution,  analyses  of  pollen  accumulation  rate  do  not  reflect 
vegetation  abundance,  but  temperature  related  pollen  abundance.  Peaks  in  PARs  of 
Åkerlänna Römosse are consistent with high PARs measured in Kiruna, Northern Sweden 
(Barnekow et al., 2007) and Northern Finland (Hicks, 2001).

3.4.2. Possible effects of climate change and human impact on local vegetation development

AD 1640 - 1792 (Zone X; 90 – 59.5 cm depth)

This period is characterized by a wet mire surface vegetation indicated by the low presence of 
Empetrum/Ledum and  Calluna  vulgaris.  According  to  the  reconstructed  water  table,  the 
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period between AD 1640 and 1653 (sub-zone X-1) was slightly drier than the succeeding 
period from AD 1653 and 1792 (sub-zone X-2). After AD 1765 some changes occurred on 
the bog surface which caused a shift in testate amoebae and the mycoflora. The presence of 
charred Sphagnum leaves indicates a bog fire. The appearance of coprophilous fungi suggests 
increased animal presence on the mire, implying relatively dry conditions. Dung may have 
enriched the nutrient-poor bog environment and initiated a shift in testate amoebae and fungal 
composition.  Difflugia pulex may be favoured by enriched conditions, but Hendon (1998) 
suggested it is a relatively dry indicator. The peak of Cyperaceae pollen at AD 1790 may 
indicate dry and enriched conditions too. This is also suggested by the macrofossil remains of 
Eriophorum vaginatum and unidentified monocot epidermis.

AD 1792 – 1896 (Zone Y; 59.5 – 33.5 cm depth)

This interval starts with an extreme event at c. AD 1794 (59 cm depth) which causes high 
decomposition  rates  resulting  in  amorphous  and  unidentifiable  macrofossils.  This  was 
probably caused by the dry conditions at the end of zone X-2. However, the bog vegetation 
recovered quickly and surface wetness increased from c. AD 1798. Spores of coprophilous 
fungi  disappeared,  indicating  a  return  to  nutrient-poor  conditions.  Amphitrema  flavum 
regained  dominance  with  wet  conditions,  though  generally  not  as  wet  as  in  zone  X  as 
Andromeda polifolia is  more dominant  than  Oxycoccus  palustris.  A short  wet  interval  is 
indicated by a rise in RWT and dominance of  O. palustris between c. AD 1830 and 1834. 
The RWT falls  after  c.  AD 1834 to 13.2  cm below surface at  c.  AD 1846.  During this 
increasingly dry period, remains of  Empetrum nigrum and charred  Sphagnum leaves were 
found which imply dry conditions with bog fires. 

 

AD 1896 – 2003 (Zone Z; 33.5 – 0 cm depth)

Dry hummock vegetation is present at the coring site between AD 1896 and 1924 (sub-zone 
Z-1)  with  Empetrum  nigrum,  Calluna  vulgaris and  Rubus  chamaemorus.  However,  wet 
growing Sphagnum section Cuspidata is also present, which may suggest that the coring spot 
developed from hollow to hummock vegetation. The reconstructed water table is on average 
low, 10.4 cm below surface, but shows variability which may be another indication for a 
transition stage. A bog fire may have occurred at c. AD 1910, indicated by the findings of 
many charcoal particles and charred  Sphagnum leaves in sample depth 30 cm.  Filipendula 
pollen is found in relatively large quantities which suggest the presence of fen conditions in 
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the area. This is supported by evidence from a field survey in AD 1912 (Eriksson, 1912), 
which showed that Bälinger mosser still had extensive fen and marsh areas south west of the 
mire.

 

AD 1924 – 1948 (sub-zone Z-2; 26.5 - 20.5 cm depth)

The  presence  of  sclerotia  of  Cenococcum  geophilum implies  local  dry  conditions,  also 
implied  by the  disappearance  of  Sphagnum section  Cuspidata and  high  Ericales  rootlets 
percentages. Another possibility is that the remains of the weak Sphagnum section Cuspidata 
were less resistant to decomposition and therefore totally degraded (Clymo, 1984; Johnson 
and Damman, 1991).

 

AD 1948 to c. AD 1970 (sub-zone Z-3; 20.5 – 17.5 cm depth)

During this period a mix of dry and wet growing vegetation was present.  Well preserved 
remains of Cetraria cf ericetorum (see Plate II) were found which is quite unusual because 
normally lichens do not form any identifiable  macrofossils  in peat.  Hummocks can have 
patches  of  lichens  at  the  driest  spots,  the  Eriophorum  vaginatum-Cladonia  rangiferina 
association. When lichens are present, the peat accumulation process stagnates and the peat 
can become highly decomposed. This results in a more humified deposit towards the surface, 
which  may  make  drainage  more  difficult.  In  such  conditions  even  a  small  increase  in 
humidity may have caused accumulation of water in depressions, favouring the formation of 
hollow communities (Svensson, 1988). In Åkerlänna Römosse, the wet growing Sphagnum 
angustifolium has overgrown the lichen vegetation, thereby encapsulating and preserving the 
remains of Cetraria. This process is also supported by the dating evidence which suggests a 
hiatus between 18 and 17cm depth (Figure 3.3) and the RWT, which rises significantly over 
this transition. 

 

c. AD 1970 to 2003 (sub-zone Z-4; 17.5 - 0 cm depth)

The vegetation during the last interval indicates slightly wetter conditions. Empetrum nigrum 
and  Rubus chamaemorus pollen show low frequencies and from 12 cm depth  Sphagnum 
magellanicum and many Cyperaceae remains, probably Eriophorum vaginatum, occur. These 
plants form the hollow forming Magellanicum peat type (Eriophorum vaginatum-Sphagnum 
magellanicum association)  (Svensson,  1988).  The  RWT also  shows  wet  conditions  from 
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12cm, although there is a return to drier conditions above 8 cm peat depth, concurrent with 
the  reversion  to  S.  fuscum.  Charcoal  particles  are  recorded  pointing  to  local  fires  which 
indicate dry conditions. The last five years show a relatively stable environment dominated 
by  Sphagnum fuscum,  Oxycoccus palustris, Calluna vulgaris and a relatively stable RWT. 
However, the testate amoebae assemblages in this phase (top 5 cm of the core) are probably 
within the living assemblage zone and should be interpreted with caution.

3.5. Discussion

3.5.1. Mire surface wetness, climate change and human impact

The average water table depth in ombrotrophic mires is related to the amount of precipitation 
and evaporation during the warm season, and especially to the length and magnitude of the 
period  of  moisture  deficit  (Charman,  2007).  Precipitation  will  be  relatively  high  and 
evaporation  will  be  low  during  periods  with  increased  low-level  clouds.  According  to 
Svensmark (2007) low-level cloud formation is enhanced by condensation nuclei, created by 
cosmic  rays  reaching  the  atmosphere.  Cosmic  ray  intensity,  on  centennial  timescales,  is 
affected by the strength of the solar wind. With low solar activity, more cosmic rays will 
reach the atmosphere and more low-level clouds will be formed (Svensmark, 2007). Cosmic 

ray intensity also influences 14C production. Therefore the atmospheric 14C concentration can 
be used as a proxy for solar activity and maybe also for low-level  cloud production.  In-
between the Spörer and Maunder minima of solar activity, c. AD 1340 until c. AD 1600, the 
solar activity was high. According to the theory above, this must have been a relatively dry 

and warm period. Solar activity decreases during the 17th century and from AD 1645 the 
Maunder minimum starts which lasted until c. AD 1715 (Eddy, 1976; Hoyt and Schatten, 
1997). Thus, low-level cloud cover and precipitation may have increased. This is consistent 
with the reconstructed water table of Åkerlänna Römosse (Figure 3.9) but does not match the 
ecology of the  Sphagnum species.  In mire surface ecology described by Svensson (1988) 
Sphagnum  magellanicum is  part  of  hollow  communities  and  more  wet-growing  than 
Sphagnum fuscum, but drier-growing than Sphagnum cuspidatum. The RWT based on testate 
amoebae composition of Åkerlänna Römosse shows the opposite:  low water  tables  when 
Sphagnum magellanicum plays a role and high when there is a dominance of S. fuscum. Other 
mechanisms than water table depth may play a role. According to van Geel and Middeldorp 
(1988), soil dust eutrophication may be of importance. It seems that Sphagnum magellanicum 
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is favoured by the more nutrient-rich soil dust coming from agricultural fields and deposited 
on  the  mire  surface  by wind  (McClymont  et  al.,  in  press).  The  regional  pollen  diagram 
(Figure 3.4) shows a decrease in human impact from c. AD 1650 when the climate became 
colder. This coincides with the decrease in  Sphagnum magellanicum and endorses the soil 
dust eutrophication theory.

During the period AD 1649 – 1653 big floods, bad harvests and famines occurred in Sweden. 
Grain was imported from the Baltic States. The year 1653 was extremely cold (Holmgren, 
2005). The plague epidemic which reached Stockholm in AD 1654 may be another cause for 
the relatively low level of human impact indicators and the increase of the pollen curve of 
Betula.  Åkerlänna  Römosse  is  about  100  km  northeast  of  Stockholm.  This  region  was 
probably affected by the disease too. As a consequence some arable land may have been 
abandoned owing to lack of farmers and facilitated expansion of Betula trees. 

Additionally, Sweden was at war with Poland from AD 1655 until 1660 (Lagerqvist, 2001; 
Stiles, 1992). Recruitment for the army may also have caused a decline in population and 
abandonment of arable land. The pollen record shows a decrease in Pinus pollen, which may 
be explained by logging of Pine trees for ship building (masts) and possibly tar production 
(Hjulström et al., 2006). Open places created by clearing of forest are a suitable habitat for 
Betula.  From  AD  1675  the  human  impact  indicators  increase  suggesting  a  more  open 
landscape. This is caused by the expansion of Juniperus which grows in a dynamic landscape 
or grazed dry meadow. This can represent a change to less intensive agricultural activities 
like livestock breeding. This can be a result of a change in land use caused by colder and 
wetter climate.

Also, both disease and warfare affected the population size and thus had an impact on the 
landscape. A comparable event is recorded in the ARM core about 50 years later when the 
Great Northern war was being fought between AD 1700 and AD 1721 (Lagerqvist,  2001; 
Nordstrom, 2002). Crop failures and famine due to harsh weather conditions were reported in 
the years AD 1709-1710 and 1716-1718 and another plague epidemic (probably smallpox) 
struck Stockholm in AD 1710/12 (Holmgren, 2005). The synchronous peak in  Betula and 
Juniperus and fall in Pinus sylvestris and Rumex acetosa type at AD 1710 may be caused by 
the same reasons stated above. The increase of  Juniperus and regular findings of  Plantago 
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lanceolata imply a shift to pasture land which is a less  labour-intensive way of farming. 
Similar events are recognised in pollen diagrams of Swedish, Estonian, and Danish sites (van 
der Linden et al., in review; Veski et al., 2005; Yeloff and van Geel, 2007).

Human impact is relatively high in the Åkerlänna Römosse record during the 18th century. 

By the end of the 18th century, the presence of  Empetrum nigrum and coprophilous fungal 
spores  and  the  disappearance  of  Oxycoccus  palustris remains  suggest  that  Åkerlänna 
Römosse  became  relatively  dry and  accessible  for  animals.  The  large  amount  of  highly 
decomposed amorphous material at  AD 1794 (sample depth 59) is most likely caused by 
local dry conditions. This is confirmed by the occurrence of dry indicators within the testate 
amoebae composition and the fall in RWT to 13 cm depth. Figure 9 shows an increase in 

both summer and winter temperature at the end of the 18th century. A sharp drop in winter 
precipitation is also visible, together with a smaller drop in summer precipitation. The years 
AD 1792-94 were drier than others according to mean annual precipitation measurements of 
Uppsala (not shown). This fits very well with the wiggle-matched date. Solar activity is high 
but  decreasing  during  this  period.  Afterwards,  solar  activity  is  low  during  the  Dalton 

minimum (until c. AD 1820) which has high Δ 14C and 14C productivity (Masarik and Beer, 
1999; McCracken et al., 2004; Muscheler et al., 2007; Reimer et al., 2004) and low number 
of  sunspots  (Solanki  et  al.,  2004).  During  this  period  winter  precipitation  increases  and 
summer temperatures drop. We want to draw attention to the short period with wet-growing 

Sphagnum section  Cuspidata remains and the temporary increase in  14C productivity and 
minimum in sun spot number between AD 1889-1902. During this interval three years with 
an extremely high mean precipitation during the growing season have been observed. RWT 
shows a small peak at AD 1894. A series of dry years with low precipitation between AD 
1898 and 1900 is visible in the RWT at AD 1898 (sample depth 33). These changes in bog 
surface wetness may be related to changes in solar activity.

 

During the 20th century, the water tables in the bog were affected both by climate change and 
human  activities.  From  AD  1900  until  1934  RWT  is  relatively  low.  However, 
evapotranspiration during this  period is  also relatively  low, which would have caused an 
increase of the water table. During this period peat cutting activities took place in the eastern 
part of the bog (Lennartsson et al., 1996; Soro et al., 1999) which provides explanation for 
the lowering in water table. The peat cutting area was nearest to the coring site during the 
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Second World War (AD 1940-45) until the end of the peat cutting activities in AD 1953. 
However, the reconstructed water depth is not particularly deep in this interval, and it actually 
rises from AD 1934. This is concurrent with increasing summer temperatures and decreasing 
precipitation, resulting in increased moisture availability, suggesting the RWT is responding 
more to climate change than to the effects of peat cutting at the margin of the mire. Also 
agricultural activities decreased since the 1930s (see section 3.5.2) and may have lowered the 
demand for water. Between AD 1958 and 1985 no high-resolution data could be inferred 
from the peat core because this interval consists of only 1 cm of peat. This decomposed layer 
of peat may be the result of the drainage for peat cutting. However, this period of slow peat 
accumulation falls after the last peat cutting date. Although the residual effects of peat cutting 
would  be  felt  after  abandonment  of  the  cuttings,  it  seems  likely  that  some hydrological 
recovery would have taken place. The period from AD 1960 – 1980 was relatively dry and 
warm,  especially  with  dry  summer  conditions  and  a  very  dry  summer  at  1976.  As  a 
consequence it is  possible that the mire surface desiccated and peat  accumulation slowed 
down or ceased. There may even have been some loss of surface material through oxidation 
of recent peat. The RWT registers only the initial change to drier conditions in the 1950s but 
there is a gap in the record until 1985. During the dry phase, lichens could grow on the dry 
surface  and most  probably  Betula and  Pinus sylvestris trees  too.  Tree  growth may have 
further  exacerbated  the  water  table  lowering  by  increasing  transpiration.  The  pollen 
accumulation rates (Figure 3.5) show that Betula increases since AD c. 1900. Whereas Pinus 
sylvestris does not show very different values than the previous years. Between AD 1900 and 
1958 no Betula or Pinus sylvestris macrofossils have been found. However, in sample depths 
18, 17 and 16 (AD 1958 – 1991) Pinus sylvestris needles were found and in sample depth 16 
two Betula section albae fruits were present. These findings suggest that pine and birch trees 
were growing on or close to the coring spot. Therefore the peak in Betula at 17 cm depth (c. 
1985) was a result  of local birch growth, possibly caused by a warmer and drier  climate 
(Hicks, 2001). From 1985 to 1995 high summer and winter precipitation ranges are reflected 
in high RWT levels. A drop in precipitation and increase in temperatures, and thus increased 
evapotranspiration, since AD 1997, may have been the cause for the lowering of the water 
table over the last few years of the record. 

Figure 3.9 A) Instrumental data of Uppsala summer and winter temperature anomaly of AD 1723-2001 mean, B) 
Instrumental data of Uppsala summer and winter precipitation anomaly of AD 1723-2001 mean, C) summer and 
winter  Hammon evapotranspiration anomaly of AD 1723-2001 mean, D) Reconstructed water table based on 

testate amoebae composition, E) 14C productivity (Masarik and Beer, 1999; Muscheler et al., 2007) and sunspot 
number (Solanki et al., 2004).
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3.5.2 The Swedish Demographic Transition and the landscape

The demographic transition is a model that describes population changes over time (Figure 
3.10). The model is based on the observed changes in birth and death rates in industrialized 
societies (Chesnais and Kreager, 1992; Montgomery, 2007). In the first demographic stage, 
the pre-modern stage, a balance between birth and death rates is present, and both rates are 
relatively high.  This results  in  a  slow increase in  population.  In  the second demographic 
stage,  the  urbanizing/industrializing  stage,  the  balance  between  birth  and  death  rates  is 
broken.  This  results  in  a  rise  in  population  caused  by a  decline  in  death  rate.  Improved 
agricultural practices (the agricultural revolution), like crop rotation and selective breeding, 
results in higher yields. Also improvements in public health and hygiene reduce mortality 
(Chesnais and Kreager, 1992; Montgomery, 2007). Stage three, the mature industrial stage, is 
characterized  by a  decline  in  birth  rate,  leading to  a  stabilization  of  the population size. 
Several causes have been suggested, although some are speculative, like female employment, 
contraceptive  technology,  costs  of  children  in  urban  society  and  decrease  in  childhood 
mortality. Stage four, the post-modern stage, is characterized by both low birth and death 
rates and stagnation in population size.

Figure  3.10  Schematic  view  of  the  Demographic  transition  model  (after  Chesnais  and  Kreager,  1992; 
Montgomery, 2007). 
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Swedish demographic data, available since AD 1749 on the website of the Swedish Statistics 
council (SCB), were used to calculate Swedish population growth and birth and death rates. 
The results were divided into four stages according to the Demographic Transition model. 

During the first demographic stage in Sweden, a higher death rate was observed in the years 
AD 1771/73,  which were cold and wet  years  with crop failures and famines  (Holmgren, 
2005),  resulting  in  a  decrease  in  population  size.  The  population  recovered  to  positive 
numbers at AD 1774. However, a negative trend is visible during the period AD 1774-1809. 
We have  compared  these  figures  with  the  non-arboreal  pollen  percentages  of  Åkerlänna 
Römosse  (Figure  3.11A)  in  order  to  find  a  relationship  between  population  growth  and 
openness of the landscape as a measure for human impact. We found that the demographic 
trends can also be observed in the pollen percentages of human impact indicators (Figure 
3.11A;  full  data  in  Figure  3.4).  Human  impact  pollen  percentages  (apophytes  plus 
anthropochores)  were  relatively  high  between  AD  1750  and  1778,  but  subsequently 

decreased until the start of the 19th century. This period is known as the Dalton minimum (c. 
AD 1790-1820) in solar activity,  which was actually a series of very dry and warm years 
(around AD 1800), and cold and wet intervals (around AD 1810-1820) in the Uppsala region. 

In the second demographic stage, the urbanizing/industrializing stage, the balance between 
birth  and death  rates  was broken.  Human impact  pollen  percentages  slowly increased as 
population increased in stage 2.

The third  stage,  the mature  industrial  stage,  started at  c.  1866 in  Sweden (Montgomery, 
2007). Population size increased during the interval AD 1866 – 1940, but growth decreased 
toward  AD  1940.  The  human  impact  percentages  do  not  show  the  same  trend  as  the 
population  growth during  this  stage.  This  may  be  explained  by many Swedes  migrating 
(mostly  to  the  United  States  of  America)  in  the  period  AD  1866-1914  (Runblom  and 
Norman, 1976). This is shown by the discrepancy between the total population change and 
the  natural  population  change  in  Figure  3.11C.  Natural  population  change  only  includes 
births and deaths; total population change also includes population change by immigration 
and emigration. Large emigration waves (total population change values lower than natural 
population change values) are visible in the periods AD 1867-68 and 1880-1893; in these 
periods human impact percentages in the pollen record were low. The period 1868-1890 was 
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a generally  cold period according to temperature  measurements  from Uppsala  with some 
extremely dry summers and extremely wet summers which caused bad harvests and famine 
(Holmgren, 2005). Many people migrated from the countryside and therefore forest could 
expand.

Åkerlänna Römosse is located in the Uppsala municipality. Uppsala has been connected to 
the railway system since AD 1866, which promoted industrialisation. In AD 1867 about 80 
people worked in industry in Uppsala. In AD 1890 23 factories were established in Uppsala, 
and this number had even grown to 93 in AD 1910. By AD 1920 about 3000 people were 
working in  Uppsala  industry (Uppsala-municipality,  2007).  The Åkerlänna Römosse area 
was  probably  not  directly  affected  by  industry.  However,  the  pollen  diagram  shows  a 
decrease in tree pollen, mainly Pinus sylvestris, and increase in human impact until AD 1914. 
It is very likely that pine forests were logged for fuel and space for industry or arable land. 
Figure 3.11D shows the Swedish land area in kHa that was in use as arable land, pasture or 
meadow. At c. AD 1870 meadows and arable land area were almost the same, resp. 2000 and 
2500 kHa.  At  c.  AD 1920 meadow area  had decreased  to  c.  1000 kHa and arable  land 
expanded to c.  3900 kHa.  Since AD 1920 both meadows and arable land decreased and 
pastures increased. The human impact curve of Figure 3.11A follows the same trend of the 
arable land curve in Figure 3.11D. 

The  cultivation  area  in  Sweden  of  different  cereal  species  is  presented  in  Figure  3.11E. 
Initially,  Secale (rye)  and  Avena (oats)  had  the  highest  proportion,  and  cultivation  area 
increased  during  the  period  AD 1866/70  –  1906/10.  From c.  AD 1926/30  rye  and  oats 
decrease and cultivation of wheat and mixed grains increased. From AD 1956/60 the area 
with  Hordeum (barley)  cultivation  increased  rapidly  and became the  largest  cereal  crop. 
These  changes  in  cereal  cultivation  are  visible  in  the  human  impact  pollen  record  of 
Åkerlänna Römosse. By the time of AD 1950 rye cultivation has disappeared. The curve of 
the anthropochores in Figure 3.11A mainly consists of wind-pollinated rye pollen and shows 
the same shape as rye cultivation curve in Figure 3.11E. Oats and barley are cleistogamic 
(with  closed  flowers  and  self-pollination)  and  are  therefore  hardly  present  in  the  pollen 
record. Potatoes and sugar beets increased after AD 1920. However, these crops are also not 
wind pollinated, and therefore hardly recorded in the pollen record. Grasses now dominate 
the  apophytes  group.  Land use changed from arable  land to  pastures  as  shown in  figure 
3.11D.
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Figure 3.11 Demographic and landuse changes in Sweden. A) Human impact recorded in  Åkerlänna Römosse 
(NAP=non arboreal pollen) in stacked percentages, B) Natural population, birth and death rate (persons per year 
per 1000 persons), C) Natural and total population change (persons per year per 1000 persons), D) Area of Sweden 
occupied by landuse type (kHa), E) Area of Sweden used for cereal cultivation (kHa).
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Another  effect  recorded  in  the  pollen  record  may  be  that  people  stopped  farming  and 
employment moved from the countryside to the cities.  This phenomenon was related to a 
shift from intensive (small-scale) to extensive farming (large-scale). Statistics show that the 

number of cattle, pigs and sheep in Sweden increased during the 20th century; however, the 
number of animal farms decreased dramatically by 96%. From 1951 to 2003 the number of 
people employed in agriculture decreased from 869,000 to 168,000, i.e. by more than 80% 
(SJV, 2005).

According to Montgomery (2007) demographic stage 4, the post-modern stage, started at AD 

1977 in Sweden. The decades of the 20th century have been a series of periods with increased 
population  growth  caused  by  baby  booms  and  immigration  waves  which  were  probably 
linked  to  periods  of  war  and  uncertainty  elsewhere  in  the  world.  These  increases  in 
population are not reflected by the openness in the landscape around Åkerlänna Römosse 
because most of the population growth is in the cities. Additionally, forests could expand as a 
result of changes in nature conservation legislation.

3.6. Conclusions

A pollen and macrofossil reconstruction of the vegetation of the past c. 350 years in, and 
surrounding  the  raised  bog  Åkerlänna  Römosse  delivered  detailed  information  about 
vegetation history, hydrological change and human impact. The testate amoebae composition 
has been used to reconstruct  the past  water tables. Generally,  the testate amoebae record 
agrees  very well  with  local  vegetation  development  of  the  sample site.  However,  testate 
amoebae composition seems to be more sensitive to dry-shifts than to wet-shifts. Changes in 
mire surface wetness are mainly caused by climate change (precipitation and evaporation), as 

shown by instrumental climate data since the mid-18th century. Occasionally, no evidence for 
climate  change  or  human  impact  on  the  hydrology  is  present  and  natural  succession  or 
internal bog dynamics may have caused water table changes. The human impact signal of the 
pollen data was compared with Swedish population and landuse data. A link between changes 
in population growth and human impact (openness of the vegetation) is shown and related to 
a demographic transition model. Also the historically known changes in  Secale cultivation 
are clearly recorded in the pollen data.
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ombrotrophic peat bog
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Abstract

A  peat  core  from  a  raised  bog  in  southern  Sweden  was  examined  (plant  macrofossils, 
pollen/non-pollen  microfossils,  colorimetric  humification,  carbon/nitrogen  ratios,  bulk 
densities, loss on ignition) to investigate the effects of climate change and human impact on 

the plant species composition and carbon accumulation of the peat forming vegetation.  14C 
wiggle-match dating was applied for fine-resolution dating. Cooling at the start of the Little 
Ice Age was reflected by a decline of thermophilous trees from the pollen record between ca. 

cal AD 1275 - 1590, coinciding with increases in atmospheric Δ14C pointing to decreases of 
solar activity (Wolf and Spörer minimum). Human impact also decreased. Later, the effect of 
human impact was clearly visible in the form of a black brown, decomposed peat layer, the 
top  of  which  marks  a  gap  of  more  than  300  years.  Artificial  drainage  probably  caused 
secondary decomposition and oxidation of the peat. From ca. cal AD 1960 the water table of 
the  peat  bog  was  restored  following  construction  of  a  road  and  raised  bog  vegetation 
regenerated.
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4.1. Introduction

Studies  of  peat  monoliths  provide  proxy  data  giving  information  on  the  changing  plant 
species composition, climate and human activities in the past. These data help to unravel the 
development  of  vegetation  and  carbon  accumulation  in  peat  bogs.  Reconstructions  of 
vegetation and climate can also provide key information about the future. Palaeo proxy data 
are used to validate  models explaining present-day climate and predicting future climate. 
Policy makers influenced by the output of these models and palaeo records, establish policies 
on emission of greenhouse gasses and nature conservation. 

 

Peat growth and carbon accumulation in raised bogs form a complex system and are affected 
by many external and internal  factors.  The amount of precipitation, temperature and CO2 

concentration influence the species composition of the peat-forming vegetation. Under wet 
and cold conditions other plant species will grow in and around the peat bog than under dry 
and warm conditions. Climate can also influence the amount of human activities in an area. 
Dry conditions  in  a  raised bog,  either  climate  or  human induced can cause more decay. 
Decomposing peat releases CO2 into the atmosphere, which might affect climate because of 

the enhanced greenhouse effect.

