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ChapterChapter 1 - Introduction 

INTRODUCTIO N N 

1.11 Global warming: a more active sun? 

Globall  warming is of great concern. Along with the current human-induced rise of atmospheric C02 

concentration,, temperatures appear to be increasing (Meijer, 2001), sea level is rising, many 
glacierss are melting (Thompson et al., 2002), and more extreme weather events are reported by the 
media.. Climate changes are expected to affect our lives within the near future, or even already 
today.. However, increasing C02 is surely not the only factor driving climate change. To predict 
futuree climate changes and understand past climate changes, knowledge of the natural climate 
systemm is required. 

ClimateClimate change 
Althoughh atmospheric C02 concentrations have been rising steadily since ca. AD 1850 (from ca. 
2755 ppm in pre-industrial times to almost 370 ppm in 2000; Meijer, 2001), temperature has not 
changedd in a similar fashion (e.g., Lean and Rind, 1999). Several regions on Earth are not 
experiencingg any warming, or are even experiencing cooling. Some glaciers are currently 
expanding,, and current movements of glaciers are influenced by climatic events of decades to 
centuriess ago. The role of important components in the climate system (such as clouds or 
volcanoes)) is not known sufficiently. Moreover, solar activity has shown variations in the past that 
correspondedd well with changes in climate. An example relevant to inhabitants of the Netherlands is 
thee claim that 'Elfstedentochten' (skating tours on natural ice in the northern part of the 
Netherlands)) during the 20th century were most often held when the sun was close to a minimum of 
itss ca. 11 year sunspot cycle (http://web.inter.nl.net/hcc/e.v.brummelen/sunspot.htm, in Dutch). 
Althoughh this correspondence between solar activity and weather probably is fortuitous, other 
intriguingg possible terrestrial reactions to the 11 year solar cycle are reported by Currie et al. 
(1993),, Ram et al. (1997), Soukharev and Labitzke (2000) and Cini Castagnoli et al. (2002). 

SolarSolar variability 
Althoughh the eleven year sunspot cycle is probably the best known solar cycle, there also are cycles 
off  much longer duration (e.g., 80-90 year Gleissberg cycle; Hoyt and Schatten, 1997. For Holocene 
reconstructionss see Damon and Peristykh, 2000), and other parameters of the sun vary in a more or 
lesss cyclic way too. Solar variations have been recorded in, e.g., irradiance (Pap and Fröhlich, 
1999),, spectral composition of irradiance (Rottman, 1999; Fligge et al, 2001), rotation (Howe et 
al,al, 2000; Vorontsov et al, 2002), magnetic field (Lockwood et al., 1999; Durney, 2000; Solanki et 
al.,al., 2000), solar wind (Zieger and Mursula, 1998; Lyon, 2000), diameter (Rozelot, 2001), area 
coveredd by corona (Soon et al., 2000), amount, grouping and location of sunspots (Hoyt and 
Schatten,, 1997) and sunspot cycle length (Lassen and Friis-Christensen, 1995). 
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SolarSolar forcing of climate change 
Satellitee measurements of solar irradiance during the last few solar cycles show that solar irradiance 
differss by only ca. 0.1% between a quiet and an active sun (Pap and Fröhlich, 1999). Such small 
changess in irradiance are thought not to be able to directly cause detectable changes in terrestrial 
climate.. However, the irradiance measurements cover a few decades only and it is known from 
sunspott observations and studies of sun-like stars that solar activity probably has varied 
considerablyy more in the past. Furthermore, as mentioned above there is more to solar variability 
thann just changes in irradiance, and changes of these other factors could perhaps be amplified and 
thuss trigger climate change. Van Geel et al (1999) discuss possible amplifying factors for solar 
forcingg of climate change. At present the most likely forcing mechanism involves variations of solar 
UVV irradiance, which cause changed production of ozone and related absorption of heat in the 
Earth'ss atmosphere, resulting in shifts of the atmospheric circulation cells (Haigh, 1996; van Geel et 
ai,ai, 1999; Schuurmans et al, 2001; Rozema et al., 2002). Whilst the eleven year solar cycle is often 
assumedd to be of too short a duration to cause changes in the Earth's climate (the climate system 
wouldd dampen such short-term changes), longer-term solar activity changes may have had a 
significantt effect on climate. Therefore, longer-term data on solar variability and climate change, as 
presentt in natural archives, are needed. Climate changes can be reconstructed from abiotic and/or 
bioticc climate 'proxy' records (e.g., ice cores, marine sediments, tree rings, and lake and peat 
deposits),, and solar activity changes can be derived from the cosmogenic isotope record in, e.g., tree 
ringsrings and ice cores. 

1.22 Holocene archives of solar activity 

Satellitee measurements of solar irradiance only started about AD (Anno Domini) 1980 (Pap and 
Fröhlich,, 1999), and observations of sunspots were recorded more or less reliably from ca. AD 1700 
onwardss (Hoyt and Schatten, 1997). Fortunately, it is possible to reconstruct solar activity in the 
pastt by using archives of cosmogenic isotopes (Beer, 2000). Cosmogenic isotopes (e.g., 3H, ,0Be, 
l4C,, 26A1,36C1) are produced by cosmic rays (energetic ionized nuclei and electrons of both galactic 
andd solar origin; Hoyt and Schatten, 1997) colliding with the upper atmosphere of the Earth. Solar 
windd (a low-density proton-electron gas, streaming from the sun) in combination with the Earth's 
magneticc field, provides a shield against cosmic rays so that only a low amount of cosmic rays can 
enterr the Earth's atmosphere. The strength of the shield depends on the intensity of the solar wind 
andd on the Earth's magnetic field. As the Earth's magnetic field probably fluctuates only on time-
scaless of thousands of years (e.g., Merrill et al, 1996; Beer, 2000; Beer et al, 2002), short-term 
fluctuationss in archives of cosmogenic isotopes can be attributed to changes in solar activity. It is 
importantt to note that high solar activity will lead to increased shielding against incoming cosmic 
rays,, and thus to decreasing atmospheric levels of cosmogenic isotopes (and in the same way, low 
solarr activity will result in increasing atmospheric contents of cosmogenic isotopes). In other words, 
nott only the extremes (maxima, minima) but also the directions of the slopes of the cosmogenic 
isotope-archivess indicate changing solar activity. 
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Beryllium Beryllium 
Inn ice cores, concentrations of the cosmogenic isotope 10Be (Beryllium) have been measured 
throughoutt parts of the Holocene and older periods (Beer et al., 1983,1988; Yiou et al., 1997). The 
recordss provide archives of changes in solar activity over parts of the Holocene, although there are 
somee problems concerning the accuracy of the chronologies of ice cores (Southon, 2002), 
concentrationss of  l0Be in ice cores are influenced by snow accumulation rate and climate processes 
(Yiouu et alt 1997), and l0Be records have not yet been published at high resolution (such records 
wil ll  be published soon; J. Beer and R. Muscheler, pers. comm., 2002). 

Radiocarbon Radiocarbon 
Radiocarbonn is the best-known cosmogenic isotope. In the upper atmosphere, collisions of mainly 
protonss from cosmic rays with atmospheric molecules produce neutrons. These neutrons collide 
withh nitrogen nuclei (14N), transforming them into l4C. The MC atoms rapidly oxidize to 14COz and 
enterr the global carbon cycle. Part of the ,4C02 stays in the atmosphere, much dissolves in the 
ocean,, and a small part is taken up by plants during photosynthesis. Atmospheric concentrations of 
l4CC are very low; only 1 in every ca. 1012 carbon atoms consists of  l4C (most of the remaining part is 
l 2C,andl.l%isl 3C). . 
Althoughh 12C and l3C are stable isotopes, '4C is an unstable, radioactive isotope with a half-life of 
57300  40 years (Godwin, 1962). This isotope can be used for dating purposes: a plant which has 
takenn up its last C02 5730 years ago, will nowadays contain onlyy half of the original amount of  14C. 
Byy measuring the 14C/C ratio (C being the total of  12C, l3C and 14C), the tl4C age' of for example 
subfossill  plants can thus be determined (e.g., Mook and Streurman, 1983): 

In2< < 
l4C/CC = [14C/C],o-e"5S68 (1.1) 

or,, rewritten: 

55688 . i4C/C 
C a g e== ln-77 (1.2) 

ëë lo2 [,4C/C]/o 

Heree [14C/C]/0 is the ,4C/C ratio at t0, t0 is the moment in time when an organism stopped 
exchangingg carbon with its surroundings (died), / is the time passed since *0 (the 14C age), and 5568 
iss the value of the l4C half-life as determined originally (by convention, this value is used to avoid 
confusionn with old ,4C dates; e.g., van der Plicht, 2000). 
Whilee exchanging carbon, all organisms discriminate between the different C isotopes 
(fractionation)) because of mass dependent effects, thus resulting in some l4C age offsets. This 14C/C 
fractionationn is corrected for by determining the 13C/12C ratio. 
Thee 14C/C ratio of a sample can be determined by measuring its radioactivity (14C radiation; 
conventionall  dating). Because for conventional dating rare events of radioactive decay have to be 
counted,, large sample sizes (grams of C) and long counting times (1 or more days) are needed. 
Usingg AMS dating, the ,4C concentration is measured directly (Accelerator Mass Spectrometry; 
Tunizz et al., 1998; van der Plicht et al  ̂ 2000). Therefore with AMS sample sizes can be much 
smallerr (down to ca. 100 \ig C) and measurements last some hours at most. 
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TheThe "C calibration curve 
Tree-ringss can be dated precisely by matching trees with overlapping tree-ring sequences 
(dendrochronology):: one can reconstruct for example that a certain tree-ring was produced cal 
(calendarr years) AD 1612 or 3454 cal BC (Before Christ) exactly. In order to be able to transfer 14C 
agess into calendar ages, MC ages have been measured of many hundreds of tree-rings of exactly 
knownn real age (calendar age). The 14C ages of the sequence of tree-rings are plotted in Fig. 1.1 (l4C 
calibrationn curve INTCAL98, Stuiver et al., 1998). . 

-100000 -9000 -80000 -7000 -6000 -5000 4000 -3000 -2000 -1000 
Cafendarage(BOAD) ) 

10000 2000 

Fig.Fig. 1.1 The INTCAL98 '4C calibration curve from 10,000 cal BC (BC ages are negative) to 
ADAD 1950 (thick curves show 1 a error envelope; Stuiver et al, 1998). From the calibration curve, 
atmosphericatmospheric '4C concentrations are derived (thin curves show 1 a error envelope. Values have been 
detrendedfordetrendedfor millennial-scale changes in geomagnetic field; residual A.'4C, in promilles. Stuiver et 
al.,al., 1998). Above the graph, horizontal bars indicate temporal focus of'4C wiggle-match dated peat 
records:records: 1) van der Plicht et al. (submitted), 2) this thesis (chapters 2, 3, 5), 3) Speranza et al. 
(2002),(2002), 4) Kilian et al. (1995, 2000) and 5) Mauquoy et al. (2002 [chapter 6]). All studies showed 
wet-shiftswet-shifts occurring together with major rises in AI4C. 
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Itt can be seen clearly that there is no one-to-one relationship between calendar age and l4C age; 
theree are long-term fluctuations and short-term 'wiggles' (de Vries, 1958). These excursions are the 
resultt of past fluctuations in atmospheric ,4C content, and thus of changes in the value of [uC/C]f0 in 
thee equations given above. For example, from ca. 750 to 400 cal BC, ,4C ages of tree-rings remain 
similarr at ca. 2450 BP (where BP, before present, is the number of years before AD 1950). This 
mustt have been the result of a decline in atmospheric l4C content: from 750 to 400 cal BC 
atmosphericc 14C concentrations were decreasing, resulting in similar l4C/C ratios at the time of 
measurement,, and thus in similar l4C ages. Just before and after the 14C age 'plateau' just 
mentioned,, within ca. 100 calendar years l4C ages of the calibration curve decrease by ca. 200-300 
yearss (the l4C/C ratio increases faster than the calendar ages). These were periods of increasing 
atmosphericc 14C levels. From the fluctuating slope of the calibration curve, past changes in 
atmosphericc 14C content can thus be derived (Fig. 1.1, A14C). Often the long-term trend of A14C 
(relatedd to geomagnetic changes) is removed to better reveal the short-term changes (residual A14C, 
20000 year moving average; Stuiver et al, 1998). As explained above, the short-term increases in 
cosmogenicc isotopes were most probably caused by decreasing solar activity (and decreasing levels 
off  cosmogenic isotopes by increasing solar activity). 
Inn the present thesis, it was investigated whether decreases in solar activity during the mid-
Holocenee and the 'Littl e Ice Age' (as recorded by several large and rapid increases in Al4C; see Fig. 
1.1)) were coeval with changes in climate (Denton and Karlén, 1973; Stuiver and Braziunas, 1993; 
Stuiverr et al, 1995; Bond et al, 2001; Magny, in press) as reflected by changes in local vegetation 
compositionn of raised bogs. 

133 Raised bogs as Holocene archives of climate change 

Justt as is the case for solar activity, past changes in climate (weather) have also only been measured 
reliablyy for a few centuries at most. For evidence of climate change further back in time (e.g., the 
Holocene)) we must therefore look for alternative, 'proxy' climate archives. Raised bogs provide 
suchh archives. Raised bogs are organic deposits consisting of remains of ombrotrophic (rain-
dependent)) plants such as peat mosses {Sphagnum species). Such deposits have accumulated year 
byy year, new plants growing upon the plant remains from previous years. Their very wet habitats 
andd the active acidification of their environments (Clymo, 1963) ensures that dead plant remains 
fromfrom raised bogs are only partly decomposed and thus remain recognisable even after several 
millennia.. Plants from raised bogs are highly sensitive to moisture (0kland, 1990), with species 
suchh as Scheuchzeria palustris and Sphagnum cuspidatum growing at the lowest and wettest places, 
andd with, e.g., Calluna vulgaris on drier and higher parts (hummocks). Identification of plant (and 
animal/fungal)) remains along a vertical sequence will thus provide an indication of changing local 
moisturee conditions over time. As the plants in raised bogs derive their water and nutrients from 
precipitationn exclusively, changing moisture conditions thus may indicate changes in effective 
precipitationn (precipitation minus evapo-transpiration). A 'classic' event of moisture conditions 
changingg simultaneously in raised bog deposits throughout the North Atlantic is known as the 
Subboreal/Subatlanticc transition. This considerable climate change occurred during a major increase 
off  A,4C at ca. 850 cal BC (van Geel et al, 1996). 
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Besidess remains of strictly local plants, fungi and invertebrates, raised bog sequences also store 
pollenn grains and spores from the landscape surrounding the bog. These can give additional 
informationn about environmental conditions (e.g., van Geel, 1978). 
Duringg most of the Holocene, extensive areas of the northeastern part of the Netherlands were 
coveredd with raised bogs. During the last few centuries most of the peat deposits were removed and 
usedd as fuel. Nowadays only some small, drained remnants of the former raised bogs remain. 
Exampless of such remnants are Engbertsdijksvenen in Overijssel, and Meerstalblok in Drenthe. The 
palaeoecologyy of these raised bogs has been studied extensively (e.g., Casparie, 1972; van Geel, 
1978;; Dupont, 1985; Kilian et al, 1995, 2000). In order to identify climatic responses to solar 
variabilityy during the mid-Holocene, in the present thesis additional archives of climate change 
weree recovered by analysing precisely dated cores ('4C wiggle-match dating) from the bogs 
mentionedd above. Cores Eng-XV and Eng-XVI were taken from Engbertsdijksvenen, core MSB-2K 
wass collected from Meerstalblok (Fig. 1.2). The cores were studied at high resolution (subsequent 
sampless of 0.5-1 cm). In addition, late Holocene raised bog sequences from Denmark and England 
thatt provide an archive of climate change during the Littl e Ice Age, were studied (Mauquoy et al., 
20022 [chapter 6]). 

Fig.Fig. 1.2 Locations of cores Eng-XV and Eng-XVI (E) and core MSB-2K (M). 
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1.44 l4C chronologies and " C wiggle-match dating 

Too identify climate responses to, e.g., rapid changes in solar activity, proxy archives of climate 
changee have to be dated at high precision and accuracy. Although many studies have used cores 
fromfrom raised bog deposits to infer past changes in climate, often the dating precision of such studies 
wass poor because often only a few samples per core were UC dated. These samples also often 
consistedd of bulk material, which introduces chances of erroneous ,4C ages (Kilian et al, 1995). 
Usingg conventional dating, relatively large amounts of peat have to be used, which often means that 
thickk slices of peat are dated (e.g., 8 cm thickness; Hughes et al., 2000). A l4C age of such a sample 
wil ll  represent a too long 'time-slice'. Moreover, usually the 14C ages are calibrated into calendar 
ages,, using the l4C calibration curve as described in § 1.2 and shown in Fig. 1.1. At periods with 
majorr excursions in the calibration curve, calibration of a l4C date wil l result in large confidence 
intervalss (or even several separated intervals) on the calendar time scale (compare Dehling and van 
derr Plicht, 1993). Such factors often result in peat records with a chronology mat cannot be used to 
givee precise and accurate dates to events such as wet-shifts. Using such rather imprecise 
chronologies,, it is difficult to safely compare indications for short-term climate changes with other, 
independentlyy dated proxy climate records and with, e.g., the short-term changes in solar activity as 
reflectedd by the A14C record with its calendar (dendro-) time scale. 