 

Compared  to  other  bog  ecosystems,  Sphagnum raised  bogs  have  the  greatest  peat 
accumulation potential and therefore the highest carbon accumulation potential (Thormann et 
al., 1999). Water availability is crucial for  Sphagnum growth (Clymo and Hayward, 1982), 
and Sphagnum mosses lack the efficient water conducting system of vascular plants and are 
therefore more sensitive to extended periods of drought (Malmer et al., 1994; Heijmans et al., 
2001). The decomposition rate varies between Sphagnum species. Very wet growing species 
such as Sphagnum cuspidatum tend to decompose faster when exposed to air than relatively 
dry growing species such as S. rubellum. The species composition and carbon accumulation 
of  bog  ecosystems  is  therefore  sensitive  to  climate  change  and  to  changes  in  water 
availability owing to human impact (Johnsson and Damman, 1991; Malmer et al., 1994).

 

Sphagnum bogs  are  also  excellent  deposits  for  investigating  the  relationship  between 
changing solar activity and past climate (Mauquoy et al., 2002). Ombrotrophic  Sphagnum 
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bogs  are  closely  coupled  to  the  atmosphere,  since  they  receive  all  their  water  through 
precipitation alone. Van Geel et al. (1996), Mauquoy et al. (2002), and Speranza et al. (2003) 
linked  wet-shifts  during  the  Subboreal  /  Subatlantic  transition  and  the  Little  Ice  Age 

(indicated by changing Sphagnum composition) to periods of low solar activity and high 14C 
production in the atmosphere.

 

Fluctuations in Holocene atmospheric radiocarbon concentrations have been shown to be due 
to variations in the solar magnetic field. Solar wind is a proton-electron gas pushed into space 
by the  sun.  The intensity  of  the galactic  cosmic  rays reaching the  Earth’s  atmosphere is 
modulated by the solar wind. During periods of reduced solar activity more cosmic rays reach 
the atmosphere and thus the production of the cosmogenic isotopes increases. The records of 

cosmogenic  isotopes,  14C in treerings,  and  10Be in  Greenland ice,  reflect  changing solar 
activity in the past (Beer et al, 1988; Hoyt and Schatten, 1997; van Geel et al., 1999). Periods 

of increasing production of 14C and 10Be highlight changes from relatively high to low solar 

activity. Past atmospheric 14C fluctuations can be recorded in the peat deposits which are also 
studied paleaeoecologically.

The aim of our study is to reconstruct changes in climate, based on the record of changing 
plant species composition of raised bog vegetation during the late Holocene. In addition we 
study carbon accumulation at the sampling site. Furthermore, we aim to distinguish between 
direct effects of climate changes and the effects on raised bog growth caused by changing 
human activities. We analyzed the plant species composition and carbon accumulation of the 
upper half meter of an ombrotrophic raised peat bog in Southern Sweden. To obtain a high-

resolution reconstruction, the results of pollen and macrofossil analyses were dated by  14C 
wiggle-matching (van Geel and Mook, 1989; van der Plicht, 1993; Kilian et al., 1995, 2000; 
Speranza et al., 2000b; Blaauw et al., 2004). This dating strategy was used to investigate the 
possible  link between bog vegetation,  climate  change  and solar  activity.  To evaluate  the 
carbon accumulation capacity of a raised bog in South Sweden, we compared the changing 
plant  species composition with bulk densities,  C/N ratios,  loss  on ignition and degree  of 
humification.
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4.2. Material and methods

4.2.1. Research site

We took several cores with a Wardenaar corer (Wardenaar, 1987) in the raised bog Saxnäs 
Mosse  (SNM)  near  Lidhult,  Sweden (56°51’20.78”N,  13°27’39.62”E,  Figure  4.1)  and 
selected the longest ones that were not affected by the coring process. Peat core SNM-I did 
not show any visible compression and the complete Wardenaar monolith of 94 cm depth was 
transported to the laboratory in two metal boxes of 50 cm each. A second monolith (SNM-II, 
56°51’20.28”N, 13°27’39.92”E), was collected for extra analyses if necessary. The upper 50 
cm of the first monolith (SNM-I) was studied. Contiguous 1 cm thick sub-samples were taken 
from the peat monolith for all analyses. 

Table 4.1 List of pollen types defined as human impact indicators or as other herbs.

Human impact indicators: Other Herbs:  
Cerealia Chenopodiaceae cf. Ulex
Secale Asteraceae tubuliflorae Anthriscus type
Artemisia Asteraceae liguliflorae Potentilla type
Plantago lanceolata Caryophyllaceae Apiaceae
Plantago major/media Ranunculaceae Urtica
Plantago spec. cf. Humulus Brassicaeae
Rumex acetosa type Polygonum aviculare type Galium type
Centaurea cyanus type Saxifraga hirsuta type Rosaceae undif
Trifolium type Saxifraga stellaris type Hypericum spec.
 Hypericum perforatum type Mercurialus type
  

4.2.2. Microfossil analyses

A cylindrical sampler of 10 mm diameter was used to select microfossil samples of ca. 0.79 

cm3 each. A known amount of Lycopodium grains (ca. 10679 in one tablet) was added to the 
samples  before  being  treated  with  KOH and  acetolysed  (Fægri  and  Iversen,  1989).  The 
Lycopodium grains were used to calculate pollen concentrations (Stockmarr, 1971) and pollen 
accumulation rates (PAR) (Middeldorp, 1982). Pollen grains were identified using Moore et 
al. (1991), Beug (2004) and a reference collection of pollen type slides. Interpretation of the 
pollen record followed Berglund (1986) and Behre (1986). Non-pollen palynomorphs (van 
Geel, 1978) were recorded and expressed as percentages of the pollen sum. Two ‘new’ fungal 
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spore types were distinguished (Type 264, Plate III: 1 - 3 and Type 265, Plate III: 4 and 5). 
The pollen sum (minimum of 400 grains) included pollen of trees and shrubs, grasses, human 
impact indicators and other herbs. The herb pollen types are listed in Table 4.1. Percentages 
of  microfossil  taxa  not  included in  the pollen  sum were expressed as  percentages  of  the 
pollen sum. 

Figure 4.1 Research site Saxnäs Mosse in southern Sweden, a raised bog situated in between two lakes (Yasjön 
and Moasjön) and several roads (black and grey lines). (Copyright map: Landmäteriverket, Gävle, 1997).
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Plate III. Microscopic photos of new fungal types found in Saxnäs Mosse. Scale bars are 10 μm long.

1, 2, 3. Type 264 (sample SNM50, X 1000): Chlamydospores (?), transversally one-septate, (16-) 18-20 (-21) 
X 10-13 μm. Top cells brown, 10-13 μm long, and 10-13 μm wide, narrow towards septum. At 
the septum the spores are 5-6 μm wide. The basal cells are hyaline and have a triangular shape. 
Type 264 spores occur in the Sphagnum papillosum peat section of Saxnäs Mosse.

4,  5.    Type  265 (sample  SNM28,  X 1000):  Ascospores  ellipsoidal,  non-septate,  wall  dark  brown with 
smooth surface, 18-20 X 10-13 μm with two protruding apical pores, about 1 μm wide. Type 265 
spores are present together with Sphagnum Section Cuspidata and Rhynchospora alba in Saxnäs 
Mosse. Type 265 spores may indicate local wet conditions.

4.2.3. Macrofossil analyses

A cylindrical sampler of 25.2 mm diameter was used to select the macrofossil samples of ca. 

4.99 cm3.  Macrofossil  samples were boiled for ca. 30 minutes with 5% KOH and sieved 
(mesh 160 μm). Macrofossils were scanned in a petri dish under a binocular microscope and 
identified  using  Grosse-Brauckmann  (1972,  1974,  1986),  the  moss  flora  of  Britain and 
Ireland (Smith, 1978), the Nordic Sphagnum flora (Johansson, 1995), the seed atlas of Katz et 
al.  (1965) and a reference collection. Volume percentages were estimated for the mosses, 
roots and epidermis material. Leaves, branches and seeds of flowering plants were counted. 
Acari, testate amoebae and fungal remains were estimated in classes of abundance expressed 
on a five-point scale, one plus meaning low numbers, five plusses pointing to high numbers.

4.2.4. Sample preparation for accelerator mass spectrometry (AMS) 14C dating

In total 31 levels of the peat core were 14C AMS dated. In order to obtain a better perspective 
for the age-depth modeling the level of 60 cm depth was also radiocarbon dated. Only above-
ground  plant  remains  were  selected  from  the  macrofossil  samples  (Kilian  et  al.,  1995). 
Preferably Sphagnum remains (branches or stems with leaves) were used. Some samples of 
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very decomposed peat did not contain sufficient Sphagnum remains, and therefore other plant 
remains were selected for dating. Samples were cleaned to remove root material and fossil 
fungal remains. The samples were stored for one night in HCL (4%) and afterwards cleaned 
with Millipore water until pH-neutral.  The samples were checked again for contamination 
and than dried in tin cups in a stove at 80°C for 48 hours. The tin cups filled with the dry 
samples were weighed and sent to the Centre for Isotope Research, University of Groningen, 
The Netherlands, where the samples were radiocarbon dated.

4.2.5. Bulk density, loss on ignition and C and N contents

The bulk density (dry weight / fresh volume) was measured for the top 50 cm of the core. 

Sub-samples of 10.5 cm3 were used. The dry weight of the samples was determined after 
placing the samples in the oven at 105°C until constant weight. Organic matter content was 

determined as loss on ignition by incin sub-samples of c. 35 cm3 for 3 hours at 550°C. C and 
N contents were determined with a Fisons EA1108 CHN-O element analyser. These analyses 
provided information on the decomposition state of the sampled material.  A high state of 
decomposition points to relatively dry local conditions, while a low state of decomposition 
indicates wet local conditions.

4.2.6. Colorimetric determination of peat humification

This  technique  is  believed  to  represent  a  semiquantitative  measure  of  average  summer 
effective rainfall (Blackford and Chambers, 1993), since the decomposition state is dependent 
on the time the plant remains take to pass from the biologically active acrotelm into the 
almost inert catotelm. One should keep in mind that local vegetation change due to internal 
dynamics of the bog vegetation can also affect the decomposition process (Mauquoy et al., 

2002). Sub-samples of c. 5 cm3 were taken from the peat core and analysed with a modified 
version of the Bahnson colorimetric method (Blackford and Chambers, 1993). The results are 
presented as percentage light transmission values (measured after 3 h. at 550 nm). Absorption 
of  light  from an  alkaline  extract  of  peat  is  proportional  to  the  amount  of  humic  matter 
dissolved,  with  greater  transmission  of  light  through  less  humified  material  (Aaby  and 
Tauber, 1975). Therefore high transmission values (low absorption) indicate a fast passage of 
peat through the acrotelm and the reverse for peat matrices that possess low transmission 
values (Mauquoy et al.,  2002). Therefore high transmission values should indicate a high 
average summer effective rainfall causing a high water table in a raised bog.
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4.3. Results

4.3.1. Bulk density, C/N ratio, LOI and degree of humification

In  Figure  4.2  the  results  of  bulk  density  measurements,  degree  of  humification  (% 
transmission), C/N ratio and loss on ignition (LOI) are shown. The layer from 50 to 30 cm 
depth shows high bulk densities and high degree of humification by low transmission values. 
In the darker coloured peat layer between 40 and 30 cm depth very high bulk density and low 
C/N ratios with higher N percentages and low LOI values are visible.  At 30 cm depth a 
change occurs. Bulk densities show a decline and transmission percentages, C/N ratio and 
LOI percentages show a steep rise. At 24 cm depth bulk densities decrease and transmission 
values, C/N ratios and LOI percentages increase.

Figure 4.2 Results of bulk density (g cm-3),  degree of humification (% transmission),  C/N ratio and Loss on 
Ignition (LOI, % organic material) analyses. Note the differences in scale.
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Table 4.2 Radiocarbon and 14C AMS wiggle-match date results for Saxnäs Mosse.

Sample GrA- δ13C Carbon 14C Laboratory Wiggle-match

depth number  content age standard date  

     deviation   Sample

(cm)  (‰) (%) (BP) (BP) (AD) +/- composition
4 26501 -28.2 42.7 -710 40 2000 0.4 Sph mag 
7 26395 -27.1 43.7 -785 30 1998 0.4 Sph mag 
10 24430 -25.9 43.4 -980 40 1995 0.4 Sph mag 
14 27752 -25.5 40 -1185 35 1992 0.4 Sph mag 
17 26397 -27.2 39.2 -1195 30 1990 0.4 Sph mag 
20 24431 -26.1 43 -1475 40 1987 0.4 Sph mag 
24 26399 -26.5 40.7 -1350 30 1984 0.4 Sph mag 
26 26400 -26.3 39.9 -1970 30 1977 3 Sph spec 
27 27754 -25.8 41.5 -2805 35 1971 3 Sph mag 
28 26621 -26.4 43.2 -3290 30 1965 3 Sph spec  
29 27683 -26.4 47.5 -1025 50 1959 3 Sph sp, Eric tet 
30 24419 -24.5 49.4 300 50 1648 10.8 Rhy alb, Eric tet 
        Dro rot , Dro int 

31 27684 -22.8 45.2 380 60 1626 10.8 Sph mag 
32 26679 -26.5 43.2 260 50 1605 10.8 Sph sp, Rh alb Fr,
         Cal vul Br

33 27686 -27.4 51.2 340 60 1583 10.8 Erio vag, Sph mag
        Eric tet, And pol 
        Rhy alb 

34 26680 -27.7 49 110 45 1562 10.8 Ericaceous infloresc,
        Sph sp, And pol 

35 27687 -26.5 49.7 440 50 1540 10.8 Sph mag, And pol 
36 26643 -25.8 42.2 100 35 1518 11 Sph spec 
37 27688 -25.1 48.3 500 50 1496 11 Sph mag
38 26622 -26.4 45.2 420 35 1474 11 Sph spec 
39 27690 -28.3 65.5 490 50 1452 11 Cal vul 
40 24432 -26.0 46 470 40 1430 11 Sph mag, And pol,
        Bet sp 

41 27692 -23.9 48.7 570 50 1408 11 Sph mag, Rhy alb
42 27693 -25.0 48.4 650 60 1382 13.3 Sph mag, Rhy alb
43 27694 -26.7 55.4 620 50 1355 13.3 Sph mag, Cal vul
44 27696 -25.1 55.2 770 70 1329 13.3 And pol, Sph mag
45 27697 -27.6 56.2 690 50 1302 13.3 Sph mag, Rhy alb,
        Cal vul, And pol

46 26681 -25.1 43.6 850 45 1276 13.3 Sph sp, Rhy alb
48 27698 -24.7 50.3 710 50 1223 13.3 And pol, Sph mag,
        Rhy alb

50 24429 -22.5 44 880 40 1170 13.3 Sph pap
60 24426 -19.4 41.2 1035 40 905 13.3 Sph pap

The dates were wiggle-matched using the INTCAL 98 calibration curve (Stuiver et al., 1998). The atmospheric 
bomb pulse was used to calibrate  the modern 14C dates  (Goodsite et al.,  2001, Levin et  al.,,  1993).  Sample 
composition: Sph spec = Sphagnum spec., Sph mag = Sphagnum magellanicum, Sph pap = Sphagnum papillosum, 
Eric tet = Erica tetralix, Rhy alb = Rhynchospora alba, Dro rot = Drosera rotundifolia/anglica, Dro int = Drosera 
intermedia, Cal vul = Calluna vulgaris, Erio vag = Eriophorum  vaginatum, And pol = Andromeda polifolia, Bet 
sp = Betula spec. 
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Figure 4.3 14C AMS wiggle-match dating Saxnäs Mosse (SNM) using the INTCAL 98 calibration curve (Stuiver 
et al., 1998) updated with the modern  14C record reflecting the atmospheric bomb pulse (Goodsite et al., 2000; 
Levin  et  al.,  1993,  2000).  The  radiocarbon  dates  are  marked  with  their  sample  depths.  A)  Wiggle-matched 
radiocarbon dates  before 1950. Sample depth in cm indicated.  Two subsets: 60 - 41 cm and 40 - 30 cm. B)  
Wiggle-matched radiocarbon  dates  before  1950 with a supposed hiatus  between 30 and 29 cm depth.  Three 
subsets: 60 – 42 cm, 41 – 36 cm and 35 – 30 cm. C) Wiggle-matched radiocarbon dates after 1950 with a supposed 
hiatus between sample depths 30 and 29. Two subsets: 29 - 25 cm and 24 – 0 cm. 
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4.3.2. Chronology 

The results of  14C AMS dating are presented in Table 4.2. The dates were wiggle-matched 
(van Geel  and Mook,  1989;  Kilian  et  al.,  2000) using the INTCAL 98 calibration curve 
(Stuiver et al., 1998) within the Groningen computer program Cal25 (van der Plicht, 1993). 

The atmospheric bomb ‘peak’ was used to wiggle-match the post-1950 14C dates (Levin et 
al., 1993, 2000; Goodsite et al., 2001; Donders et al., 2004, Goslar et al, 2005). Therefore the 
Excel-approach (modified windows version of Cal25) (Mauquoy et al., 2002, Blaauw et al., 
2003, 2004) was updated with modern ‘negative’ radiocarbon years. In this approach, linear 
peat  accumulation  over  limited  stratigraphic  intervals  is  preferred  over  a  more  complex 
accumulation  model.  Blaauw  et  al.  (2003,  2004)  showed  that  this  approach  produced 
satisfactory and reliable results.

 

The dataset was split up into five stratigraphic sub-sets. This subdivision was based on shifts 
in the pollen concentration, Sphagnum composition, degree of humification and bulk density 
results (Speranza et al., 2000b; Kilian et al., 2000, Blaauw et al., 2003, 2004). One linear 
accumulation  rate  seemed  highly  unlikely  given  the  changes  in  Sphagnum species 
composition and an uncompacted fresh acrotelm with an underlying compressed catotelm. 
Initially  the  dates  were  wiggle  matched  using  four  sub-sets.  Figure  4.3A  shows  the 
radiocarbon dates before 1950 from 50 – 30 cm depth, divided in two sub-sets (50 - 42 cm 
and 41 – 30 cm). In this way the dates from 39 to 30 cm depth did not fit very well with the 
calibration curve. Most of the dates seemed to be too old. However, we had no reason to 
doubt these dates.  Guided by the relatively high degree of decomposition of the peat  we 
assumed  that  there  was  a  hiatus  present  between  30  and  29  cm  depth.  Based  on  this 
assumption the samples below the hiatus were older than shown in Figure 4.3A. We divided 
the dataset into five sub-sets: 50 - 42 cm, 41 - 36 cm, 35 - 30 cm, 29 - 25 cm and 24 – 0 cm 
depth. Figures 4.3B and 4.3C show the wiggle-match results with a supposed hiatus between 
30 and 29 cm depth. The hiatus level is  also the boundary between pre- and post-atomic 

bomb 14C dates (atmospheric  14C levels steeply rose after c. AD 1955). The wiggle-match 
records are presented in separate Figures 4.3B and 4.3C because of scaling problems. The 
ages of samples between the wiggle-match dated levels were estimated by linear interpolation 
(Appendix E).
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4.3.4. Macrofossils and microfossil analyses

 

4.3.4.1. Regional vegetation development (dry land taxa)

The zonation of the pollen percentage diagram (Figure 4.4) is based on the pollen record of 

the regional vegetation. Figure 4.5A shows the pollen concentrations (grains cm-3) of trees 
and shrubs and  human impact indicators.  These curves reflect  the trends in concentration 
changes of all species (not shown). Figure 4.5B shows the pollen accumulation rate (PAR, 

grains cm-2 year-1) of a selection of taxa. Zones in Figures 4.5 are derived from Figure 4.4.

 

Zone I (50 - 41.5 cm depth; c. AD 1170 - 1395)

This  zone is based on the relatively high abundances of  thermophilous trees.  The pollen 
curves of these trees decrease to the top of the zone. 

Sub-zone I-1 (50 - 46.5 cm depth; c. AD 1170 – 1265): The pollen spectrum is dominated by 
arboreal pollen (more than 95 %).  Fagus,  Corylus,  Carpinus and Tilia show relatively high 
percentages and pollen accumulation rates. Human impact indicators show low percentages 
and pollen accumulation rates. Relatively high pollen concentrations are recorded. 

Sub-zone I-2 (46.5 - 41.5 cm depth; c. AD 1265 - 1395): The pollen sum contains 85% of 
arboreal  pollen,  whilst  non-arboreal  pollen  comprises  up to  15% of  the  pollen  sum.  All 
curves show a concentration maximum around 44 cm depth.  Cerealia,  Secale,  Artemisia,  
Plantago  lanceolata and  Rumex  acetosella type  show increasing  percentages  and  pollen 
accumulation rates. Pollen of Poaceae increases to 5%.  Fagus decreases to c. 10% of the 
pollen sum. Carpinus and Corylus also decrease and Tilia disappears at the end of sub-zone 
I-2.

Figure 4.4 (Opposite page) Regional vegetation (dry land taxa) of Saxnäs Mosse.  Pollen percentage diagram. 
Omitted taxa are named in Appendix F. The black silhouettes show the percentage curves of all taxa, the depth bar  
filled silhouettes show the five times exaggeration curves.
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Zone II (41.5 - 29.5 cm depth; c. AD 1395 - 1650)

Zone II is characterized by high percentages of Pinus and Poaceae.

Sub-zone  II-1  (41.5  -  34.5  cm depth;  c.  AD 1395 -  1550):  Non arboreal  pollen  slightly 
decreases to 10 %. There is a strong increase in Pinus pollen from 25 to 47%. Grasses and 
other human impact indicators slightly decrease. 

Sub-zone II-2 (34.5 - 29.5 cm depth; c. AD 1550 - 1650): Non arboreal pollen increases and 
forms up to c. 14% of the pollen sum.  Pinus pollen percentages show a maximum.  Picea 
shows  increasing  percentages  and pollen  accumulation  rates.  Betula, Alnus and  Quercus 
show a decrease.  Carpinus disappears. All curves show extremely high concentrations and 
relatively high pollen accumulation rates.

 

Zone III (29.5 - 0 cm depth; c. AD 1960 - 2003)

This zone is characterised by high percentages in Picea and Pinus.

Sub-zone III-1 (29.5 - 7.5 cm depth; c. AD 1960 - 1997): The pollen sum comprises mostly 
arboreal pollen (up to 97%). There is a strong increase in Picea pollen up to 52 % but at the 
end of the zone Picea decreases to less than 20%. Poaceae and Rumex acetosella type pollen 
decrease to relatively low percentages. Secale, Artemisia and Plantago lanceolata are present 
in  low numbers.  Urtica shows higher  values  than before.  Pollen  concentrations  decrease 
throughout sub-zone III-1 to low values. All curves show high pollen accumulation rates with 
strong fluctuations.

Sub-zone III-2 (7.5 - 0 cm depth; c. AD 1997 - 2003): Arboreal pollen decreases to c. 80 %. 
Picea and Pinus decrease while Betula, Alnus, Quercus, Fraxinus and Salix show an increase. 
Grasses  and other human impact indicators form a relatively large part of the pollen sum. 
Zone III-2 is especially characterised by high values of Urtica. Pollen concentrations are low. 
Pollen accumulation rates of human impact indicators show a maximum and decreases to the 
top.

Figure 4.5 (Opposite page) Regional vegetation (dry land taxa) of Saxnäs Mosse, note the differences in scale. 
A) Pollen concentration and B) Pollen accumulation rates (PAR).
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4.3.4.2. Local vegetation development (mire surface taxa)

The  macrofossil  diagram  (Figure  4.6)  shows  the  changes  in  local  vegetation.  The  zone 
boundaries are mainly based on the changes in the dominance of  Sphagnum species. The 
zonation of the pollen and non-pollen palynomorphs diagram (Figure 4.7) is derived from 
Figure 4.6.

Zone W (50 - 45.5 cm depth; (c. AD 1170 - 1290)

Zone  W  is  dominated  by  decreases  in  Sphagnum  papillosum.  Sphagnum  magellanicum 
appears  at  46  cm depth.  Fungal  spores  of  Type  264  (Plate  III:  1  -  3)  co-occur  with  S. 
papillosum.  Ericaceous  rootlets  and  pollen  are  found  in  relatively  high  percentages. 
Andromeda  polifolia and  Oxycoccus  palustris Pers.  (synonym  Vaccinium  oxycoccus L.) 
macrofossils are found in low numbers. Pollen of Calluna vulgaris is present. Fungal spores 
of Type 10, Type 12, Entophlyctis lobata and Type 18 show low percentages at the bottom 
but increase towards the top of the zone. Fruits and pollen of Rhynchospora alba are found. 
Eriophorum vaginatum shows maxima. Acari, Bullinularia indica  and  Trigonopyxis arcula 
are present in high numbers.

Zone X (45.5 - 29.5 cm depth; c. AD 1290 - 1650) 

This zone is characterised by the dominance of  Sphagnum magellanicum and presence of 
Calluna vulgaris and Drosera rotundifolia/anglica.

Sub-zone X-1 (45.5 - 41.5 cm depth; c. AD 1290 - 1395): This sub-zone is dominated by 
Sphagnum magellanicum.  At 43 cm depth  S. papillosum and  S.  Section  Cuspidata occur. 
Ericaceous  rootlets  are  found in  high percentages.  Branches  of  Andromeda polifolia and 
Calluna vulgaris are found in high numbers. Fungal Types 10, 12, 18, 90 and Entophlyctis  
lobata show very high percentages. Fruits and epidermis of  Rhynchospora alba, epidermis 
and sclerenchyma of  Eriophorum vaginatum and seeds of  Drosera rotundifolia/anglica  are 
present. 

Figure 4.6 (Opposite page) Local vegetation (mire surface) of Saxnäs Mosse, macrofossil volume percentages, 
n=number. Note the differences in scale.
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Sub-zone X-2 (41.5 - 35.5 cm depth; c. AD 1395 - 1530): The total volume percentage of 
Sphagnum macrofossils is high. At 42-41 and at 37 cm depth S. magellanicum co-occurs with 
S.  papillosum.  The  percentages  of  ericaceous  rootlets  decrease.  Andromeda polifolia and 
Calluna vulgaris are  present.  Types  10 and 12 show very low percentages,  Entophlyctis  
lobata and  Type  18  show  high  percentages.  Relatively  high  percentages  of 
monocotyledonous epidermis are recorded.  For the first  time  Trichophorum cespitosum is 
present. Rhynchospora alba epidermis and fruits are found in low percentages and numbers, 
while  Rhynchospora alba pollen  disappears.  The number of  Drosera rotundifolia/anglica 
seeds increases.