1414CC wiggle-match dating 
Thee approach of  l4C wiggle-match dating (WMD), in combination with AMS l4C dating of many 
smalll  samples of carefully selected and cleaned above-ground macrofossils, appears to result in 
moree precise and accurate chronologies (e.g., Kilian et al, 1995, 2000). With WMD, the 
stratigraphicc position of  14C dates is used, instead of calibrating every individual  l4C date of a peat 
core.. A sequence of uncalibrated l4C dates is matched to the tree-ring l4C calibration curve (Stuiver 
etet a!., 1998) by adapting the depth-calendar age scale of the peat sequence (van Geel and Mook, 
1989).. For the WMD-procedure, the depth scale of a peat sequence is adapted as follows: in the first 
instance,, a value for linear accumulation rate (e.g., 15 cm yr"1) of the peat core is assumed and the 
peatt sequence is plotted together with a relevant part of the l4C calibration curve. The peat sequence 
iss then shifted in time as well as expanded or compressed in accumulation rate to get the best match 
withh the l4C calibration curve. Often, an entire peat 14C sequence will not match very well with the 
l4CC calibration curve when assuming that the entire peat deposit has accumulated linearly. Based on 
changess in stratigraphy and on most probable placements of  14C dates on the calibration curve, 
hiatusess and changes in peat accumulation rate can then be inferred. In this way, subsets of  l4C 
sequencess are distinguished, and these subsets are then matched individually to the 14C calibration 
curvee (Kilian et al, 1"5> 2 0 0° ; Speranza et al, 2000; Mauquoy et al, 2002 [chapter 6]; chapters 2, 
3,4). . 
Althoughh WMD appears to enhance precision of  ,4C peat chronologies, some issues still remain. 
Thuss far, high-resolution 14C sequences of peat deposits have been wiggle-match dated during 
periodss with major wiggles in the l4C calibration curve. One of the aims of this research was to find 
outt how WMD performs during periods with less pronounced excursions in the 14C calibration 
curve.. Moreover, although for calibration of individual  ,4C dates confidence intervals (e.g., at 1 
standardd deviation level) on the calendar time scale can be calculated, until recently there was no 
easy-to-understandd method to assess confidence intervals on the calendar time scale for WMD 

7 7 



ChapterChapter 1 - Introduction 

chronologiess of organic deposits (e.g., Bronk Ramsey, 1998). Therefore, claims that WMD of 
organicc deposits provides more precise chronologies than calibration of individual  14C dates, could 
nott be substantiated and quantified. In the present thesis, a numerical approach to solve the above 
issuess is presented (chapter 3). 

1.55 Outline of the diesis 

Inn the next three chapters, the approach of  14C wiggle-match dating will be discussed. In chapter 2, 
thee method is introduced. This chapter was written as an extended abstract of an oral presentation 
aboutt 14C wiggle-match dating presented at the 2002 Annual Discussion Meeting 'Constructing 
Chronologies'' (Quaternary Research Association, UK). In chapter 3, a numerical approach to 14C 
wiggle-matchh dating is presented, and it is applied to several high-resolution 14C dated peat cores. 
Chapterr 4 discusses a problematic ,4C wiggle-match dated peat core, and concludes with a list of 
guideliness for those who plan to apply 14C wiggle-match dating. 
Inn chapters 5 and 6, wet-shifts are inferred from changes in local vegetation composition from peat 
sequencess that were 14C wiggle-match dated at high resolution. The calendar ages of these wet-
shiftss are compared with changes in A14C (which is a proxy for solar activity). It is shown that wet-
shiftss often correspond with major decreases in solar activity. Chapter 5 focuses on the mid-
Holocene,, and chapter 6 focuses on the Littl e Ice Age. 
Whenn discussing local vegetation reconstructions of the peat cores in chapters 2, 3, 4 and 5, only 
thosee data are reported that were considered to be most relevant. At the end of the thesis, as 
appendicess the complete records (microfossils, macrofossils and/or chemical analysis) of peat cores 
Eng-XV,, Eng-XVI and MSB-2K are presented. 
Ass most chapters were written to form independent manuscripts, some repetition (e.g., of theory and 
methods)) was inevitable. 
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14CC WIGGLE-MATC H DATIN G OF PEAT DEPOSITS: 
ADVANTAGE SS AND LIMITATION S 

MaartenMaarten Blaauw. Bas van Geel, Dmitri Mauquoy and Johannes van der Plicht 

Abstract t 

14CC wiggle-match dating (WMD) of peat deposits uses the non-linear relationship between 14C age 
andd calendar age to match the shape of a series of closely spaced peat ,4C dates with the ' C 
calibrationn curve. By using WMD, the problem of the non-linearity of the 14C calibration curve is 
turnedd into an advantage. The method of WMD is discussed, and its advantages and limitations are 
comparedd with calibration of individual dates. During several intervals of the Holocene, the 14C 
calibrationn curve shows less pronounced fluctuations. We assess whether wiggle-matching, or 
curve-matching,, is also a feasible strategy for these parts of the 14C calibration curve. We discuss 
thee possibility offered by WMD to identify a reservoir effect in '4C samples. High precision 
chronologies,, such as obtainable with WMD, are needed for studies of rapid climate changes and 
theirr possible causes during the Holocene. 

2.11 Introductio n 

Constructingg chronologies by transforming l4C ages of dated samples into 'real' calendar ages can 
bee problematic, among others because ,4C age has a non-linear relationship with calendar age (see 
Fig.. 2.1a). Sometimes the ,4C calibration curve INTCAL98 (Stuiver et a/., 1998), largely based on 
dendrochronology,, shows pronounced excursions (wiggles); at other times, the slope of the C 
calibrationn curve is almost flat (plateaux). Both phenomena result in a large range of probable 
calendarr ages of  l4C dates. 
Locall  conditions (e.g., hard-water effect, fungal contamination, choice of organic component) can 
causee ,4C ages of dated samples to appear up to several hundreds of years too old or too young (e.g., 
Kiliann et al, 1995,2000; Shore et al, 1995; Wohlfarth et al., 1998; Nilsson et al., 2001). 
Anotherr cause of uncertainty about the correctness of a chronology can be the decision of how to 
estimatee ages of the non-dated levels in deposits with an unknown accumulation history, such as 
peatt or lake sediments (e.g., Bennett, 1994). Hiatuses or changes in accumulation rate could have 
occurred,, and should be taken into account when constructing a chronology. In some studies, for 
constructingg a chronology ,4C dates are calibrated, while on other occasions they are not. 
Sometimes,, a linear relationship between depth and time is assumed. In other studies an exponential 
orr higher polynomial relation is assumed (Bennett, 1994; Kilian et al, 2000) (regression, drawing 
thee 'best' line that runs through the ,4C dates). Another approach is to connect all midpoints of 
adjacentt ,4C dates with lines (linear interpolation), thus changing the apparent accumulation rate 
afterr each dated level. 
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Byy calibrating individual  l4C dates, the above-mentioned problems can result in erroneous or 
imprecisee chronologies. With our approach of WMD however, we are often able to circumvent the 
problemss mentioned above and create a more precise chronology. In this paper, we discuss WMD, 
andd explore its advantages and limitations. 

2.22 ,4C Calibration 

Inn order to create a chronology, usually individual  l4C dates are calibrated, using software such as 
OxCall  (Bronk Ramsey, 1998, 2000). The outcome of this calibration is a probability distribution of 
thee date along the calendar axis. During periods where the l4C calibration curve shows a steep 
decline,, calibration is relatively straightforward as the resulting probability distribution on the 
calendarr scale shows only a small range. When a ,4C date has the age of a plateau in the l4C 
calibrationn curve however, the resulting range of probable calendar ages can be very large (up to 
3500 years for ,4C dates around 2400 BP). In addition, the same l4C age often appears several times 
inn the ,4C calibration curve (wiggles). If this is the case, calibration results in several optima in the 
probabilityy distribution on the calendar scale. 
Afterr calibrating each individual  14C date, the midpoint of the total error range (1 or 2 standard 
deviations)) on the calendar scale of every individual calibrated 14C date is usually taken as the most 
probablee date. In many cases, this midpoint does not match with one of the local maxima in the 
probabilityy distribution on the calendar scale. 
Forr obtaining an approximate chronology, the approach of calibration often works well. When a 
moree precise and high-resolution chronology is aimed at, detailed information stored in the l4C 
calibrationn curve can get lost by simply calibrating. 

2323 " C Wiggle-match dating 

Byy I4C wiggle-match dating of peat deposits, the wiggles in the 14C calibration curve can be used 
forr constructing a more precise chronology (e.g. Pearson, 1986; van Geel and Mook, 1989; Kilian et 
al,al, 1995; Speranza et al.y 2000; Mauquoy et a/., 2002 [chapter 6]). The rationale behind the 
proceduree is that plants that were growing on the surface of peat bogs recorded the same 
fluctuationsfluctuations in atmospheric l4C concentrations as the trees that were used for the construction of the 
,4CC calibration curve. Wiggles found in the dendrochronologically dated l4C calibration curve, 
causedd by changes in atmospheric ,4C concentration, will therefore also show up in 14C sequences 
off  peat deposits. The wiggles found in a sequence can then be matched to those of the 14C 
calibrationn curve, as explained below. 
Inn order to identify wiggles in a 14C sequence of a peat core, and to match them to the wiggles of the 
14CC calibration curve, a large amount of closely spaced ,4C samples has to be dated. These 
(uncalibrated)) 14C-dated levels are then translated directly from their depths into calendar ages, 
assumingg a linear accumulation rate. Other, more complex accumulation models could be used, but 
wee find that in most cases the simple assumption of linear accumulation rate over limited intervals 
resultss in a satisfactory, statistically significant fit. The assumption of linear accumulation should 
howeverr only be made if not contradicted by, e.g., stratigraphy. The sequence of  14C dates is plotted 
togetherr with a relevant part of the l4C calibration curve. Now, by adjusting the depth scale, the 
sequencee is stretched or compressed and shifted on the calendar age scale such that the l4C ages of 
thee sequence match those of the l4C calibration curve as well as possible. 
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AA numerical approach to C wiggle-match dating 
Thee best fit can be found using a numerical approach. The procedures of this approach are 
describedd in detail in chapter 3. In the present chapter only a short description of the approach will 
bee given. A calendar age is assigned to every l4C dated level of a sequence by choosing values of 
thee parameters a (accumulation rate in y.cm ) and P (placement on the calendar age) in the formula 
'calendarr age = a * depth + pV. The l4C age of every sample is then compared with the ,4C age of 
thee ,4C calibration curve corresponding with the obtained calendar age. Tens of thousands of 
combinationss of the parameters a and p are chosen by the computer in a systematic way, and 
correspondingg goodness-of-fit values are calculated. 
Thee goodness-of-fit of the 14C dates of the sequence with those of the ,4C calibration curve is 
measuredd in two ways. One is based on minimalisation of weighted squares: by adapting the 
parameterss a and p, the smallest possible 'total vertical distance' between all ' C dates of the 
sequencee and those of the ,4C calibration curve is looked for, taking error bars into account 
(comparee Pearson, 1986). The other is based on maximalisation of the product of probability 
densities:: the probability densities of all  ,4C dates on the calendar age scale are determined (in the 
samee way as individual '4C dates are calibrated), the height of the probability density of the 
calendarr age assigned to every 14C dated level is calculated, and all 'heights' are multiplied (P). The 
combinationn of the parameters a and P that gives the highest value P is considered to provide the 
mostt likely chronology. 
Untill  now single calendar year ages were assigned to depths of  14C wiggle-match dated peat 
sequencess (Pilcher et al., 1995; Kilian et al., 1995, 2000; Speranza et al, 2000; Mauquoy et at., 
20022 [chapter 6]). Clearly, WMD cannot give chronologies with one-year precision because: (1) the 
14CC calibration curve most often has decadal resolution, (2) 14C dates are measurements with error 
bars,, (3) even thin peat slices (e.g., 1 cm) have accumulated in more than one year, and (4) often the 
assumptionn of a linear accumulation rate is most probably an over-simplification. Using the 
numericall  approach mentioned above, confidence intervals can be given to WMD chronologies 
(chapterr 3). In all peat cores studied thus far with this approach, average 1 a calendar age 
confidencee intervals were smaller using WMD than when calibrating individual  ,4C dates. 

TheThe shape of the l4C calibration curve 
Thee success of WMD depends on the shape of the l4C calibration curve during the period 
considered.. All high-resolution WMD peat cores published to date focused on periods with major 
wiggless in the l4C calibration curve (Kilian et al, 1995, 2000; Speranza et al, 2000; Mauquoy et 
al,al, 2002 [chapter 6]). During major wiggles, precision obtained by WMD can be high. However, 
duringg some periods of the Holocene, the l4C calibration curve shows less pronounced excursions. 
Ass a consequence, in these cases WMD does not necessarily result in a unique solution; large 
rangess of accumulation rates and positions on the calendar scale are possible. Although during such 
periodss WMD is less successful, precision is still higher than with calibration of individual  ,4C 
datess (chapter 3). 
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Subsets Subsets 
Forr long sequences, the assumption of a constant accumulation rate for the entire sequence of 
radiocarbonn dates often results in an unsatisfactory wiggle-match. In these cases it is necessary to 
dividee the sequence into separate sections that can be assumed to have had approximately constant 
accumulationn rates. Subsets of  l4C dates from each section can then be wiggle-matched separately. 
Thee division of the subsets should be based on events in the stratigraphy, e.g., indications of 
hiatuses,, or changes in lithology, pollen concentration or bulk density. 

ReservoirReservoir effect 
WMDD allows the recognition of a ,4C reservoir effect. If necessary, a correction can be made for 
suchh an effect. Kilian et al. (1995) found that high-resolution sequences of  I4C bulk dates often 
followw the shape of the l4C calibration curve, but can only be matched when a reservoir effect (14C 
datess appear up to several centuries too old) is taken into account. The same appears to be true for 
SphagnumSphagnum samples that are not 100% cleaned of, e.g., rootlets or fungal remains (Kilian et al., 
1995,, 2000; Speranza et al., 2000). It would not have been possible to identify this reservoir effect 
iff  the dates would have been calibrated instead of wiggle-matched. Recognition of a reservoir effect 
iss important, because calibration of dates having a reservoir effect may lead to serious errors in the 
radiocarbonn chronology. In order to avoid reservoir ages, we date selected and thoroughly cleaned 
above-groundd plant remains only. As these samples are often very small, they can only be dated 
withh ' C AMS and not with conventional  14C dating. 

SolarSolar forcing of climate change 
Thee wiggles in the ,4C calibration curve as well as in 14C sequences of cores from raised bog 
depositss were caused by changes in atmospheric 14C content (AC). Therefore, WMD provides a 
directdirect temporal link between observed environmental changes in peat cores and AI4C. Van Geel et 
alal (1998), Blaauw et al. (chapter 5), Mauquoy et al. (2002 [chapter 6]) and Speranza et al. (2002) 
showw that large increases in A C (indicating sharp decreases in solar activity) during the Holocene 
weree often coeval with wet-shifts in northwest European bogs. As WMD provides a chronology 
basedd on calendar years, comparison with other precisely dated climate proxy records is possible. 

2.44 A case study 

Ass a case study, WMD results of a new high-resolution 14C AMS dated sequence, Eng-XV 
(sampledd from Engbertsdijksvenen, eastern Netherlands), are presented (Table 2.1. For details see 
chapterss 3,5, and the appendices). The uncalibrated ,4C dates of core Eng-XV were plotted together 
withh a part of the l4C calibration curve (Fig. 2.1a). For the period from ca. 950 to 350 cal BC there 
wass a good match, but it is clear that the earlier part of the core had a lower peat accumulation rate. 
Moreover,, there were indications of gaps (peaks of macroscopic charcoal). When the sequence was 
dividedd into subsets on the basis of stratigraphy (charcoal levels and composition of local peat-
formingg vegetation), and when these subsets were wiggle-match dated individually, a satisfactory, 
statisticallyy acceptable composite WMD was obtained (Fig. 2.1b). Best fits were calculated based 
onn the numerical approach described above. 
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TableTable 2.1 Radiocarbon AMS dating results of core Eng-XV. 'Depths (cm) are from bottom 
levellevel to top level of sample. 2 Composition of samples: a: Andromeda polifolia, c: Calluna vulgaris, 
e:e: Erica tetralix, fl:  Ericaceae flowers, r: Rhynchospora alba, sch: Scheuchzeria palustris, s: 
SphagnumSphagnum spec, sa: S. sect. Acutifolia, sc: S. cuspidatum, si: S. imbricatum, sp: S. papillosum. All 
samplessamples are from thoroughly cleaned above-ground plant remains. 3 Radiocarbon dates are given in 
l4l4CC BP (before 1950), with sd = 1 standard deviation confidence intervals. *Sample 123 was 
rejectedrejected (it was an outlier and its d'3C-AMS value was extremely negative; an indication that the 
samplesample was too small for successful analysis). 

Name e 
51 1 
53 3 
54 4 
56 6 
60 0 
62 2 
69 9 
70A A 
70B B 
71A A 
71B-Sph h 
71B-Eri i 
77 IB-Call 
72A A 
72B B 
73A A 
73B-EH H 
73B-Call l 
76B B 
77+78 8 
79+80 0 
81A A 
82+83 3 
89 9 
90 0 
91A-S.pap p 
91A-Erica a 
95 5 
97 7 
99 9 
104 4 

Depthh ' 
51-50 0 
53-52 2 
54-53 3 
56-55 5 
60-59 9 
62-61 1 
69-68 8 
69.5-69 9 
70-69.5 5 
70.5-70 0 
71-70.5 5 
71-70.5 5 
71-70.5 5 
71.5-71 1 
72-71.5 5 
72.5-72 2 
73-72.5 5 
73-72.5 5 
76-75.5 5 
78-76 6 
80-78 8 
80.5-80 0 
83-81 1 
89-88 8 
90-89 9 
90.5-90 0 
90.5-90 0 
95-94 4 
97-96 6 
99-98 8 
104-103 3 

Composition2 2 

si i 
si,fl,a,c,r r 
fl,a,c fl,a,c 
si i 
si i 
si i 
si i 
si i 
sp,si i 
sc,sp p 
sc,sp p 
e e 
c c 
sa,sc,sp p 
sa,sc,sp p 
sa,sc,sp p 
e e 
c c 
sa.sp p 
s,fl,a,r r 
s,r r 
si,sa a 
s,fl,c,r r 
sa,sp p 
sp p 
sp p 
e e 
sp p 
sp p 
sc,sa,sp p 
sp p 

14Cage3 ) ) 
20999 55 
22366  61 
23055  63 
24655  47 
24811 9 
24611 1 
24688 5 
25400  46 
25311 7 
26033  50 
25166 8 
25166 7 
25100 8 
24955  47 
25533  47 
24699  47 
25688  70 
25322 1 
25011 1 
25188 0 
24766  49 
25933  45 
26466  49 
27544  46 
28433  46 
28544  46 
29344  74 
29299  53 
29588  49 
30522  48 
30533  47 

513CC (%o) 
-28.03 3 
-27.88 8 
-29.20 0 
-25.40 0 
-29.12 2 
-26.33 3 
-28.93 3 
-27.52 2 
-27.31 1 
-26.30 0 
-25.97 7 
-29.13 3 
-30.40 0 
-24.71 1 
-22.87 7 
-26.94 4 
-28.56 6 
-29.34 4 
-28.36 6 
-27.18 8 
-24.10 0 
-26.79 9 
-24.00 0 
-26.23 3 
-25.74 4 
-25.73 3 
-28.66 6 
-23.48 8 
-22.56 6 
-23.51 1 
-23.26 6 

CC content (%) GrA n 
n.d. . 
45.6 6 
49.3 3 
43.2 2 
43.4 4 
43.2 2 
44.9 9 
44.8 8 
46.3 3 
43.8 8 
46.2 2 
64.1 1 
56.3 3 
45.6 6 
45.0 0 
46.2 2 
50.9 9 
57.7 7 
43.1 1 
46.4 4 
45.9 9 
45.1 1 
48.8 8 
44.9 9 
43.7 7 
44.7 7 
54.8 8 
46.3 3 
43.3 3 
35.5 5 
45.2 2 

19142 2 
19479 9 
19470 0 
18685 5 
18334 4 
16475 5 
16476 6 
16492 2 
16493 3 
16495 5 
16496 6 
16506 6 
16507 7 
16497 7 
16502 2 
16503 3 
12764 4 
16501 1 
12765 5 
18337 7 
18683 3 
16485 5 
18684 4 
16483 3 
16482 2 
16481 1 
12766 6 
16528 8 
18329 9 
16477 7 
16505 5 

(continuedon(continuedon next page) 
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TableTable 2.1 (continued) 
Namee Depth1 Composition22 14C age3 ) 513C(%o) C content (%) GrA no. 
105A-Sph. . 
105A-R.alba a 
106A A 
107 7 
109 9 
111-Calz z 
111-Cal+F F 
115-Sph h 
115-Andr r 
116-Sph h 
116-Andr r 
117-Cal l 
121 1 
123* * 
124-mix x 
129-Sph h 
130 0 
131 1 
133 3 
135 5 
138-Scheuch h 
144-Scheuch h 
145 5 
146-Sph h 
146-Andr r 
150 0 

104.5-104 4 
104.5-104 4 
105.5-105 5 
107-106 6 
109-108 8 
111-110 0 
111-110 0 
115-114 4 
115-114 4 
116-115 5 
116-115 5 
117-116 6 
121-120 0 
123-122 2 
124-123 3 
129-128 8 
130-129 9 
131-130 0 
133-132 2 
135-134 4 
138-137 7 
144-143 3 
145-144 4 
146-145 5 
146-145 5 
150-149 9 

s s 
r r 
sc,sa a 
sa,sp p 
sa,sc,sp p 
c c 
c c 
sc,sa a 
a a 
sc,sa a 
a a 
c c 
sc c 
s s 
s,e,c c 
s s 
sp p 
sp p 
s s 
sp p 
sch h 
sch h 
sch h 
s s 
a a 
s s 

31355 9 
30844 8 
31533 7 
31688 6 
32644 2 
32944  52 
33088  53 
33899 5 

9 9 
35044  77 
34966  53 
35099 4 
34744  55 
33177 9 
35399 1 
36800  54 
37100 4 
36399 4 
37066 1 
37244 3 
38000 5 
38499 2 
38299  55 
39311 7 
39111 0 
38488  54 

-22.58 8 
-25.20 0 
-24.16 6 
-26.12 2 
-24.91 1 
-30.86 6 
-29.90 0 
-26.84 4 
-27.13 3 
-26.22 2 
-27.50 0 
-27.91 1 
-22.68 8 
-24.50 0 
-28.08 8 
-26.22 2 
-27.89 9 
-29.20 0 
-26.08 8 
-28.06 6 
-25.50 0 
-25.80 0 
-24.27 7 
-26.83 3 
-29.99 9 
-32.16 6 

45.7 7 
48.3 3 
44.7 7 
44.8 8 
43.6 6 
56.7 7 
58.6 6 
52.1 1 
49.9 9 
28.3 3 
48.9 9 
53.7 7 
44.4 4 
44.5 5 
58.0 0 
44.6 6 
44.4 4 
42.8 8 
42.1 1 
43.2 2 
65.5 5 
56.3 3 
49.3 3 
46.0 0 
n.d. . 
46.9 9 

16499 9 
16509 9 
16486 6 
16480 0 
18328 8 
16530 0 
16529 9 
16545 5 
16531 1 
12763 3 
16544 4 
16543 3 
16541 1 
18677 7 
18327 7 
16540 0 
16539 9 
12905 5 
18324 4 
16535 5 
12760 0 
12759 9 
16534 4 
12756 6 
12758 8 
16533 3 

Theree were many ways to wiggle-match the lower subset because during this period there were no 
majorr wiggles in the ,4C calibration curve (a large range of accumulation rates and shifts on the 
calendarr time scale was possible; chapter 3; see Fig. 2.2). The range of possible wiggle-match fits 
forr the middle subset was smaller: although there were no major wiggles or plateaux here, the 14C 
calibrationn curve was steeper than during the preceding period. In this case one can speak of 'curve-
matching'' instead of 'wiggle-matching'. The upper subset fitted with a plateau in the 14C calibration 
curvee and with its surrounding steep parts, and showed a very good fit; here only a very small range 
off  fits was possible. 
Ass mentioned above, Kilian et al. (1995, 2000) found a reservoir effect in 14C dates when samples 
consistedd of bulk material or of above-ground macrofossils that were not 100% cleaned of 
ericaceouss rootlets. Therefore from core Eng-XV only above-ground plant remains (such as 
branches,, leaves and seeds) were selected and the samples were thoroughly cleaned of any visible 
contamination.. No reservoir effect was apparent in the plateau-part of core Eng-XV; this was 
probablyy due to the fact that the l4C samples were very clean. 
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00 0 
«« 3000 

u u 

26O0 0 

lowerr subset 

jrjr  middle subset 

b b 

i""  upper subset 

20000 1500 1000 

Calendarr age (BC) 

15000 1000 

Calendarr age (BC) 

FigureFigure 2.1 The l4C dates of core Eng-XV (diamonds with 1 a error bars for l4C age, see Table 
2.1.2.1. For details of the core see chapters 3, 5, and the appendices) together with the relevant part of 
thethe INTCAL98 C calibration curve (lines without symbols indicate the 1 standard deviation error 
range).range). In (a), the entire l4C sequence is plotted without division into subsets. In (b), the sequence is 
divideddivided into 3 subsets, based on information from the stratigraphy. At the two levels where the 
subsetssubsets have been divided, major peaks of macroscopic charcoal were found. These were 
consideredconsidered to indicate gaps in the record. Every subset has been stretched or compressed and 
shiftedshifted on the calendar time axis in order to fit the l4C calibration curve as well as possible. See 
text. text. 

24000 2200 2000 

Calendarr  age (BC) 

24O00 2200 2000 

Calendarr  age (BC) 

24000 2200 2000 

CalendarCalendar age (BC) 

FigureFigure 2.2 Several possibilities for l4C wiggle-match dating the lower subset of Fig. 2.1. For 
explanationexplanation of symbols see Fig. 2.1. (a) gives the best fit, but the other solutions also are 
statisticallystatistically possible (within I standard deviation; chapter 3). 
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2.55 Conclusions 

Whenn C dates are calibrated individually, plateaux and wiggles in the l4C calibration curve cause 
imprecisee and inaccurate calendar age chronologies. However, when using WMD, these plateaux 
andd wiggles can help in obtaining a precise and accurate chronology. An example of such a 
successfull  wiggle-match is the upper subset shown in Fig. 2.1b. 

Byy dating large numbers of closely spaced ,4C samples, it becomes possible to identify hiatuses and 
changeschanges in accumulation rate in a peat deposit. With WMD, sequences are divided into subsets at 
occasionss of such accumulation rate changes. 

Thee lower subset in Figures 2.1b and 2.2 shows that the approach of wiggle-match dating works 
lesss well during periods without pronounced wiggles in the C calibration curve. In this case there 
iss no unique WMD solution, although precision of WMD is still higher than when individual  l4C 
datess would be calibrated. 

Calibrationn of individual C dates that have a reservoir effect may cause serious chronology errors. 
However,, WMD allows the recognition of a reservoir effect during periods with plateaux and 
wiggless in the ,4C calibration curve (Kilian et al, 1995). 

Wee are aware of the fact that our assumption of linear accumulation of peat sequences is an over-
simplification.. However, any other growth model, such as connecting midpoints of calibrated l4C 
dates,, Bayesian statistics (Bronk Ramsey, 1998), supposed constant pollen-influx (Middeldorp, 
1982;; Speranza et al., 2000) or running higher-order polynomials through a set of calibrated (e.g. 
Bennett,, 1994) or non-calibrated (e.g. Pilcher et al, 1995; Oldfield et al., 1997) l4C dates, also 
makess use of assumptions. The simple assumption of linear accumulation of a sequence over short 
intervalss often resulted in a highly satisfactory ,4C wiggle-match. We claim that in such cases more 
'sophisticated'' growth models are not necessary as they rely on more assumptions. 

AA disadvantage of WMD is that the collection of high numbers of  l4C dates is time-consuming and 
expensive.. Great care should be taken to select only suitable above-ground macrofossil remains, 
andd clean the samples thoroughly (Kilian et al., 1995, 2000). As the resulting samples are often very 
small,, conventional  l4C dating is not possible and AMS l4C dating should be used. 
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3 3 
AA NUMERICA L APPROACH TO 14C WIGGLE-MATC H DATIN G 
OFF ORGANI C DEPOSITS: BEST FIT S AND CONFIDENCE 
INTERVAL S S 

MaartenMaarten Blaauw, Gerard B.M. Heuvelink, Dmitri Mauquoy, Johannes van der Plicht and Bas van 
Geel Geel 

Abstract t 

MCC wiggle-match dating (WMD) of peat deposits uses the non-linear relationship between 14C age 
andd calendar age to match the shape of a sequence of closely spaced peat 14C dates with the 14C 
calibrationn curve. A numerical approach to WMD enables the quantitative assessment of various 
possiblee wiggle-match solutions and of calendar year confidence intervals for sequences of  14C 
dates.. We assess the assumptions, advantages, and limitations of the method. Several case-studies 
showw that WMD results in more precise chronologies than when individual  14C dates are calibrated. 
WMDD is most successful during periods with major excursions in the l4C calibration curve (e.g., in 
onee case WMD could narrow down confidence intervals from 230 y to 36 y). 

3.11 Introductio n 

Thee approach of  14C wiggle-match dating has made it possible to construct precise chronologies of 
organicc deposits (van Geel and Mook, 1989; Clymo et al., 1990; Kilian et al, 1995, 2000; Pilcher et 
al.,al., 1995; Oldfield et al., 1997; Speranza et al, 2000; Mauquoy et al, 2002a [chapter 6], 2002b; 
vann der Plicht et al, submitted; van de Plassche et al, 2002). Although WMD often appears to 
resultt in more accurate and precise chronologies than can be obtained while calibrating individual 
14CC dates, some issues still need to be clarified. 
Thee width of confidence intervals gives an indication of the precision of a chronology. Whereas 
calibrationn of individual  14C dates provides us with confidence intervals, such measures have not yet 
beenn implemented successfully in the procedure of WMD of organic deposits. Therefore, to 
comparee the precision of WMD with that of calibration of individual  14C dates, a methodology that 
determiness confidence intervals for WMD is required. Pearson (1986) and Bronk Ramsey et al. 
(2001)) discuss numerical approaches to WMD of deposits of known accumulation rate such as tree-
rings. rings. 
Duringg periods during the Holocene with less-pronounced wiggles in the l4C calibration curve 
(INTCAL98;; Stuiver et al, 1998a), occasionally there are multiple ways to wiggle-match a 
sequencee to the calibration curve. Here, objective methods to find the best wiggle-match solution 
wouldd be very welcome. It is important to know if in these cases, WMD can still provide a 
chronologyy superior to one constructed from calibration of individual  14C dates. Even more, it 
remainss to be assessed whether WMD does result in a better chronology than if  14C dates are 
calibratedd individually, even during periods of major wiggles. 
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Inn this paper, we present a numerical approach for WMD. With this method, the best wiggle-match 
solutionss can be found in an objective way, and confidence intervals for calendar age 
determinationss can be constructed. We apply the methodology to the new peat cores Eng-XV and 
MSB-2K,, both from raised bog deposits in the Netherlands, and to two 14C wiggle-match dated peat 
coress that were recently published by Mauquoy et al. (2002a [chapter 6]). 

3.22 A numerical approach to 14C wiggle-match dating 

Thee method we use for 14C wiggle-match dating peat sequences will be explained in detail here. It 
couldd be used for other sediments with unknown accumulation history as well. All calculations can 
bee made in a spreadsheet program (e.g., Microsoft Excel; files can be obtained from the first 
author). . 

Inn essence, the method is as follows. First, the l4C-dated levels of a sequence are translated from 
theirr accumulation measure (such as depth, mass accumulation or pollen concentration) directly to 
calendarr ages, using two parameters (see following paragraph). The resulting calendar chronology 
off  the 14C dates is plotted together with the ,4C calibration curve INTCAL98 (Stuiver et al, 1998 a). 
Finally,, by changing the two parameters, the translation of depths to calendar ages is adapted such 
thatt the 14C ages of the sequence match those of the calibration curve as precisely as possible. 
Measuress for the 'goodness-of-fit' are calculated. 

3.2.13.2.1 Translation of depths into calendar ages 

Becausee a peat sequence does not show annual lamination, its accumulation history is unknown. In 
thee method proposed here, initially linear accumulation over time is assumed (see discussion). Such 
aa linear relationship between depth and (calendar) age can be described by two parameters: the 
slopee of the curve (accumulation rate in ycm', a) and its intercept (P). Instead of the intercept, we 
choosee an alternative 'anchor point' (the 'centre of gravity of the measurements'): 

Calendarr age = a x (depth - depu\verage) + calendar ageaverage + p (3.1) 

Heree calendar ageavetage is the calendar age for which the calibration curve has the same 14C age as 
thee average l4C age of all  14C dates of the sequence, and P is the parameter with which the sequence 
cann be shifted on the calendar axis. 

ChoosingChoosing subsets 
Forr long sequences of  I4C dates, assuming a constant accumulation rate for the entire sequence 
oftenn results in an unsatisfactory wiggle-match. In these cases, the sequence needs to be divided 
intoo subsets that can be assumed to have accumulated at more or less constant rates. These subsets 
aree then wiggle-match dated individually. Divisions of the subsets should be supported by events in 
thee stratigraphy: e.g., charcoal peaks could indicate a gap in the record, and changes in the 
macrofossill  composition of the peat, degree of humification, C/N ratio, pollen concentration or bulk 
densityy could point to a change in accumulation rate. There can be some uncertainty or subjectivity 
involvedd in deciding how to split the entire set into subsets. 
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AdaptingAdapting the match 
Too adapt the match of the ,4C dates of the sequence to those of the calibration curve, using a 
computerr the parameters a and p are changed automatically and systematically in small steps (tens 
off  thousands of combinations are tried; chosen values of the parameters include all realistically 
possiblee matches, e.g., 5<<x<35, -200<P<+200). An increase in a results in a lower accumulation 
rate,, and therefore will expand the sequence on the calendar axis. In the same way, a decrease in a 
resultss in compression of the sequence on the calendar axis. A higher p results in a shift to the right 
onn the calendar axis, and a lower p will move the sequence to the left. See Fig. 3.1. 

3.2.23.2.2 Comparison with the NC calibration curve 

Byy choosing certain values of a and p, the depths of the sequence at which 14C dates have been 
takenn are translated into calendar ages (Fig. 3.1a,b). The resulting graph of  14C ages against calendar 
agess of the sequence is overlaid on the 14C calibration curve (Fig. 3.1c,d). This calibration curve 
consistsconsists of a l4C age for every calendar year (linearly interpolated when necessary), constructed 
usingg the decadal INTCAL98 data (Stuiver et al, 1998a), and using higher-resolution calibration 
curvess where available (for the period 3904 to 1936 BC: Vogel and van der Plicht, 1993, and for the 
periodd after AD 1511: Stuiver et al, 1998b). 

ErroneousErroneous l4C dates 
Radiocarbonn dates of a sequence could be erroneous due to sample composition, contamination or 
handlingg (e.g. Kilian et al, 1995, 2000; Shore et al, 1995; Speranza et al, 2000; Nilsson et al., 
2001).. If a reservoir effect on either all or a part of the 14C dates of the sequence is suspected, this 
cann be corrected for (Kilian et al., 1995). 

DepositionDeposition period of samples 
Becausee every sample has been deposited over a certain period (from the estimated calendar age -
[(1/22 thickness sample) x a] up to the estimated calendar age + [(1/2 thickness sample) x a]), the 
measuredd 14C age is assumed to reflect the average 14C age of this period. Therefore, while testing 
thee fit of a wiggle-match (see later), the measured l4C age is compared with the average l4C age of 
thee calibration curve during the assumed sample deposition period. 
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1500 0 

13000 1350 1400 1450 

Calendarr age (AD) 

15000 1300 1350 1400 1450 

Calendarr age (AD) 

1500 0 

Fig.Fig. 3.1 Schematic explanation of how the numerical approach to WMD assigns calendar 
agesages to l4C dated levels of a sequence. With a certain combination of parameters a and ji, depths 
areare translated into calendar ages (a). The resulting wiggle-match is shown in (c). With a different 
combinationcombination of a and j8 (b), a different wiggle-match occurs (d). Thin lines in (c,d) show the 1 
standardstandard deviation (a) error envelope of the INTCAL98 calibration curve (Stuiver et al, 1998a). 
VerticalVertical error bars show the 1 a confidence intervals of the C ages of the sequence. 
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3.2.33.2.3 Computing the goodness-of-fit 

Forr every combination of a and p, the goodness-of-fit with the ,4C calibration curve is measured. 
Thiss can be done in different ways. Here Weighted Least Squares (Pearson, 1986; Kilian et ai, 
2000;; Bronk Ramsey et al., 2001) and Maximum Likelihood are used. 