Sub-zone X-3 (35.5 - 29.5 cm depth; c. AD 1530 - 1650): The total percentage of Sphagnum 
remains  decreases  from 75% to about  45%.  S.  magellanicum shows a dramatic  decrease 
whereas  S. papillosum shows a slight increase to 15%. Ericaceous rootlets show a strong 
increase  to  25%.  Monocotyledonous  epidermis,  roots  and  rhizomes  are  present  in  high 
quantities.  Erica  tetralix enters  the  site  and  becomes  the  dominant  heath  species  while 
Andromeda polifolia and Calluna vulgaris decrease. Spores of Types 10 and 12 are present in 
low percentages. Sporangia of Entophlyctis lobata decrease. Fungal Types 18 and Type 264 
decrease and disappear. Spores of Type 92 are found for the first time and increase towards 
the  top of  the  zone.  Fruits  and  epidermis  of  Rhynchospora alba are  found in  increasing 
numbers.  Vegetative  remains  of  Eriophorum  vaginatum are  abundant.  The  number  of 
Drosera rotundifolia/anglica  seeds decreases. Few seeds of  Drosera intermedia are found. 
Charred particles are found in low numbers in the macrofossil samples but in high numbers in 
the  microfossil  slides.  Acari,  Bullinularia  indica,  Trigonopyxis  arcula  are  found  in  high 
numbers. Sclerotia of the fungus Cenococcum geophilum are found throughout this sub-zone. 
The highest percentages of ascospores of coprophilous fungi are found in this sub-zone.

Zone Y (29.5 - 24.5 cm depth; c. AD 1960 - 1984)

This  zone  is  characterised  by  a  dominance  of  Sphagnum Section  Cuspidata.  The  total 
percentage of Sphagnum increases to 90%. Relatively low percentages of Ericaceous rootlets 
are found. Remains of Andromeda polifolia appear at the end of the zone. Calluna vulgaris 
and  Type  10  disappear  from  the  record.  Remains  of  Erica  tetralix are  present  in  high 
numbers but low pollen percentages of Ericales and fungal microfossils were found. Both 
pollen and macrofossils of Rhynchospora alba are present. Drosera intermedia seeds and leaf 
remains are characteristic for zone Y. Type 92 and Type 265 (Plate III: 4 and 5) show very 
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high percentages. Acari and  Bullinularia indica  macrofossils and  Assulina  microfossils are 
present in relatively high percentages which decrease towards the top of the zone.

Zone Z (24.5 - 0 cm depth; c. AD 1984 - 2003)

Zone Z is characterised by the dominance of Sphagnum magellanicum.

Sub-zone Z-1 (24.5 -  17.5 cm depth;  c.  AD 1984 -  1989):  Sphagnum section  Cuspidata 
disappears and  Sphagnum magellanicum becomes the single dominant  Sphagnum species. 
Ericales pollen and Sphagnum spores show high percentages. Ericaceous rootlets increase to 
about  15%.  The number of  ericaceous  above-ground remains  is  extremely  low.  Type  12 
decreases.  Entophlyctis lobata increases to relatively high percentages.  Rhynchospora alba 
disappears.  Acari,  Bullinularia  indica and  Trigonopyxis  arcula appear  in  low  numbers. 
Amphitrema flavum and  Assulina  disappear and record a minimum respectively.  Callidina 
angusticollis is increasing to relatively high percentages. Type 53 has entered the record and 
increases.

Sub-zone Z-2 (17.5 - 10.5 cm depth; c. AD 1989 - 1995): Higher percentages of ericaceous 
rootlets  are  found in  this  sub-zone.  Andromeda polifolia and  Erica  tetralix are  found in 
slightly increasing numbers.  Entophlyctis lobata shows relatively high percentages.  Tilletia  
sphagni decreases.  Bullinularia indica, Trigonopyxis arcula and  Callidina angusticollis are 
present in relatively high numbers. Assulina,  Helicoon pluriseptatum, Type 53 and Type 90 
increase. 

Sub-zone Z-3 (10.5 - 0 cm depth; c. AD 1995 - 2003): In the top of the core some leaves of  
Sphagnum  papillosum and  Sphagnum  imbricatum are  found.  Ericaceous  rootlets  have 
relatively high percentages. Andromeda polifolia leaves show relatively high numbers. Erica 
tetralix leaves and seeds are found in relatively high numbers. Amphitrema flavum Assulina, 
Callidina  angusticollis,  Arcella  spec.,  Helicoon  pluriseptatum and  Type  53  show  high 
percentages. Type 90 peaks and disappears. High numbers of charred particles are present in 
the upper samples.
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Figure 4.7 Local vegetation (mire surface) of Saxnäs Mosse, local pollen and non-pollen palynomorphs.
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4.4. Interpretation

4.4.1. Period from c. AD 1170-1650

4.4.1.1. Regional vegetation development

In the basal part of the core Fagus, Carpinus, Corylus, Ulmus and Tilia show relatively high 
percentages (Figure 4.4). At 46 cm depth Fagus and Corylus start to decrease, at 42 cm depth 
Tilia disappears and at 32 cm Carpinus disappears. 

Figure 4.8. Selection of macrofossils  and microfossils  from 50 to 30 cm depth. The relatively warm (MWP= 
Medieval Warm Period) and cold (LIA= Little Ice Age) periods are indicated together with the Δ  14C record. 
Periods of decreased solar activity are indicated with W (Wolf minimum) and S (Spörer minimum). Δ 14C record 
after Stuiver et al. (1998).

The northern borders of the habitats of these thermophilous trees are situated in Southern 
Sweden (Hultén, 1950). The declines and disappearance of these trees from the pollen record 
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suggests a change to a cooler climate between c. AD 1275 - 1590. This cooling of the climate 

probably represents the start of Little Ice Age (LIA) and is linked to rises in Δ14C (Wolf and 
Spörer minimum, Figure 4.8) which reflect decreases of solar activity (Hoyt and Schatten, 
1997).  When  Fagus,  Corylus and  Tilia start  to  decrease  the  pollen  record  shows  rising 
percentages  of  open  landscape  indicators  (Artemisia and  Poaceae)  and  human  impact 
indicators (Rumex acetosella type,  Plantago lanceolata and Cerealia). Therefore logging of 
trees could be another possibility for the decreases in thermophilous trees. But at the end of 
sub-zone I-2 (c. AD 1395) grasses and human impact indicators decreased. This may suggest 
that the climate also became unfavourable for agricultural  activities.  However,  we cannot 
exclude the effect of the Black Death. Myrdal (1999) reconstructed the impact of the Black 
Death by establishing the construction date of wooden houses in Southern Sweden. Almost 
no wooden houses were built  between AD 1350 and 1450,  which suggests  a decrease in 
human population probably caused by the Black Death.

4.4.1.2. Local vegetation development

In the basal part of the core a dominance of Sphagnum papillosum can be seen (Figure 4.6). 
After 46 cm depth (c. AD 1290) S. papillosum decreases and local water levels appear to go 
down.  Ericaceous  rootlets  and  Andromeda  polifolia remains  increase  and  drier  growing 
Calluna vulgaris with its fungal parasite  Meliola ellisii appears in the local bog vegetation. 
The high abundances of Type 10 conidia (fungus on Calluna roots, van Geel, 1978) and the 
fungus Type 12 also indicate a lower local water level. The hummock-forming  Sphagnum 
magellanicum  starts  to  dominate.  Lower  local  water  levels,  internal  dynamics  or  human 
impact (soil dust; see discussion) could be reasons for this change in Sphagnum composition. 

The peak in Sphagnum papillosum and Rhynchospora alba remains indicate a rise of water 
level at AD 1450-1500 (38-37 cm depth). At the same time a decrease in ericaceous remains 
and absence of Eriophorum vaginatum is visible. The fungal spores of Type 264 are likely to 
be indicators of wet conditions since they appear in combination with Sphagnum papillosum 
and Rhynchospora alba.

In  the  black  brown  layer  (35-30  cm depth,  sub-zone  X-3)  indicators  of  both  wet 
(Rhynchospora alba, Eriophorum vaginatum and  Drosera  rotundifolia/anglica) and  dry 
local  conditions  (Cenococcum  geophilum) are  present.  Sphagnum  magellanicum  is 

116



Chapter 4

becoming  less  dominant  and  S.  papillosum (wet  conditions)  is  still  present.  Increased 
concentrations  of  pollen,  and  high  numbers  of  Acari  and  testate  amoebae  indicate  slow 
accumulation.  The  black  brown  layer  reflects  a  period  of  intense  decomposition  and 
oxidation  which  probably  occurred  after  the  peat  layer  was  formed.  The  occurrence  of 
sclerotia of  Cenococcum geophilum suggests secondary decomposition (renewed decay of 
already deposited peat; Tipping, 1995; Borgmark and Schöning, 2006) because sclerotia are 
formed under the peat surface during dry conditions. The wiggle-matched radiocarbon dates 
(Table 4.1) show a calendar age of AD 1648 ± 11 at 30 cm depth and AD 1959 ± 3 at 29 cm 
depth. Thus, a hiatus is present in the record which could be the result  of human impact 
(drainage  for  peat  exploitation)  causing  a  drop  in  the  water  table  of  the  peat  bog  (see 
discussion).

4.4.2. Period from c. AD 1960-2003

4.4.2.1. Regional vegetation development

Pinus and  Picea are present with high percentages and pollen accumulation rates. (Figures 
4.4 and 4.5). These high values are probably caused by pollen input from planted trees. From 

the end of the 19th century and the beginning of the 20th century very extensive plantations of 
Picea and Pinus were created in the region (Björkman, 1996, 1997). In the beginning of the 
1950s the  area  south  of  Saxnäs  Mosse  along the  main  road  eastward  from Halmstad  to 
Ljungby was still an open landscape with heathlands and small fens. This is today replaced 
by  Picea forest, except for a couple of small nature reserves (Nils Malmer, 2003, personal 
communication).  At 10 cm depth (ca. AD 1993) a decrease in total tree pollen is observed 
because less Pinus and Picea pollen was found. Poaceae, Cerealia, Rumex acetosella type and 
Artemisia are present in relatively high percentages and pollen accumulation rates, indicating 
openness of the landscape in the area surrounding the raised bog. Samples of the upper part 
of the core represent few years. The pollen accumulation rates show large fluctuations in this 
part of the diagram. These fluctuations can be caused by the differences in pollen production 
per year. Pollen production is affected by thermal factors of the year previous to flowering 
(Autio and Hicks, 2004). Therefore considerable changes in pollen deposition per species per 
year can occur. The increase of  Urtica indicates nitrogen eutrophication.  Urtica is usually 
found in highly fertilised places, like road verges or beside ditches.
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4.4.2.2. Local vegetation development

Calluna vulgaris is absent and Sphagnum Section Cuspidata is dominant in zone Y (Figures 
4.6  and  4.7).  Together  with  high  abundances  of  Drosera  intermedia remains  (pioneer 
vegetation)  and  Rhynchospora alba, wet  local  conditions  are  indicated.  Type 265 fungal 
spores may also reflect wet local conditions. At 25 cm depth the water level drops slightly 
when  Sphagnum Section  Cuspidata  decreases  and  S.  magellanicum  becomes  the  single 
dominant species. Only 20 years are present in the top 24 cm of the peat core, demonstrating 
a fast peat growth (no compaction yet and incomplete decomposition).

Figure 4.9. Carbon accumulation over the last 800 years in Saxnäs Mosse.

4.4.3. Carbon accumulation

Carbon accumulation rates (Figure 4.9) were calculated from the bulk density and C content 
data  and plotted  against  time using the radiocarbon chronology.  A relatively  low carbon 
accumulation was found in the deeper and older part of the peat core. The peat may have 
been affected by secondary decomposition below the hiatus. From 35 to 30 cm depth, bulk 
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densities,  N  percentages  and pollen  concentrations  are  high,  and  C/N ratio  and Loss  on 
Ignition  show  low  values  (Figure  4.2).  Low  C/N  ratios  in  combination  with  high  N 
percentages suggest an intensified decay of the peat (Belyea and Warner, 1986; Borgmark 
and Schöning, 2006). Carbon accumulation is somewhat higher than before. Unfortunately 
owing to the hiatus the data for the period from c. AD 1650 to 1960 AD are missing. Above 
the hiatus the carbon accumulation shows a sharp rise to high values because there was fast 
growth and an incomplete decay process.

4.4.4. Peat humification

We found very low (less than 50%) transmission percentages between 50 and 42 cm depth, 
meaning very humified material.  Between 41 and 30 cm depth transmission values were 
between 50 and 60%. The macrofossil record shows that secondary decomposition caused an 
‘extra’ decay of peat. Fewer Sphagnum remains were found and these were in a decomposed 
state (separate leaves and hardly any stems). Other macrofossils also showed a high degree of 
decomposition. This affected the carbon sequestration in the deepest part of the core because 
during oxidation carbon was released into the atmosphere. At 29 cm depth, after the hiatus, 
transmission values go up to 85% and hardly change to the top (incomplete decomposition).

4.5. Discussion

During the late Holocene it is very difficult to identify and distinguish between natural and 
human-induced patterns of vegetation change. Climate change almost certainly occurred but 
the problem is to isolate  unambiguously its effects on biotic patterns from other processes 
(Birks, 1986). Climate change may have affected the tree species composition in the region 
around Saxnäs Mosse in the past. Thermophilous trees declined and disappeared from the 
pollen record when the climate became cooler at  the transition from the Medieval  Warm 

Period (MWP) to the Little Ice Age (LIA, Figure 4.8). This coincides with rises  in  Δ 14C. 
These rises reflect minima in solar activity and suggest a link between decreases of solar 
activity, climate and change to cooler conditions and declines of thermophilous trees.

Around  AD  1275  there  was  a  shift  in  Sphagnum composition  from  S.  papillosum to  a 
dominance of S. magellanicum. Interpreting the local succession of peat-forming plants in a 
single  core  is  speculative.  Shifts  in  peat-forming  vegetation  could  be  a  consequence  of 
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climate  change,  but  based  on  the  hydrological  requirements  of  S.  papillosum and  S.  
magellanicum one would conclude a shift to a somewhat drier climate, while cooler periods 
are expected to be characterized by higher effective precipitation.

An alternative explanation for the above-mentioned change from Sphagnum papillosum to S. 
magellanicum is that it could be the effect of soil dust deposition on the raised bog caused by 
an increased exploitation of soils for agriculture in the surroundings of the bog. Increased 
human impact around AD 1275 is evident from the pollen record and this co-occurs with the 
change in Sphagnum to a dominance of S. magellanicum. An increased eutrophication of the 
bog surface may have favoured S. magellanicum (compare van Geel and Middeldorp, 1988). 
Mauquoy et  al.  (2002)  also  recorded  late-Holocene  changes  to  dominance  of  Sphagnum 
magellanicum at times of increased human impact in Walton Moss, UK, and Lille Vildmose, 
Denmark.

A hiatus in the peat sequence encompasses the period from c. AD 1650 to c. 1960. Climatic 
conditions cannot explain a gap in peat growth of more than 300 years.  Human activities 
most probably caused oxidation of the peat surface. After recognition of the hiatus we went 
back to Saxnäs Mosse. The black brown strongly decomposed layer appeared to be present in 
all other cores between c. 19 and 40 cm depth. This means that Saxnäs Mosse was affected 
by some drainage event which occurred after c. AD 1650 and before c. AD 1960. 

This drainage event probably caused the high pollen concentration in the black brown layer 
(sub-zone  X-3).  We tried  several  higher  peat  accumulation  rates  to  lower  the  calculated 
pollen accumulation rate (PAR), but the PAR remained much higher than in the deeper sub-

zones and the  14C wiggle-match became worse and unrealistic. Therefore we assumed that 
the chronology as given in Figures 4.3B and 4.3C is correct and that the accumulation rate is 
also correct. But, as a consequence, the pollen concentration is unusually high and we explain 
that  as follows. When the vegetative plant  remains decomposed,  the strong-walled pollen 
grains  remained.  While  the  macrofossil  record  from  the  hiatus  period  is  missing,  many 
microfossils  may  have  survived  the  secondary  decomposition  process  and  therefore  the 
pollen concentration is extra high. The sharp increase of Picea pollen percentages and pollen 
accumulation rates (Figures 4.4A and 4.4C) below the hiatus point to another phenomenon. 
Picea was  present  near  Saxnäs  Mosse  in  medieval  times,  but  in  very  low  numbers 
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(Björkman, 1996, 1997).  Picea only became more abundant in the area by the beginning of 

the 20th century. This means that the high Picea pollen percentages below the hiatus (before 
c.  AD 1650) point  to  mixing of  younger  pollen with older peat,  resulting in  high pollen 
concentrations and also a high pollen pollen accumulation rate. If our interpretation is right, 
then  the  pollen  record  of  zone  II-2  represents  a  mixture  of  pollen  grains  from different 
periods.

 

The owner of the peat bog provided some information about the history of the bog. There 
were no agricultural  fields near  the bog and some trees  (species  unknown)  were planted 
north-west of the bog in 1912. Also, there has been cutting of peat as a source of fuel for 
domestic heating (in Swedish: husbehov). 

The results in this paper suggest that drainage to facilitate peat cutting has been the cause of 
oxidation and the disappearance of a layer of peat in Saxnäs Mosse. It does not mean that the 
top layer of the bog was removed. In order to facilitate peat-cutting, the bog surface could be 
drained by digging ditches in and around the bog.

Construction of the main road adjacent to the bog may have reinitiated peat growth. The main 
road (Figure 4.1) was already built in AD 1900 but was reinforced around AD 1960-1962. 

Sample depth 29 from which normal peat growth started again has a 14C wiggle-match date 
of AD 1959 ± 3.  The building date of 1960-1962 falls within the range of the date.  We 
suppose that when the roads were reinforced, the artificial drainage was ended. Nowadays the 
roads function as dikes partly surrounding the raised bog, and keeping the water in. The water 
table of the mire was restored and peat growth could start again. The present bog surface 
shows the typical raised bog vegetation and evidence for the recent dramatic drainage event 
became invisible.

Owing to artificial drainage, accelerated secondary decomposition and oxidation of the peat 
took place, and therefore the carbon accumulation rates below the hiatus do not show the 
natural original situation. As a consequence, we were not able to distinguish between the 
effects  of  climate-induced  changes  and  the  effects  of  human  activities  on  the  carbon 
accumulation of the bog vegetation during the period before the hiatus. The decomposition 
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process of the peat above the hiatus has not ended yet and therefore the process of carbon 
accumulation and carbon release is still incomplete. 

4.6. Conclusions

Human activities  greatly affected the peat  sequence at Saxnäs Mosse, which was formed 
during the last eight centuries. Nevertheless we were able to reconstruct the effects of climate 
change at the transition from the Medieval Warm Period to the start of the Little Ice Age. The 

declines  of  thermophilous  trees  correspond to  increasing  levels  of  Δ  14C, most  probably 
indicating  a  link  between  declines  of  solar  activity,  climate  change  and the  response  of 
thermophilous tree species. Although the bog area was not exploited for commercial value, 
we  could  show that  its  hydrology  was  substantially  affected  by artificial  drainage.  As  a 
consequence, a large part of the archive including the greatest part of the Little Ice Age is 
missing.  The record shows that  the raised bog vegetation can regenerate  from a strongly 
disturbed bog to a ‘living’ bog when the water table is restored, even after a drastic drainage 
event. 

Acknowledgements

We thank Frank Berendse, Monique Heijmans, Angela Breeuwer, Jan van Walsem and Frans 
Möller from Wageningen University for helping with the fieldwork and for measuring the 
degree of humification, C/N ratio and Loss On Ignition. Bo Wallén suggested Saxnäs Mosse 
as a research site. We thank Nils Malmer for his comments on Pinus and Picea plantations 
and Erik Johnsson and Andreas Kullgren for information on the history of the raised bog. 
Hans  van  der  Plicht  helped  with  the  14C  dating.  Dmitri  Mauquoy  kindly  improved  the 
English.  The  review  comments  of  Sheila  Hicks  and  an  anonymous  reviewer  helped  to 
improve this manuscript.

122



Chapter 5

 

 Chapter 5

Vegetation history and human impact during the 
last 300 years recorded in a German peat 
deposit
Marjolein van der Linden, Emma Vickery, Dan J. Charman, Peter Broekens and Bas van Geel

Abstract

A peat core from the Barschpfuhl kettlehole mire in north-east Germany was analysed for 
multiproxy indicators  (plant  macrofossils,  pollen/non-pollen microfossils,  testate  amoebae, 
colorimetric  humification,  carbon/nitrogen  ratios,  bulk  density,  loss  on  ignition),  to 
investigate  the  effects  of  climate  change  and  human  impact  on  vegetation  and  peat 

accumulation during the last c. 300 years.  14C wiggle-match dating was applied for high-
precision dating.  Testate  amoebae  assemblages  were used to  reconstruct  past  water  table 

depths and compared with other proxies and instrumental  climate data from the mid-18th 

century onwards. The mire hydrology of this relatively small bog was heavily influenced by 
forestry changes in the area. The climate signal was therefore obscured. Afforestation with 
fast-growing conifers and drainage for agricultural  purposes resulted in a lowering of the 
water  level,  changes  in  trophic  status,  changes  in  mire  surface  vegetation  and increased 
decomposition of the peat. Variations in the openness and cultivated land indicators in the 
pollen data of Barschpfuhl reflect regional population density and land use changes.
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5.1. Introduction

Most mires in north-west Europe are affected by human activities. Many Dutch and German 
peat bogs have been exploited for peat extraction or have been affected by land use changes. 
This has resulted in the total destruction of bog ecosystems or at least  stagnation in peat 
accumulation or the loss of the top peat  layers.  Only 1% of former mire area remains in 
Germany  and  the  Netherlands,  compared  to  65%  and  70%  in  Sweden  and  Norway 
respectively  (Joosten  and  Couwenberg,  2001).  The  loss  of  mires  is  unfortunate  because 
peatlands  are  carbon  sinks  and  useful  water  reservoirs.  Also,  peat  deposits  are  valuable 
archives to study past vegetation and climate changes. Proxy data derived from these studies 
can be used to test models which simulate and predict past and future peat accumulation and 
related processes such as carbon sequestration (Heijmans et al., in press). This is valuable 
information in the discussion about causes and effects  of  climate  change and the role  of 
greenhouse gases.

Over  longer  timescales  and under  undisturbed conditions,  climate  change  is  the  primary 
influence on peatland development and condition. Numerous studies now demonstrate that 
peatlands have experienced significant  hydrological  changes due to climate change,  often 
linked to solar variability  (Mauquoy et al.,  2002b; Speranza et al.,  2003; van Geel et al., 
1999).  These changes are most often indicated by mire plant remains, testate amoebae and 
humification  of  peat  deposits,  but  dry  land  pollen  deposition  may  also  reflect  climate 
changes. For example, decreases of thermophilous trees in pollen records may also be linked 
to declines of solar activity (van der Linden and van Geel, 2006). Over shorter timescales and 
particularly during recent centuries when human impact on peatlands has increased, climate 
change may have been less important than anthropogenic impacts such as drainage, forestry 
and peat cutting.

 

The  landscape  in  Germany has  been strongly influenced by humans.  German population 
doubled from 1800 until 1870 and this had a major impact on the landscape (Lutze, 2003). 
Forests were heavily exploited and trees, especially conifers, were planted for forest renewal. 
Also  agricultural  activities  and  the  associated  water  demand  increased  with  population 

growth. Since the 18th century the federal state of Brandenburg has lost at least 85 % of its 
natural or semi natural wetland areas as a consequence of drainage for agricultural purposes, 
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extraction of water and stimulation of river runoff.  Also monocultures of  Pinus sylvestris 
enable  water  loss  from  the  system  (MLUV,  2004;  UNESCO-Biosphärenreservat,  2007). 
These historical changes in vegetation and hydrology can be studied palaeoecologically.

The  aim of this  study is  to  reconstruct  the late  Holocene vegetation  composition in  and 
around a German mire over the last few hundred years, and to distinguish between the effects 
of  climate  changes  (temperature  and  precipitation)  and  the  effects  of  changing  human 
activities on regional and local vegetation development. To achieve this, we analyzed the 
upper  peats  from the Barschpful  kettlehole  mire in  north-west  Germany.  High resolution 
pollen  analysis  was  used  to  reconstruct  plant  species  composition  and  testate  amoebae 
analysis  was  applied  to  infer  the  past  water  table  changes.  To  obtain  a  chronology  of 
sufficient  precision for comparison with documentary and instrumental  records of climate 

and human history, terrestrial plant remains were dated by 14C wiggle-matching (Blaauw et 
al., 2004; Kilian et al., 1995; 2000; Speranza et al., 2000; van der Linden and van Geel, 2006; 
van der Plicht, 1993; van Geel and Mook, 1989). 

5.2. Material and methods

5.2.1. Research site

A peat core was taken in May 2003 from Barschpfuhl (BPF), a small mire situated c. 10 km 
north-west of Angermünde, Germany (53º 03’ 21.11”N, 13º 50’ 58.39”E, Figure 5.1). The 
region is  relatively  dry with  an annual precipitation of  c.  531.7 mm and average annual 
temperature of 8.4 ºC over the period 1951-2000 (Werner et al., 2005). The mire is situated in 
the UNESCO nature reserve Biosphärenreservat Schorfheide-Chorin, within the districts of 
Uckermark and Barnim in the north-east of the state Brandenburg. The area is characterised 
by a hilly landscape formed by push moraines of the Weichselian glacial (Schlaak, 1999). 
The mire is a Kesselmoor (kettle hole mire) type (Timmermann and Succow, 2001), located 
in a depression in the hilly landscape and is c. 160-190 m long and 130-150 m wide surface 
(approx. 2.5 ha). The hills are covered with coniferous, mixed and broadleaved forest. At 
present 48% of the land area of the nature reserve is occupied by forest. This used to be 90% 
before humans interfered with the forest landscape; only the mire surfaces would be treeless. 
Fagus and Quercus would have been dominant species. 
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Figure  5.1  A)  Map  of  UNESCO  nature  reserve  Biospärenreservat  Schorfheide-Chorin  with  location  of 
Barschpfuhl, B) Location of coring site in Barschpfuhl.

Nowadays, only one third of the forest area is covered by broad-leaved and mixed forest. The 
rest is planted coniferous forest. This is the result of extensive forest exploitation during the 

17th and 18th centuries. Since the start of the 19th century attempts were made to restore the 
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old  forest  area  which  had  become  a  wide  open,  shrub-like  forest  (Ebert  et  al.,  2001). 
Reforestation  with  Pinus  sylvestris was  favoured,  resulting  in  coniferous  monocultures 
(UNESCO-Biosphärenreservat, 2007).  The Autobahn was constructed in the late 1930s and 
1940s in the bog catchment which may have influenced the bog hydrology. Schorfheide has 
had a protected status since 1936 and was a national nature reserve with an area of c. 60,000 
ha in 1945. However during the Second World War the terrain was heavily damaged by 
military  activity  and airfields (Ebert  et  al.,  2001).  After  the Second World War,  Russian 
demand  for  timber  increased  logging  and  Pinus and  other  quick  growing  conifers  were 
replanted  (personal  communication  R.  Michels,  LUA  Brandenburg).  The  Schorfheide 
Foundation was dissolved in 1952 by the Soviets and the area became state property. After 
the  political  change  in  1990 Schorfheide  became a nature  reserve  with  several  levels  of 
protection. Barschpfuhl is located within the restricted area of the nature reserve (Figure 5.1). 
The mire surface vegetation consists of Sphagnum magellanicum, S. fallax, Polytrichum spp.,  
Drosera rotundifolia, Eriophorum vaginatum, E. angustifolium, Oxycoccus palustris, Carex  
pulicaris, C. rostrata, Rhynchospora alba, R. fusca and Pinus sylvestris. The surface peats 
are very fibrous as a result of thick Eriophorum fibres which prevented conventional coring 
using a Wardenaar corer (Wardenaar, 1987). Therefore a small pit was dug in the centre of 
the mire and two boxes were pushed into the cut peat face to collect the peat down to 60 cm 
depth. Contiguous 1 cm thick sub-samples were taken from peat core BPF-I in the laboratory.

5.2.2. Microfossil analyses

A cylindrical sampler was used to take microfossil samples of c. 0.8 cm3, from the 1 cm thick 
horizontal slices of peat core. A known amount of Lycopodium spores (c. 10679 in one tablet) 
was added to the samples before being treated with KOH and acetolysed (Fægri and Iversen, 
1989).  The  Lycopodium spores  were  used  to  calculate  pollen  concentrations  (Stockmarr, 

1971) and pollen accumulation rates = PAR ≈ pollen influx in grains cm-2 yr-1 (Autio and 
Hicks,  2004;  Middeldorp,  1982).  Pollen  was  identified  using  Moore  et  al.  (1991),  Beug 
(2004)  and a  reference  collection.  Interpretation  of  the  pollen  record  followed Berglund 
(1986) and  Behre  (1986).  The  pollen  sum (minimum  of  400  grains)  included  pollen  of 
regional trees, shrubs and herbs. Herbs and shrubs were separated into two groups, apophytes 
and  anthropochores  (Berglund,  1986;  Poska  et  al.,  2004),  and  were  sorted  into  land-use 
categories  (Table  5.1).  Apophytes  are  native  plants  that  invade  abandoned  fields. 
Anthropochores are a group of plants of which the seeds are dispersed as a result of human 
activity. Non-pollen palynomorphs (van Geel, 1978; van Geel and Aptroot, 2006; van Geel et 
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al., 2003) and pollen types not included in the pollen sum were recorded and expressed as 
percentages of the pollen sum. Diagrams were prepared using the Tilia program (Grimm, 
1990) and assemblage zones were based on the Coniss program output (Grimm, 1987).

Table 5.1 List of herb pollen included in the human impact indicators (Behre, 1986; Berglund, 1986; Poska et al., 
2004). *Differentiation on the basis of pollen production

Type of indicator Land-use category Taxa
Anthropochores Cultivated land Centaurea cyanus
  Cerealia (non Secale)
  Helianthus annuus
  Humulus/Cannabis
  Secale
  Symphytum officinale
   
 Apophytes Ruderals (minor*) Brassicaceae
  Plantago lanceolata
  Echium
  Mercurialis annua type
  Plantago major/media
  Polygonum aviculare type
  Rumex acetosa type
  cf. Sanguisorba officinalis type
  Urtica
  cf. Verbascum spec.
   
 Ruderals (major*) Artemisia
  Chenopodiaceae
   
 Meadow Fabaceae 
  Galium type
  Hypericum perforatum type
  Ranunculaceae
  Rhinanthus group
   
 Open land Apiaceae
  Asteraceae liguliflorae
  Asteraceae tubuliflorae
  Caryophyllaceae
  Poaceae 
  Rosaceae undif.
   
 Dry meadow Jasione montana type
  Juniperus
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5.2.3. Macrofossil analyses

A cylindrical sampler of 25.2 mm diameter was used to take macrofossil samples of c. 5 cm3. 
Samples were heated for c. 30 minutes in a 5% KOH solution and sieved (mesh 160 μm). 
Macrofossils  were  scanned  in  water  in  a  petri  dish  under  a  binocular  microscope  and 
identified  using  Grosse-Brauckmann  (1972;  1974;  1986),  the  moss  flora  of  Britain  and 
Ireland (Smith, 1978), the Nordic Sphagnum flora (Johansson, 1995), the seed atlas of Katz et 
al. (1965), and a reference collection (Mauquoy and van Geel, 2007). Volume percentages 
were estimated for the mosses, roots and epidermis material. Other remains such as seeds and 
twigs were counted.

5.2.4. Sample preparation for accelerator mass spectrometry (AMS) 14C dating

Age estimates were obtained on 32 samples using 14C AMS. Above-ground plant remains of 
Sphagnum  were selected from the macrofossil  samples (Kilian et al., 1995; Nilsson et al., 
2001). At some sample depths it was necessary to use other material than  Sphagnum, e.g. 
Polytrichum spp. moss and Oxycoccus palustris leaves. Samples were cleaned to remove root 
material  and  fungal  remains.  The  samples  were  stored  for  one  night  in  HCL (4%)  and 
afterwards cleaned with millipore water until pH-neutral. The samples were checked again 
for contamination and oven-dried in tin cups at 80°C for 48 hours. The tin cups filled with the 
dry  samples  were  weighed  and  sent  to  the  Centre  for  Isotope  Research,  University of 
Groningen, The Netherlands, where they were radiocarbon dated.

5.2.5. Testate amoebae

Peat samples measuring 1 cm3 were prepared using standard techniques for testate amoebae 
analyses (Hendon and Charman, 1997). Minor deviations from the described process include 
the use of deionised water as both storage and counting medium for improved optical clarity, 
and Safranin  dye  was not  used.  Counts  were continued until  at  least  150 tests  had been 
identified. All tests were identified using the taxonomic key in Charman et al. (2000) and are 
displayed as percentages of the total count. Reconstructed water tables (RWTs) have been 
calculated  using  a  transfer  function  that  employs  modern  testate  assemblage  data  and 
environmental  variables across 7 European mire sites (Charman et al.,  2007).  A complex 
weighted average partial  least squares (WAPLS) model performed slightly better in cross 
validation  of  the modern samples (RMSEP= 5.63 cm),  but a  weighted  average tolerance 
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downweighted (WA-Tol) model was adopted for this site because of its similar performance 
in  cross  validation  (RMSEP=  5.97  cm)  and  its  relative  simplicity.  Zones  used  in  the 
macrofossil  diagram  have  been  transferred  to  the  testate  diagram  as  this  facilitates 
comparison between the two figures allowing consistent changes to be identified. Changes in 
water table are described in terms of the reconstructed water table (RWT). A fall in RWT 
indicates drier conditions (deep water tables) and a rise indicates wetter conditions (shallower 
water table depths).

5.2.6 Bulk density, loss on ignition and C and N contents

Bulk density was measured for all samples. Sub-samples of 10.5 cm3 were used. The dry 
weight of the samples was determined after placing the samples in the oven at 105°C until 
constant weight. Organic matter content was determined as loss on ignition by incinerating 

sub-samples  of  c.  35  cm3 for  3  hours  at  550°C.  Carbon  and  nitrogen  contents  were 
determined with a Fisons EA1108 CHN-O element analyser.

5.2.7. Colorimetric determination of peat humification

This  technique  is  believed  to  represent  a  semi  quantitative  measure  of  average  summer 
effective rainfall  (Blackford and Chambers,  1993; 1995),  since the decomposition state is 
dependent on the time the plant remains take to pass from the biologically active acrotelm 

into the almost inert catotelm. Sub-samples of c. 5 cm3 were taken from the peat core and 
analysed  with  a  modified  version  of  the  Bahnson  colorimetric  method  (Blackford  and 
Chambers,  1993).  The  results  are  presented  as  percentage  light  transmission  values 
(measured after 3 h. at  550 nm). Absorption of light from the alkaline extract  of peat  is 
proportional  to  the  amount  of  humic  matter  dissolved,  with  greater  transmission  of  light 
through less humified material (Aaby and Tauber, 1975). Therefore high transmission values 
(low absorption) indicate a fast passage of peat through the acrotelm and the reverse for peat 
samples  that  possess  low  transmission  values  (Mauquoy  et  al.,  2002a;  2002b).  High 
transmission  values  should  indicate  a  high  average  summer  effective  rainfall  causing  a 
relatively  high  water  table.  However,  local  species  composition  affects  decomposition 
processes and decay products. This can be likely driven by internal dynamics or responses to 
external forcing (Mauquoy et al., 2002a; 2002b). Recent studies combining humification with 
other proxies of mire surface wetness have identified inconsistencies between the records, 
and therefore this proxy should be interpreted with caution, especially where there are major 
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changes  in  peat  composition  (Yeloff  and  Mauquoy,  2006).  However,  other  multiproxy 
studies show agreement between the humification data and other surface-moisture proxies 
(Sillasoo et al., 2007).

Figure  5.2  Barschpfuhl  geochemical  analyses.  Results  of  bulk  density  (g  cm-3),  degree  of  humification  (% 
transmission),  Carbon concentration,  Nitrogen concentration,  C/N ratio and Loss on Ignition (LOI, % organic 
material) analyses. Note the differences in x-axis scales.
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5.3. Results

5.3.1. Matching of the boxes

The peat core was taken in two adjacent boxes with an overlap of c. 35 cm. The best match 
between  the  two cores  was  based  on pollen  records,  radiocarbon  dates  and geochemical 
analyses.  The results  presented below comprise a continuous record consisting of sample 
depths 1-25 cm from the upper box and sample depths 26-60 of the lower box.

5.3.2. Geochemical analyses

Results of the geochemical analyses of the Barschpfuhl peat deposit are presented in Figure 
5.2. The deepest part of the peat core from 60 to 38 cm depth shows relatively stable bulk 
densities, transmissions, and LOI percentages apart from the interval from 51 to 47 cm depth 
in  which  bulk  densities  and  C/N  ratio  are  high  and  transmission,  nitrogen  and  LOI 
percentages  are  relatively  low.  From  38  to  26  cm  depth  bulk  densities  increase  and 
transmission percentages decrease. LOI percentages show a small decrease. At 23 cm depth a 
sharp decrease in C concentration and LOI percentages is visible. However, also bulk density 
is low. N concentration increases and C/N ratio decreases to 22 cm depth. From 21 cm depth 
to the top C concentration and LOI are rather stable. Bulk density and C/N ratio show small 
peaks at 16 and 11 cm depth. From 11 to 7 cm bulk densities and C/N ratio decease. Both 
transmission percentages and C/N ratios show a peak at 6 cm depth. The top 5 cm of the core 
show high bulk densities with a peak at 3 cm depth. Transmission values decrease towards 
the top and N concentration is relatively high.

5.3.3. Radiocarbon chronology

The results of the AMS radiocarbon dating are presented in Table 5.2. A detailed chronology 
was created by wiggle-matching the dates to the INTCAL 98 calibration curve (Stuiver et al., 
1998). The post-1950 samples were wiggle-matched against the ‘negative’ radiocarbon ages 
of  the  atmospheric  bomb  pulse  (Goodsite  et  al.,  2001;  Goslar  et  al.,  2005;  Levin  and 
Hesshaimer, 2000; van der Linden et al., in review-a; van der Linden and van Geel, 2006; 
van der Linden et al., in review-b).  In this approach linear peat accumulation over limited 
stratigraphic intervals is preferred over a more complex accumulation model. 
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Table 5.2 Radiocarbon and 14C AMS wiggle-match date results for Barschpfuhl.
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Sample GrA- δ13C Carbon 14 C 14 C age Wiggle-match Sample

depth number  content     date composition

cm  ‰ % % +/- BP +/- AD +/-
sub-
set  

4 30497 -28.07 45.8 114.31 0.45 -1075 35 1994 0.6 I S. angustifolium
7 30498 -27.80 45.9 115.98 0.46 -1191 30 1990 0.6 I S. angustifolium
10 26007 -27.27 41.9 116.71 0.60 -1240 40 1987 0.6 I Polytrichum
14 30500 -27.35 45.8 126.80 0.48 -1910 30 1982 0.6 I S. angustifolium
17 30501 -27.45 47.1 133.41 0.51 -2315 30 1978 0.6 I S. angustifolium
18 30502 -26.62 46.3 150.02 0.56 -3260 30 1975 1.2 II S. ang and Cc
19 30504 -27.66 46.7 144.74 0.54 -2970 30 1973 1.2 II S. angustifolium
20 26008 -26.47 41.9 156.65 0.71 -3605 35 1970 1.2 II S. ang, O b, Ra
21 30506 -28.63 46.4 165.04 0.59 -4025 30 1968 1.2 II S. angustifolium
22 30507 -26.16 44.9 179.05 0.65 -4680 30 1966 1.2 II S. angustifolium
23 30508 -27.43 47.3 177.02 0.64 -4590 30 1963 1.2 II S. angustifolium
24 30510 -26.81 46.4 143.66 0.55 -2910 30 1963 0.6 III S. angustifolium
26 25990 -28.45 49.1 124.05 0.64 -1730 40 1960 2.3 IV Oxycoccus leaves
28 30517 -28.39 42.5 97.02 0.41 245 35 1951 10.3 V Sphagnum, Cc
30 30520 -28.77 51.7 97.79 0.39 180 35 1910 10.3 V Sphagnum, Cc
32 30522 -27.89 52.1 97.45 0.40 210 35 1869 10.3 V Sphagnum, Ra
34 30612 -28.65 45.3 98.25 0.38 140 30 1828 10.3 V Sphagnum
36 25991 -22.94 41.6 97.24 0.54 225 45 1787 10.3 V Cc, Df and O l
38 30614 -26.23 44.3 98.03 0.38 160 30 1780 1.7 VI Sphagnum
40 30602 -26.46 47.1 98.26 0.39 140 30 1774 1.7 VI Sphagnum
42 30604 -27.50 46.4 97.72 0.37 185 30 1767 1.7 VI Sphagnum
44 30605 -26.07 47.3 97.98 0.38 165 30 1760 1.7 VI Sphagnum
46 25993 -27.01 41.8 97.90 0.58 170 45 1753 1.7 VI Cc, Df and O l
48 30606 -27.99 46.6 98.14 0.39 150 35 1746 1.7 VI Sphagnum and Df
50 30609 -27.50 48.4 98.19 0.38 145 30 1740 1.7 VI Sphagnum 
52 30610 -25.06 47.5 97.87 0.38 175 30 1733 1.7 VI Sphagnum 
54 30611 -26.53 48.2 99.06 0.38 75 30 1726 1.7 VI Sphagnum 
56 26009 -26.55 45.9 98.25 0.51 140 40 1719 1.7 VI Ra, Ca c, D rot, 5 op
57 30624 -25.94 47.8 98.59 0.37 115 30 1716 1.7 VI Sphagnum 
58 30625 -26.55 48.9 98.18 0.39 150 30 1712 1.7 VI Sphagnum 
59 30626 -25.68 48.1 98.72 0.38 105 30 1709 1.7 VI Sphagnum 
60 30627 -26.58 48.0 98.83 0.38 95 45 1706 1.7 VI Sphagnum 

Cc: Calliergon cordifolium stems+leaves; O bf: Oxycoccus branch; O l: Oxycoccus leaves; D rot: Drosera 
rotundifolia/anglica seed; Ra: Rhynchospora alba fruit; Df: Drepanocladus fluitans stems+leaves; Ca c: Carex curta 
fruits; S op: Sphagnum opercula; S. ang= Sphagnum angustifolium



Figure 5.3 14C AMS wiggle-match dating of the Barschpfuhl (BPF) peat deposit using the INTCAL 98 calibration 
curve (Stuiver et al., 1998) updated with the modern 14C record reflecting the atmospheric bomb pulse (Goodsite 
et al., 2001; Levin and Hesshaimer, 2000; Levin et al., 1994). The radiocarbon dates are marked with their sample 
depths in cm. A) Chronology before AD 1950 and B) chronology after AD 1950.
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Blaauw et al. (2003; 2004) showed that this approach produced satisfactory and reliable 
results. First, the dataset was split up into four subsets. This subdivision was based on shifts 
in pollen concentration, macrofossil composition, degree of humification and bulk density 
results (Kilian et al., 2000; Speranza et al., 2000). 

During the wiggle-matching process the radiocarbon dates at 26 and 24 cm depth did not 
seem to fit within one of the subsets. Therefore these sample depths were given their own 
subset. Finally, six subsets were used. Results are presented in Table 5.2 and Figure 5.3. The 
record is not older than c. AD 1700, because no dates which fit  on the steep part of the 
calibration curve between AD 1650 and 1700 are present. Between 1800 and 1950 only 8 cm 
of peat deposit is present. This will be discussed in section 5.5. The peak of the atmospheric 

bomb  pulse  is  captured  within  sample  depths  23  and  22.  The  decrease  of  14C  in  the 
atmosphere since the cessation of nuclear testing in AD 1963 is clearly recorded within the 
peat  deposit.  The ages of samples between wiggle-match dated levels  were  estimated  by 
linear interpolation (Appendix G). Sample ages in the text will be printed without the errors; 
these are presented in Table 5.2.

5.3.4. Microfossil and macrofossil analyses

5.3.4.1 Regional vegetation development (dry land taxa)

The dry land  vegetation development was divided into six pollen assemblage zones (I-VI) 
based on the major divisions in the CONISS dendrogram (square root transformation; Figure 
5.4). This zonation was also used in the pollen concentration and pollen accumulation rate 
diagrams (Figure 5.5). 

 

Zone I (60 – 49.5 cm depth; c. AD 1705 - 1740)

Zone I is characterised by a relatively high degree of openness of the surrounding vegetation 
up to 30% nonarboreal pollen (NAP). Between 58 and 54 cm depth (c. AD 1712 - 1726) a 
less open phase with increased  Pinus and Fagus percentages  is present.  Poaceae,  Rumex 
acetosa type and Secale have lower percentages during this phase. By the end of zone I Pinus 
shows a sharp decrease.  Picea is present since 53 cm depth (c. AD 1730). Ranunculaceae 
(meadow  indicators)  are  regularly  found  and  general  open  land  indicators,  ruderals  and 
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cultivated  land  species  represent  a  large  part  of  the  landscape.  PARs  of  trees  decrease 
towards the end of zone I. This trend is also visible in the NAP.

 

Zone II (49.5 – 37.5 cm depth; c. AD 1740 - 1780)

The boundary between zone I and II is marked by a sharp increase in Pinus percentages and a 
decrease  in NAP.  Some variation is  present  in tree composition.  Dominance of  Pinus is 
replaced by more broad-leaved tree composition i.e. Betula, Fagus and Quercus at 45 and 41 
cm depth. The apophytes and anthropochores species composition remains stable. Relatively 
high counts of Apiaceae pollen occur. At the end of the zone NAP increases. All taxa show 
the same trends in pollen accumulation rates with a minimum at 46-45 cm depth and increase 
towards the top of the zone. Betula PARs decrease towards the top of the zone.

 

Zone III (37.5 – 29.5 cm depth; c. AD 1780 - 1920)

NAP is relatively high, c. 25%, at the start of zone III.  Pinus percentages are relatively low 
but increase as apophytes and anthropochores decrease. At 32 cm very low Pinus percentages 
are  recorded.  At  the  same  time  Poaceae  and  Rumex  acetosa  type  and  Secale and 
Humulus/Cannabis type show relatively high percentages, but also a variety of broad-leaved 
trees in which Betula and Quercus are dominant is recorded. PARs decrease to low numbers 
in zone III.

 

Zone IV (29.5 – 22.5 cm depth; c. AD 1920 – 1964)

Zone IV is characterised by high AP and low NAP values. Pinus shows high percentages up 
to 80%.  Quercus shows relatively low percentages.  Picea increases in the deepest part of 
zone  IV.  Ranunculaceae,  Rumex  acetosa type,  Plantago  lanceolata,  Secale and 
Humulus/Cannabis type decrease. At 26 cm depth  Fagopyrum is recorded. PARs are very 
low at the start of zone IV and show a sharp increase towards the end.

Figure 5.4. (Opposite  page) Pollen percentage diagram of regional vegetation (dry land taxa)  of Barschpfuhl. 
Omitted taxa are named in Appendix H. The black silhouettes show the percentage curves of all taxa, the depth bar 
filled silhouettes show the five times exaggeration curves. The legend is described in Figure 5. 2.
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Zone V (22.5 – 13.5 cm depth; c. AD 1964 - 1982)

Zone V is dominated by coniferous forest. Pinus percentages vary but are relatively high and 
Picea percentages  are  also  high.  When  Pinus percentages  are  low,  Quercus and  Fagus 
percentages are relatively high. Secale percentages are high and Urtica increases towards the 
top of zone V. Pollen concentrations and PARs are high at 18-17 cm depth (c. AD 1975 - 
1978).

Figure 5.5 A) Pollen concentrations and B) pollen accumulation rates (PAR) of regional vegetation (dry land taxa) 
of Barschpfuhl. The legend is described in Figure 5.2.
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Zone VI (13,5 – 0 cm depth; c. AD 1982 - 2003)

The topmost zone is dominated by forest vegetation and low anthropochores percentages. 
Pinus shows a sharp decrease at 11 cm depth, where broadleaved trees and Picea increase. 
Pinus slowly increases from 9 cm depth towards the top of  zone VI. Urtica shows high 
percentages and Secale decreases. Very few Plantago lanceolata grains are recorded. In the 
surface samples pollen of Rhamnus catharticus type was recorded. The top four centimetres 
of the core show relatively high pollen concentrations. The PARs show a peak at 4 cm depth.

5.3.4.2. Local wetland vegetation development

The wetland vegetation development was divided into five zones (V-Z) based on the major 
divisions in macrofossil composition in the CONISS dendrogram (Figure 5.6). This zonation 
was also used in the local microfossil diagram and testate amoebae analysis (Figures 5.7 and 
5.8).

Zone V (60 – 49.5 cm depth; c. AD 1705 - 1740)

Zone  V  is  dominated  by  Sphagnum  angustifolium.  Sphagnum  magellanicum and  S. cf. 
cuspidatum are present in low percentages but decrease towards the end of the zone, while 
the brown mosses  Drepanocladus fluitans and  Calliergon cordifolium increase. Perichynia 
and  achenes  of  Carex  curta are  present.  Also  Carex  limosa,  Scheuchzeria  palustris and 
Rhynchospora alba are recorded.  Amphitrema wrightianum and  A. flavum dominate testate 
amoebae  composition.  Both  species  show a  decrease  towards  the  top  of  the  zone  while 
Cyclopyxis arcelloides type and  Nebela griseola type increase.  In samples 53, 52 and 51 
many charcoal  particles  have been recorded with at  51 cm depth charred  Sphagnum and 
cyperaceous remains. In the top of zone V some ericales rootlets were found. 

 

Zone W (49.5 – 37.5 cm depth; c. AD 1740 - 1780)

Sphagnum angustifolium is  present  in  relatively  low percentages  at  the start  of  zone  W. 
Drepanocladus fluitans and  Calliergon  cordifolium peak.  Carex  curta and  Scheuchzeria 
palustris show relatively high numbers but disappear at 47 cm depth and are replaced by 
Carex limosa remains. Oxycoccus palustris remains are present in low percentages. 
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Also  fungal  types  Entophlyctis  lobata (T.  13)  and  Helicoon  pluriseptatum (T.  30)  are 
recorded.  Drosera rotundifolia/anglica remains have been found throughout zone W. In the 
top of the zone a phase with wet-growing Sphagnum cf. cuspidatum is present. In this phase 
also the plant remains of  Drosera rotundifolia/anglica are preserved.  Amphitrema flavum,  
Arcella discoides type and Cyclopyxis arcelloides type are dominant testate amoebae.

Zone X (37.5 – 22.5 cm depth; c. AD 1780 - 1964)

Carex limosa disappears in zone X and is replaced by Rhynchospora alba. Ericales rootlets 
and unidentified cyperaceous epidermis and rhizomes show relatively high numbers while 
Sphagnum  angustifolium percentages  decrease  at  31-30  cm.  Calliergon cordifolium and 
Oxycoccus  palustris remains  increase  towards  the  top  of  the  zone.  Also  Pinus  sylvestris 
mycorrhizal roots (T. 387) and needles are present in the top of zone X together with fungal 
Type 158. At 23 cm depth Juncus bufonius seeds are recorded. Amphitrema flavum decreases 
and A. wrightianum disappears.  Difflugia pulex shows a single peak at 31 cm depth (c. AD 
1890).  Arcella discoides type,  Cyclopyxis arcelloides type,  Assulina muscorum and  Nebela 
griseola represent the testate amoebae composition in the top of zone X.

Zone Y (22.5 – 10.5 cm depth; c. AD 1964 - 1986)

Three phases are present in zone Y. It starts with a Calliergon cordifolium dominated phase, 
between 18 and 17 cm depth C. cordifolium is replaced by Oxycoccus remains. The last phase 
starts  at  16  cm depth  when  Oxycoccus and  Pinus  sylvestris needles  disappear  and  are 
replaced by high Sphagnum angustifolium percentages. Loricae of Callidina angusticollis (T. 
37) are present above 21 cm depth. A wide variety of testate amoebae is recorded at the start 
of zone Y, e.g. Nebela militaris, Corythion-Trinema type, Hyalosphenia ovalis and Euglypha 
rotunda  type.  At  the  end  of  zone  Y  the  testate  amoebae  composition  is  dominated  by 
Cyclopyxis arcelloides type, Assulina muscorum and Arcella discoides type.

Figure 5.6 (Opposite  page)  Macrofossil  diagram (local  wetland vegetation)  of  Barschpfuhl.  Omitted taxa  are 
named in Appendix H. The legend is described in Figure 5.2.
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Zone Z (10.5 – 0 cm depth; c. AD 1986 - 2003)

Zone  Z  is  characterised  by  the  presence  of  Polytrichum  strictum and  few  Sphagnum 
magellanicum and  Calliergon  cordifolium remains.  Sphagnum  angustifolium percentages 
decrease.  A peak in  Sphagnum spores is present at 10 cm depth. A new microfossil  type 
(Type 269; Plate IV) has been recorded solely in the top samples of Barschpfuhl. At 3 cm 
depth a peak in coprophilous fungi (Sporormiella, Cercophora type and other Sordariales) is 
present. In the macrofossils a fruitbody with spores of Sporormiella was recorded in sample 
depth 1 (not shown in diagram). Testate amoebae composition is dominated by Cyclopyxis  
arcelloides type, Assulina muscorum, Nebela griseola type. Also dry indicators Bullinularia  
indica, Euglypha rotunda type, Trigonopyxis arcula type and Trinema lineare are present. 

5.4. Interpretation

5.4.1. Regional vegetation development (dry land taxa)

The landscape is relatively open in zone I (c. AD 1705-1740). By using the threshold limits 
for  pollen accumulation rates in deposits  from openings of c.  200m diameter  (Hicks and 
Sunnari, 2005), the density of Pinus, Picea and Betula forest could be derived (see Table 5.3 
and  Figure  5.4;  bearing  in  mind  that  these  threshold  limits  are  based  upon  northern-
Fennoscandian pollen data). Though Pinus sylvestris PARs indicate an open to dense forest 
in zone I, the high percentage of apophytes and anthropochores indicate a relatively high 
openness and human impact in the region. 

Zone  II  (c.  AD  1740  –  1780)  percentages  show  a  less  open  vegetation,  although 
anthropochores percentages remain the same as in zone I. PARs show a slightly denser Pinus 
forest with some Picea and Betula. 