WeightedWeighted Least Squares 
Whenn we match a sequence to the calibration curve, we want the (squared) deviations between the 
!4CC ages of the sequence and those of the calibration curve to be as small as possible: 

SSS = É r c ^ , - " ^ , ^ , ) 2 = minimal (3.2) 

wheree SS is the Sum of Squares, n is the number of dated samples, " C ^ ^ is the 14C age of sample 
/',, and 14Ccalcurvre, is the average 14C age of the calibration curve belonging to the assumed deposition 
periodd for sample /. We square the deviations because we do not want negative differences to cancel 
outt positive ones, and as, for statistical reasons, we want to add more weight to large deviations. 
Becausee ,4C ages are not exactly known quantities, but are the result of a measurement with limited 
precision,, they follow a probability distribution. Therefore, error bars or standard deviations (a) can 
bee associated with both the samples and the calibration curve, and these are now included in the 
criterionn to be minimised (see Bennett, 1994 or Stuiver et al., 1998a for a discussion on how to deal 
withh error bars). Thus rather than minimising Eq. (3.2), we aim to minimise the Weighted Sum of 
Squaress (WSS): 

„„  (HC _14C \2 

WSSS = Y l , —*  ,""""'  = minimal (3.3) 
MM  o2 +<J2 

sample,!!  cal.curve.r' 

Thee combination of parameters a and p that gives the lowest WSS, yields the weighted least 
squaress (WLS) estimates of a and p, and thus yields the optimal wiggle-match. 
Iff  we assume that a l4C measurement follows a Gaussian distribution and that the errors in 14C 
measurementss are mutually independent, WSS will follow a x2 distribution with n-2 degrees of 
freedomm (the 2 parameters a and p need to be estimated from the data and this reduces the degrees 
offreedomby2): : 

WSS~x2(n.2)) (3.4) 

Valuess of a and p that result in a WSS above a given treshold %2 value (derived from a statistical 
table)) indicate a highly unlikely deviation between the 14C ages of the sequence and the calibration 
curve,, and therefore a highly unlikely match. Fig. 3.2 gives a schematic explanation of the WLS 
method. . 
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MaximumMaximum Likelihood 
AA  14C date can be assumed to follow a Gaussian distribution on the l4C age axis. However, because 
off  the non-linear relationship between 14C age and calendar age, projection of a 14C date on the 
calendarr axis results in a non-Gaussian probability distribution along the calendar axis (calibration, 
e.g.,, Dehling and van der Plicht, 1993). The calendar age that corresponds to the maximum of the 
probabilityy density could be considered as the most likely calendar age, but often additional local 
maximaa show other likely calendar ages. See Fig. 3.2. 
Forr the Maximum Likelihood (MLH) measure of goodness-of-fit, we first determine the probability 
densitiess on the calendar axis of all individual 14C dates of a sequence. A given combination of 
parameterss a and p of the linear depth-age model Eq. (3.1) will assign a calendar age to every dated 
level.. Then, the height of the probability density at this calendar age is determined for every '4C 
datedd level, and the product of all these values is calculated (P). Assuming independence, P 
representss the joint probability density for the sequence of  14C dates. The maximum likelihood 
estimatess for a and P are then obtained by maximising P for a and p. These values may be 
interpretedd as those values for a and P under which the observed '4C ages are most likely to occur 
(Hastieefa/.,2001,p.. 229). 
Thee probability densities of the l4C dates on the calendar axis are calculated as follows. For every 
calendarr age, the '4C value of the calibration curve at that calendar age is compared with the 
measuredd 14C age. A radiocarbon date is assumed to have a Gaussian distribution on the ,4C axis: 

uu-"'-"' :: '"''"'  <"> 
wheree px is the probability density at value x, a is the standard deviation (the standard deviations of 
'4CC date and calibration curve are combined: a=V[a2

sample + o2^ ,^ ] ) , and \i is the measured '4C age. 
Fillingg in the appropriate numbers in Eq. (3.5), the height of the probability density on the calendar 
axiss is found for every l4C date and calendar age. A schematic explanation of MLH is given in Fig 
3.2. . 
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3.2.33.2.3 Presentation of results 

Thee combinations of the parameters a and P translate depths (e.g., 14C dated depths or levels of 
changess in stratigraphy) into calendar ages. For every calendar age assigned to a depth, the WLS 
andd MLH values (the combination of a and p that gives the optimal solution for the specific 
calendarr age) are plotted. The lowest WLS and the highest MLH give the optimal solution. 
Confidencee intervals for calendar age are also presented. 

3.33 Case studies 

3.3.13.3.1 CoreEng-XV 

Thee deposits of the raised bog Engbertsdijksvenen (Eastern Netherlands) have been investigated 
extensivelyy (e.g., van Geel, 1978; Middeldorp, 1982; Dupont and Brenninkmeijer, 1984; van Geel 
andd Dallmeijer, 1986; Kilian et al., 1995, 2000). In December 1998, from a vertical wall of a hole 
dugg in the peat bog, a 1.5 m sequence was taken (Eng-XV), using 3 metal boxes of 50x15x10 cm. 
Onee metre of the sequence was sub-sampled at 0.5 to 1 cm-resolution and analysed for microfossils, 
macrofossils,, LOI, %C, and %N (details of the record are given in chapter 5 and the appendices). 
Fifty-sixx samples of carefully cleaned aboveground macrofossils were AMS l4C dated (chapter 2). 
Onee 14C date, at 123 cm depth, turned out to be an outlier and was not used in the analysis. See Fig. 
3.3a-bb for 14C dates, arboreal pollen concentration and stratigraphic information of the core. 
Thee entire sequence of  14C dates of core Eng-XV was plotted together with the 14C calibration curve 
INTCAL988 with the assumption of continuous, linear accumulation (Fig. 3.3a). Whereas parts of 
thee l4C sequence appear to match the calibration curve rather well (correct translation of depths to 
calendarr ages by parameters a and p), at other parts the I4C dates show large offsets (incorrect a 
and/orr p). Indications of hiatuses or accumulation rate changes thus had to be looked for. 

Fig.Fig. 3.2 (previous page) Schematic explanation of Weighted Least Squares (WLS) and 
MaximumMaximum Likelihood (MLH). Four '4C dates of a sequence are matched to the calibration curve, 
givinggiving a calendar age to every '4C dated level (see Fig. 3.1, hatched vertical lines). WLS: the sum of 
thethe squared vertical distances between the sequence of !4C samples and the calibration curve 
(vertical(vertical distances are shown by 3 'brackets') is minimised, taking the error bars of samples and 
calibrationcalibration curve into account. MLH: Calibration results of the l4C dates are shown on the 
calendarcalendar axis (date 1: black line, date 2: closed diamonds, date 3: open circles, date 4: crosses). 
ThickThick vertical lines show heights of the probability densities of the chosen wiggle-match. The 
productproduct of the four heights of the probability densities of all '4C dated levels is maximised. 
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Calendarr age (BC) 
6000 240 0 220 0 200 0 180 0 160 0 140 0 120 0 100 0 80 0 

32 2 
24000 220 0 200 0 180 0 160 0 140 0 120 0 100 0 80 0 60 0 40 0 20 0 0 

Calendarr age (BC) 



ChapterChapter 3-A numerical approach to '4C wiggle-match dating 

HiatusesHiatuses and accumulation rate changes 
Indicationss of hiatuses and accumulation rate changes were accounted for as follows: starting from 
thee bottom of the core, the MC dates were matched to the calibration curve. At depths where the l4C 
datess started to deviate from the calibration curve, the sequence was divided into subsets that were 
matchedd to the calibration curve individually (Fig. 3.3c). Care was taken to divide at depths where 
thee lithology indicated evidence for a hiatus or a change in accumulation rate. The following 
subsetss were decided upon (Fig. 3.3b; hatched lines in Fig. 3.3c): 
-Subsett 1 (150-118 cm): layers of Eriophorum vaginatum, Scheuchzeria palustris and occasionally 
Sphagnum. Sphagnum. 
Att about 117 cm depth the '4C dates started to deviate from the calibration curve, indicating an 
accumulationn rate change and/or a hiatus. At this point therefore, a division was made. This was 
justifiedd by the fact that here the vegetation composition of the core changed considerably, and 
arboreall  pollen concentration peaked. 
-Subsett 2(117-91 cm): layers of Sphagnum sect. Acutifolia and S. papillosum. 
Fromm approximately 90 cm depth on, the l4C dates started to deviate from the calibration curve 
again.. At 91 cm a charcoal peak was found, indicating a hiatus and thus justifying subdivision. 
-Subsett 3 (90-51 cm): Phase of mainly S. sect. Acutifolia (relatively dry local conditions), later 
takenn over by S. imbricatum (humid conditions). 

Fig.Fig. 3.3 (previous page) i4C AMS dates, pollen concentration, lithology and l4C wiggle-match 
datingdating result of core Eng-XV. (a) '4C AMS dates are plotted together with the calibration curve. 
VerticalVertical bars of the '4C samples show 1 a error bars, horizontal bars show thickness of samples. 
TheThe line on the calendar axis shows the pollen concentration; its vertical scale is arbitrary, (b) 
LithologyLithology shows domination by vegetation types: squares: Eriophorum vaginatum, 'bricks': 
ScheuchzeriaScheuchzeria palustris, dots: Sphagnum papillosum, vertical lines: S. cuspidatum, diagonal lines: 
S. sect.S. sect. Acutifolia, horizontal lines: S. imbricatum, imbricatum, black: charcoal peak, (c) The final wiggle-match 
datingdating solution. The sequence is divided into subsets 1-3 (hatched lines show levels of division), and 
thethe individual subsets are wiggle-matched to the calibration curve, as proposed by the optimal 
MLH.MLH. Small hiatuses between the subsets are visible. On the calendar axis, WLS (Weighted Least 
Squares;Squares; concave-shaped, thin lines, only <1 o values) and MLH (Maximum Likelihood; convex-
shaped,shaped, thick lines) values of selected '4C dated levels are shown (arrows connect WLS and MLH 
curvescurves with corresponding '4C dated levels). The vertical scale of WLS and MLH is arbitrary, (d) 
MLHMLH confidence intervals for every cm of the core. The vertical thickness of the lines shows the 
MLHMLH value. 
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Results Results 
Fig.. 3.3c shows the proposed wiggle-match of core Eng-XV, based on the best MLH fits of the 
threee individual subsets to the calibration curve. In the lower part of Fig. 3.3c, WLS and MLH 
resultss of selected levels are shown. WLS curves are concave-shaped; minimum WLS indicates best 
matchh (most probable calendar age for a level) and highest plotted WLS values indicates wiggle-
matchh solutions that are at the border of statistical significance at 1 a level. The deeper the WLS 
'concavity',, the better does a subset fit the calibration curve. MLH curves are convex-shaped; 
maximumm indicates best match. Local optima are more pronounced in MLH than in WLS. When 
insteadd of MLH the best WLS fits of the individual subsets would have been used, the neighbouring 
subsetss 1 and 2 would have overlapped by 55 calendar years, which is unacceptable for constructing 
aa chronology. In Fig. 3.3d, the MLH chronology for all depths is shown. The thickness of the lines 
indicatess the MLH value; the thicker the line, the higher the MLH value at that calendar age. 
Accumulationn rates as proposed by the optimal MLH wiggle-match of core Eng-XV are 17.50, 
30.488 and 14.98 y-cm"1 for subsets 1, 2 and 3 respectively. As the bog has been drained, this could 
havee caused secondary compaction of peat layers. Therefore the reconstructed accumulation rates 
aree not directly comparable with those of undisturbed bogs. 

MatchMatch of the subsets 
WLSS and MLH measures of goodness-of-fit of subset 1 (150-118 cm) show several local optima 
(severall  ways to match the sequence to the calibration curve, Fig. 3.4) and relatively large 
confidencee intervals (large statistically allowed (1 a) range of calendar ages for every depth, 204 y 
onn average). The wiggle-match of subset 2(117-91 cm) is more successful than that of subset 1:1a 
confidencee intervals are 114 calendar years on average in subset 2. There is a hiatus of 24 calendar 
yearss between subsets 1 and 2. Subset 3 (90-51 cm) is situated at a period of a major wiggle in the 
calibrationn curve, and a successful wiggle-match is possible. There is only one local optimum, and 
11 a confidence intervals measure 36 calendar years on average. A hiatus of 29 calendar years is 
apparentt between subset 2 and 3. 

AlternativeAlternative subsets 
Too assess the validity of the above choice of subsets, alternative subsets were constructed and 
wiggle-matchedd to the calibration curve. It was not always clear where to subdivide, as lithology 
changedd at several occasions besides those at the chosen division points. For example, based on 
lithologyy it would have appeared possible to split subset 2 (117-91 cm) into two subsets (117-100 
cmm and 99-91 cm), even more because 14C dates from 99 cm and above appeared to float slightly 
abovee the calibration curve (within the limits of  l4C age error bars at 1 a, Fig. 3.3c). However, 
wiggle-matchh solutions based on these subsets did not place the 14C dates at a much different 
calendarr age, and moreover, it does not make sense to wiggle-match a small subset of only 5 14C 
datess on a relatively flat part of the calibration curve. Also, subsets 1 and 2 could have been divided 
att the large charcoal peak around 122 cm; however, wiggle-match solutions derived from those 
subsetss showed too large deviations between the sequence and the calibration curve. 
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Fig.Fig. 3.4 Several solutions for l4C wiggle-match dating subset 1 of core Eng-XV. Symbols as 
inin Fig. 3.3, except: hatched lines show where the highest and lowest '4C dates fall on the calendar 
axis.axis. Values of the parameters a and P are given. The optimal MLH (Maximum likelihood) solution 
isis shown in (a), (b) shows optimal WLS (Weighted Least Squares) solution. Solutions that are on the 
borderborder of being statistically allowed (1 a values of WLS) are shown in (c,d). 

Alsoo at another level in the core, from ca. 90 to 72 cm depth, changes in lithology would propose 
accumulationn rate changes, whereas the wiggle-match of the '4C dates to the calibration curve does 
nott support this. Lithology suggests relatively dry local conditions (S. sect. Acutifolia, and large 
concentrationss of Calluna vulgaris), whereas from 71 cm on Sphagnum imbricatum took over 
(indicatingg wetter conditions). Accumulation rate changes could be expected here. At this point 
however,, there was no indication of changed accumulation rate on the basis of the wiggle-match of 
thee l4C dates to the calibration curve. Indeed, a further subdivision at 71 cm depth resulted in an 
unsatisfactoryy wiggle-match of both subsets, as a large overlap was apparent (data not shown). As 
overlapss in calendar ages are not acceptable for chronologies, alternative wiggle-match fits for both 
subsetss would have had to be used, essentially resulting in the same wiggle-match result as that of 
thee original subset (subset 3, 90-51 cm, Fig. 3.3c). 
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ConstantConstant pollen influx 
Insteadd of assuming a linear depth-time relation (depth as chronology), as an alternative a 
chronologyy was constructed based on the assumption of constant arboreal pollen influx (compare 
Middeldorp,, 1982). Using this chronology, the sequence was wiggle-matched to the calibration 
curvee (Fig. 3.5). As this did not improve the wiggle-match (compared with a supposed linear peat 
accumulation),, arboreal pollen influx was no longer used (see discussion below). 

2000 0 

30000 2500 20000 1500 1000 
Calendarr age (BC) 

500 0 

Fig.Fig. 3.5 '4C Wiggle-match dating result of core Eng-XV when constant arboreal pollen influx 
isis assumed instead of linear accumulation. Symbols as in Fig. 3.1. 

CalibrationCalibration of individual '4C dates 
Inn Table 3.1 and Fig. 3.6, WLS confidence intervals obtained by 14C wiggle-match dating of core 
Eng-XVV are compared with those obtained by calibration of the individual  l4C dates (confidence 
intervalss could possibly also be derived from MLH, but this would require complex statistics). 
Particularlyy around the '4C age plateau at calendar ages 700-400 BC, WLS confidence intervals are 
muchh smaller than those of calibration of individual  14C dates. As an example of how wiggle-match 
datingg can enhance the precision of a chronology, in Fig. 3.7 the WMD results of two of the 14C 
datess of subset 3 of core Eng-XV are compared with calibration of the individual  14C dates. 
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TableTable 3.1 Comparison of confidence intervals between calibration of individual '4CAMS dates 
andand wiggle-match dating result of these dates (WLS; Weighted Least Squares) of cores Eng-XV and 
MSB-2K.MSB-2K. See Figures 3.6 and 3.9. Calibration: average confidence interval in calendar years at 1 
aa level for calibration of individual '4C dates. WLS: average confidence interval in calendar years 
atat 1 a level for WLS. Ratio cal/WLS gives an indication of the size of confidence intervals of WLS 
whenwhen compared with those of calibration of individual l4C dates ('precision-gain'). 

Eng-XVV subset 3 
Eng-XVV subset 2 
Eng-XVV subset 1 
MSB-2KK subset 3 
MSB-2KK subset 2 
MSB-2KK subset 1 

calibration n 
230 0 
155 5 
234 4 
263 3 
221 1 
176 6 

WL S S 
36 6 
114 4 
204 4 
86 6 
99 9 
52 2 

rati oo cal/WLS 
6.4 4 
1.4 4 
1.1 1 
3.1 1 
2.2 2 
3.4 4 

24000 2000 1600 1200 
Calendarr age (BC) 

800 0 400 0 

Fig.Fig. 3.6 A comparison between calibration of individual '4C dates (thick horizontal lines, 1 
a)a) and WLS (Weighted Least Squares; thin connected lines: middle line shows proposed MLH 
[Maximum[Maximum Likelihood] chronology, outer lines show I a confidence intervals WLS) of core Eng-
XV. XV. 
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7000 600 500 400 

Calendarr  age (BC) 

100 0 

Fig.Fig. 3.7 Possible calendar age ranges resulting from calibration of individual l4C dates and 
WMDWMD (MLH; Maximum Likelihood) of these dates in subset 3 of core Eng-XV. The vertical scale of 
thethe calibration and MLH results is arbitrary. Symbols are as in Fig. 3.1, except: large triangle: 
AMSAMS '4C date of 2646  49 BP at 83-81 cm depth, closed diamonds: calibration result of 2646  49 
1414CC BP, curve with open circles: MLH result of 83-81 cm depth; large circle: AMS '4C date of 2469 

 47 BP at 72.5-72 cm depth, thin black line: calibration result of 2469  47'4C BP, thick black 
line:line: MLH result of 72.5-72 cm depth. 

3.3.23.3.2 CoreMSB-2K 

Inn December 2000, core MSB-2K (Meerstalblok, the Netherlands) was taken from a vertical wall of 
aa hole dug within a few metres from the site of Dupont (1985), using metal boxes of 50x15x10 cm. 
Onee metre of the core was analysed for macrofossils, %C, %N, and LOI at 1 cm resolution (details 
off  the record are shown in chapter 5 and the appendices), and 40 samples of carefully cleaned 
abovegroundd macro-remains were AMS '4C dated (Table 3.2). Lithology and '4C dates are shown in 
Fig.. 3.8a,b. 

TableTable 3.2 (next page) AMS '4C dates of core MSB-2K. All samples were taken from 1 cm slices, and 
consistconsist of AAA pre-treated, thoroughly cleaned aboveground plants remains, a: Andromeda 
polifolia,polifolia, c: Calluna vulgaris, e: Erica tetralix, fl:  Ericales flowers, o: Oxycoccus palustris, r: 
RhynchosporaRhynchospora alba, sch: Scheuchzeria palustris, s: Sphagnum spec. '4C ages are given in BP 
(before(before 1950) with 1 a confidence intervals. 1: value estimated, 2: value probably incorrect. 
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Dept hh (cm ) 

1.5 5 
4. 5 5 
8.5 5 
12. 5 5 
14. 5 5 
14. 5 5 
14. 5 5 
17. 5 5 
20. 5 5 
21. 5 5 
21. 5 5 
22. 5 5 
28. 5 5 
31. 5 5 
32. 5 5 
33. 5 5 
34. 5 5 
37. 5 5 
38. 5 5 
41. 5 5 
43. 5 5 
46. 5 5 
47. 5 5 
48. 5 5 
49. 5 5 
50. 5 5 
52. 5 5 
53. 5 5 
54. 5 5 
55. 5 5 
58. 5 5 
59. 5 5 
64. 5 5 
70. 5 5 
71. 5 5 
73. 5 5 
75. 5 5 
77. 5 5 
79. 5 5 
99. 5 5 

Compositio n n 

c,fl,r, s s 
a,f l l 
fl l 
a a 
r r 
s s 
a a 
s s 
a,c,e,fl,r,s,sc h h 
s s 
a a 
a a 
r r 
a,c,e,r,s,sc h h 
a,c,e, r r 
a,c,e,r,s,sc h h 
a,r,s,sc h h 
r,s,sc h h 

fl l 
a a 
c c 
c c 
c c 
a,c,e,fl,r,s,sc h h 
a,c,r, s s 
r r 
r r 
c,e,fl, o o 
fl, 0 0 
c,fl,o, r r 
s s 
s s 
s s 
fl l 
fl l 
e e 
c c 
fl l 
fl, o o 
s s 

l4 Cage(BP±a ) ) 

41288 ±6 5 
41066 ±6 0 
40466 ±  5 9 
41844 ±5 8 
40766 ±  6 2 
41077 ±6 1 
40977 ±  5 8 
41777 ±5 3 
42200 ±  5 9 
42811 ±6 4 
43744 ±  6 4 
44933 ±  6 2 
44522 ±  5 2 
46166 ±6 4 
46622 ±  6 4 
47433 ±  6 7 
46388 ±  6 7 
48100 ±6 7 
47577 ±  8 2 
48399 ±  5 9 
49133 ±6 5 
48800 ±5 7 
49899 ±  7 0 
50700 ±6 6 
49933 ±  6 7 
51155 ±7 9 
50266 ±5 1 
52422 ±  6 4 
51599 ±5 0 
51300 ±6 6 
52388 ±  6 5 
52933 ±  3 8 
52933 ±  5 4 
53688 ±5 1 
54988 ±  6 9 
55888 ±  5 5 
55144 ±5 7 
55355 ±  5 2 
56444 ±7 7 
58855 ±  4 5 

5" CC (%. ) 

-27.8 8 8 
-27.6 6 6 
-27.4 5 5 
-27.8 6 6 
-24.9 7 7 
-22.5 0 0 
-27.4 0 0 
-20.8 0 0 
-24.7 6 6 
-23.4 5 5 
-26.5 7 7 
-27.3 7 7 
-24.4 3 3 
-25.9 1 1 
-25.9 9 9 
-25.5 9 9 
-23.8 8 8 
-22.6 1 1 
-26.7 0 0 
-27.4 6 6 
-28.8 6 6 
-28.9 5 5 
-28.7 8 8 
-25.0 5 5 
-25.0 5 5 
-25.4 8 8 
-23.2 0 0 
-28.7 3 3 
-25.5 0 0 
-27.8 3 3 
-26.0 0 0 
-27.0 1 1 
-26.0 6 6 
-25.7 0 0 
-28.3 8 8 
-28.3 3 3 
-28.9 8 8 
-27.3 0 0 
-28.7 4 4 
-29.6 7 7 

CC conten t  (% ) 

54. 2 2 
52. 4 4 
52. 1 1 
53. 7 7 
49. 4 4 
49. 4 4 
54. 3 3 
47. 7 7 
49. 9 9 
49. 0 0 
51. 8 8 
55. 2 2 
46. 9 9 
54. 1 1 
49. 9 9 
51. 8 8 
52. 6 6 
52. 5 5 
49. 8 8 
52. 0 0 
59. 2 2 
52. 0 0 
58. 4 4 
52. 9 9 
52. 4 4 
48. 4 4 
47. 0 0 
55. 9 9 
52. 0 0 
57. 0 0 
44. 9 9 
46. 5 5 
41. 7 7 
50' ' 
55. 1 1 
56. 0 0 
56. 0 0 
52. 9 9 
54. 2 2 
3.2 2 2 

G r AA no . 

1947 8 8 
1914 3 3 
1914 4 4 
1914 6 6 
1914 7 7 
1914 8 8 
1914 1 1 
1867 5 5 
1915 1 1 
1947 6 6 
1947 5 5 
1915 2 2 
1832 3 3 
1947 4 4 
1947 3 3 
1950 9 9 
1948 0 0 
1948 3 3 
1867 4 4 
1915 3 3 
1948 4 4 
1915 4 4 
1948 5 5 
1948 6 6 
1948 8 8 
1762 6 6 
1868 2 2 
1948 9 9 
1867 9 9 
1949 0 0 
1949 2 2 
1750 1 1 
1832 0 0 
1867 8 8 
1949 4 4 
1831 9 9 
1831 8 8 
1868 8 8 
1762 7 7 
1750 8 8 
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HiatusesHiatuses and accumulation rate changes 
Ass was the case for core Eng-XV, it was not possible to obtain a satisfactory wiggle-match of the 
l4CC dates with the calibration curve while assuming constant linear accumulation for the entire core 
(Fig.. 3.8a). Indeed, lithology suggests that changes in accumulation rate had taken place (Fig. 3.8b). 
Subsetss were distinguished, based on where 14C dates started to deviate from the calibration curve 
andd where at the same depth lithology suggested accumulation rate changes: 
-Subsett 1 (80-54 cm): layers of mainly Eriophorum vaginatum, Ericaceae (mainly Calluna 
vulgaris)vulgaris) and Sphagnum sect. Acutifolia. 
-Subsett 2 (53-23 cm): dominance of Scheuchzeria palustris, together with varying quantities of 
SphagnumSphagnum cuspidatum. 
-Subsett 3 (22-2 cm): S. cuspidatum dominant (with Scheuchzeria palustris), later replaced by 
CallunaCalluna vulgaris. 

Results Results 
Figuree 3.8c shows the wiggle-match result of the subsets of core MSB-2K (80-2 cm). Subset 1 
comprisedd 80-54 cm depth only and not 100-54 cm depth: between 99 and 81 cm no levels were 14C 
dated,, resulting in a too low resolution of  HC dates for a reliable wiggle-match of this part of the 
core.. WLS and MLH show similar optima (and therefore similar wiggle-match results) and 
confidencee intervals. In Fig. 3.8d, the MLH chronology for all depths is shown. Thickness of lines 
indicatess the MLH value; the thicker the line, the higher the MLH value at that calendar age. 
Betweenn the subsets hiatuses are apparent (75 y between subsets 1 and 2, 222 y between subsets 2 
andd 3). Outcomes of 1 a confidence intervals for WMD (WLS) and calibration of individual dates 
aree compared in Table 3.1 and Fig. 3.9. Average 1 a confidence intervals measure 52 calendar 
yearss for subset 1, 99 y for subset 2 and 86 y for subset 3. For all subsets, calibration of individual 
14CC dates resultss in larger 1 a confidence intervals than is the case for WMD (WLS). 
Accumulationn rates as proposed by the optimal MLH wiggle-match of core MSB-2K are 17.40, 
25.100 and 13.10 y cm"1 for subsets 1, 2 and 3 respectively. As with core Eng-XV, core MSB-2K 
wass sampled from a bog that has been drained, which could have caused secondary compaction of 
peatt layers. Therefore the reconstructed accumulation rates are not directly comparable with those 
off  undisturbed bogs. 

Fig.Fig. 3.8 (previouspage) l4C AMS dates, lithology and wiggle-match dating result of core 
MSB-2K.MSB-2K. (a) "CAMS dates are plotted together with the calibration curve INTCAL98 (1 a error 
envelope).envelope). The vertical bars of the '4C samples show 1 a error bars, the horizontal bars show 
thicknessthickness of samples, (b) lithology shows domination by vegetation types: squares: Eriophorum 
vaginatum,vaginatum, waves: Scheuchzeria palustris, vertical lines: S. cuspidatum, diagonal lines: S. sect. 
Acutifolia,Acutifolia, horizontal lines: Rhynchospora alba, dots: Calluna vulgaris. The final wiggle-match 
datingdating solution is shown in (c). The sequence is divided into subsets 1-3 (hatched lines show levels 
ofof division), and individual subsets are wiggle-matched to the '4C calibration curve. Placements of 
thethe subsets are as proposed by the optimal MLH (Maximum Likelihood). Hiatuses between the 
subsetssubsets are visible. On the calendar axis, WLS (Weighted Least Squares; concave-shaped, thin 
lines,lines, only <1 a values) and MLH (convex-shaped, thick lines) values of selected levels are shown. 
TheThe vertical scale of WLS and MLH is arbitrary, (d) MLH confidence intervals are shown for every 
cmcm of the core. The vertical thickness of the lines shows the MLH value. 
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Fig.Fig. 3.9 Comparison between calibration of individual '4C dates (thick horizontal lines, 1 a 
confidenceconfidence intervals) and WLS (Weighted Least Squares; thin connected lines: middle shows 
proposedproposed MLH [Maximum Likelihood] chronology, outer lines show 1 a confidence intervals WLS) 
ofof core MSB-2K. 

SystematicSystematic C age errors 

Too assess whether l4C ages of various macro fossils (e.g., Sphagnum, Ericaceae) showed any 
systematicc error, from certain levels pairs of various different aboveground macrofossils were 14C 
dated.. As can be seen from a comparison between the l4C dates (Table 3.3 and Fig. 3.10), no 
systematicc difference was found in '4C ages of macrofossils of various origin. All but one of the 
pairss of '4C dates fall within their common 1 a error bars. The AMS 14C dates are from cores Eng-
XVV (chapter 2), MSB-2K (this study), and Eng-XVI (chapter 4). 
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TableTable 3.3 Comparison of "C ages (in BP  1 a) from pairs of AMS-dated, carefully cleaned 
abovegroundaboveground plant remains. Eng-XV "C dates are from chapter 2, MSB-2K l4C dates are from this 
studystudy (Table 3.2) and "C dates from core Eng-XVI are from chapter 4. Sample codes: a: 
AndromedaAndromeda polifolia, b: Betula spec, c: Calluna vulgaris, cf: Calluna vulgaris with non-removed 
abundantabundant visible fungal contamination, e: Erica tetralix, o: Oxycoccus palustris, r: Rhynchospora 
alba,alba, s: Sphagnum spec, sch: Scheuchzeria palustris. See Fig. 3.10. 

Code e 
Eng-XV-71B B 
Eng-XV-73B B 
Eng-XV-91A A 
Eng-XV-1055 A 
Eng-XV-111 1 
Eng-XV-115 5 
Eng-XV-116 6 
Eng-XV-146 6 
Eng-XVI-55 5 
Eng-XVI-83 3 
Eng-XVI-92 2 
Eng-XVI-99 9 
Eng-XVI-119 9 
MSB-2K-15 5 

Samplee A 
s,, 2516 8 
e,, 2568  70 
s,, 2854  46 
s,, 3135 9 
c,, 3294  52 
s,, 3389  55 
s,, 3504  77 
s,, 3931 7 
s,, 3791  45 
c,, 5257  48 
s,, 5621 1 
s,, 5759  59 
sch,, 6052  53 
s.. 4107 1 

Samplee B 
e,, 2516 7 
c,, 2532 1 
e,, 2934  74 
r,, 3084  48 
cf,, 3308  53 
a,, 3471  59 
a,, 3496  53 
a,, 3911 0 
a,, 3781 7 7 
r,, 5231  52 
r,, 5661  53 
o,, 5737  50 
b,, 6183 6 
a.. 4097  58 

Samplee C 
c,, 2510 8 

r.. 4076  62 

Fig.Fig. 3.10 Radiocarbon age-differences (in BP) between pairs of AMS '*C samples from 
variousvarious species of macrofossils (aboveground remains). Filled circles: Sphagnum, filled squares: 
ScheuchzeriaScheuchzeria palustris, filled triangle: Rhynchospora alba, cross: Oxycoccus palustris, open 
squares:squares: Erica tetralix, open diamonds: Calluna vulgaris, open circle: Betula, horizontal lines: 
AndromedaAndromeda polifolia. See Table 3.3. 
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3.3.3.3. Cores LVMand WLM-19 

Mauquoyy et al (2002a [chapter 6]) 14C wiggle-match dated two peat sequences (Walton Moss 
(WLM-19)) from England, and Lill e Vildmose (LVM ) from Denmark) spanning the last 
millennium,, in order to come up with precise calendar age estimates of wet-shifts in these cores. 
Wee re-assessed both chronologies, and inferred confidence intervals for the calendar age estimates 
off  the major wet-shifts (l4C dates 16 from LVM and 20 from WLM-19 were outliers and rejected). 

NarrowingNarrowing down WMD confidence intervals 
Ass can be seen from Fig. 3.11, statistically possible calendar age intervals for the starts of the wet 
shiftss in core LVM as suggested by MLH and WLS, actually are wider than one would probably 
expectt (based on the 'wiggly' nature of the calibration curve from ca. AD 1700 to AD 1950). 
Historicall  evidence however can help to narrow the confidence intervals. Mauquoy et al. (2002b) 
citee several historical sources to obtain independent dating for certain levels in their cores (see 
Tablee 3.4). An example is shown in Fig. 3.11, where pollen evidence 'anchored' a level at a certain 
calendarr age, whereas WLS and MLH suggested a much wider range of possible calendar ages. 
Locall  optima in WLS and MLH that did not correspond to the historically known calendar age for a 
certainn level, could be ruled out as possible wiggle-match solutions. These rejected solutions were 
nott used during WMD-analysis of other levels. In this way, the calendar age confidence interval for 
thee wet-shift found at 68 cm depth in core LVM could be narrowed down from ca. 80 to ca. 40 yr. 
(Fig.. 3.11, Table 3.5). Moreover, some wiggle-matches as proposed by WLS or MLH would have 
beenn difficult to accept, as with these solutions accumulation rate would have been unrealistically 
high,, and the above-lying acrothelm would have had to accumulate very slowly to obtain recent 
(andd not 'future') calendar ages for the surface of the bog. It should be noted that in cores WLM-19 
andd LVM, sample resolution for pollen analyses was low (5 cm sampling intervals), and pollen 
sumss were also low (300-350). 

Inn the same way, historically known events explaining pollen changes in core WLM-19 could be 
usedd to narrow down WMD calendar age confidence intervals for the wet-shifts during the Littl e Ice 
Agee (Table 3.5). The wiggle-match of the upper subset of core WLM-19 as suggested by WLS and 
MLHH differs much from what historical evidence would suggest. Indeed, the fit  of the subset 
becomess low when the Pinus pollen increase as found at 40 cm depth is placed against the 
historicallyy known event of planting of pine within the region around AD 1740-1760. Only at 2 a 
levell  of WLS does a statistically allowable wiggle-matchh occur during the Maunder Minimum. 
Thee wet-shifts, indicative of climatic deteriorations, occurred coeval in both cores and during major 
increasess in atmospheric l4C concentration (probably caused by decreases of solar activity, see 
chapterss 5, 6). Best estimates and confidence intervals for these wet-shifts obtained by WMD are 
listedd in Table 3.5. 
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TableTable 3.4 Historical evidence for pollen events in cores LVM and WLM-19. AP: arboreal 
pollenpollen (%), HI: human impact indicators (%), SCP's: spheroidal carbonaceous particles, T: 
increase,increase, -l:  decline. Data from Mauquoy et al. (2002b). 

Historicall  event 
Core:Core: L VM (Denmark) 
Minimumm forest cover 
Large-scalee planting of Pine 
Core:Core: WLM-19 (England) 
Combustionn of fossil fuels 
Plantingg of Pine 
Blackk Death outbreak 
Lanercostt Priory burnt down 

Age e 

ca.. AD 1805 
ca.. AD 1765 

Mid-19thh century 
ADD 1740-1760 
ADD 1348-1350 
ca.. AD 1345 

Coree event 

lowestt AP 
TT Pinus 

startt SCP's 
TT Pinus 
TT AP, i HI 
ff  AP, 1 HI 

Depth h 

277 cm 
344 cm (start) 

startt 40 cm, peak 25 cm 
400 cm 
655 cm 
655 cm 

TableTable 3.5 Best estimates and confidence intervals for major wet-shifts during the Sporer and 
MaunderMaunder Solar Minima in cores LVM and WLM-19. As the wet-shifts were recorded in 1 cm peat 
slices,slices, these levels have been deposited during a certain period. Dates with deposition periods 
includedincluded are given in brackets. All dates are in AD. Wet-shifts during Maunder Minimum: 
confidenceconfidence intervals are narrowed down by historical pollen evidence (see text). WLS: Weighted 
LeastLeast Squares, MLH: Maximum Likelihood. WLS confidence levels are 1 a except for WLM-19 at 
thethe Maunder Minimum, where 2 a levels are given. 

Sporerr  Minimu m 
WL SS ML H 

Maunderr  Minimu m 
WL SS ML H 

Core:Core: L VM (Denmark) 
Bestt estimate calendar age 

Confidencee intervals 

Core:: WLM-19 (England) 
Bestt estimate calendar age 

Confidencee intervals 

14555 1451 
(1450-1459)) (1448-1455) 
1446-14744 ca. 1435-1490 
(1442-1479)) (ca. 1432-1496) 

14444 1446 
(1441-1449)) (1442-1450) 
1433-14577 ca. 1420-1475 
(1431-1461)) (ca. 1418-1482) 

16000 1598 
(1597-1603)) (1595-1601) 
ca.. 1580-1620 ca. 1580-1620 
(ca.. 1577-1623) (ca. 1577-1622) 

15800 1583 
(1570-1591)) (1572-1594) 
ca.. 1569-1603 ca. 1560-1620 
(ca.. 1556-1613) (ca. 1549-1631) 
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400 0 

3000

CO O 

MM 200 
--

u u 
1000

APP minimum 
277 cm 

ADD 1805 

a a 

1400 0 15000 1600 1700 1800 
Calendarr age (AD) 

1900 0 2000 0 

4000 -

14000 150 0 160 0 170 0 180 0 

Calenda rr  ag e (AD ) 

1900 0 2000 0 

Fig.Fig. 3.11 '4C Wiggle-match dating of the upper subset from core LVM (Mauquoy et al, 2002a 
[chapter[chapter 6], 2002b). At 27 cm depth arboreal pollen reached a minimum which was ascribed to the 
historicallyhistorically documented minimum in regional forest cover at AD 1805. Wiggle-match of (a) places 
thethe depth of 27 cm at a correct calendar age. (b) A wiggle-match solution as suggested by another 
locallocal optimum ofMLH (Maximum Likelihood). This wiggle-match is considered unrealistic as the 
2727 cm level is placed at a far too old calendar age (ca. AD 1690). Therefore, the local optimum that 
resultsresults in the wiggle-match of '(b) is rejected. Using this knowledge, the MLH confidence levels of 
anotheranother dated level (68 cm depth, a wet shift) can be narrowed down to the thick curve of (a). 
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3.44 Discussion 

Usingg the 14C wiggle-match results of cores Eng-XV, MSB-2K, LVM and WLM-19 as case studies, 
thee assumptions, advantages and limitations of  l4C wiggle-match dating of peat cores are discussed. 
Emphasiss is placed on assumptions about the chronology, on the reliability of  14C dates, and on the 
outcomess of the numerical approach to WMD as described in this paper. 