Figure 5.7 (Opposite page) Diagram of local wetland taxa (pollen and non-pollen palynomorphs) of Barschpfuhl. 
Some testate amoebae were counted in the pollen slides. See Figure 5.8 for complete testate amoebae analysis. 
Omitted pollen taxa are named in Appendix H. The legend is described in Figure 5.2.
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 Figure 5.8 Testate amoebae (main taxa) and reconstructed water table of Barschpfuhl. The legend is described in 
Figure 5.2.
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Plate IV. Microscopic photos of the newly described microfossils Type 268 and Type 269.

1. Type 268: Globose microfossil of c. 21-24 μm diameter, bacculate or sometimes eroded psilate surface. 

2. Type 269: Globose microfossil of c. 14-21 μm diameter, “wrinkled” surface. 

Zone III (c. AD 1780 – 1920) comprises a long time period in a relatively short peat interval. 
Pinus percentages are relatively high until a sharp drop between 1850 and 1870 after which 
Betula and  Quercus become more dominant. The increase in  Pinus percentages afterwards 

may represent the forest renewal activity at the end of the 19th and start of the 20th century. 
PARs indicate an open pine forest. However, PARs of all species are low. This would point 
to a hiatus between 33 and 32 cm depth. If so, the wiggle-matched chronology and PARs 
would be different. The calendar age of sample depth 34 would become c. AD 1810 and that 
of sample depth 32 c. AD 1935. PARs would increase because less time is present within the 
samples. Unfortunately sample depth 33 was not radiocarbon dated, so it remains uncertain if 
a hiatus is present. The peat in the interval from 35 to 26 cm depth is extremely decomposed 
and  shows  low  transmission  data.  Therefore  we  assume  that  this  peat  section  is  very 
compacted  and has  a  slow peat  accumulation  rate.  In  the  1930s the  Autobahn A11 was 
constructed, which might have caused a change in the water balance of the bog. This matter 
will be further discussed in section 5.5. 

Zone IV (c. AD 1920 - 1964) shows high Pinus percentages and relatively low antropochore 
percentages. This is probably caused by the forest renewal. All PARs show a sharp increase 
with a peak at c. AD 1961-1963. These wiggle-matched dates and thus also the PARs can be 
trusted because they represent the bomb peak period. The PARs indicate a dense Pinus and 
Picea forest with Betula.
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Zone V (c. AD 1964 - 1982) PARs remain high with one peak at c. AD 1975 and another at 
c. AD 1979. A dense pine, spruce and birch forest is present on the hills surrounding the 
mire. The PARs of other broad-leaved trees, e.g. Fagus and Quercus, are also relatively high, 
which mean that these trees are also nearby. Nowadays, patches of coniferous and of mixed 
forest are present on the hills nearby. These trees appeared to be older than 20 years and it is 
most likely that these trees were already present in the period from AD 1964 - 1982.

 

Zone VI (c. AD 1982 - 2003) remains dominated by coniferous forest. Since c. AD 1988 
Picea has become more dominant, although Pinus remains of importance. This is concurrent 
with the vegetation around the mire while sampling. Some small Pinus trees were present on 
the bog surface. Years in which PARs peak are: c. AD 1988, 1989, 1990, 1994. These are 
consistent  with  the  years  of  high  annual  pollen  deposition  published  by  Hicks  (2001). 
Relatively high PARs in recent years were also observed in other peat records of Sweden 
described in Chapter 2,  3 and 4  (van der Linden et al., in review-a; in review-b; van der 
Linden and van Geel, 2006).  Bennett and Hicks  (2005) showed that when peat profiles are 
sampled with high (near-annual) temporal resolution, analyses of pollen accumulation rates 
reflect temperature-related pollen abundance rather than vegetation abundance (Barnekow et 
al., 2007). High summer temperatures result in an increased pollen production (Autio and 
Hicks, 2004). 

Table 5.3 Forest density for Barschpfuhl pollen accumulation rates. Derived from threshold limits from Hicks and 
Sunnari (2005) for openings of c. 200 m diameter NP1= not present within 1 km, Pbs= Present, but only sparse, 
OF= Open forest, DF= Dense forest 

Barschpfuhl PAR   

regional microfossil zones Pinus sylvestris Picea abies Betula

VI (1982-2003) DF (Pbs-)DF DF

VI (1964-1982) DF DF-OF-Pbs DF

IV (1920-1964) OF-DF NP1-Pbs-DF NP1-DF

III (1780-1920) NP1-OF NP10 NP1-Pbs

II (1740-1780) OF-DF NP1-Pbs NP1-Pbs

I (1705-1740) OF-DF NP1 NP1-Pbs
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5.4.2. Local vegetation development (wetland taxa)

Changes in trophic status and water regime type are shown in a schematic way in Table 5.4 
for  each  macrofossil  zone  following  the  standards  for  nutrient-chemical  (Succow  and 
Stegmann, 2001) and ecological characteristics of mires in Table 5.5 (Koska et al., 2001). By 
expressing the nitrogen concentration (shown in Figure 5.2) as percentages  of the carbon 
content, Nc, can be calculated (Table 5.4). Together with the C/N ratio, the trophic status and 
water regime of the bog can be established. According to the nutrient-chemical characteristics 
not much variation is present in the trophies status.  All but one Barschpfuhl samples are 
characterised as oligotrophic acid in this way. The Nc and C/N ratio of sample depth 22 (c. 
AD 1964)  are  resp.  2.62% and of  68.29  which  indicates  acid  poor  (and not  very poor) 
conditions. The trophy level based on vegetation characterisation (Table 5.5) differs from the 
nutrient-chemical based one.

Table 5.4 Barschpfuhl vegetation succession described following Succow and Joosten (2001) with trophy status 
based on Nc and C/N ratio. (*= AD 1963-1964)

Macrofossil zone  Nc C/N ratio Trophy status

Z max 2.22 61.56 oligotrophic

(1986-2003) average 1.94 52.15 acid

 min 1.62 45.07 very poor

Y max 2.62 68.29 poor*

(1964-1986) average 1.92 53.14 oligotrophic

 min 1.46 38.10 acid

    very poor

X max 2.30 61.41 oligotrophic

(1780-1964) average 2.02 49.89 acid

 min 1.63 43.51 very poor

W max 2.04 75.85 oligotrophic

(1740-1780) average 1.78 57.22 acid

 min 1.32 48.91 very poor

V max 1.96 74.16 oligotrophic

(1705-1740) average 1.70 59.81 acid

 min 1.35 50.92 very poor
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Table 5.5 Barschpfuhl vegetation succession described following Succow and Joosten (2001) with trophy status 
based on vegetation composition. Waterregime T: topogene; O: ombrogene. Oxyc.= local presence of Oxycoccus 
palustris; Pine = local presence of Pinus sylvestris (* = AD 1963-1964)

Macrofossil 
zone Moss species Monocots Oxyc. Pine

Trophy 
status Water-regime

Mire community 
type

Z P. strictum E. vaginatum + --+ oligo-meso T E. vaginatum-

(1986-2003) S. magellanicum R. alba   acid O S. recurvum

 C. cordifolium       

Y C. cordifolium E. vaginatum ++ ++ oligo-meso T P. sylvestris-

(1964-1986)  C. rostrata   acid- (O) S. magellanicum

  R. alba   baserich  E. vaginatum-

       S. recurvum

X C. cordifolium R. alba ++ ++ oligo-meso T P. sylvestris-

(1780-1964) S. magellanicum C. limosa   acid- O S. magellanicum

 D. fluitans J. bufonius*   baserich  *S. recurvum-

     (*eutroph)  J. effusus

W S. magellanicum C. limosa + -+ oligo T S. magellanicum

(1740-1780) S. cf. cuspidatum S. palustris   acid O S. cuspidatum-

 D. fluitans R. alba     C. limosa

 C. cordifolium C. curta      

V S. magellanicum C. curta - + (oligo -) T S. magellanicum

(1705-1740) S. cf. cuspidatum S. palustris   meso (O) S. cuspidatum-

 D. fluitans R. alba   acid  C. limosa

 C. cordifolium C. rostrata      

  C. limosa      

Zone V, the oldest part of the peat core (c. AD 1705-1740), has mesotrophic acid conditions 
with  many  Carex  curta remains.  However,  also  Sphagnum magellanicum, Scheuchzeria  
palustris and  Carex limosa, which prefer  oligotrophic conditions,  were found. The water 
regime was probably topogenic. Average RWT is 4.4 cm below surface and shows not much 
variation in this zone. Conditions become drier at c. AD 1735. 
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Zone W (c. AD 1740 – 1780) remains relatively dry with an average water table of 4.9 cm 
below the surface. The replacement of  Carex curta by  Carex limosa indicates a change to 
more oligotrophic conditions. At the end of the zone W between c. AD 1775 and 1780 a 
relatively wet phase is present, indicated by the presence of Sphagnum cf. cuspidatum and a 
decrease  in RWT (increased wetness).  In this  wet phase well  preserved plant  remains of 
Drosera rotundifola/anglica are present.

Zone  X  (c.  AD  1780  –  1964)  begins  with  oligotrophic  conditions  but  becomes  more 
mesotrophic as Carex limosa disappears at c. AD 1830 and Calliergon cordifolium increases. 
At the same time it becomes drier with more Oxycoccus palustris and a low RWT. At the end 
of zone X the RWT increases and more Pinus sylvestris macrofossils are found which imply 
local Pinus growth. At the transition from zone X to Y a short eutrophic phase is recorded at 
c. AD 1963 with Juncus bufonius seeds. 

Zone Y (c. AD 1963 – 1986) shows mesotrophic conditions at the start with high Calliergon 
cordifolium percentages and high RWT. The presence of  Hyalosphenia ovalis may indicate 
input  of  minerogenic  groundwater.  Driest  conditions  are at  c.  AD 1978-1980 with  many 
ericaceous remains and an increase of Eriophorum vaginatum.

The topmost  zone Z (c.  AD 1986 – 2003) shows mesotrophic  conditions with  inflow of 
minerogenic groundwater. The sharp increase of Polytrichum strictum implies a fast increase 
in nutrients and increasing dryness.  RWT is high at c. AD 1990-1994 but shows a sharp 
decrease  in the topmost  sample of  the peat  core.  In the surface samples many spores  of 
coprophilous fungi are present. The fungal spores were probably produced in fruit bodies on 
boar dung. Wild boar enter the bog when conditions are dry enough, a situation which has 
occurred  during  the  last  years.  The  top  part  of  the  core  might  be  trampled  and  more 
compacted by wild boar disturbing the bog surface. 
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5.5. Discussion

5.5.1. Population growth, human impact and mire hydrology

Human impact pollen percentages are high from c. 1705 to the start of the 20th century and 

then  decrease.  During  the  16th and  17th century  foreign farmers  (Dutch  amongst  others) 
migrated to the Uckermark region, bringing knowledge of water management and new crops 
such as potatoes and hop (Lutze, 2003). In the beginning (c. AD 1716-1770) potatoes were 
only used as animal fodder. This had the advantage that livestock could be held in the barn all 
year. The forest vegetation (Waldweide in German) had been damaged by the foraging of 
pigs and other animals. The openness created is visible in the Barschpfuhl pollen record by 
the high percentages of Poaceae,  Plantago lanceolata and the presence of  Juniperus.  The 
park-like landscape served as a supply for fuel and other goods and could hardly be called a 
forest,  with  woodland  borders  merging  into  fields.  Drawings  and  paintings  of  the 

Angermünde and Eberswalde area dating from the 17th and 18th century show hardly any 
trees and shrubs in the cultural landscape (Lutze, 2003). Agricultural fields were wide and 
had few “green-land-isles” and mires.  Forest  in this  landscape was restricted to the sand 
islands and fen and mire borders (Lutze, 2003). Such a landscape is shown in zone I of the 
Barschpfuhl  pollen  diagram  (Figure  5.4)  indicated  by  the  high  non-arboreal  pollen 
percentages. 

By the end of the 18th century the Uckermark region had become the main grain source area 
for Berlin. To keep up with the demand, an expansion and improvement of agricultural fields 
was necessary. This was called the “große Melioration” in German. In total c. 230,000 ha of 
wetland in Brandenburg was made arable and c. 300,000 people immigrated there (Lutze, 
2003). Many new villages arose, e.g. Neu-Barnim and Neureetz. Between 1800 and 1870 the 
German  population  doubled.  The  Angermünde-Eberswalde  region  shows  an  increase  in 
population from 12,000 to 32,000 residents (see Figure 5.9). This may be represented in the 
Barschpfuhl  pollen  record  as  an  increase  in  Cerealia,  Chenopodiaceae,  Poaceae, 
Humulus/Cannabis and  Plantago  major/media  (zone  III),  although  total  cultivated  land 
percentages decrease, as a result of reforestation in the area. Between the late 1930s and the 
early 1950s, an overall decrease in population occurred, although population in the villages 
increased.  This may be reflected in a  decrease in  NAP and openness in  the Barschpfuhl 
pollen record at the start of zone IV. 
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After the Second World War many refugees came to the area. In name of the ‘anti fascism-
democratic  revolution’  (antifaschistisch-demokratischen  Umgestaltung  in  German)  all  the 
farmland, which was in the hands of 112 landlords, was divided in small pieces and given to 
4681 farmers. From 1950-1975 a sharp decrease in small villages and a population increase 
in cities occurred, with an overall increase of c. 20,000 residents. Openness slowly increases 
in the pollen record. After 1990 both the population in small villages slowly increased but 
overall the population decreased rapidly to c. 65,000 residents in 2002 (Lutze, 2003). The 
political  change  and  unification  of  Germany  at  the  end  of  1989  had  far-reaching  social 
consequences. The number of persons employed in agriculture decreased to only one third of 
the number before 1990 (Lutze, 2003). Also a change in land use to a more multi-functional 
landscape  with  tourism  and  nature  conservation  commenced.  This  is  reflected  in  the 
cultivated land pollen percentages of Barschpfuhl which have decreased since c. AD 1990 
when land use changed and Schorfheide-Chorin became a UNESCO nature reserve (Lutze, 
2003).

Figure 5.9 Population history for cities and small villages in Angermünde-Eberswalde area, redrawn after Lutze, 
2003.
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Figure 5.10 A) Instrumental data of Berlin-Dahlem summer temperature anomaly of AD 1876-2003 mean (source 
Deutsche Wetterdienst), oldest part of record from AD 1719-1875 is less reliable, B) Instrumental data of Berlin-

Dahlem  summer  precipitation  anomaly  of  AD  1876-2001  mean  (source  Deutsche  Wetterdienst),  C)  14C 
productivity, q(lp30), (Masarik and Beer, 1999; Muscheler et al., 2007) and solar irradiance (Lean, 2000; 2004).
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5.5.2. Impact of Pinus sylvestris monocultures

Large  kettle  hole  mires  of  0.5-2  ha are  usually  oligotrophic  with  ombrotrophic  parts 
(Timmermann and Succow, 2001). Barschpfuhl is  c. 2 ha and shows oligotrophic acid to 
mesotrophic acid-base rich conditions. The vegetation is comparable with Grosse Mooskute 
and Kreuzfenn in Brandenburg (Timmermann and Succow, 2001) with  Polytrichum at the 
borders and Eriophorum vaginatum and Pinus sylvestris in the central part of the mire. The 
vegetation development over the last 300 years shows a change from relatively oligotrophic 
(ombrogenic-topogenic)  wet  to  more  mesotrophic  (topogenic)  and  drier  conditions. 
Succession within mire vegetation communities  can be classified starting as a  Sphagnum 
cuspidatum-Carex limosa-community and  Sphagnum magellanicum-community developing 
to  a  Pinus  sylvestris-Sphagnum  magellanicum-community  (briefly  Sphagnum  recurvum-
Juncus  effusus-community  at  c.  AD  1963-1964)  to  a  Eriophorum  vaginatum-Sphagnum 
recurvum-community in recent years (Koska et al., 2001).

The local wetland and regional dry land pollen and macrofossil assemblage zones created 
with the CONISS program show the same major transitions,  though based on completely 
different datasets. Apparently the transitions in development of local and regional vegetation 
are influenced by the same factor(s).  One factor may be climate change.  However,  since 
Barschpfuhl  is  a  relatively  small  bog,  it  seems more  likely  that  local  factors  have more 
influence.  One species  that  is  both present  in  the  local  and  regional  vegetation  is  Pinus 
sylvestris, and it seems possible that this species explains many of the changes in vegetation.

The findings of Pinus sylvestris scale leaves (T. 387) throughout the core suggest that Pinus 
trees have always grown at short distance from the sample site. Indeed nowadays small pines 
are found on the bog and large pine trees grow on the hill slopes surrounding the bog. From 
26 cm depth to 16 cm depth pine needles were found and at 26 cm depth mycorrhizal roots. 
These  findings  point  to  growth  of  pine  at  the  core  location.  Pinus  sylvestris has  a  high 
transpiration rate and takes up a vast quantity of water from the environment. This may have 
dessicated the underlying peat and thus increased the decomposition rate. This may be the 
reason for the dark peat layer and slow peat accumulation between 35.5 and 25.5 cm depth. 
The high bulk densities and low transmission percentages also point to a highly humified 
zone. At 23 cm depth when most Pinus sylvestris needles and also Juncus bufonius seeds are 
found, LOI percentages drop to 90 % organic matter and also C concentration is minimal. 
This depth is both in the local and regional  vegetation development a boundary between 
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assemblage  zones.  The  mesotrophic  status  of  the  bog,  indicated  by  presence  of  Juncus 
bufonius, can be the reason for the humified peat layer while decay rates increase with trophy 
status (Johnson et al., 1990). There remains a question about why pine settled on the bog 
surface  at  this  particular  time.  A period  of  warm and dry summers  may have  caused  a 
desiccation  of  the  bog.  However,  climatic  conditions  were  not  extreme  around  1960. 
Actually, summers were relatively cold and wet (Figure 5.10). Another possibility may be 
that the bog area suffered from drainage. Increased decomposition of the bog surface may 
have started during the construction of the motorway in the late 1930s. The timing may be an 
argument for the presence of a hiatus in the peat record between c. AD 1810 and 1930, which 

would fit the 14C calibration curve. The macrofossil record, however, does not show abrupt 
changes between sample depth 35.5 and 25.5, therefore we assume a period of slow peat 
accumulation and not a hiatus.

Additionally, the forest regeneration in the region probably caused a dehydration of the bog. 
After  the Second World War increased logging to meet Russian demand for timber took 
place.  Pinus sylvestris and other fast-growing conifers with a high transpiration rate were 
planted as replacement trees. This caused a change in hydrology of the bog and pines could 
also grow on the bog surface, thereby causing further desiccation of the surface.

When this research project started it was decided to include Pinus sylvestris in the pollen sum 
because pine forest comprises a large part of the region vegetation. After the macrofossil 
analyses it was evident that, periodically,  Pinus sylvestris was also a local pollen producer. 
Although  pollen  sums would  be  considerably  lower  (c.  200  grains),  we  decided  to  also 
produce a dry land pollen diagram with new pollen assemblage zones with Pinus sylvestris 
excluded from the pollen sum. This  diagram (Figure 5.11) did not differ  much from the 
diagram and pollen zones with  Pinus sylvestris in the pollen sum. The largest difference is 
that the separation in samples from the upper and lower box has become a major division. 
Apparently, all taxa change between sample depths 26 and 25, which is recognised by the 
CONISS analysis but is not clearly visible in the TILIA diagram. 

Figure 5.11. (Opposite page) Pollen percentage diagram of regional vegetation (dry land taxa) of Barschpfuhl 
based on pollen sum without Pinus syvestris.
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All other divisions in the new CONISS dendrogram are at the same sample depth or differ 
only 1 cm from divisions or subdivisions in the first  dendrogram. Obviously, NAP levels 
increase; however, no different patterns are recognised in the new diagram. Based on these 
findings we can conclude that it was appropriate to include Pinus sylvestris in the pollen sum 
and that the vegetation description from section 5.3 and 5.4 remains valid. 

 

5.5.3. Climate change and solar activity

Many  studies  show a  link  between  climate  change  and  peatland  development  including 
changes over historical time especially related to the Little Ice Age which caused wet shifts in 
raised  bog  deposits  during  periods  of  low  solar  activity  (e.g.  Mauquoy  et  al.,  2002b). 
However,  the  hydrology  of  kettle  hole  mires  like  Barschpfuhl  is  not  only influenced by 
precipitation but also by groundwater. Furthermore, the surface of kettle hole mires is oten 
partially ‘floating’ on a subsurface water lens, so that surface vegetation is buffered against 
fluctuations in water table. Therefore it may be difficult or even impossible to distil a clear 
climate signal from the Barschpfuhl record. Thermophilous tree species e.g. Fagus, Quercus,  
Tilia and  Ulmus are  growing  near  the  research  site,  but  are  liable  to  logging.  Also  the 
planting of Pinus sylvestris and other conifers altered the natural forest composition. Also the 
Berlin-Dahlem temperature  record  does  not  show great  changes  over  the  last  300  years 
(Figure 5.10A). At the beginning of the measurements relatively cold summers are recorded 
(AD 1720 – 1755) and relatively warm period between 1756 and 1770. However gaps are 
present  in  the  dataset  and  it  is  known  to  be  quite  unreliable  until  1876  (G.  Müller-
Westermeier,  personal  communication).  Since  1876  also  precipitation  measurements  are 
available (Figure 5.10B). Two intervals with relatively wet summers are recorded from 1926 
- 1935 and from 1953-1966. Since 1970 it has been relatively dry in the summer. The last c. 8 
years have been dry and warm. This is consistent with the high pollen accumulation rates in 
the  top  of  the  peat  deposit,  but  this  cannot  be  called  climate  change,  merely  weather 
variability.

In  contrast  to  raised  bog  conditions  (compare  Mauquoy  et  al.,  2002b)  the  peat  moss 
composition may react to changes in hydrology and trophic conditions, independent from 
climatic factors. From 1705-1750 the macrofossil record indicates a wet period, which is also 
observed in the reconstructed water table based on testate amoebae. During this cold period 

the  solar  activity  is  low (Figure  5.10C),  indicated  by low solar  irradiance  and high  14C 
productivity.  However  no  other  links  are  visible  between  the  Berlin-Dahlem  summer 
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temperature, summer precipitation and solar irradiance record (Lean, 2000; 2004). 

Mesotrophic conditions, indicated by Calliergon cordifolium (1910-1930 and 1960-1975) are 
present during two periods of increased summer (and winter) precipitation. The last period is 
also characterised by a high reconstructed water table. Increased inflow of runoff water from 
the hills into the mire as a result of increased precipitation is probably the cause of these 
mesotrophic conditions.

5.6. Conclusions

In attempting to distinguish between effects of climate change and human impact on the mire 
hydrology  and  ecology  of  the  kettle  hole  mire  Barschpfuhl,  it  is  clear  that  the  human 
activities around the mire have had a much greater influence on the plant communities and 
bog  hydrology  than climate  change.  We were  able  to  reconstruct  the  regional  and  local 
changes in vegetation from c. 1705 until 2003 from the pollen and macrofossil record. We 
could also reconstruct changes in hydrology by analysing the macrofossils and the testate 
amoebae record. Most changes in ecology and hydrology were explained by changes in land 
use (mainly forestry).  Logging  of  trees and planting of conifers in the region altered the 
natural  forest  composition.  Particularly  the  planting  of  fast-growing  Pinus  sylvestris 
influenced the mire hydrology and peat accumulation. The recorded tree species composition 
in the forest could be related to land use, e.g. Waldweide. The pollen record of Cerealia and 
Secale could be linked to the cultivation history of cereals in the Uckermark region. 
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Historic carbon accumulation in peat deposits 
from northern Sweden to northern Germany

Marjolein van der Linden, Monique M.P.D. Heijmans, E. Emiel van Loon and Bas van Geel

Abstract

Historic carbon accumulation rates of four bog ecosystems on a north to south transect were 
calculated  by  using  the  bulk  density,  the  carbon  concentration  and  a  fine-resolution 
radiocarbon  chronology.  Carbon  accumulation  rates  were  compared  to  the  historic  plant 
species composition and environmental data to explore the effects of climate change, human 
impact and plant species composition on carbon accumulation rates. A north-south gradient is 
visible in the historic carbon accumulation data and also in historic temperature records. This 
suggests  that  temperature  is  a  major  factor  on carbon accumulation rates  geographically. 
Within the sites, however, no strong correlation was found between mean annual temperature 
and carbon accumulation rates. Instead these carbon accumulation rates are strongly related 
to sample age (and thus to period of decay) and the species composition.
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6.1. Introduction

Peatlands are reservoirs of organic soils and peat deposits, in which significant amounts of 
carbon have been accumulated since the last  glacial retreat.  The greatest  concentration of 
peatlands and the highest rate of peat  formation occur in the cool,  humid climates of the 
temperate belt of the northern hemisphere (Franzén, 2006).  The amount of  carbon stored 
within the Boreal and Arctic peatlands has been estimated to range from 270-370 Pg (=Gt) 
(Turunen et al., 2002) to 455 Pg (Gorham, 1991). Applied to the present-day sequestering 

rate this makes these northern peatlands a carbon sink of 0.07 Pg yr-1 (Gorham, 1991, Clymo 
et al., 1998).

Raised bog ecosystems are largely formed by accumulation of  Sphagnum mosses.  Sphagna 
have  an  effective  capillary  system,  whereby  water  is  transported  in  spaces  between  and 
within the leaves, and between the stem and the branches. By maintaining a high water table, 
Sphagnum remains create the anaerobic conditions leading to peat  formation (Clymo and 
Hayward, 1982, Johnsson and Damman, 1991). In oligotrophic mire environments Sphagnum 
mosses are able to extract cations using their cation exchange capacity. They form organic 
acids attached to the cell walls, and these acids release hydrogen ions in exchanges for other 
cations.  Hereby  Sphagnum acidifies  the bog and further slows down decay (Rydin et al., 
1999, Clymo and Hayward, 1982). In addition, dead Sphagnum material is more resistant to 
decay than vascular plant material (Clymo and Hayward, 1982, Johnsson and Damman, 1991, 
Rydin et al., 1999).

Carbon is sequestered in peat lands as long as formation of new peat exceeds decay losses of 
peat accumulated previously (Clymo, 1984, Belyea and Malmer, 2004). Global increase of 
temperature  and  changing  patterns  of  precipitation  are  believed  to  impact  upon  the 
functioning of raised bog ecosystems. Increased temperatures have been shown to increase 
biomass  production  of  Sphagnum fuscum,  but  the production strongly declined  in  a  year 
when the warming treatment resulted in desiccation of the mosses (Dorrepaal et al., 2003). 
Robroek  (2007) found that  S.  fuscum and  S.  imbricatum were unaffected by temperature, 
while biomass production of  S. magellanicum and  S. rubellum  increased with temperature. 
Gunnarsson (2005) showed that productivity in hummock Sphagna is lower than in lawn or 
carpet Sphagnum species with temperature being the most important single factor explaining 
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the  variation  in  productivity.  Changing  environmental  conditions  also  affected  the 
competition between Sphagnum species and between Sphagnum and vascular plants species 
(Berendse et al., 2001, Heijmans et al., 2001b, Gunnarsson et al., 2004).  Temperature and 
precipitation not only influence growth of bog plants, but these factors may also affect the 
decomposition processes. Wet shifts in raised bogs during the Little Ice Age have been linked 
to decreases in carbon accumulation rates (Mauquoy et al., 2002).