3.4.13.4.1 Chronology assumptions 

Accordingg to Belyea and Clymo (2001), long-term rates of peat accumulation are surprisingly 
steady,, despite great variability in the short-term rates of peat accumulation. Assuming linear 
accumulationn over time (Kilian et al, 2000), and using information from the lithology for division 
intoo subsets to account for hiatuses or sudden changes in accumulation rate, we arrive at satisfactory 
wiggle-matchess (almost all  ,4C dates of our peat sequences overlap the calibration curve at 1 a error 
bars). . 

WhyWhy linear accumulation? 
Higherr polynomial curves could be employed to describe the relationship between depth and 
calendarr age. Every added parameter could indeed result in a better wiggle-match of a sequence. 
However,, with every added parameter to estimate a calendar age, the amount of necessary 
calculationn time increases exponentially, and the number of degrees of freedom decreases, making 
thee statistics less robust. Moreover, a higher-order polynomial could still not cope with hiatuses or 
suddenn accumulation rate changes in sequences. Occam's razor theorem ('the simplest theory that 
fitss the facts of a problem is the one that should be selected') directs us to use the lowest possible 
numberr of parameters that satisfactorily describes our data. As the model of linear accumulation, 
withh division into subsets when necessary, already gives a satisfactory wiggle-match result, the use 
off  higher polynomial models therefore is not favored. 

MakingMaking subsets 
Ideally,, at levels where l4C dates of a sequence start to deviate from the calibration curve, one 
wouldd find obvious indications of hiatuses or changes in accumulation rate. The sequence would 
thenn need division into subsets at these levels. Moreover, in the ideal case, lithology data (e.g., local 
vegetationn composition, charcoal occurrence, major changes in arboreal pollen concentration) 
wouldd suggest that the subsets thus arisen would appear to have accumulated at a more or less 
constantt rate. As can be seen from core Eng-XV however, division of a sequence into subsets that 
havee accumulated at a constant rate as suggested by the match of  l4C dates to the calibration curve, 
doess not always correspond entirely with the division into subsets with constant accumulation as 
suggestedd by the lithology. With cores MSB-2K, LVM and WLM-19 there was no disagreement 
betweenn l4C dates and lithology about where to divide the sequence into subsets. Still, mostly while 
decidingg which subsets to take, some subjectivity had to be involved. 
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ConstantConstant pollen influx model 
Indicationss about accumulation rate changes can be obtained by investigating arboreal pollen (AP) 
concentration.. When constant influx of AP is assumed (Middeldorp, 1982; Kilian et al., 2000; 
Speranzaa et al., 2000), decreased AP concentration indicates increased accumulation rate, et vice 
versa.versa. The AP concentration values for core Eng-XV are shown in Fig. 3.3a, and the chronology 
resultingg from the assumption of constant AP influx is compared with the calibration curve in Fig 
3.5. . 
Theree are several drawbacks to using AP concentration for constructing a chronology: 
-Duringg preparation of samples, volume is often estimated in an approximate way (precision 1 
decimal,, e.g., 0.8 cc). This figure has a major impact on the resulting estimate of pollen 
concentration.. Moreover, the amount of added marker grains, used to calculate pollen 
concentration,, is only known by approximation (e.g., Young et al, 1999). 
-Thee assumption of constant AP production is not necessarily valid. Some taxa might dominate the 
pollenn spectrum, and temporal changes in pollen production of these species could have a major 
influencee on the regional AP production. 
-Regionall  AP production will decrease when bogs are expanding at the cost of surrounding forest, 
orr when humans cut down forests. 
-Locall  bog composition could influence the amount of pollen rain being trapped. Precipitation 
couldd wash away pollen from hummocks and accumulate pollen at hollows. Some plants could be 
ann efficient pollen 'trap' (Kilian et al, 2000), whereas other taxa could dilute pollen concentration 
secondarily,, e.g., by in-growth of roots. 'Pollen dates' could be inaccurate as well: pollen could be 
transportedd downwards into a sequence. 
Usingg AP influx instead of depth as a chronology did not result in a better wiggle-match of core 
Eng-XVV (Fig. 3.5). This was not surprising, as the core showed several major changes in vegetation 
composition,, and as it accumulated during a period with bog extension and human impact on the 
regionall  forest. Therefore we decided not to use constant AP influx as a model for the accumulation 
historyy of core Eng-XV, and used depth (supposed constant accumulation rate) instead. 

3.4.23.4.2 AMS '4C measurements 

Forr the 14C dating of the cores discussed in this study, aboveground remains of macrofossils were 
usedd only, and all visible contamination was thoroughly removed. We did not find a systematic 
differencee in l4C age between remains of different species dated at similar depths (see Table 3.3 and 
Fig.. 3.10). Pairs of  14C dates of various aboveground macrofossils dated by Kilian et al (2000) and 
Nilssonn et al. (2001) neither showed any systematic age offset. We dated a pair of samples of 
abovegroundd remains of Calluna vulgaris in which one sample contained abundant visible fungal 
contamination,, whereas the other sample was thoroughly cleaned of fungal remains. Also in this 
case,, no offset in 14C age was found. Although in this study no systematic offset was identified, no 
pairr of  l4C dates had exactly similar l4C ages. Every l4C date is a measurement/estimate of the true 
l4CC age only. A ,4C age of, e.g., 1410  50 l4CBP should be read as: 'there is a 68% probability that 
thee real  l4C age lies between 1360 and 1460 l4C BP'. 
Thee use of high-resolution sequences of  l4C dates strongly minimises the risk of unidentified 
outliers.. Calibration of a l4C date with an offset of its 'true' 14C age (be it by chance or due to 
contamination)) does not make sense. 
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3.4.33.4.3 Numerical approach 

WLSS and MLH show approximately the same local optima on the calendar year scale, although 
heightss of local optima sometimes differ. They also show comparable widths and placements of 
confidencee intervals (Figures 3.3, 3.4, and 3.8). The depth of the WLS minima of different subsets 
indicatess how good the 14C dates fit the calibration curve; the deeper the minima, the better the 
goodness-of-fït.. As is the case with the optima, WLS and MLH confidence intervals are 
comparable:: calendar ages where WLS values start to fall outside 1 a limits are placed at 
approximatelyy the same calendar age as where MLH values approach 0. MLH was designed to 
identifyy the best and alternative wiggle-matches. 

IsIs the best match the best match? 
Thee 'best' WMD as proposed by the highest optima of MLH and WLS of individual subsets is not 
necessarilyy the most realistic one. If the chronology as suggested by the optima of WLS of subsets 1 
andd 2 of core Eng-XV would have been used, overlaps in calendar age would have occurred. Such 
overlapss between neighbouring subsets are considered unrealistic, as this would imply a jump 
backwardd in time in a chronology. When the highest optimum of MLH was used, subset 1 did not 
overlapp anymore with subset 2 of core Eng-XV. The same holds true for the upper subset of core 
WLM-199 where the 'best' wiggle-matches of WLS and MLH are considered unrealistic; pollen 
evidencee related to historically known vegetation changes places levels at calendar ages quite long 
afterr those proposed by the optima of WLS and MLH. 

High-resolutionHigh-resolution '4C sequences 
Duringg some periods, even high-resolution 14C sequences such as those of cores LVM and WLM-19 
cannott provide unambiguous wiggle-matches. Several wiggle-match solutions are possible in which 
thee l4C dates match those of the calibration curve from ca. AD 1700 to AD 1950, as during this 
periodd the calibration curve shows large wiggles with re-occurring l4C ages. Only when dated at 
evenn higher resolution would !4C sequences be able to 'follow' the wiggles of the calibration curve, 
insteadd of merely 'touching' the calibration curve at some occasions (Fig. 3.11). 

LinearLinear accumulation 
AA limitation to our approach of  14C wiggle-match dating is that optima and confidence intervals are 
obtainedd with the assumption of linear accumulation. If this assumption does not hold true, the 
goodness-of-fitt wil l be low (the WLS minimum will be high), and only a very narrow range of 
accumulationn rates and horizontal shifts will result in a possible wiggle-match, making the 
confidencee intervals narrower than should be the case ('illusionary precision'). The assumption of 
linearr accumulation should only be made if supported by the lithology and the l4C data. A 
comparablee case would occur when there would be a large 'vertical' scatter of  l4C dates around the 
calibrationn curve. Also in this case there would be a low goodness-of-fit and a small range of 
possiblee wiggle-matches, as with only a small change in the parameters a or p, the I4C dates would 
faill  to match the calibration curve. This problem is discussed by Bronk Ramsey et al. (2001). 
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RoundingRounding and interpolating 
Becausee the >4C calibration curve uses 14C ages rounded to years (and not decades), for comparison 
purposess the 14C dates of cores MSB-2K and Eng-XV were also rounded to years. For accuracy-of-
measurementt reasons however, reported l4C ages are often rounded to decades (e.g., cores LVM 
andd WLM-19). Moreover, the l4C calibration curve on average has a decadal resolution on the 
calendarr axis (in this paper 14C ages for calendar years were obtained by linear interpolation), and 
thee resolution of a 14C sequence that is to be wiggle-matched often is significantly lower man that of 
thee calibration curve. Because these phenomena are not taken into account in the method described 
inn this paper, given confidence intervals are possibly slightly underestimated (we cannot quantify 
thiss underestimation). 

3.4.43.4.4 Wiggle-matching vs. calibration of'4C dates 

Ass can be seen from Table 3.1 and Fig. 3.6, WMD does not always result in much narrower 
confidencee limits (calendar age ranges) than in case of calibration of individual dates. The success 
off  WMD depends on the shape of the calibration curve. During periods where the calibration curve 
doess not show pronounced excursions, there are hardly any wiggles to match and thus the approach 
off  WMD does not appear to provide a much better chronology than in case of calibration of 
individuall  dates. This is true for subsets 1 and 2 of core Eng-XV (confidence intervals have
similarr widths; ratios of calibration of individual  14C dates vs. WLS result ('precision-gain') are 
onlyy slightly higher than 1). However, WMD does provide a substantially more precise chronology 
wheree there are pronounced wiggles: see subset 3 of core Eng-XV (confidence intervals ca. 6 times 
narrower;; Table 3.1, Figures 3.6 and 3.7) and all subsets of core MSB-2K (confidence intervals ca. 
2-33 times narrower; Table 3.1, Fig. 3.9). 

LocalLocal optima 
Withh calibration of individual  l4C dates, often there appear several local optima of the probability 
distributionn on the calendar scale. Often there are no indications about which of those local optima 
iss the most probable. In most cases therefore, the minimum and maximum of the 1 a confidence 
intervalss on the calendar age scale are looked up to give the 1 a calendar age range, and the 
midpointt of the range is considered to be the most probable calendar age. This midpoint does not 
alwayss coincide with one of the local optima (in other words, this point is not necessarily a probable 
calendarr age). With WMD, local optima on the calendar scale are taken into account. E.g., in case 
off  MLH, the product of all calendar distributions of '4C dates is maximised: the most probable 
wiggle-matchh solution is taken as the straight line that best connects all local optima on the calendar 
scalee of all  l4C dates of a sequence (Figures 3.1 and 3.2). 
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SampleSample deposition period 
Anotherr advantage of WMD over calibration of individual dates is that deposition time (period of 
growthh of peat-forming vegetation) of a l4C sample is taken into account. During the period that a 
samplee was deposited, atmospheric l4C levels have been changing. The resulting 14C age of a 
samplee reflects an average of the fluctuations in radioactivity the sample encountered during the 
depositionn time. The difference caused by accounting for deposition time is considered to be 
negligiblee when deposition time is in the order of 15-30 y-cm'; the resolution of the calibration 
curvee is only slightly higher (commonly 10 y). 
Iff  from a certain level only a low amount of material can be selected for AMS 14C dating, e.g., less 
thann 10 Ericaceae flowers, the measured l4C age does not necessarily reflect the average l4C age 
overr the entire deposition period. If the sample has been deposited in a period of e.g. 30 year, the 
datedd flowers could well represent a few years only and thus the age of the sample would be biased. 

3.55 Conclusions 

Thee numerical approach to l4C wiggle-match dating described in this paper provides suggestions for 
severall  wiggle-match solutions, and can assess the statistical aspects of calendar age precision. 

Whenn supported by lithology, the assumption of linear accumulation over time (with subdivision 
intoo subsets where appropriate) resulted in satisfactory 14C wiggle-matches for the studied 
sequences.. More 'sophisticated' growth models (such as higher polynomial curves, or models based 
onn constant arboreal pollen influx), would make use of more assumptions and are not considered to 
bee of added value. 

Att times of major wiggles in the 14C calibration curve, the approach of wiggle-match dating of high-
resolutionn 14C dated sequences provides a far more precise and accurate chronology than the 
approachh of calibration of individual dates (precision can become approximately 6 times higher). 
Duringg periods with less pronounced excursions in the calibration curve, WMD is less successful. 
Inn these cases, confidence levels as obtained by WMD are only slightly narrower (but still 
narrower)) than those obtained by calibration of individual  l4C dates. 

Withh WMD, a sophisticated choice between local optima on the calendar time scale is made, 
whereass with calibration there is no indication of the most probable calendar age (in case of several 
locall  optima of the probability distribution on the calendar scale). 

Thoroughlyy cleaned aboveground macrofossils of different plant species appeared to have similar 
l4CC ages. No specific systematic offsets were found. 
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4 4 
14CC WIGGLE-MATC H DATIN G OF PEAT DEPOSITS, A 
PROBLEMATI CC CORE AND SOME PRACTICAL GUIDELINE S 
MaartenMaarten Blaauw 

Abstract t 

l4CC wiggle-match dating (WMD) of peat deposits uses the non-linear relationship between 14C age 
andd calendar age to match the shape of a sequence of closely spaced peat ,4C dates with the 14C 
calibrationn curve. Some practical issues have to be considered before and while applying WMD. 
Thee WMD chronology of peat core Eng-XVI appeared to be rather problematic because it 
encompassedd a 'too quiet' part of the ,4C calibration curve and because the resolution of  14C dates 
wass not high enough. Based on the study of this core, practical guidelines for obtaining successful 
andd cost- and time-effective WMD chronologies are given. 

4.11 Introductio n 

Withh l4C wiggle-match dating (van Geel and Mook, 1989; Pilcher et al, 1995), high-precision 
chronologiess can be obtained from cores of raised bog deposits (Kilian et al., 1995, 2000; Mauquoy 
etet al, 2002a [chapter 6], 2002b; Speranza et al, 2000; chapters 2, 3). In this paper, a WMD study 
wil ll  be presented which turned out to be less successful. By assessing this core and cores that were 
,4CC wiggle-match dated previously, guidelines are proposed for optimizing WMD chronologies. 
WMDD of organic deposits (van Geel and Mook, 1989) is based on the phenomenon that plants (e.g., 
treess and plants living on raised bogs), while assimilating C02, all record the same fluctuations in 
atmosphericc 14C02 concentration. Past changes in atmospheric l4C02 content during the Holocene 
havee been recorded as fluctuations of  14C ages of tree-ring sequences of exactly known age (,4C 
calibrationn curve INTCAL98; Stuiver et al., 1998). A high-resolution sequence of  I4C dates from 
plantt remains extracted from a peat core should show the same wiggles as the l4C calibration curve. 
Whenn the wiggles of both sequences are matched to each other, a high-precision calendar age 
chronologyy can be obtained for the peat core. 
Precisionn obtainable with WMD depends on, among others, the shape of the relevant part of the 
calibrationn curve. The I4C calibration curve shows periods with substantial excursions, whereas at 
otherr times the excursions on the calibration curve are less pronounced. The ,4C calibration curve 
showss marked excursions at, e.g., the beginning and end of the Hallstatt plateau at ca. 850-350 cal 
BC,, and during the 'Littl e Ice Age' from ca 1300 to 1800 cal AD. These parts of the l4C calibration 
curvee have been used successfully for obtaining high-resolution WMD chronologies of peat cores 
(Kiliann et al, 1995, 2000; Mauquoy et al, 2002a [chapter 6], 2002b; Speranza et al, 2000; chapters 
2,, 3). The major changes in the l4C calibration curve reflect large fluctuations in atmospheric ,4C 
content,, which were probably caused by variations in solar activity and related changes in cosmic 
rayy intensity (e.g., Stuiver and Braziunas, 1993, 1998; Beer, 2000; Beer et al, 2002). Wet-shifts in 
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peatt cores are often coeval with large increases in atmospheric 14C content (Kilian et al., 1995, 
2000;; Mauquoy et ai, 2002a [chapter 6], 2002b; Speranza et al., 2002; chapter 5) and are therefore 
consideredd as evidence for solar forcing of climate change. 
Alsoo from ca. 4500 to 2500 cal BC, the ,4C calibration curve shows pronounced excursions 
comparablee to those mentioned above. These excursions in the 14C calibration curve would possibly 
alloww a successful wiggle-match of peat cores, and moreover would allow us to see whether during 
thiss period increases in atmospheric 14C content (attributed to decreases in solar activity) also co-
occurredd with climate getting wetter and/or cooler (wet-shifts in peat cores). Core Eng-XV was ,4C 
wiggle-matchh dated at high precision (chapters 2, 3), but that core did not include the period of 
45000 to 2500 cal BC. Therefore, the aim of this study was to extend the palaeoclimate record to 
includee this period. 
AA few decades ago, core Eng-I was investigated (van Geel, 1978), a peat core analysed at high 
resolutionn and encompassing the period from ca. 5300 cal BC to ca. 300 cal AD. At the time of 
publicationn it was common practice to 14C date a few levels only, and as AMS 14C dating was not 
yett available, bulk samples were l4C dated conventionally (thereby introducing possible age errors; 
Kiliann et al, 1995, 2000). Between the l4C dated levels of ca. 5200 cal BC and ca. 2300 cal BC, so 
withinn a period with pronounced excursions in the 14C calibration curve, there were some intriguing 
stratigraphicc changes in core Eng-I (Fig. 4.1). Scheuchzeria palustris and Eriophorum vaginatum 
repeatedlyy alternated in dominance {Eriophorum often occurring together with Ericaceae), and at 
onee horizon Molinia coerulea was dominant. As the start of a Scheuchzeria phase indicates a 
changee to wetter conditions, it was tried to resample these levels of the peat deposit in order to get a 
high-precisionn chronology of these wet-shifts. 
Thee l4C dates showed that core Eng-XVI was much older than expected from a stratigraphic 
comparisonn with core Eng-I (see below). Therefore core Eng-XVI did not provide an archive of 
changess in local peat vegetation composition during the period aimed for (4500 to 2500 cal BC). 
Thesee unexpected results were obtained after spending a considerable amount of time and l4C 
datingg budget. It was realized that some guidelines could be useful for future WMD studies. 

4.22 Material and Methods 

Fromm Engbertsdijksvenen, the raised bog deposit where core Eng-I was collected (van Geel, 1978), 
coree Eng-XVI was sampled. The coring site of Eng-XVI was situated ca. 400 m. from core Eng-I 
andd within a few meters distance from core Eng-XV (chapters 2, 3, 5). Based on a stratigraphic 
comparisonn in the field, the layers of the peat deposit below those of core Eng-XV were sampled. 
Thee 150 cm long core was collected by pushing three metal boxes of 50 x 15 x 10 cm in the vertical 
peatt face of a pit dug in the bog. The boxes were wrapped in plastic foil, and stored at a temperature 
of4°C. . 
Coree Eng-XVI was cut into contiguous slices of 1 cm, taking care to follow the orientation of any 
visiblee layering. For macrofossil analysis samples of 2.5 cm2 diameter were taken from the slices, 
andd these were boiled in 5% KOH (samples were kept at boiling point for ca. 10 minutes, while 
stirringg every few minutes so that the slices fell apart into individual plant remains). The 
macroremainss were filtered over a 100 um stainless steel sieve and washed with demineralised 
waterr until the effluent was no longer visibly stained. The samples were split in manageable 
subsampless that were analysed in demineralised water in a petri-dish, using a Wild M8 binocular 
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identification,, slides of macroremains (e.g., epidermis, Sphagnum leaves) were analysed using a 
Leitzz SM-LUX microscope with 100-1000x magnification. Identification was based on literature 
(Grosse-Brauckmann,, 1972, 1974; Grosse-Brauckmann and Streitz, 1992) and on a reference 
collection.. Abundances of plant remains were recorded as estimated volume percentage (e.g., 
mosses),, number (e.g., seeds), or absence/presence. Samples were stored at 4°C in demineralised 
waterr in sealed plastic bags, with some droplets of 5% HC1 added. 
Eighteenn samples of aboveground plant remains (such as branches, leaves and seeds) were collected 
forr AMS l4C dating. Much care was taken to date identifiable above-ground plant remains only, as 
itt was assumed that the above-ground parts of the plants had been at equilibrium with atmospheric 
14CC concentrations when growing. 
Sampless for l4C dating were collected and pre-treated as follows: from a petri-dish containing 
demineralisedd water and a manageable sub-sample of macrofossils (which had already been boiled 
inn 5% KOH for macrofossil analysis), suitable macroremains were collected. They were put in 
separatee clean containers and thoroughly cleaned of any visible contamination such as fungal 
hyphaee or rootlets, using a binocular microscope with 6-50x magnification, forceps and purified 
(milli-Q)) water. If possible, macrofossils were split open to check for internal fungal contamination. 
Inn case visible contamination of a macrofossil could not be removed entirely, the macrofossil was 
nott added to the l4C sample. After a first phase of selection and cleaning, samples were further 
cleaned,, and this procedure was repeated until the samples showed no visible contamination. 
Sampless were stored at 4°C in cleaned glass vials with milli- Q water containing some droplets of 
5%% HC1. 
Thee samples were put in glass-ware containing milli-Q water with 5% HC1, and covered with lids. 
Afterr one night the samples were neutralised by rinsing with milli- Q water through a sieve 
constructedd of cleaned scrynel plankton cambric with mesh size 100 urn (HD, Plato, Diemen, the 
Netherlands),, after which any remaining acid was allowed to dissolve out of the samples by 
submergingg the samples in milli- Q water until the pH of the water was neutral (all rinsing etc. was 
donee working in a fume cupboard). After removal of contamination under the binocular microscope 
(nearlyy always, some contamination had entered during the acidification and neutralisation 
procedure),, the samples were put in pre-weighted tin capsules (pressed, standard weight, size 8 x5 
mm,, Elemental Microanalysis Limited). The capsules containing the samples were put in 100 ml 
glasss beakers. The beakers were covered partly with lids (watch-glasses), in order to prevent 
contaminationn such as dust entering the sample, while still enabling moisture to evaporate from the 
samples.. The samples were dried for 2 nights at 80*C in an oven. Subsequently, the tin capsules 
weree closed, weighed and sent to the Groningen AMS l4C laboratory for dating (van der Plicht et 
al,al, 2000; Aerts-Bijma et aly 2001). 
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4.33 Results 

Macrofossill  analysis at 1 cm resolution of core Eng-XVI shows alternations in dominance of 
ScheuchzeriaScheuchzeria palustris and Eriophorum vaginatum, comparable with the stratigraphy of nearby core 
Eng-I.. Moreover, in both cores the first layers of Eriophorum started ca. 10-20 cm above the top of 
thee underlying mineral soil, and a horizon with Molinia coerulea occurs at comparable levels (van 
Geel,, 1978; van Geel and Dallmeijer, 1986). Possible stratigraphic correlation is shown with dotted 
liness in Fig. 4.1. There are alternative possibilities to correlate the two cores. With the illustrated 
correlation,, core Eng-I would have accumulated about 1.5 times faster than core Eng-XVI (such 
differencess in apparent accumulation rate could have been caused by secondary compaction due to 
e.g.,, drainage of the raised bog deposit. Core Eng-XVI was sampled 27 years after core Eng-I was 
sampled). . 
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Fig.Fig. 4.1 Comparison of the most important species in the macrofossil-diagrams of peat cores 
Eng-IEng-I (van Geel, 1978) and Eng-XVI (this study). Dashed lines give possible corresponding levels. 
BulkBulk 4C dates and approximate calibrated calendar ages of core Eng-I are given. For UC dates of 
corecore Eng-XVI, see Table 4.1. Units are in volume percentage, except Rhynchospora alba (no. of 
seeds).seeds). Dots indicate occurrence at amounts < 1%. 
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Radiocarbonn wiggle-match dating showed that core Eng-XVI was much older than estimated trom 
thee stratigraphic comparison with the less-precisely dated core Eng-I (Table 4.1, Figures 4.1, 4.2). 
Eng-XVII  showed a long-lasting hiatus from c. 4200 to 2500 cal BC. Van Geel and Dallmeijer 
(1986)) noted hiatuses in Eng-I and other cores from Engbertsdijksvenen at similar levels and 
attributedd these to a large bog fire followed by invasion of Molinia coerulea. However, in these 
coress the presumed bog fire removed a few centuries of archive at most. As the aim was to analyse 
vegetationn changes in the peat bog during a period of major atmospheric ,4C fluctuations, viz from 
c.. 4500 to 2500 cal BC, and as this part was missing in core Eng-XVI, it was decided not to proceed 
withh higher-resolution WMD of core Eng-XVI. An alternative core was sampled instead, and that 
corecore was found to have accumulated during the period of interest (core MSB-2K; chapters 3, 5). 

TableTable 4.1 Radiocarbon AMS dating results of core Eng-XVI. Depths are from the middle level 
ofof each sample. All samples were taken from 1 cm slices, and consist of AAA pre-treated, 
thoroughlythoroughly cleaned above-ground plant remains (see text). Radiocarbon dates are given in BP 
(before(before 1950) with 1 a confidence intervals. 

Depthh (cm) 
53.5 5 
54.5 5 
54.5 5 
57.5 5 
59.5 5 
65.5 5 
82.5 5 
82.5 5 
85.5 5 
90.5 5 
91.5 5 
91.5 5 
98.5 5 
98.5 5 
112.5 5 
118.5 5 
118.5 5 
137.5 5 

Composition n 
Sphagnum Sphagnum 
Sphagnum Sphagnum 
Andromeda Andromeda 
Sphagnum Sphagnum 
Sphagnum Sphagnum 
Sphagnum Sphagnum 
Calluna Calluna 
R.R. alba 
R.R. alba 
Sphagnum Sphagnum 
R.R. alba 
Sphagnum Sphagnum 
Oxycoccus Oxycoccus 
Sphagnum Sphagnum 
Sphagnum Sphagnum 
Scheuchzeria Scheuchzeria 
Betula Betula 
Sphagnum Sphagnum 

M ) ) 
37900  40 
37900  40 
37800  40 
38800  60 
38500  40 
39000  40 
52600  40 
52300  50 
55800 0 
56100 0 
56600  50 
56200 0 
57400  50 
57600  60 
58300  60 
60500  50 
61800 0 
63600  50 

8"CC (%.) 
-27.10 0 
-28.59 9 
-28.78 8 
-27.11 1 
-33.33 3 
-33.14 4 
-29.43 3 
-25.29 9 
-26.44 4 
-27.81 1 
-25.55 5 
-28.36 6 
-29.54 4 
-23.77 7 
-29.74 4 
-24.33 3 
-27.96 6 
-25.21 1 

CC content (%) 
44.0 0 
44.9 9 
49.5 5 
44.1 1 
41.4 4 
41.7 7 
58.2 2 
46.5 5 
49.7 7 
47.7 7 
46.7 7 
47.8 8 
51.8 8 
48.0 0 
44.9 9 
56.9 9 
57.4 4 
47.3 3 

GrAn n 
16702 2 
12865 5 
16707 7 
12873 3 
16703 3 
16705 5 
12867 7 
12869 9 
12870 0 
12872 2 
12874 4 
12876 6 
16706 6 
12877 7 
12878 8 
12880 0 
12881 1 
16724 4 
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Fig.Fig. 4.2 Core Eng-XVI was divided into two subsets (the lower subset runs until the start of 
thethe occurrence of Molinia coerulea; the upper subset includes the part during and after the M. 
coeruleacoerulea peak), and the '4C dates (diamonds with J a error bars) of the two subsets were wiggle-
matchedmatched individually to the C calibration curve (the two curves give the 1 a error envelope). A 
long-lastinglong-lasting hiatus is apparent before the occurrence ofM. coerulea. Secondary decomposition 
belowbelow the Molinia-horizon probably caused the fact that the pair of '4C dates just below the 
Molinia-horizonMolinia-horizon was placed at the shown position on the calendar axis (the assumption of linear 
accumulationaccumulation was invalid). Horizontal lines: Eriophorum vaginatum, 'tiles': Scheuchzeria 
palustris,palustris, black: Molinia coerulea. 

Thee match between the 14C dates from the peat deposit and the 14C calibration curve given in Fig. 
4.22 is only one of several possible solutions. For WMD, the density of  MC dated levels was in fact 
tooo low in core Eng-XVI, and, moreover, the atmospheric '4C fluctuations during this period were 
tooo small. WMD studies with higher resolution of  l4C dates show that stratigraphic changes often 
resultedd in changed accumulation rates (Kilian et al., 1995, 2000; Speranza et al., 2000; Mauquoy 
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etet al., 2000a [chapter 6], 2002b; chapters 2, 3). Considering the high number of large changes in 
stratigraphyy in core Eng-XVI and the relatively low amount of  l4C dated levels, it cannot be inferred 
iff  and where hiatuses or accumulation rate changes have occurred (except the long-lasting hiatus as 
shownn in Fig. 4.2). Therefore, calculation of WMD confidence intervals (chapter 3) was not 
consideredd worthwhile. 
Al ll  l4C dates of the upper subset of core Eng-XVI fall in a relatively 'quiet', 'non-wiggly' part of 
thee MC calibration curve (ca. 2400 to 2200 cal BC). Almost all  ,4C ages of the sequence fall within 
thee same 1 sd error limit. At some levels with more pronounced wiggles, extra ,4C dates would have 
beenn welcome to provide a more convincing WMD, but sufficient dateable material could not be 
collectedd at these levels (often due to a high degree of decompositon). Moreover, as said before the 
coree appeared to be too old for the purpose of this study, and thus no additional levels were ,4C 
dated. . 

4.44 Discussion 

Thee ,4C dates from core Eng-XVI show that the core had a long-lasting hiatus during the period of 
interest.. Therefore, it was decided that it would not be worthwhile to proceed with higher resolution 
WMDD studies of this core. 
Furthermore,, it can be doubted whether the core could have formed a suitable archive of climate 
changes,, as during the accumulation of the lower part of core Eng-XVI the bog possibly was not 
trulyy ombrotrophic. Proper raised bog deposits consist mainly of peat mosses (Sphagnum species), 
andd are entirely dependent on precipitation for water and nutrients (ombrotrophic). It can be 
doubtedd whether this was the case for core Eng-XVI. From the macrofossil-diagram (Fig. 4.2) it can 
bee seen that Betula and Pinus were present locally on the bog. Moreover, the alternations of 
ScheuchzeriaScheuchzeria palustris and Eriophorum vaginatum were situated only some decimeters above the 
minerall  subsoil (even when post-depositional compression is taken into account). Possibly at this 
stagee the bog surface was still influenced by groundwater, and therefore probably was not yet 
ombrotrophicc and thus not yet highly responsive to climatic change. 
Thee unexpected results that were found with obtaining a reliable chronology of core Eng-XVI 
stimulatedd thoughts about practical aspects of the use of  l4C WMD. Since many peat cores have 
beenn l4C wiggle-match dated during the past ten years, quite some knowledge has accumulated on 
thiss dating strategy. Therefore, for those colleagues who are planning to use WMD, this paper 
concludess by supplying a list of guidelines that could be useful for obtaining successful WMD 
chronologies. . 

4.55 Conclusions: guidelines for  WMD 

-AA peat core should contain enough material for reliable l4C dating. Although raised bog peat 
consistss nearly entirely of organic material, one should use above-ground and identifiable material 
onlyy (no bulk dates). In peat with a high degree of decomposition, there is only littl e of such above-
groundd material left. As sample sizes are too small for conventional dating, AMS dating has to be 
used. . 
-Greatt care should be taken to clean the samples as well as possible. Several studies report 
problematicc l4C ages, many of which can be attributed to contamination (Wohlfarth et al., 1998; 
Speranzaa et al., 2000; Kilian et al., 2001; Nilsson et al., 2001). There are several stages in the 
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preparationn of  l4C samples where contamination can enter, and even small amounts of 
contaminationn could result in erroneous 14C ages (e.g., Kilian et al., 1995, 2000). If examined 
carefully,, macrofossil remains can show unexpectedly high degrees of (fossil) fungal 
contamination.. When samples consisted of above-ground plant remains only and were carefully 
cleanedd of contamination, WMD placed the l4C ages of almost all samples investigated in our 
studiess within the 1 a error envelope of the 14C calibration curve. Moreover, duplicate l4C samples 
off  different species of macrofossils from the same levels showed no systematic, species-specific ,4C 
agee differences (chapter 3). This means that no indications were found for systematic, species-
specificc errors in ,4C age of carefully cleaned above-ground parts of peat-forming plants. 
-Sometimess a sequence of  l4C dates appears to have a constant UC error, e.g., caused by a constant 
contaminationn of bulk dates (Kilian et ai, 1995,2000), or by a hard-water effect in lakes (Kilian et 
ai,ai, 2001). Calibration of individual  ,4C dates does not make much sense in this case. With WMD 
however,, such an effect can be recognized and corrected for, at least during periods with major 
wiggless in the l4C calibration curve. 
-Seedss (e.g., of Rhynchospora alba, Scheuchzeria palustris, or Andromeda polifolia) are very useful 
forr I4C dating. They are easy to collect, can readily be checked for purity and cleaned if necessary, 
andd already a few seeds provide a dry weight sufficient for AMS dating (see below). Seeds can be 
severelyy contaminated however, e.g., the interior of/?, alba seeds regularly contains large amounts 
off  black matter resembling fungal remains. 
-Sphagnum-Sphagnum stems, branches and capitula are also easy to collect although they also can be 
contaminatedd considerably. Stems of Sphagnum can appear clean on the outside, but when opened 
byy forceps they can contain large amounts of fungal hyphae. Close examination of Sphagnum 
leavess often reveals considerable visible contamination with fungal hyphae. Sphagnum stems and 
leavess are often penetrated by ericaceous rootlets, and great care should be taken to remove all such 
contaminationn (Kilian et ai, 1995,2000). 
-Flowerss of Ericaceae are often abundant in peat cores, but they easily collect large amounts of 
Ericaceaee rootlets and fungal hyphae. Removal of such contamination takes much time and effort, 
andd often large parts of the flowers have to be discarded due to too much contamination. Stems and 
leavess of Ericaceae generally are easier to collect, although also here contamination can be 
considerablee and difficult to remove. On the other hand, two duplicate samples of Calluna vulgaris 
leavedd stems from the same level of core Eng-XV (chapters 2, 3) gave similar l4C ages (difference 
off  11 y, well within 1 a error bars), even though one of the samples was not cleaned of its abundant 
fungall  contamination. 
-Leavess and bud-scales of Betula spec. (Tomlinson, 1985) are very easy to collect, although 
contaminationn can be considerable and difficult to remove. It is noted that the one Betula sample in 
thiss study appeared to have a l4C age which was too old (compare Table 4.1 and Fig. 4.2). 
-Hydathodess of Scheuchzeria palustris are useful for 14C dating. They can at times be abundant and 
aree easy to collect and to clean (fungal contamination can be considerable). 
-Sampless should have a dry weight of at least 0.1 mg (better is > 1 mg). Often there is only a low 
amountt of dateable material in a sample. Initially "C samples were dried in glass-ware, after which 
thee material was scraped from the glass with a spatula, and collected in a tin capsule. As mis step 
couldd introduce contamination and as it often results in significant loss of material (samples become 
irreversiblyy attached to the glass surface, broken up by scraping, or lost during transport from 
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glasswaree to tin capsule, e.g., by 'jumping' away caused by static electricity), the procedure was 
changedd and small samples were put in tin cups already before the drying procedure. 
-Methodss used for the preparation of  ,4C AMS dates are described in detail in § 4.2, Material and 
Methods. . 
-Iff  a researcher prepares 14C samples before submitting (see § 4.2), the amount of analytical work 
neededd at the AMS laboratory will be reduced considerably. As analytical work often is the limiting 
factorr in AMS laboratories, this will significantly speed up waiting times and possibly reduce prices 
forr ,4C dating. 
-Whilee slicing up a core, collect some (e.g., 4-10) samples for 'range-finder' ,4C dates throughout 
thee core at regular intervals and/or relevant levels, and submit these samples to the AMS laboratory 
inn an early stage of the project. 
-Whenn the range finder set of  14C AMS samples has been submitted, note for every level of the core 
whetherr it contains sufficient above-ground remains for AMS ,4C dating, and if so, which remains 
wouldd be best to use. 
-Uponn receiving the range finder AMS 14C dates, a preliminary wiggle-match analysis can be 
performed.. Levels where more dates are needed can be identified. Here one should aim that the 
sequencee of  14C dates follow the wiggles in the calibration curve (if any), as well as aim to date 
relevantt depths (e.g., depths where important changes in lithology occur). Some 'educated 
guessing'' is required. Often there is a compromise between precision of chronology desired, and 
timee and budget available. 
-Nearlyy always a third set of  l4C dates will be necessary for 'zooming in' into the most satisfactory 
l4CC wiggle-match chronology. 
-Forr WMD, information about the accumulation history (possible accumulation rate changes or 
hiatuses)) of a peat core is needed. In order to reconstruct the accumulation history of a peat core, 
informationn about, e.g., pollen concentration, bulk density, local vegetation composition 
(macrofossils),, or occurrence of charcoal layers is important. 
-Thee accumulation rate of a peat core should have been fast enough (and degree of compaction 
smalll  enough) for a l4C sequence to follow wiggles in the ,4C calibration curve. Along the same line 
off  reasoning, the density of  l4C dates should be high enough to be able to reconstruct the wiggles. A 
sequencee of  l4C dates should not merely touch the wiggles of the calibration curve, as for example 
iss the case with Pilcher et al. (1995), with core Eng-XVI (Fig. 4.2), and even with some parts of the 
high-resolutionn WMD chronologies of Mauquoy et al. (2002a [chapter 6], 2002b). 
-Forr WMD, l4C dates are most valuable when they fit in periods of pronounced wiggles in the 
calibrationn curve. It does not make much sense to have a large number of '4C dates in a plateau. 
Also,, periods with less pronounced fluctuations in the l4C calibration curve result in less precise 
WMDD chronologies (chapter 3). In such cases, possibly a limited number of calibrated l4C dates 
wouldd be sufficient, and the WMD strategy would probably only be a waste of time and finances. 
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5 5 
SOLARR FORCING OF CLIMATE CHANGE DURING THE MID -
HOLOCENE:: INDICATIONS FROM RAISED BOGS IN THE 
NETHERLANDS S 