Other  factors,  e.g.  human  activity,  drainage  and  nitrogen  deposition  also  influence  bog 
hydrology,  peat  formation  and  carbon storage  (Franzén,  2006).  Raised  atmospheric  CO2 

concentration and increased N deposition are two important components of global change, 
which are expected to alter the competitive balance between Sphagnum and vascular plants in 
bog vegetation (Heijmans et al., 2002). Growth of individual plants is generally stimulated by 
increased  CO2 concentration,  but  net  production  of  a  whole  plant  community  is  not 

necessarily increased, owing to nutrient limitation (Körner, 1996, Koch and Mooney, 1996). 
Increased atmospheric N deposition will initially lead to an increased productivity (Aerts et 
al., 1992) and may increase carbon accumulation (Turunen et al., 2003). Some  Sphagnum 
species and shallow-rooting vascular plants gain a competitive advantage at high N input 
levels  and  outcompete  other  species  (Heijmans  et  al.,  2001b,  LütkeTwenhöven,  1992, 
Gunnarsson et al., 2004, Berendse et al., 2001).  On the long term high N deposition may 
negatively affect carbon accumulation because of the negative effects on the abundance of 
Sphagnum, the main peat-forming species. Bog species can respond positively to elevated 
CO2 (Heijmans  et  al.,  2002).  A  coupled  climate-carbon  model  study  (Matthews,  2007) 

showed that carbon accumulation was less when CO2 fertilization was absent.

Changes  in  hydrology  of  bogs  affect  the  decomposition  processes.  Deeper  water  tables 
increase acrotelm thickness and therefore decrease the transformation rate of litter into decay-
resistant peat resulting in less carbon accumulation (Malmer and Wallén, 2004, Belyea and 
Malmer, 2004). The hydrology of the bog is liable to changes in land use in the surrounding 
area and bog exploitation, e.g. active drainage for peat cutting and agricultural purposes or 
indirect drainage by the planting of fast-growing conifers with high evapotranspiration rates. 
Carbon accumulation also depends on the decomposability of the plants which form the peat. 
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Holocene carbon accumulation in peatlands has been described using the long term apparent 
rate of carbon accumulation (LORCA). LORCA is defined as the cumulative mass of carbon 
divided by the age of the base of the peatland. LORCA is higher in younger peatlands than in 
older peatlands because more carbon has been lost in the older deposits owing to a longer 

period of slow anaerobic decay (Clymo et al., 1998). The average LORCA (g C m-2 yr-1) for 

raised bogs in Finland is 29.3 and for fens 18.5, total 26.1 g C m-2 yr-1 with a basal age of 4.1 

kyr BP (Turunen et al., 2002). For North American sites this is on average 20.1 g C m-2 yr-1 

and for Asian/European sites 17.5 g C m-2 yr-1 (Turunen, 2003). Carbon accumulation on 
recent timescales (last 150-200 years) or the recent rate of carbon accumulation (RERCA), 
has higher  values  than LORCA. This  can be explained  by the larger  contribution  of  the 
acrotelm in which less decomposed peat is present. RERCA in Finnish mires over the past 

100 to 200 years ranges from 40 to 81 g C m-2 yr-1 and for Canadian ombrotrophic mires 

over last 150 years varied from 30 to 122 g C m-2 yr-1 with an average of 76 g C m-2 yr-1 

(Turunen, 2003).

Figure 6.1 Scheme of variables influencing carbon accumulation within peatlands. CAR: carbon accumulation 
rate;  AGE:  sample  age  (thus  the  period  of  decay);  Species:  peatforming  vegetation;  ENV:  climate  and 
environmental variables (used in modelling: RWT: reconstructed water table; MAT: mean annual temperature; 
CO2: atmospheric CO2 concentration; NCON: nitrogen concentration).
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In most carbon accumulation models production rate and relative decay rate are regarded as 
constant (Clymo, 1984, Borren et al., 2004). Indeed peat and carbon accumulation has been 
surprisingly steady over long time scales, but contributing processes of peat formation are 
very variable on short-term and small-spatial scales (Wallén et al., 1988, Ohlson and Okland, 
1998,  Belyea  and  Clymo,  2001).  In  our  study  we  focused  on  late  Holocene  carbon 
accumulation rates. To investigate the short-term (decadal) variability in carbon accumulation 
rates we  compared the carbon accumulation history of four peat bogs situated on a north-
south gradient.  We explored the proposed relations between historic  carbon accumulation 
rates (CAR), sample age, species composition, climate and environmental conditions (Figure 
6.1), by relating CAR with temperature, atmospheric CO2 concentration, reconstructed water 

tables, nitrogen concentration and species-related variables.

6.2. Material and methods

6.2.1. Research sites

Four bog ecosystems  situated on a  north-south  transect  of  c.  1300 km were selected  for 
palaeoecological  studies  (Figure  6.2).  Mires  of  which  the  species  composition  suggested 
similar  ombrotrophic  conditions  were  selected  on  this  long  and  topographically  varying 
transect. Peat cores of c. one meter length were cut from the bog surface with a Wardenaar 
corer (Wardenaar, 1987) or taken from the side of a dug pit. The peat cores were cut up in 
one  cm  thick  slices  and  analysed  for  plant  macrofossils,  pollen/non-pollen  microfossils, 
testate  amoebae,  colorimetric  humification,  carbon  and  nitrogen  concentrations,  bulk 
densities, and loss on ignition, to investigate the effects of climate change and human impact 
on vegetation and peat accumulation during the late Holocene (for detailed description of the 
sites see: Chapter 2, 3, 4 and 5).

6.2.2. Radiocarbon chronology

To establish detailed chronologies, 32 - 40 layers per peat core were 14C AMS dated at the 
Centre for Isotope Research, University of Groningen, The Netherlands. Only above-ground 
plant remains,  preferably  Sphagnum remains,  were selected from the macrofossil  samples 
(Kilian et al., 2000, Nilsson et al., 2001). Radiocarbon dates were wiggle-matched (Blaauw et 
al., 2003, Blaauw et al., 2004) to the INTCAL 98 radiocarbon calibration curve (Stuiver et 
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al., 1998). Recent dates, younger than AD 1950, were precisely dated by matching the data 
with the atmospheric bomb pulse (Goodsite et al., 2001, Levin and Hesshaimer, 2000, Levin 
et al., 1994). For detailed information about the chronology see Chapter 2, 3, 4 and 5. The 

age  of  samples  inbetween  14C  wiggle-match  dated  levels  was  estimated  by  linear 
interpolation.

Figure 6.2. Map of research sites 

6.2.3. Bulk density, C and N concentration and reconstructed water tables

The bulk density (g cm-3) was measured for all samples with the exception of the deepest part 
of SNM core (50 – 90 cm depth) which was measured every second cm. Sub-samples of 10.5 

cm3 were used. The dry weight was determined after oven-drying at 105°C until constant 
weight.  Organic matter  concentration was determined as Loss on Ignition by incinerating 

sub-samples of ca. 35 cm3 for 3 hours at 550°C. Carbon and nitrogen concentration were 
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determined  with  a  Fisons  EA1108  CHN-O element  analyser.  Historic  water  tables  were 
reconstructed from the past testate amoebae species composition using a transfer function 
based on a training set of modern day testate amoebae ecological data (Charman et al., 2007). 
When reconstructed water tables (RWT in cm below surface) show low numbers, the RWT is 
just below the surface and thus conditions are relatively wet.

6.2.4. Carbon accumulation rate

LORCA was calculated by dividing the total cumulative C mass of the peat core by the basal 
age (Clymo et al., 1998). RERCA was calculated by dividing the total cumulative C mass of 
that period by the number of years. The RERCA was computed for two periods: since AD 
1850 (increased CO2 concentration) and since AD 1950 (increased CO2 concentration and 

nitrogen deposition).  Carbon accumulation rates (g C m-2 yr-1) were calculated from peat 

growth rate (r in m yr-1), carbon concentration C (g C g-1) and bulk density (ρ in g m-3).

CAR = r •C•ρ                                                                                                                 (1)

6.2.6. Environmental data

The climatic data used in this study are historic temperature and precipitation measurements 
from  weather  stations  nearby  the  research  sites,  from  North  to  South:  Umeå,  Uppsala, 
Halmstad  (precipitation:  Havraryd)  and Berlin-Dahlem.  The  German record  from Berlin-
Dahlem is the longest record with data available from AD 1719 onwards (source: Deutsche 
Wetter  Dienst).  Data  from  Uppsala  are  available  since  AD  1722,  and  from  Umeå  and 
Halmstad since AD 1860 (source: Swedish Meteorological and Hydrological Institute).  The 
precipitation  records  were  shorter  with  the  Uppsala  record  being  the  longest  with  data 
available since AD 1723, followed by Umeå since AD 1760, Berlin-Dahlem since AD 1876 
and Havraryd since  AD 1912.  The  Berlin-Dahlem and Uppsala climatic  records  are  less 
reliable during the starting period of their measurements before resp. c. AD 1867 and c. AD 
1860. To enable further data comparison the Umeå temperature and precipitation record was 
extended in time using the longer Uppsala record. First, Umeå data were related to Uppsala 
data for the overlapping period of measurements. These relations were then applied to the 
period of lacking data. Historic atmospheric CO2 concentration data were based on Mauna 

Loa measurements since 1958 (Keeling and Whorf, 2005) and on historical records from the 
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Siple Station ice core for the period 1734-1958 (Neftel et al., 1994). 

6.2.7. Data analysis

To enable data analysis,  the peat  core data of  the catotelm and environmental  data were 
averaged into corresponding 10 year time slices meaning that, for example, the data from 
period  1891-1900  was  averaged  in  one  value  1900.  The  SNM  and  BPF  records  were 
disturbed by human impact (van der Linden and van Geel, 2006, van der Linden et al., in 
review-b). Within the SNM record no peat samples were present where temperature records 
were present, so that the SNM record had to be omitted from the analysis. From the BPF 
record  only  the  relatively  undisturbed  oldest  parts  were  selected  (c.  AD  1720-1790). 
Temperature measurements were available since AD 1722 for Sweden. Therefore the LPM 
and ARM datasets comprise the catotelm peat record of the interval AD 1730 to 1930 and 
1960 (acrotelm-catotelm transition) respectively. 

Relations  between  dependent  variables  (CAR,  bulk  density,  carbon  concentration,  peat 
growth rate),  independent  variables  (sample  age,  mean annual  temperature,  reconstructed 
water  table,  atmospheric  CO2 concentration  and  nitrogen  concentration)  and  the  species 

composition (macrofossil  volume percentages of Ericales rootlets, hummock mosses, lawn 
mosses and  Eriophorum vaginatum  epidermis) were explored by creating scatterplots with 
the main trend shown by a Lowess smoother using a span of 1 (Cleveland, 1979). A Lowess 
smoother is a frequently used robust non-parametric model to describe the main relations 
between variables using a minimum of assumptions.

Ideally we would like to evaluate a model describing CAR as the net result of accumulation 
and  decay  processes,  whereby  accumulation  and  decay  would  be  functions  of  various 
explanatory variables (see eq. 2). 

CAR = facc(CO2, MAT, ...) - fdec(AGE, MAT, RWT, ...)                                              (2)

where CO2 is the annual CO2 concentration in the atmosphere (in ppm), MAT is the local 

mean annual temperature (in ºC), AGE the age of the peat mass (in years). 
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There is a combination of factors that hamper this kind of analysis. In the first place we have 
no adequate prior parametric descriptions for  facc and  fdec  , so that both models have to be 

identified (instead of just calibrated). Secondly there are several variables (notably MAT, N 
concentration and RWT) that are relevant for both accumulation and decay processes, and 
many explanatory variables are highly correlated (notably CO2, N concentration and AGE). 

And last, the observational setup of three cores where all factors co-vary is such that facc and 

fdec cannot be derived separately. We have chosen to solve this problem by modelling decay 

as a function of AGE only, and prior to the modelling facc. Another way to describe this is by 

stating that CAR is corrected for AGE. This seems reasonable since decay has been shown to 
be a major factor in the rate of carbon accumulation (see e.g. Clymo 1998).  The age of the 
samples can be interpreted as the period of time the peat was liable to decay (both aerobic 
and anaerobic).  This is illustrated in Figure 4C where it can be seen that younger samples 
have a higher CAR than older peat samples. Moreover the factor AGE is only of influence in 
the decay-process and not in the accumulation process. A lowess smoother (Cleveland, 1979) 
is used to establish the correction (using a wide smoother span of 1). The result of the above 
correction are the AGE-corrected values of CAR (CAR* see equation 3). By removing the 
long-term  trend  of  decay,  the  short-term  variability  within  carbon  accumulation  rates 
(probably  affected  by  changes  in  productivity)  can  be  investigated.  From  now  on  the 
corrected carbon accumulation rates will be addressed with an asterisk (*).

CAR* = CAR - lowess(CAR~AGE)                                                                                 (3)

Subsequently,  the  independent  variables  species  composition  variables  and  the  CAR* 
variable lagged by one time step were used to create (generalized) linear models (GLM's) and 
Generalized Additive Models (GAM's) (Hastie and Tibshirani, 1990) to explain CAR*. The 
significant models were tested via leave-one-out cross-validation and the best models were 
retained (Hastie  and Tibshirani,  1990, Ripley,  1996).  In this process all  possible variable 
combinations were evaluated (not using a stepwise procedure).  The reason to involve the 
autoregressive component (CAR*, lagged by one time step) in the regression analysis is to 
detect effects of factors other than we defined.  To avoid pseudoreplication (Hurlbert, 1984, 
Heffner et al.,  1996), we will  consider the relations between environmental  variables and 
species  composition  separately  per  site.  Pseudoreplication  results  from  wrongly  treating 
multiple samples from one experimental unit as multiple experimental units, or from using 
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experimental units that are not statistically independent (Hurlbert, 1984, Heffner et al., 1996). 
For the calculations the statistical package R was used (Ihaca and Gentleman, 1996). 

6.3. Results

6.3.1. Peat accumulation and geochemical analyses

Peat accumulation rates clearly varied among the study sites (Figure 6.3). The basal age of 
the sampled cores from the northern (Lappmyran)  and southern Swedish (Saxnäs Mosse) 
sites  was  1700  and  1200  years  respectively,  while  the  middle  Swedish  site  (Åkerlänna 
Römosse) and German site  (Barschpfuhl)  covered just 400 and 300 years  within 1 meter 
depth of surface peat (60 cm for Barschpfuhl). Åkerlänna Römosse showed an almost linear 

peat  accumulation rate of c. 2-2.5 mm yr-1.  At the other sites the peat accumulation rate 
varied more, and intervals with very slow peat accumulation or with a hiatus (Saxnäs Mosse) 
are present. 

Bulk densities (Figure 6.4A) generally showed the same trend of decreasing values in the top 
of the core, apart from Barschpfuhl where values slightly increased in the top. Saxnäs Mosse 
showed the most variation in bulk density, with particularly high values below the hiatus at c. 
AD 1650. Carbon concentrations (Figure 6.4B) did not vary much over the last 300 years for 
all  sites.  Åkerlänna Römosse shows a relatively low nitrogen concentration in the period 
between AD 1600 and 1800 (Figure 6.4D). 

Figure 6.3 Age-depth curves of Lappmyran, Åkerlänna Römosse, Saxnäs Mosse and Barschpfuhl.
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Figure  6.4 Results  of  geochemical  analyses,  carbon  accumulation  rates  and reconstructed  water  tables  of  all 
research sites; north to south is presented as left to right.
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6.3.2. Carbon accumulation rates

An increase in carbon accumulation rates is present over time. Recent carbon accumulation 
(RERCA)  is  higher  than  long-term  carbon  accumulation  (LORCA,  Table  6.1).  A 
geographical increase in LORCA and RERCA from north to south is probably also present in 
the  data,  but  this  trend  has  probably  been  obscured  by  periods  of  disturbed  peat 
accumulation. The north-south gradient is most apparent in the RERCA of the period 1950-
2003.

In addition, carbon accumulation rates (CAR) were calculated for each sample depth since a 
fine-resolution chronology and detailed bulk density and carbon concentration measurements 
were available. These values give a better insight in the changes in carbon accumulation rate 
over time than the average LORCA and RERCA. An increasing trend seems to be present 
over  time  in  the  carbon  accumulation  rates  (Figure  6.4C).  The  Lappmyran  CARs  were 
relatively high around c. AD 800, followed by a period of low carbon accumulation rates 
until c. AD 1600. Within the Saxnäs Mosse peat core no CARs could be calculated for the 
period of AD 1650 until 1956 which represents the hiatus between 30 and 29 cm depth.

When examining the interval in which all sites are rather undisturbed (c. AD 1500-1800) a 
north-south  gradient  is  visible  in  the  carbon  accumulation  rates  (Figure  6.5A).  Such  a 
gradient  is  also  present  in  the  mean  annual  temperature  measurements  from  the  nearby 
weather stations (Figure 6.5B). The trend is not present in the precipitation measurements 
(Figure 6.5C). From c. AD 1800 the carbon accumulation rates of the German site (BPF) 
dropped, disrupting the geographical trend. 

Table 6.1 LORCA (entire core) and RERCA (periods 1850-2003 and 1950-2003) in g C m-2 yr-1 of the four 
research sites. Basal age of Lappmyran: c. AD 300; Åkerlänna Römosse: c. AD 1640; Saxnäs Mosse: c. AD 800; 
Barschpfuhl: c. AD 1700. * Hiatus, ** period of slow peat accumulation.

  LORCA RERCA RERCA

 Disturbance interval Entire core 1850-2003 1950-2003

Lappmyran AD 900 - 1600** 17 52 87

Åkerlänna Römosse AD 1958 - 1985* 9 56 60

Saxnäs Mosse AD 1650 - 1959* 14 29 100

Barschpfuhl AD 1787 - 1960** 40 47 117
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Figure  6.5 Comparison  of  A)  carbon accumulation  rates  of Lappmyran  (LPM),  Åkerlänna  Römosse  (ARM), 

Saxnäs Mosse (SNM), and Barschpfuhl (BPF), B) mean annual temperature, and C) annual precipitation.
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Mean  annual  temperature  was  found  to  be  the  most  explanatory  variable  in  Sphagnum 

productivity in other studies (Gunnarsson, 2005), and therefore the relation between mean 

annual temperature and carbon accumulation rates of  Sphagnum peat is of interest here as 

well.  The  scatter  plot  of  mean  annual  temperature  (MAT)  and  CAR of  the  undisturbed 

catotelm data (Figure 6.6) shows a possibly linear, but probably hyperbolic relation between 

MAT and CAR.  This  spatial  differentiation  was  not  present  when plotting  CAR against 

atmospheric  CO2 concentration  or  nitrogen  concentration  (not  shown).  However,  this 

geographical relation could not be tested statistically owing to co-linearity between latitude 

and temperature (there is only one site per latitude). 

Figure  6.6  Scatter  plot  of  mean  annual  temperature  and  carbon  accumulation  rates  of  Lappmyran  (LPM), 
Åkerlänna Römosse (ARM), and Barschpfuhl (BPF). 
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6.3.3. Relation between CAR, environmental variables and species composition

Relations within environmental and species-related variables:

Atmospheric  CO2  concentration  (CO2) and  nitrogen  concentration  (NCON)  showed  a 

significant positive relation at Åkerlänna Römosse (ARM) and Barschpfuhl (BPF), but no 
relation  at  Lappmyran  (LPM).  The  age of  the  samples  decreased  while  CO2 increased, 

therefore  CO2 and AGE showed co-linearity.  N concentration and AGE also showed co-

linearity.  Decay  (AGE  =  period  of  decay)  is  one  of  the  major  factors  affecting  carbon 
accumulation rates (Clymo et al, 1998). CAR had a high correlation with AGE at ARM and 
BPF. As explained in the method section, we therefore first corrected the CAR values for 
AGE  (CAR*,  relation  shown  in  Figure  6.7)  and  used  the  corrected  variable  for  model 
analysis so that CO2 and NCON could be used as variables despite co-linearity with sample 
age. No significant relations were found within the species-related variables.

Figure  6.7  Relations  between  observed  carbon  accumulation  rates  (CAR,  symbols)  and  predicted  carbon 
accumulation rates (lines) derived with a Lowess smoother. Observed CAR minus predicted CAR gives the age-
corrected CAR (CAR*) which is used in the models.
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Table 6.2 Model specifics for relations between CAR*, Ericales volume percentages (ERIC), volume percentages 
hummock mosses (HUM), volume percentages lawn mosses (LAWN) and atmospheric CO2 concentration (CO2) 
for sites Åkerlänna Römosse (ARM) and Lappmyran (LPM).

 Model R2adj F-value DF P-value

CAR* as response variable     

LPM: CAR* = 8.76 - 0.11*HUM - 0.13*LAWN 0.31 5.483 18 0.014

ARM: CAR* = -1.91 + 0.35*ERIC 0.13 4.476 22 0.046

Vegetation as response variable     

LPM: LAWN = 919.89 - 3.08*CO2 0.59 29.82 19 <0.001

LPM: HUM = -955.79 + 3.46*CO2 0.81 88.09 19 <0.001

ARM: ERIC = -208.17 + 0.77*CO2 0.71 56.91 22 <0.001

Figure 6.8 The three-dimensional  model  of Lappmyran is  shown in the  form of a contour-plot,  whereby the 
contour lines show a few levels of CAR*. In the contour- plots the observed values are shown by symbols. The 
size of the symbols relate to the deviation of the observation relative to the model. The filled symbols denote an 
over-estimation by the model, while the open symbols show an underestimation of the observed values by the 
model.
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Figure 6.9 Plot with 95% confidence interval of the two-dimensional model of Åkerlänna Römosse explaining 
CAR* with the abundance of Ericales.

Modelling CAR*:

The  species-related  variables  were  suggested  to  explain  the  short-term variability  within 
CAR*. At LPM a negative relation was found between CAR*, hummock and lawn mosses 
(Figure 6.8 and Table 6.2). At ARM a positive relation between CAR* and Ericales rootlets 
was found (Figure 6.9 and Table 6.2). No significant models were found for the Barschpfuhl 
site. CAR* did not show a relation with mean annual temperature or reconstructed water 
tables (RWT) at any of the sites. The species-related variables Ericales, hummock and lawn 
mosses showed a relation with only one variable, atmospheric CO2 concentration, at ARM 

and LPM (Table 6.2).
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6.4. Discussion 

6.4.1. LORCA and RERCA

Despite periods of disturbed peat accumulation, which probably led to lower CAR values, 
LORCA and RERCA are comparable with estimates from Finland and Canada (Turunen, 
2003,  Turunen  et  al.,  2002) mentioned  in  the  introduction.  Temperature  seems to  be  an 
important factor in the carbon accumulation process according to the visual comparison in 
Figure 5. This increasing temperature trend may be present on a geographical and temporal 
scale in LORCA and RERCA (Table 6.1). However, all carbon accumulation rates show a 

sharp increase during the 20th century. In the top c. 30 cm, since the second half of the 20th 

century,  this  is  related to  the catotelm -  acrotelm transitions.  In the acrotelm the aerobic 
decomposition process has not finished. Also, the period of decay has been shorter than in the 
deeper  parts  resulting  in  higher  CAR  values  in  the  top.  However,  the  rise  in  carbon 
accumulation rates starts between AD 1850 and 1950, below the catotelm-acrotelm transition. 
During this period temperature and atmospheric CO2 concentration started to increase. The 

increase in CAR (at ARM) may therefore also be related to the recent global warming as well 
as the increase in atmospheric CO2 concentration, but no significant relations were found in 

this study.

6.4.2. CAR and climate change

When plotting  the  carbon  accumulation  rates,  not  corrected  for  aging,  against  the  mean 
annual  temperature  for  all  sites  (Figure  6.6)  a  linear  positive  relation,  or  (alternatively) 
hyperbolic relation becomes visible. When accepting a hyperbolic relation, our data suggest 
that  a  geographical  or  temperature  trend  is  present  within  the  carbon accumulation.  The 
optimum mean annual temperature for carbon accumulation rates would be c. 7-8 ˚C. This 
value falls within the range of optimum temperatures (6-10˚C) which Clymo et al. (1998) 
suggested as indicative for maximum carbon accumulation rates. 

However,  when  disaggregating  the  data  by  geographical  location,  we  could  not  detect 
significant relationships between CAR* and mean annual temperature. In the most northern 
site, CAR(*) showed very little variation over time (Figure 6.6). In ARM, the variation in 
temperature  was  limited  (Figure  6.5B),  so  that  variation  in  CAR*  was  related  to  other 
variables (see section 6.4.4.). In the German site there is a tendency of a negative relation 
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between CAR and temperature (Figure 6.6), which means that CAR was low in periods of 
high temperature. This trend is, however, uncertain because of the limited data availability 
due to the relatively short time period of undisturbed peat accumulation. If the observed trend 
is  true,  it  would  support  the  hyperbolic  relationship  between  CAR  and  mean  annual 
temperature (MAT). It would also be in agreement with model results which suggested that 
rising temperature would result in increased CAR in relatively cool, low N-deposition sites, 
but decreased CAR in relatively warm, high N-deposition sites (Heijmans et al., in press). We 
conclude that on the north-south transect mean annual temperature most likely explains the 
spatial  differentiation  within  carbon  accumulation  rates,  in  the  period  before  major 
environmental change. This may warrant further investigation on the relation between carbon 
accumulation  rates  and  different  aspects  of  temperature  (i.e.  not  only  the  mean  annual 
temperature). Also several temperature-related factors may be of importance, e.g. the number 
of days with a temperature above 0 ˚C, the number of days with extremely high temperatures, 
the total length of the growing season and day length.

6.4.3. CAR*, CO2 and N concentration

CAR* could not be explained by atmospheric CO2 concentration and nitrogen concentration 

in the peat. However, N concentration is not the same as the N deposition. Increased CO2 

concentration and N deposition may both stimulate increase of plant biomass, in peatlands 
mainly  Sphagnum.  However,  no  general  trend  could  be  established  in  field  experiments 
(Berendse et al., 2001, Heijmans et al., 2002, , 2001a). Also, co-linearity between CO2 and N 

concentration and sample age was present in our data set. Therefore the possibility exists that 
when we corrected the carbon accumulation rates for the period of decay, we may also have 
removed the relation with atmospheric CO2 concentration and N concentration (and thus no 

significant models were found). 

6.4.4. Macrofossil composition and CAR*

Belyea and Malmer (2004) demonstrated that carbon sequestration was controlled primarily 
by abrupt shifts in vegetation. Our results also suggested that, after the period of decay, the 
species composition was a major factor influencing CAR* in peatlands. Ericales (rootlets in 
relatively low volume percentages) were associated with higher carbon accumulation rates at 
Åkerlänna Römosse. High hummock or hollow mosses presence was associated with low 
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CAR* at Lappmyran. Although different taxa are suggested to be of influence in the two 
sites, the main trend can be deduced to optimal carbon accumulation under intermediate wet 
conditions. Belyea and Clymo (2001) also suggested that intermediate wet conditions were 
most  favourable  for  carbon  accumulation.  Our  models  show  that  the  highest  carbon 
accumulation rates are with c. 20% Ericales rootlets and with a combination of hummock and 
hollow mosses  present.  The  model  results  of  Lappmyran  show the  highest  CAR* when 
hummock mosses had an abundance of 30-40% (Figure 6.8). Low carbon accumulation rates 
were found when the highest abundances of lawn mosses were present. However, also low 
carbon accumulation rates were found with high abundance of hummock mosses (relatively 
dry conditions).  Wet-growing plants  often have soft  tissues  which decompose faster,  and 
these plants dry out quickly when conditions become drier (Rydin et al., 1999). Gunnarsson 
(2005) found that Sphagnum productivity increased with temperature, but decreased with too 
high  temperature  and  precipitation.  However,  he  also  showed  that  lawns  had  a  higher 
productivity  than hummocks.  Whereas  the  rate  of  decay  is  also  higher  in  lawns  than in 
hummocks, the actual carbon accumulation may be the same in lawns as in high hummocks. 
Probably,  intermediate  lawn  species  have  the  highest  peat  accumulation  capacity 
(Gunnarsson, 2005, Belyea and Clymo, 2001). The peat cores in this project were all taken at 
the (spatial) transition from hummock to hollow. Therefore the top of the peat cores may 
reflect the high carbon accumulation rates of intermediate wet conditions. 

Species composition in peat bogs is influenced by climate change.  Therefore the relation 
between CAR* and macrofossil composition may imply a relation with climate. However, no 
significant  relations  between  CAR*  and  climate  variables  or  between  species-related 
variables  and  climate  variables  were  found.  The  species-related  variables  all  showed  a 
relation with  atmospheric  CO2 concentration.  If  these relations  are true,  this  is  uncertain 

because experimental studies did not find a clear relation between species composition and 
increased  CO2 concentration,  short-term  carbon  accumulation  will  be  stimulated  by  the 

increase of intermediate wet conditions. On the long-term, however, hummock vegetation is 
likely to form and carbon accumulation rates would probably decrease. 

An explanation for not finding relations with CAR* and climate variables can be that our 
dataset  may not be sensitive enough to detect  these influences or other variables such as 
atmospheric CO2 concentration or unknown (biological) factors may influence the relations 

between climate, species composition and carbon accumulation rates.
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6.4.5. Carbon accumulation rates and human activities

Increased CO2 may affect  carbon accumulation rates as discussed above. However,  other 

forms of human impact, e.g. peat cutting activities, drainage and reforestation had a negative 
effect on carbon accumulation rates in Saxnäs Mosse and Barschpfuhl. Lowering of the water 
table probably caused increased decomposition and oxidation of the peat which resulted in 
slow peat accumulation and a hiatus in Saxnäs Mosse. In Barschpfuhl the period of slow peat 
accumulation shows lower carbon accumulation rates. During the period in which the hiatus 
came into existence, Saxnäs Mosse was a source of carbon. Naturally, this was not recorded 
owing to lack of peat formation. 

6.5. Conclusions

We were able to calculate historic carbon accumulation rates of four bog ecosystems on a 
north-south transect.  A geographical  gradient  seemed to be present in the historic  carbon 
accumulation  data.  The  spatial  differentiation  in  carbon accumulation  rates  could  not  be 
explained  by  atmospheric  CO2 concentration  or  nitrogen  concentration  but  could  be 

explained  by  mean  annual  temperature.  We  therefore  conclude  that  on  the  north-south 
transect  mean  annual  temperature  most  likely  explains  the  spatial  differentiation  within 
carbon accumulation rates, in the period before major environmental change. 

However, when disaggregating the data by geographical  site,  the relation between carbon 
accumulation rate (*with a correction for the period of decay) and mean annual temperature 
disappeared. Atmospheric CO2 concentration and nitrogen concentration also did not show 

significant  impact  on  CAR*.  The  period  of  decay  is  a  major  factor  influencing  carbon 
accumulation rates. Next to decay, the species composition is of great importance. CAR* 
could  be  explained  with  the  contribution  of  Ericales  and  a  relationship  was  found  with 
abundance of hummock and lawn mosses. Carbon accumulation rates were the highest under 
intermediate  wet  conditions.  The  models  suggested  a  relation  between  species-related 
variables and atmospheric CO2 concentration and not with climate variables. It is, however, 

most likely, as known from palaeoecological studies, that the species composition within peat 
bogs is also affected by climate change. Therefore climate change and CO2 concentration 

may have an indirect effect on carbon accumulation rates.
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Chapter 7

General discussion
 

The general discussion is centered round some recurrent themes in this thesis. The first theme 
is climate change,  the second human impact.  For both themes the effects  on bog species 
composition,  hydrology,  and  carbon  accumulation  have  been  described  in  the  previous 
chapters. In this chapter I will summarize and discuss the geographical and temporal linkages 
and  differences  between  the  four  research  sites  along  the  Swedish-German  north-south 
transect. 

7.1. Species composition in and around bog ecosystems

7.1.1. Dry land taxa:

7.1.1.1. Climate change

Climate change was mainly represented by changes in the thermophilous tree pollen record. 
Near Lappmyran, minimum winter temperature is too low for thermophilous trees to grow 
(Prentice et al., 1993, Sykes et al., 1996). The northern distribution limit of  Quercus, Tilia 
and  Ulmus is  near Åkerlänna Römosse (Hultén,  1950).  The northern distribution limit of 
Fagus and  Carpinus is even more to the south, near Saxnäs Mosse. As a consequence, the 
two most northern research sites hardly showed a climate signal. In the Saxnäs Mosse pollen 
record a decrease of thermophilous trees was visible at the start of the Little Ice Age (between 
c. AD 1300-1600). The declines of thermophilous trees corresponded to increasing levels of 
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Δ 14C, most probably indicating a link between declines of solar activity, climate change and 
the response of thermophilous tree species. It may be possible that logging of thermophilous 
trees caused the decline; however, all thermophilous tree species decreased simultaneously. 
After  a  short  period  in  time  also  human  impact  indicators  in  the  Saxnäs  Mosse  record 
decreased,  which was interpreted as an effect  of climate change. Although thermophilous 
trees were present  near  the German site  Barschpfuhl,  owing to human impact the pollen 
record hardly reflected climate change.

The pollen accumulation rates showed major changes, particularly in the top of the pollen 
records.  The  peaks  in  pollen  accumulation  rates  were  linked to  relatively  warm and dry 
summers which occurred in the recent past (Barnekow et al., in press, Hicks, 2001, Bennett 
and Hicks, 2005). However, this cannot be called climate change, merely weather variability. 
Figure 7.1 shows a  geographical and temporal comparison of pollen accumulation rates of 
some taxa  growing under cold,  respectively  warm conditions.  Pinus sylvestris and  Picea 
abies (Figure 7.1A and B) can grow in cold conditions with a maximum winter temperature 
of  -1˚C  and –1.5˚C  resp.  (Prentice  et  al.,  1993,  Sykes  et  al.,  1996).  Thermophilous  tree 
species  Tilia cordata, Quercus robur and  Fagus sylvatica grow under warmer conditions 
with a minimum winter temperature of resp. -18 ˚C, -16˚C and -3.5˚C (Prentice et al., 1993, 
Sykes et al., 1996). Thermophilous trees are hardly present in the pollen record of the two 
northern sites Lappmyran (LPM) and Åkerlänna Römosse (ARM) whereas  Pinus sylvestris  
and Picea abies are present at all sites. The absence of thermophilous taxa is caused by the 
geographical gradient in temperature. The presence of Pinus and Picea is caused by the fact 
that those trees were planted. Through time, the earlier mentioned decrease in thermophilous 
trees in Saxnäs Mosse (SNM) is visible, most clearly in Tilia (Figure 7.1E).  Fagus (Figure 
7.1D) first shows an increase from AD 850 to 1200 because this is the period in which Fagus 
migrated  to  southern  Sweden  (Björkman,  1997,  1999,  Björkman  and  Bradshaw,  1996). 
Pollen of southern thermophilous trees has been deposited in the northern sites after long 
distant  transport.  Their  percentages  decrease  at  the  start  of  the  Little  Ice  Age  (See  also 
Chapter 2). It is however impossible to give a clear cause. It may have been an effect of 
climate  change,  by  southwards  movement  of  the  northern  distribution  limit  (increased 
distance between source and sink), or perhaps a change in prevailing wind direction; another 
reason may be human interference by the logging of trees. 
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Figure 7.1 Comparison of pollen accumulation rates of the four research sites showing the geographical gradient 
and the time series. Details are presented in the pollen diagrams of corresponding sites (Chapter 2, 3, 4 and 5).

7.1.1.2. Human impact

Figure  7.1F  shows  a  comparison  of  the  geographical  and  temporal  changes  in  pollen 
accumulation  rates  of  anthropochores  as  a  measure  for  human  impact.  The  vegetation 
surrounding the mire Lappmyran (LPM) was influenced by human activities  from c. AD 
1500 onwards. However, this is just a marginal disturbance compared to the southern sites. 
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Not only changing land use activities altered the vegetation; between AD 1600-1700 warfare, 
diseases and crop failures probably caused a decrease in population density which is visible 
as an increase in Betula pollen and a decrease in non-arboreal pollen (see Lappmyran pollen 
diagram; Figure 2.5).

The forest surrounding the German site Barschpfuhl (BPF) was heavily exploited for logging 
and  pasturing.  Fast-growing  conifers  were  planted,  thereby  altering  the  natural  forest 
composition and disturbing a potential climate signal of the pollen record. In the Swedish 
sites human impact showed a decline during the twentieth century, whereas human impact 
increased at the German site. This is probably caused by a change in landuse from intensive 
to extensive and therefore less land was needed for the same yield. As a consequence many 
Swedes left the countryside and moved to the cities. Also other crops, e.g. potatoes, were 
cultivated of which the pollen cannot be found in the pollen record (SJV, 2005).

7.1.2. Wet land taxa and bog hydrology

7.1.2.1. Climate change

Overall the changes in local moss and vascular plant composition of the raised bogs reflected 
climate change. The Little Ice Age is recorded in the most northern site Lappmyran by wet 
and more nutrient rich groundwater-influenced conditions during the Maunder minimum (AD 
1645 - 1715); a period of low solar activity. Mauquoy et al. (2002) also linked wet shifts in 
Sphagnum composition during the Little Ice Age to declines in solar activity. The inferred 
water table depth shows the same signal as bulk density, transmission, C/N ratio and LOI 
data. These proxy records are generally in agreement with the instrumental precipitation data 
from the Umeå region from AD 1860 on, indicating that the vegetation development of the 
bog reflects a regional climate signal. Occasionally instrumental precipitation data and testate 
amoebae  inferred  water  table  depth  do  not  agree.  This  may  be  a  local  effect  caused  by 
internal  dynamics  of  the  bog,  e.g.,  shifts  to  more  minerogenic  conditions;  or  the  mire 
vegetation and testate amoebae responses to climate change may be not as straightforward as 
we might think.

The Åkerlänna Römosse macrofossil record shows that the changes in mire surface wetness 
are mainly caused by climate change (precipitation and evaporation); in comparison with the 
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instrumental climate data since the mid-18th century (see Chapter 3). No clear link with solar 
activity could be found in this record. The period from AD 1960 – 1980 was relatively dry 
and warm, especially with dry summer conditions and a very dry summer at 1976.  As a 
consequence it  is possible that the mire surface desiccated and peat accumulation slowed 
down or even ceased, resulting in a hiatus in the peat record between c. AD 1956 and 1985.

In  the  southern  Swedish  site  Saxnäs  Mosse  a  change  from  Sphagnum papillosum to  S.  
magellanicum is found at the start of the Little Ice Age. This find is rather peculiar because it 
would indicate a change to drier conditions while climate became cooler and wetter. This 
aspect will be further discussed in section 7.1.2.2. 

The species composition of the German site did not reflect climate change.  This is mainly 
caused  by  the  geomorphological  position  of  the  kettlehole  mire  Barschpfuhl  in  a  small 
depression.  The  mire  is  large  enough  to  have  an  ombrotrophic  center;  however  the 
macrofossil record showed mainly oligo- to mesotrophic conditions. The bog vegetation was 
more  influenced  by  groundwater  and  surface  runoff  than  by  precipitation.  Probably 
mesotrophic conditions increased with precipitation, owing to increased inflow of nutrients 
by runoff from the surrounding hills.

7.1.2.2. Human impact

The most  northern  site  Lappmyran was the most  undisturbed site  where no evidence for 
human impact on the bog ecology is present. This is not the case for the other sites. Peat 
cutting  activities  altered  the  peat  record  of  the  middle  and  southern  Swedish  sites.  At 
Åkerlänna Römosse artificial drainage slowed down peat accumulation, but did not cause a 
hiatus.  At  Saxnäs  Mosse,  however,  probably  peat  cutting  activities  caused  drainage  and 
oxidation of the surface layer of the peat which resulted in a 300 year time gap in the peat 
record. An alternative theory for the existence of the hiatus may be the intensive land use in 
the  southern  part  of  Sweden  for  which  large  bog  areas  were  drained  (Svensson,  1988). 
Nowadays, the peat bog looks undisturbed.  The Saxnäs Mosse record therefore shows that 
raised bog vegetation can regenerate from a strongly disturbed bog to a ‘living’ bog when the 
water table is restored, even after a drastic drainage event. The bog hydrology at the German 
site,  Barschpfuhl,  was  heavily  affected  by  human  impact.  After  the  Second  World  War 
disproportional logging for Russian repair-demands took place.  Pinus sylvestris and other 
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fast-growing conifers with a high transpiration rate were planted as replacement. This caused 
a change in water household of the bog. Small pine trees could also grow on the bog surface, 
thereby causing further desiccation of the surface.

In the previous section a change in Sphagnum composition was mentioned at the start of the 
Little Ice Age at Saxnäs Mosse. An alternative explanation for the change from Sphagnum 
papillosum to  S. magellanicum may be  increased  soil  dust  deposition  on the  raised  bog 
caused by an increased exploitation of soils for agriculture in the surroundings of the bog. 
Increased human impact around AD 1275 is evident from the Saxnäs Mosse pollen record 
and this co-occurs with the change in  Sphagnum to a dominance of  S. magellanicum.  An 
increased eutrophication of the bog surface may have favoured  S. magellanicum (van Geel 
and Middeldorp, 1988, McClymont et al., in press). Mauquoy et al. (2002) also recorded late-
Holocene changes to dominance of  Sphagnum magellanicum at times of increased human 
impact in Walton Moss, UK, and Lille Vildmose, Denmark.

7.2. Carbon accumulation

Carbon  accumulation  in  peat  lands  is  a  complex  process  which  is  affected  by  plant 
productivity and the rate of decay. Many factors, e.g. temperature, precipitation, atmospheric 
CO2 concentration, nitrogen deposition, height of the water table and vegetation composition, 

influence carbon accumulation rates. Bog surface wetness is often seen as the most important 
variable influencing the carbon accumulation process (Belyea and Malmer, 2004). However, 
no  visual  trend  (which  was  present  in  the  carbon  accumulation  rates)  was  present  in 
precipitation  measurements  or  in  the  reconstructed  water  levels  in  our  palaeo-data. 
Temperature shows a geographical (Figure 6.5) and therefore we focussed on temperature in 
our data analysis.  A spatial  (latitudinal)  differentiation was present  in the historic  carbon 
accumulation rates which could be explained by mean annual temperature (Figure 6.6) and 
not by atmospheric CO2 concentration, nitrogen concentration or reconstructed water tables. 

We conclude that on the north-south transect mean annual temperature most likely explains 
the  spatial  differentiation  within  carbon  accumulation  rates,  in  the  period  before  major 
environmental change.
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No significant relations were found between carbon accumulation rates and climate variables 
(mean annual temperature and reconstructed water table as a measure for precipitation) at the 
sites. It may be possible that other temperature related variables, e.g. number of days with 
temperature above 0ºC,  number  of  days with  extreme temperatures  during summer,  total 
length  of  the  growing  season  and  day  length,  do  affect  carbon  accumulation  rates.  No 
significant  relations  between  CAR*,  atmospheric  CO2 concentration  and  nitrogen 

concentration were found. 

After the period of decay (sample age), the composition of the bog vegetation was found to 
be the most important variable influence carbon accumulation rates Model results suggested 
that the presence of Ericales contributed to carbon accumulation rates and the abundance of 
hummock  and  hollow species  was  of  importance.  After  interpreting  the  model  results  it 
became clear that intermediate wet conditions are most suitable for carbon accumulation in 
peatlands.  Indeed,  bog surface  wetness  plays  a  role  in  the  carbon accumulation  process, 
although  no  direct  link  was  found.  Significant  relationships  between  atmospheric  CO2 

concentration and the species  related variables were established.  Raised atmospheric CO2 

concentration may stimulate plant growth and thus carbon accumulation rates may increase. 
However, no clear trend was found in field experiments (Berendse et al., 2001; Heijmans et 
al., 2002). Borren (2007) concluded in his thesis that watershed mires will have a negative 
contribution to  the  greenhouse  effect  under  pristine  conditions,  thus counteracting  global 
warming. This may be confirmed by our findings of increased carbon accumulation rates 
with  the  link  in  this  study  between  species  composition,  increased  atmospheric  CO2 

concentration, increased temperature and increased carbon accumulation rates. However, our 
results  also  suggest  that  on the  long-term,  atmospheric  CO2 concentration  may decrease 

carbon  accumulation  rates  by  stimulating  hummock  formation.  Although  careful 
interpretation  is  appropriate  because  atmospheric  CO2 concentration  and  mean  annual 

temperature did not show a direct link with carbon accumulation rates. 

Borren (2007) also stated that under wetter conditions the greenhouse contribution will be 
more  negative,  whereas  under  dryer  conditions  the  greenhouse  contribution  will  be  less 
negative  or  even positive.  This  study showed that  drier  conditions  in  the past,  owing to 
human activities and climate change, negatively affected carbon accumulation rates owing to 
increased  decay.  This  is  shown by  the  presence  of  hiatuses  and periods  with  secondary 
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decomposition  at  Åkerlänna  Römosse,  Saxnäs  Mosse  and  Barschpfuhl.  The  carbon 
accumulation  rates in  peat  layers  affected  by secondary decomposition  and oxidation are 
accompanied  by low C/N ratios  in  combination  with  high N percentages,  which  suggest 
intensified decay of the peat (Belyea and Warner, 1996, Borgmark and Schoning, 2006). In 
Barschpfuhl the period of slow peat accumulation shows lower carbon accumulation rates. 
Saxnäs Mosse was a source of CO2 during the period in which the hiatus came into existence. 

Naturally, this was not recorded owing to lack of peat formation.

Shifts in vegetation composition may alter carbon accumulation rates. In the most northern 
site Lappmyran a change from cyperaceous to  Sphagnum dominated vegetation caused an 
increased carbon accumulation at c. AD 800. Belyea and Malmer (2004) reported similar 
rapid  increases  in  carbon  accumulation  rates  during  vegetation  shifts.  The  northern 
Fennoscandian summer temperature record (Briffa  et al.,  1992,  Osborn and Briffa,  2006) 
shows a sharp decrease in summer temperature at the end of the eighth century(see Figure 
2.11). The sudden cooling at c. AD 750 may have inhibited a change to Sphagnum dominated 
vegetation.  Sphagnum has  a  high  productivity  (Gunnarsson,  2005) and  low  decay  rates 
(Rydin  et  al.,  1999,  Clymo  and  Hayward,  1982).  This  combination  would  result  in  an 
increased carbon accumulation rate. The warming of the climate at the start of the Medieval 
Warm Period from c. AD 850 probably resulted in increased carbon accumulation rates too. 
Another  cause  for  the  shift  in  vegetation  may  be  succession  from  lawn  to  hummock 
vegetation, which is common in mires with string and flark vegetation. Thus the trophy status 
would change from mesotrophic to more oligo- and ombrotrophic conditions. A change in 
trophy status probably inhibited plant species change and a decrease in decay rate (Johnson 
and Damman, 1991, Johnson et al., 1990). Either way carbon accumulation rates would be 
expected to increase.

In the undisturbed parts of the peat deposits the carbon accumulation rates were generally the 
highest at the German site. Carbon accumulation rates dropped at the German site when pine 
trees dessicated the bog surface. Increased mesotrophic conditions may also have decreased 
carbon accumulation rates as  a consequence of  intensified decay (Johnson and Damman, 
1991). 
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7.3. Data analysis

In this project we choose to conduct high-resolution multi-proxy analyses on four peat cores 
from four different latitudes. In this way we were able to create a detailed picture of the 
changes  in  vegetation  and  associated  effects  of  climate  change  and  human  impact.  A 
descriptive  study  was  performed  to  describe  the  links  between  vegetation  development, 
climate  and human impact.  The experimental  design would  have been more suitable  for 
statistical analysis when multiple peat cores from more-than-one mire per latitude had been 
studied. However, this amount of data would have been impossible to analyse within the time 
frame and financial budget of the project. In the carbon accumulation analysis models were 
created per site, so pseudoreplication would not be a problem.

As  in  every  palaeoecological  study,  there  were  several  assumptions  and  uncertainties. 
Although I believe that the best possible radiocarbon chronologies have been used, there is 
always a chance that a date is slightly off. During the wiggle-matching process a constant 
peat accumulation rate was assumed within sub-sets of sample depths. However, constant 
peat accumulation is difficult to imagine. Small errors in the radiocarbon dates may become 
larger in the averaging and time slicing process. The oldest dates are most susceptive to such 
errors. These samples were compared to temperature measurements which had the highest 
probability of error. The correlation coefficients may have been affected by these matters.

Unfortunately,  the peat  lands we choose were not as  undisturbed as they appeared to be 
during field work. Periods of great disturbance had occurred, and therefore quite different 
time periods were represented within the  one meter  thick peat  cores.  This  hampered the 
comparison of the vegetation within the cold period of the Little Ice Age.

7.4. Conclusions

Wet land and dry land vegetation has been affected by climate change and human impact 
during the Late Holocene. The dry land vegetation in the southern part of Sweden indicated a 
warm climate during the Medieval Warm Period and cooling towards the Little Ice Age. The 
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decrease in thermophilous trees coincided with the increase of Δ 14C, which may show a link 
between decreased solar activity and climate cooling. However, also human impact increased 
during this period. Therefore logging might also be an explanation for the decline of southern 
thermophilous tree pollen. During the last 300 years human impact has increased drastically 
and influenced the dry land vegetation in all the research areas. Human impact was so high at 
the German site that the natural forest composition was altered too much to derive a clear 
climate signal from the pollen data.

Overall, the wet land vegetation was influenced by climate change (precipitation), but human 
impact, e.g. peat cutting activities, altered the hydrology of bogs during certain periods and 
induced changes in plant species composition. Climate change affected the peat growth rate 
at all the investigated bog ecosystems. Human impact affected all but the northern site. But, 
wet land vegetation was also influenced by natural succession and internal dynamics of the 
bog.  In  the  most  northern  site  a  wet-shift  in  vegetation  is  recorded during the  Maunder 
minimum of solar activity, which may imply a period of increased precipitation.

Climate  change  and  human  impact  probably  both  influenced  peat  growth  and  carbon 
accumulation rates.  However,  no significant relation could be established between carbon 
accumulation rates of the undisturbed parts of the catotelm, temperature and reconstructed 
water tables  per research site.  On the north-south transect  mean annual temperature most 
likely  explains  the  spatial  differentiation  within carbon accumulation  rates,  in  the period 
before major environmental change.

After decay, the species composition was found to be the most important factor influencing 
carbon accumulation rates. Inferred from these results, carbon accumulation was found to be 
optimal under intermediate wet conditions. Drainage caused by human impact had a negative 
effect on carbon accumulation rates. 
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Appendices

Appendix A. Calendar age of  cm levels based on 14C AMS wiggle-match dated chronology of Lappmyran.

Depth 
(cm)

Age 
(year AD)

Depth 
(cm)

Age 
(year AD)

Depth 
(cm)

Age 
(year AD)

Depth 
(cm)

Age
 (year AD)

1 2003 25 1960 49 1774 73 860

2 2001 26 1957 50 1763 74 854

3 2000 27 1953 51 1752 75 848

4 1998 28 1950 52 1741 76 843

5 1997 29 1947 53 1730 77 837

6 1996 30 1944 54 1719 78 831

7 1995 31 1941 55 1708 79 825

8 1994 32 1938 56 1697 80 819

9 1993 33 1934 57 1686 81 814

10 1992 34 1931 58 1675 82 807

11 1991 35 1928 59 1664 83 801

12 1990 36 1917 60 1653 84 796

13 1989 37 1906 61 1642 85 790

14 1988 38 1895 62 1631 86 784

15 1986 39 1884 63 1620 87 778

16 1984 40 1873 64 1609 88 772

17 1982 41 1862 65 1598 89 715

18 1980 42 1851 66 1587 90 658

19 1978 43 1840 67 1576 91 601

20 1976 44 1829 68 1476 92 544

21 1973 45 1818 69 1376 93 487

22 1969 46 1807 70 1151 94 430

23 1966 47 1796 71 926 95 373

24 1963 48 1785 72 866 96 316
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Appendix B. Omitted taxa of Lappmyran (A) regional pollen record (Figure 2.5), (B) macrofossils (Figure 2.7) 

and (C) fen and bog pollen and spores (Figure 2.8).

A). Regional pollen record

Trees:

Sorbus type: 24 cm: 1%, 56 cm: 1%

Meadow:

Hypericum spec.: 35 cm: 0.2%, 44 cm: 1%, 45 cm: 0.2%, 48 cm: 0.2%, 70 cm: 0.2%, 84 cm: 0.4%

Trollius europaeus: 56 cm: 1%

cf. Sedum: 9 cm: 0.2%

Ruderals (minor):

Echium vulgare: 22 cm: 1%

Other herbs:

cf. Ambrosia type: 19 cm: 1%, 23 cm: 1%, 33 cm: 0.2%

Pteridophytes:

Selaginella selaginoides: 43 cm: 1%, 48 cm: 0.2

Botrychium: 60 cm: 0.2%

Monolete psilate and monolete verrucate fern spores are present in almost every sample but never more than 1.1%

B.) Macrofossils (n)

Eriophorum vaginatum fruit: 32 cm: 1, 60 cm: 1

Eriophorum vaginatum seed: 32 cm: 3, 34 cm: 1, 35 cm:2

Eriophorum spec./angustifolium seed: 14 cm: 1, 63 cm: 1, 71 cm: 1

Cyperaceae spec. seed: 72 cm: 1, 80 cm: 1, 88 cm: 1

Carex spec. seed: 7 cm: 1, 27 cm: 1

Scheuchzeria palustris stem with leaf: 55 cm: 2

Calluna vulgaris seed: 61 cm: 1

Rubus chamaemorus leaf material: 2 cm: 10, 3 cm: 1

Drosera rotundifolia leaf: 4 cm: 3

Drosera intermedia seeds: 2 cm: 4, 5 cm: 1, 6 cm: 1, 11 cm: 1, 14 cm: 3

Betula spec. fruit: 61 cm: 1

Betula nana leaf: 6 cm: 1

Pinus sylvestris cone: 4 cm: 1
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Charred Pinus sylvestris needle: 67 cm: 1

cf. Picea abies needle: 7 cm: 1, 67 cm: 1, 68 cm: 1

Charred Picea abies needle: 68 cm: 3

C). Fen and bog pollen and spores

Fen:

Potentilla type: 43 cm: 1%, 53 cm: 0.2%

Menyanthes: 24 cm: 0.2%

Sparganium: 34 cm: 0.2%

Caltha palustris type: 47 cm: 0.2%, 56 cm: 1%

Equisetum: 51 cm: 1%

cf. Narthecium ossifragum: 23 cm: 1%

Raised bog:

Drosera rotundifolia: 3 cm: 0.5%, 80 cm: 1.1%, 82 cm: 0.2%, 92 cm: 0.2%
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Appendix C. Calendar age of all sampled levels based on 14C AMS wiggle-match dated chronology of Åkerlänna 
Römosse.

Depth (cm) Age (Year AD) Depth (cm) Age (Year  AD) Depth (cm) Age (Year AD)

1 2003 31 1906 61 1785
2 2002.3 32 1902 62 1780
3 2001.7 33 1898 63 1775
4 2001 34 1894 64 1770
5 2000 35 1890 65 1765
6 1999 36 1886 66 1760
7 1998 37 1882 67 1755
8 1997.3 38 1878 68 1750
9 1996.7 39 1874 69 1745
10 1996 40 1870 70 1740
11 1995.3 41 1866 71 1735
12 1994.5 42 1862 72 1730
13 1993.8 43 1858 73 1725
14 1993 44 1854 74 1720
15 1992 45 1850 75 1715
16 1991 46 1846 76 1710
17 1985 47 1842 77 1705
18 1958 48 1838 78 1700
19 1954 49 1834 79 1695
20 1950 50 1830 80 1690
21 1946 51 1826 81 1685
22 1942 52 1822 82 1680
23 1938 53 1818 83 1675
24 1934 54 1814 84 1670
25 1930 55 1810 85 1665
26 1926 56 1806 86 1660
27 1922 57 1802 87 1655
28 1918 58 1798 88 1650
29 1914 59 1794 89 1645

30 1910 60 1790 90 1640
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Appendix D. Omitted taxa of Åkerlänna Römosse (A) macrofossils (Figure 3.6) and (B) fen and bog pollen and 
spores (Figure 3.7). No taxa were omitted from the regional pollen diagram.

A.) Macrofossils (n)

Eriophorum spec. fruit: 1 cm: 1, 15 cm: 1, 48 cm: 1, 59 cm: 1, 73 cm: 1

Eriophorum vaginatum sklerenchym spindles: 9 cm: 2, 62 cm: 2, 74 cm: 1, 77 cm: 4, 84 cm: 30

Cyperaceae spec. seed: 19 cm: 1, 32 cm: 1

cf. Scheuchzeria palustris epidermis: present (+) in samples 30-80 cm depth

B). Fen and bog pollen and spores

Fen

Potentilla type: 78 cm: 0.2%

Typha angustifolia: 25 cm: 0.2%, 69 cm: 0.2%, 71 cm: 0.2%

Raised bog

Drosera rotundifolia/anglica: 46 cm: 1%
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Appendix E. Age of subsequent cm levels of the core Saxnäs Mosse, based on 14C AMS wiggle-match dating. 
Ages from sample depths 52-90 were interpolated for every second cm.

Depth (cm) Age (Year AD) Depth (cm) Age (Year AD) Depth (cm) Age (Year AD)
1 2003 30 1648 52 1154
2 2002 31 1626 54 1138
3 2001 32 1605 56 1122
4 2001 33 1583 58 1106
5 2000 34 1562 60 1090
6 1999 35 1540 62 1074
7 1998 36 1518 64 1058
8 1997 37 1496 66 1042
9 1997 38 1474 68 1026
10 1996 39 1452 70 1010
11 1995 40 1430 72 994
12 1994 41 1408 74 978
13 1993 42 1382 76 962
14 1993 43 1355 78 946
15 1992 44 1329 80 930
16 1991 45 1302 82 914
17 1990 46 1276 84 898
18 1989 47 1250 86 882
19 1988 48 1223 88 866
20 1987 49 1197 90 850
21 1986 50 1170
22 1985   
23 1984   
24 1984   
25 1983   
26 1977   
27 1971   
28 1965   
29 1959   
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Appendix F. Taxa omitted from Figure 4.4 (regional vegetation of Saxnäs Mosse)

Omitted taxa:

cf. Humulus: 9 cm: 0.6%; 10, 21, 34 and 40 cm: 0.2%; 36 cm: 0.4%

Apiaceae: 2 cm: 0.3%; 5 cm: 0.6%; 20, 21 and 45 cm: 0.2%

Polygonum aviculare type: 19, 21, 25 cm: 0.2%

Rosaceae: 11, 25 and 50 cm: 0.2%

Juglans: 3 cm: 0.3%; 21 cm: 0.2%

Hypericum spec.: 18 and 31 cm: 0.2%

Caryophyllaceae: 7 and 36 cm: 0.2%

Galium type: 29 and 40 cm: 0.2%

Plantago major/media: 16 cm: 0.3%; 49 cm: 0.2%

cf. Taxus: 2 cm: 0.3%

Saxifraga hirsuta type: 17 cm: 0.2%

Saxifraga stellaris type: 7 cm: 0.2%

Trifolium type: 18 cm: 0.2%

Aesculus: 19 cm: 0.2%

Hypericum perforatum type: 23 cm: 0.2%

Anthriscus type: 34 cm: 0.2%

Mercurialis type: 36 cm: 0.2%

cf. Ulex: 36 cm: 0.2%

Plantago spec.: 44 cm: 0.2%

Potentilla type: 44 cm: 0.2%

cf. Juniperus: 46 cm: 0.4%
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Appendix  G.  Calendar  age  of  all  sampled  levels  based  on  14C AMS  wiggle-match  dated  chronology  of 
Barschpfuhl.
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Depth (cm) Age (Year AD) Depth (cm) Age (Year AD)
1 2003.0 31 1889.5
2 2000.0 32 1869.0
3 1997.0 33 1848.5
4 1994.0 34 1828.0
5 1992.7 35 1807.5
6 1991.3 36 1787.0
7 1990.0 37 1783.5
8 1989.0 38 1780.0
9 1988.0 39 1777.0
10 1987.0 40 1774.0
11 1985.8 41 1770.5
12 1984.5 42 1767.0
13 1983.3 43 1763.5
14 1982.0 44 1760.0
15 1980.7 45 1756.5
16 1979.3 46 1753.0
17 1978.0 47 1749.5
18 1975.0 48 1746.0
19 1973.0 49 1743.0
20 1970.0 50 1740.0
21 1968.0 51 1736.5
22 1966.0 52 1733.0
23 1963.0 53 1729.5
24 1962.0 54 1726.0
25 1961.0 55 1722.5
26 1960.0 56 1719.0
27 1955.5 57 1716.0
28 1951.0 58 1712.0
29 1930.5 59 1709.0
30 1910.0 60 1706.0
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Appendix H. Omitted taxa of (A) regional pollen record (Figure 5.4), (B) macrofossils (Figure 5.6) and (C) fen 
and bog pollen and spores (Figure 5.7).

A). Arboreal pollen:

Abies: 52 cm: 0.2%

Acer: 10 and 13 cm: 0.2%; 11 cm: +

cf. Cornus mas type: 18 cm: 0.2%

cf. Castanea sativa: 2, 10, 16, 19, 26, 33, 36, 40, 46, and 59 cm: 0.2%; 50 cm: +

Myrica: 9 and 13 cm: 0.2%

cf. Populus: 33 cm: 0.2%

Sorbus group cf. Sorbus aucuparia: 20 cm: 0.5%

Sorbus group cf. Prunus padus: 2 cm: 0.2%; 17 cm: +

B). Non-arboreal pollen:

Dry meadow

Jasione montana type: 39 cm: 0.2%; 50cm: 0.2%

Meadow

Fabaceae undif.: 17 cm: 0.1%; 41 and 54 cm: 0.2%

Fabaceae Genista-group: 21 cm: 0.2%

cf. Helleborus: 51 and 56 cm: 0.2%

Galium: 1, 14, 19, 24 and 48 cm: +, 38 cm: 0.4%; 49 cm: 0.2%

Hypericum perforatum type: 12 and 24 cm: 0.2%

Rhinanthus group: 48 cm: 0.2%

General open land indicators

Rosaceae undif.: 1, 4, 16, 29 and 45 cm: 0.2%; 13 cm: +

Caryophyllaceae: 5, 24, 30, 54, 55 and 58 cm: 0.2%; 35 and 40 cm: +

Ruderals

Ambrosia type: 11 cm: 0.2%

Echium: 10 cm: 0.2; 15 cm: +

Polygonum aviculare type: 5 and 52 cm: 0.2%

Mercurialis annua type: 11 cm: +, 17 cm: 0.1%; 29, 34 and 39 cm: 0.2%

cf. Sanguisorba officinalis: 57 cm: 0.2%

cf. Verbascum spec. 12 and 13 cm: 0.2%

Cultivated land

Helianthus annuus: 5 cm: 0.2%
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Symphytum officinale type: 30 cm: 0.2%

Exotics

Ephedra fragilis type: 36 cm: 0.2%

cf. Ostrya carpinifolia: 13 cm: 0.2%

Pteridophytes

Pteridium: 4 cm: +, 14 cm: 0.2%; 15 cm: 0.2%; 23 cm: 0.1%

Monolete psilate: 1, 5, 6, 8, 35, 41, 45 and 60 cm: 0.2%; 4 cm: 0.3%; 7, 9, 11 and 32 cm: +, 17 cm: 0.1%; 19 cm: 
0.4%; 

Monolete verrucate: 16 cm: 0.2%

Fen and marsh

Filipendula: 3, 7, 8, 9, 14, 16, 26, 31, 39, 43, 54 and 55 cm: 0.2%; 4, 15, 16, 23 and 25 cm: +; 10 and 44 cm: 0.6%, 
36 and 49 cm: 0.4%; 51 cm: 0.5%; 53 cm: 0.3%

cf. Hippuris vulgaris: 27cm: 0.2%

Hydrocotyle vulgaris: 32 cm: 0.2%

cf. Lysimachia: 43cm: 1%

cf. Nymphaea: 14 cm: +

Potentilla type: 4 cm: +; 45 and 51 cm: 0.2%

Rumex hydrolapathum type: 2 cm: 0.2%

Sparganium: 53 cm: 0.2%

Typha angustifolia: 16, 25 and 33 cm: 0.2%

Typha latifolia: 3, 24, 31, 48 and 49: 0.2%; 7 cm: +

C). Macrofossils:

Sphagnum opercula: regularly present

Scheuchzeria palustris epidermis: 36, 47 and 54 cm: 1%; 39, 46, 50, 51, 52 and 53 cm: +; 40, 48 and 60 cm: 3%; 
49 and 59 cm: 4%; 55 and 57 cm: 5%

Eriophorum vaginatum stems: 50 cm: 1

Eriophorum spec. fruits: 19 cm: 2; 53 cm: 1

Oxycoccus / Andromeda leaves: 14 cm: 13; 22 cm: 1; 43 cm: 10; 44 cm: 3; 45 cm: 4

Oxycoccus / Andromeda branches: 14 cm: 3; 20 cm: 1

Vaccinium / Oxycoccus seeds: 26 cm: 2

Vaccinium spec. berry: 11 cm: 1; 13 cm: 1; 24 cm: 1

Ericaceae inflorescence: 20 cm: 1; 26 cm: 5; 51 cm: 3

Ericaceae branches: 9 and 11 cm: 1; 15 cm: 2

Sporormiella fruitbody with ascospores: 1 cm: 1
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Summary

Summary

The aim of this study was to reconstruct the changes in late Holocene dry land and wet land 
vegetation and carbon accumulation within bog ecosystems. The effects of climate change on 
vegetation and peat development were evaluated by comparing the vegetation changes with 
the Fennoscandian summer temperature record (Briffa et al., 1992) and historic temperature 
and precipitation measurements. The impact of human activities was evaluated by comparing 
the vegetation and carbon accumulation changes with historical records of land use changes 

and human population development. The proxy data were compared with the Δ 14C record to 
evaluate the possible link between bog development, climate change and solar activity.

In May 2003, peat cores of ca. 1 meter depth were taken from four raised bogs situated on a 
north-south transect, from Umeå in Sweden to Angermünde in northern Germany. A number 
of  analyses  were  conducted  (plant  macrofossils,  pollen/non-pollen  microfossils,  testate 
amoebae, colorimetric humification, carbon/nitrogen ratios, bulk densities, loss on ignition), 

and 14C wiggle-match dating was applied to obtain a fine-resolution chronology. 

In Chapter 2 the results for the most northern site Lappmyran are described. The peat core 
encompasses the last  c. 1700 years.  The Lappmyran region was dominated by  Pinus and 
Picea forest. Changes in land use patterns and population density were visible in the pollen 
record of the regional  vegetation.  Juniperus and  Rumex acetosa-type pollen indicated the 
presence of grazed land in the area between AD 1500 and 1950. The vegetation at the coring 
spot  gradually  became  ombrotrophic.  The  local  plant  and  testate  amoebae  compositions 
reflect  changes  in  surface  wetness  caused  by  changes  in  precipitation  and  the  internal 
dynamics of the bog. A wet interval was observed during the Maunder minimum of solar 
activity.  The  presence  of  Drepanocladus  fluitans indicates  less  ombrotrophic  conditions 
during this period, probably caused by the inflow of minerogenic water from upslope owing 
to increased precipitation. The reconstructed water table shows agreement with precipitation 
measurements which were available since AD 1860.

The peat record of the middle Swedish site Åkerlänna Römosse (Chapter 3) comprised the 
last  400  years.  Changes  in  mire  surface  wetness  were  mainly  caused  by climate  change 
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(precipitation and evaporation), but the internal dynamics of the local bog vegetation may 
also have played a role in the recorded water table changes. The human impact signal in the 
pollen data was compared with Swedish population and land use data. A link between climate 
change,  human impact  (openness  of  the vegetation)  and demographic  change  was found. 
Cold and wet periods show a decrease in human impact and open land indicators in the pollen 
data, followed by an increase in death rate and/or an increase in emigration. 

The peat archive of the southern Swedish site Saxnäs Mosse (Chapter 4) was disturbed by 
human activities resulting in a hiatus of c. 300 years. Therefore the recorded periods are from 
c. AD 800 until AD 1650 and from AD 1960 until 2003. This record showed a cooling trend 
at the start of the Little Ice Age, reflected by a decline in thermophilous tree pollen between 

c. AD 1275 - 1590, coinciding with increases in atmospheric Δ14C pointing to decreases of 
solar  activity  (Wolf  and  Spörer  minimum).  Human  impact  also  decreased.  In  the  peat 
stratigraphy, the effect of human impact was clearly visible in the form of a black brown, 
decomposed peat  layer,  the top of  which  marked the hiatus.  Artificial  drainage  probably 
caused secondary decomposition and oxidation of the peat. From c. AD 1960 the water table 
of the peat bog was restored following construction of a road, and raised bog vegetation 
regenerated.

In Chapter 5 the peat  archive of the last  300 years  of  a kettle  hole mire Barschpfuhl  in 
northern Germany is described. The mire hydrology of this relatively small bog was heavily 
influenced  by  forestry  changes  in  the  area.  The  climate  signal  was  therefore  obscured. 
Afforestation with fast-growing conifers and drainage for agricultural purposes resulted in a 
lowering of the water level, changes in trophic conditions, changes in mire surface vegetation 
and increased  decomposition  of  the  peat.  Variations  in  the  openness  and cultivated  land 
indicators in the pollen data of Barschpfuhl reflect regional population density and land use 
changes.

In  Chapter  6  the  historic  carbon  accumulation  rates  of  the  four  bog  ecosystems  were 
calculated  by  using  the  bulk  density,  the  carbon  concentration  and  a  fine-resolution 
radiocarbon  chronology.  Carbon  accumulation  rates  were  compared  to  the  historic  plant 
species composition and environmental data to explore the effects of climate change, human 
impact  and  plant  species  composition  on  carbon  accumulation  rates.  The  North-South 

214



Summary

gradient is observed in the historic carbon accumulation data and also in historic temperature 
records. This may suggest that temperature is a major factor on carbon accumulation rates 
over time. However, no strong correlation was found between mean annual temperature and 
carbon  accumulation  rates.  The  species  composition  was  found  to  influence  carbon 
accumulation rates. The presence of rootlets of Ericales contributed to carbon accumulation. 
Also the relative abundance of hummock and hollow mosses affects carbon accumulation. 
Intermediate hydrological conditions within peatlands were found to have the highest carbon 
accumulation rates. 

In the general discussion (Chapter 7) the records of the previous chapters were linked. I tried 
to  find  geographical  and  temporal  (dis)similarities  between  the  four  peat  archives,  but 
differences in basal age and species composition hampered interpretation. The influence of 
human impact was clearer than the influence of climate change on the changes in vegetation. 
Human impact on vegetation was the lowest in the most northern site in Sweden and highest 
in  the  most  southern  site  in  Germany.  In the  middle  and southern Swedish  sites  human 
impact decreased during the last 50 years. Overall, the wet land vegetation was influenced by 
climate change. The most northern site showed a wet shift in vegetation during the Maunder 
minimum of solar activity, which may imply a period of increased precipitation. A change to 
cooler  climate  may be  reflected  in  the  southern  Swedish  site  at  the  transition  from the 
Medieval  Warm Period to  the Little  Ice  Age by a  decrease in  thermophilous  tree pollen 

coinciding with increases in Δ 14C. 
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Samenvatting

Samenvatting

Het doel van dit onderzoek was het reconstrueren van de vegetatieveranderingen in en buiten 
veengebieden en van veranderingen in de koolstofvastlegging in veenecosystemen gedurende 
het  laat-Holoceen.  De effecten  van  klimaatverandering  op vegetatie  en  veengroei  werden 
onderzocht  door  de  gegevens  te  vergelijken  met  de  gereconstrueerde  Fennoscandische 
zomertemperatuur (Briffa et al. 1992) en met historische temperatuur- en neerslagmetingen. 
De invloed van menselijke activiteiten op en om de veengebieden werd onderzocht door de 
vegetatiereconstructies  te  vergelijken  met  bekende  veranderingen  in  de  landbouw  en 
ontwikkelingen in de bevolkingsdichtheid. De resultaten uit de proxy data van dit onderzoek 

werden ook vergeleken met de atmosferische 14C veranderingen om een eventuele link tussen 
veenontwikkeling, klimaatverandering en zonneactiviteit vast te stellen.

In mei 2003 werden veenkernen (ca. 1 meter diep) gestoken in vier veenecosystemen gelegen 
op  een  noord-zuid  transect  lopende  van  Umeå  in  Zweden  tot  Angermünde  in  noord-
Duitsland.  Verschillende  analyses  (macroresten,  pollen/niet-pollen  palynomorfen, 
thecamoebae, colorimetrische humificatie, koolstof/stikstof ratio, soortelijk gewicht, gehalte 

organische stof) werden uitgevoerd om bovenstaande doelen te bereiken. Door de 14C AMS 
dateringen te wiggle-matchen kon per site een zeer gedetailleerde chronologie vastgesteld 
worden.

In hoofdstuk 2 worden de resultaten besproken van de meest noordelijke onderzoekslocatie 
Lappmyran.  De  veenkern  besloeg  de  laatste  ca.  1700  jaar.  Het  gebied  rondom  veen 
Lappmyran werd gedomineerd door Pinus (dennen) en Picea (sparren) bos. Veranderingen in 
land- en bosgebruik en bevolkingsdichtheid waren zichtbaar in de pollenreconstructie van de 
regionale  vegetatie.  Juniperus (Jeneverbes)  en  Rumex acetosa-type  (o.a.  Schapenzuring) 
gaven de aanwezigheid van begraasd land aan in het gebied in de periode van 1500 AD tot 
1950 AD. De veenvegetatie op de plek waar de kern genomen is werd langzaam ombrotroof 
(door  regenwater  gevoed).  De  soortensamenstelling  van  planten  en  thecamoebae 
weerspiegelde  veranderingen  van  de  waterstand  in  het  veen,  veroorzaakt  door 
neerslagfluctuaties en door interne dynamiek van het veen. Tijdens het Maunder minimum in 
zonneactiviteit  werd een onder nattere omstandigheden groeiende vegetatie waargenomen. 
De  aanwezigheid  van  Drepanocladus  fluitans is  een  indicatie  voor  minder  ombrotrofe 
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omstandigheden; waarschijnlijk veroorzaakt door de instroom van minerogeen grondwater, 
samenhangend  met  toegenomen  neerslag.  De  gereconstrueerde  waterstanden  vertonen 
overeenstemming met de beschikbare neerslagmetingen vanaf AD 1860.

Het archief van de veenkern uit het midden-Zweedse veen (hoofdstuk 3) omvatte de laatste 
400 jaar. De veranderingen in waterstand in het veen werden voornamelijk veroorzaakt door 
klimaatverandering (neerslag), maar ook interne dynamiek van het hoogveen heeft een rol 
gespeeld. Het menselijke invloed signaal uit de pollengegevens kon worden vergeleken met 
Zweedse  bevolkings-  en  landbouwgegevens.  Er  werd  een  verband  gevonden  tussen 
klimaatverandering,  menselijke  invloed  (openheid  van  het  landschap)  en  demografische 
veranderingen. Koude en natte periodes lieten een afname van indicatoren voor menselijke 
invloed  en  open  landschap  zien;  deze  afname  werd  gevolgd  door  een  toename  in  het 
sterftecijfer en/of emigratie.

Het veenarchief van de zuid-Zweedse onderzoekslocatie Saxnäs Mosse (hoofdstuk 4) bleek 
deels verstoord als gevolg van menselijke activiteiten. Dit resulteerde in een hiaat van ca. 300 
jaar. Daarom bestaat de reconstructie uit twee periodes, namelijk van ca. 800 AD tot 1650 
AD en van ca. AD 1960 tot AD 2003. In de pollen data is een afkoeling van het klimaat 
zichtbaar;  warmteminnende  boomsoorten  namen  af  tussen  ca.  1275  en  1590  AD.  Deze 

periode is gelijktijdig met de toename van het 14C-gehalte in de atmosfeer. Dit wijst op een 
afname van de zonneactiviteit (Wolf en Spörer minimum). De menselijke invloed nam ook 
geleidelijk af. De top van een zwartbruine sterk vergane veenlaag markeert de diepte van het 
hiaat in de veenkern. Kunstmatige afwatering van het veen om turfwinning aan de rand van 
het  veen  gemakkelijker  te  maken  was  hoogstwaarschijnlijk  de  oorzaak  van  secondaire 
decompositie en oxidatie van het veen. Vanaf ca. 1960 AD is de waterhuishouding van het 
veen hersteld na de versteviging van het dijklichaam van een naast het veen gelegen weg. 
Vervolgens herstelde de hoogveenvegetatie zich.

In hoofdstuk 5 wordt het veenarchief van de laatste 300 jaar van het ketelveen Barschpfuhl in 
noord-Duitsland beschreven. De hydrologie van dit relatief kleine veen werd sterk beïnvloed 
door de door mensen aangebrachte veranderingen van de bossamenstelling in de omgeving. 
Het klimaatsignaal in de pollendata is hierdoor vertroebeld. De aanplant van snelgroeiende 
naaldbomen zoals Den en Spar en ontwatering voor agrarische doeleinden resulteerde in een 
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Samenvatting

verlaging  van  de  waterstand,  een  verandering  in  trofie  status,  verandering  in 
soortensamenstelling in het veen en versnelde afbraak. Veranderingen in bevolkingsdichtheid 
en  landbouwmethoden  worden  weerspiegeld  door  fluctuaties  in  cultuurgewassen  en 
indicatoren voor openheid van het landschap in de regionale pollen data van het Barschpfuhl 
veenarchief.

Historische  koolstofaccumulatie  snelheden  (CAR)  werden  berekend  met  behulp  van  de 

soortelijk  gewicht,  koolstofconcentratie  en  de  gedetailleerde  AMS  14C  wiggle-match 
chronologie  (hoofdstuk  6).  De  koolstofaccumulatie  werd  vergeleken  met  de  historische 
veenvegetatie  en omgevingsvariabelen om de effecten van klimaatverandering,  menselijke 
invloed  en  soortensamenstelling  op  de  snelheid  van  koolstofaccumulatie  vast  te  kunnen 
stellen. Een noord-zuid gradiënt wordt waargenomen in de historische koolstofaccumulatie; 
deze  trend  is  ook  aanwezig  in  historische  temperatuurmetingen.  Dit  suggereert  dat  de 
gemiddelde  jaartemperatuur  een belangrijke  factor  is  bij  de vastlegging  van koolstof.  De 
soortensamenstelling  van  het  veen  bleek  ook  van  belang  voor  de 
koolstofaccumulatiesnelheid. De aanwezigheid van worteltjes van Ericales bleek een positief 
effect te hebben op koolstofaccumulatie. Ook was de verhouding tussen op bulten groeiende 
en in slenken groeiende veenmossen van belang.

In de algemene discussie (hoofdstuk 7) worden de gegevens uit de vorige hoofdstukken aan 
elkaar  gekoppeld.  Er  werd  een  poging  gedaan  om  de  geografische  en  temporele 
overeenkomsten  en  afwijkingen  te  vinden tussen  de  vier  veenarchieven.  Helaas  werd  de 
interpretatie  bemoeilijkt  door  verschillen  in  soortensamenstelling  en  de  leeftijd  van  de 
kernen.  De  invloed  van  menselijke  activiteiten  op  de  vegetatie  was  duidelijker  te 
onderscheiden  dan  de  effecten  van  klimaatverandering.  In  de  noordelijkste  site  was  er  
relatief weinig menselijke invloed; die invloed was het sterkst in de meest zuidelijke locatie 
in Duitsland. In midden- en zuid-Zweden nam de invloed van de mens gedurende de laatste 
50  jaar  af.  De  veenvormende  vegetatie  werd  op  alle  onderzoekslocaties  beïnvloed  door 
klimaatverandering.  De  meest  noordelijke  site  vertoonde  een  vernatting  gedurende  het 
Maunder minimum in zonneactiviteit. Dit suggereerde toegenomen neerslag. In zuid-Zweden 
werd de afkoeling gedurende de overgang van Middeleeuwse Warme Periode naar de Kleine 
IJstijd waargenomen als een afname van warmteminnende boomsoorten tijdens een fase van 

toegenomen Δ 14C, samenhangend met een verminderde activiteit van de zon.
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