MaartenMaarten Blaauw, Bas van Geel and Johannes van der Plicht 

Abstract t 

Wet-shiftss in two cores of mid-Holocene raised bog deposits from the Netherlands were dated at 
highh precision using "C wiggle-match dating. Changes in local moisture conditions were inferred 
fromfrom the changing species composition of consecutive series of macrofossil samples. Several wet-
shiftss were inferred, and these were often coeval with major peaks in the A14C archive (probably 
causedd by major declines in solar activity). The use of A14C as a proxy for changes in solar activity 
iss validated. 

5.11 Introductio n 

Changess in solar activity during the Holocene can be reconstructed using the proxy A14C (Stuiver 
andd Braziunas, 1993, 1998; Stuiver et al., 1998; Chambers, 1999; Beer, 2000; Goslar, 2002). Using 
thiss proxy, abrupt decreases in solar activity were shown to have co-occurred with events of climate 
changee (recorded as wet-shifts in precisely dated northwest and central European peat deposits; 
Preboreall  Oscillation: van der Plicht et ai, submitted; Subboreal/Subatlantic transition: van Geel et 
al.,al., 1996; Speranza et al, 2000, 2002; 'Littl e Ice Age': Mauquoy et al, 2002a [chapter 6], 2002b). 
Inn this paper, we extend our investigations to the mid-Holocene. We present local vegetation 
reconstructionss of two peat cores, together encompassing the period from ca. 4450 to ca. 350 cal 
BC,, and investigate the possible relation between changes in solar activity and changes in the peat 
recordss during this period. 
Coress from raised bogs provide a well-known archive of climatic changes. Raised bogs are 
dependentt on precipitation alone for water and nutrients. Because plant species found in raised bogs 
eachh have their own requirements concerning depth of the water table (Maimer, 1986; Hammond et 
al,al, 1990; 0kland, 1990; van der Molen, 1992; Wheeler and Proctor, 2000; 0kland et al, 2001), the 
macro-- and microfossil composition of consecutive samples can inform us about past changes in 
locall  moisture conditions, and therefore about changes in effective precipitation (precipitation 
minuss evapo-transpiration). 
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5.22 Material and Methods 

TwoTwo peat cores were taken from drained raised bogs in the eastern part of the Netherlands. Core 
Eng-XVV was collected from Engbertsdijksvenen (chapters 2, 3); core MSB-2K was collected from 
thee location Meerstalblok in the Bargerveen nature reserve (chapter 3). The sequences were 
analysedd at high resolution (every 0.5-1 cm) for various proxies to reconstruct mire surface wetness. 

1414CC wiggle-match dating 
Thee cores were 14C wiggle-match dated, so that high precision chronologies were obtained. The 
wiggle-matchh procedures and results of the peat cores are described in detail in chapters 2 and 3; in 
thiss chapter the method will be summarized. At first instance, a constant accumulation rate was 
assumedd for the cores. The 14C dates of the cores were aligned to those of the 14C calibration curve 
INTCAL988 (Stuiver et al, 1998). At levels where l4C dates started to deviate from the 14C 
calibrationn curve and where at the same time lithology suggested either a hiatus or a change in 
accumulationn rate, the sequences were divided into subsets. These subsets were then wiggle-match 
datedd separately with the assumption of linear accumulation for every subset. Two measures of the 
goodness-of-fitt were assessed: one based on minimalisation of weighted squares and one on 
maximalisationn of the product of probability densities. Confidence intervals were calculated. 
Fromm 0.5-1 cm slices of the peat cores, samples of 2.5 cc volume were boiled for ca. 10 min in 5% 
KOHH solution, and after rinsing and sieving over a 100 urn sieve using demineralized water, the 
>> 100 urn fraction (macrofossils; Birks, 2001) was analysed. Macrofossil remains were identified 
usingg a Wild M8 binocular with 6-50x magnification, and a Leitz SM-LUX microscope with 100-
1000XX magnification. Identification was based on literature (Grosse-Brauckmann, 1972, 1974; 
Grosse-Brauckmannn and Streitz, 1992) and on a reference collection. Abundance of plant and other 
remainss were recorded on the basis of estimated volume percentage (e.g., mosses), number (e.g., 
seeds),, or absence/presence. Samples were stored in demineralized water containing some droplets 
off  5% HC1. 
Coree Eng-XV was also analysed for microfossils. Microfossil samples ca. 1 cm3 in volume were 
preparedd as described by Faegri and Iversen (1989), with 1 tablet of Lycopodium spores added to 
estimatee pollen concentration (Stockmarr, 1971). Identification of pollen grains by light microscopy 
(Leitzz SM-LUX microscope with 400-1000x magnification) was based on Moore et al. (1991) and 
onn a reference collection, while non-pollen palynomorphs were identified based on van Geel (1978) 
andd on a reference collection. 
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EcologyEcology of raised bog species 
Changess in vegetation composition were interpreted based on the present ecology of species in 
raisedd bogs. The wetness-preferences of the most common species found in the cores are reviewed 
beloww (see also Fig. 5.1). 
-Scheuchzeria-Scheuchzeria palustris (hereafter abbreviated to Scheuchzeria) grows in places where the ground 
waterr table is very high or where there is permanent standing water; it is susceptible to drying out of 
thee peat surface (Moore, 1955; Tallis and Birks, 1965). Ordination studies also showed that the 
occurrencee of Scheuchzeria indicated very wet conditions (0kland 1990). As Scheuchzeria was 
placedd rather high on the second axis of DC A by 0kland (1990), indicating a poor-rich gradient, the 
speciess can be considered to be slightly minerotrophic compared to other raised bog plants. Also 
otherr studies mention its slight minerotrophy (e.g., Casparie, 1972). 
-Rhynchospora-Rhynchospora alba is also indicative of pools or high water tables (Godwin and Conway, 1939; 
Mauquoy,, 1997). R. alba appears to occur at poorer (more acid) locations than Scheuchzeria 
(Newbould,, 1960; 0kland, 1990). Compared with Scheuchzeria, R. alba perhaps grows at a wider 
varietyy of mire surface water levels (Overbeck, 1975). 
-Sphagnum-Sphagnum cuspidatum is indicative of wet, oligotrophic conditions, i.e. floating or submerged in 
bogg pools, along pool margins and in wet hollows and soaks (Godwin and Conway, 1939; 
Newbould,, 1960; Boatman, 1977; Daniels and Eddy, 1985; Mauquoy, 1997). As S. cuspidatum is 
foundd floating in deep pools, we assume it can occur at even wetter conditions than Scheuchzeria. If 
SphagnumSphagnum cuspidatum (partly or entirely) replaces Scheuchzeria in the macrofossil record, we 
thereforee interpret this as a possible shift to even wetter conditions. 
-S.-S. papillosum is an indicator of moist conditions as it is most common in low lawns, although it is 
occasionallyy found higher up on lawns or even in hummocks and can resist drought (Godwin and 
Conway,, 1939; Mauquoy, 1997). DC A by 0kland (1990) placed the species at rather wet and 
relativelyy rich conditions. 
-S.-S. imbricatum is a highly oceanic species (Daniels and Eddy, 1985). Nowadays it often occurs in 
hummocks,, but there are strong indications that in the past S. imbricatum grew mostly in rather wet 
'lawn'' conditions (Casparie, 1972; Barber, 1981; Green, 1968; Stoneman et al, 1993; Mauquoy 
andd Barber, 1999). As with most palaeoecological studies, we interpret its entrance as indicating a 
changee to moister climate (higher air humidity and cooler conditions). 
-S.-S. sect. Acutifolia comprises a group of species that cannot be identified to species level during 
macrofossill  analysis. Most species of the section grow at relatively dry conditions however 
(hummocks).. DC A by 0kland (1990) placed S. rubellum, according to Barber (1981) the most 
importantt peat-building species of the section Acutifolia, close to Eriophorum vaginatum and 
Ericaceaee on the first axis. 
-Oxycoccus-Oxycoccus palustris is characteristic of waterlogged ombrogenous peat (Jacquemart, 1997). Its 
growthh optimum is found at moist hollows, and it is very sensitive to surface drying (Jacquemart, 
1997).. 0kland's (1990) DCA placed the species at intermediate levels on the moisture gradient 
axis. . 
-Andromeda-Andromeda polifolia occurs at greatest shoot frequency in low hummocks and lawns of 
ombotrophicc bogs (Jacquemart, 1998). According to Jacquemart (1998), A. polifolia is not 
necessarilyy a hygrophilous species, and is not found at the wettest locations. DCA by 0kland (1990) 
placedd the species at intermediate levels on the moisture gradient axis. A. polifolia grows slightly 
higherr at a lawn-hummock gradient than Oxycoccus palustris (Overbeck, 1975). 
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-Erica-Erica tetralix is characteristic of wet heath and mire communities in oceanic western Europe 
(Bannister,, 1966). It appears to grow at slightly moister conditions than Calluna vulgaris (e.g., 
Overbeck,, 1975). DCA confirms this (0kland, 1990). 
-Calluna-Calluna vulgaris (Gimingham, 1960; Wallen, 1987) is clearly a hummock species, restricted to 
drierr microhabitats (Nordbakken, 2001) with a relatively deep water table because the roots need an 
aeratedd layer. 
-Eriophorum-Eriophorum vaginatum (Wein, 1973) can grow at a wide range of moisture conditions (e.g., 
Wallen,, 1987), and is dominant where water tables are at surface level in spring and dry out during 
summer.. It can survive drought, but is also able to invade pools. As a consequence of the wide 
ecologicall  range of E. vaginatum, its use in reconstructing mire surface water levels is limited 
(Mauquoy,, 1997). 
-Scirpus-Scirpus caespitosus (Trichophorum cespitosum) can grow under a wide range of water tables, as is 
thee case with E. vaginatum (Mauquoy, 1997). Its use for reconstruction of mire surface water level 
iss therefore limited. 
-Macroscopicc charcoal particles indicate local fires. 
-Amphitrema-Amphitrema flavum is a testate amoeba indicating relatively moist local conditions (van Geel, 
1978;; Charman et al, 2000). 
-Typee 10 is the spore of a fungus occurring on the roots of Calluna vulgaris (van Geel, 1978). Like 
itss host plant, it indicates relatively dry conditions. 
-Typee 12 is a fungal spore indicating relatively dry local conditions (van Geel, 1978). 

EriophorumEriophorum vaginatum, Scirpus caespitosus 

CallunaCalluna vulgaris. Type 10, Type 12 

SphagnumSphagnum Sect, Acutifolia, S. imbricalum? 

EricaErica tetralix 

,, Andromeda polifolia 

,, S. papillosum. Oxycoccus palustris 

RhynchosporaRhynchospora alba 
Scheuchzeria Scheuchzeria 

SphagnumSphagnum cuspidatum 

Hummock k Lawn n Hollow w 

Fig.Fig. 5.1 Interpreted range of occurrence (horizontal lines) of raised bog plant species along 
aa dry-wet (hummock-hollow) gradient, based on literature (e.g., Overbeck, 1975; see text). Thin 
horizontalhorizontal lines indicate water. 
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5.33 Results 

Coress MSB-2K and Eng-XV were '4C wiggle-match dated (for explanation see chapter 3). The 
resultingg chronologies are shown in Fig. 5.2. The 14C sequences of both cores were divided into 3 
subsetss based upon changes in stratigraphy and most likely positions of  14C dates on the calibration 
curvee (Fig. 5.2a,b). The black dots in Fig. 5.2c,d give the most probable wiggle-match dating 
derivedd calendar ages for every depth; sizes of the dots indicate probabilities of calendar age. 
Averagee 1 o confidence intervals for calendar ages are 52, 99 and 86 y for the lower, middle and 
upperr subsets of core MSB-2K respectively, and 204, 114 and 36 y respectively for the lower, 
middlee and upper subsets of core Eng-XV (chapter 3). 
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Fig.Fig. 5.2 '*C wiggle-match dating chronologies of cores MSB-2K and Eng-XV. The '4C 
sequencessequences of both cores were divided into 3 subsets based upon changes in stratigraphy and best 
fitsfits of'4C dates on the calibration curve (a,b). Error bars of'4C dates indicate 1 a confidence 
intervals.intervals. For the calibration curve, the 1 a error envelope is depicted. The most probable calendar 
agesages for every depth are plotted in (c,d), their shape indicating probabilities of calendar age. The 
verticalvertical boxes with horizontal lines indicate hiatuses. For detailed explanation see chapter 3. 
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Wet-shifts Wet-shifts 
Changess in vegetation composition through time are summarised in Fig. 5.3, together with residual 
A l4CC (Stuiver et al, 1998). Vertical hatched lines with numbers show wet-shifts as inferred from 
changeschanges in the vegetation composition of the cores. The numbered wet-shifts (1-17) are described 
below. . 
Thee record begins with core MSB-2K, experiencing dry, hummock conditions: Calluna vulgaris, 
Ericaceaee rootlets and Eriophorum vaginatum are dominant (although Oxycoccus palustris is also 
found). . 
11 Respectively, Sphagnum cuspidatum, Rhynchospora alba and Scheuchzeria peak briefly, 

suggestingg a wet-shift. Later, alternating dominances of C. vulgaris, Ericales rootlets, E. 
vaginatumvaginatum and Sphagnum sect. Acutifolia indicate dry local conditions. 

22 Surface wetness increases for a short period (S. cuspidatum peaks, and also R. alba shows a 
smalll  peak). 

33 A major wet-shift occurs, as indicated by a hiatus and subsequent dominance of Scheuchzeria 
withh some R. alba. We interpret this as follows: at some stage of the wet period, streaming water 
att the surface of the bog may have eroded surfacial material (cf. Casparie, 1972). Peat 
accumulationn started again with Scheuchzeria and R. alba. Later, C. vulgaris and Ericales 
rootletss indicate drier local conditions. 

44 C. vulgaris is replaced by Andromeda polifolia, Oxycoccus palustris and some Sphagnum 
cuspidatum.cuspidatum. Remains of Scheuchzeria increase in abundance. All these changes point to a wet-
shift. . 

55 Sphagnum cuspidatum becomes dominant over Scheuchzeria and R. alba, indicating a possible 
shiftt to even wetter conditions. Later, conditions get drier again as A. polifolia and Ericales 
rootletss show a peak. 

66 Abundance of remains of Scheuchzeria increases slightly. This might imply wetter conditions. 
77 After a hiatus (which might be explained by an erosion event caused by excess surface water; 

comparee with wet-shift 3), Sphagnum cuspidatum briefly gets dominant over Scheuchzeria. This 
indicatess a shift to even wetter conditions. Later, conditions become drier again (C. vulgaris and 
Ericaless rootlets get dominant over the hygrophilous species). 

(continues(continues on p. 76) 

Fig.Fig. 5.3 (next page) Residual A,4C and changes in local vegetation derived from cores MSB-2K 
andEng-XV,andEng-XV, with chronologies based on Fig. 5.2. Vertical boxes with horizontal striping indicate 
hiatuses,hiatuses, numbered vertical lines with arrows indicate inferred wet-shifts (ambiguous wet-shifts are 
labeledlabeled with question marks), hatched areas indicate occurrence of macrofossils in estimated 
volumevolume percentage, black areas indicate macrofossils counted as numbers, dots indicate 
macrofossilsmacrofossils counted as present at low amounts, lines indicate percentages of microfossils 
(expressed(expressed on a tree pollen sum). AI4C is the relative '4C content (i.e. deviation of the activity from 
thethe standard), corrected for radioactive decay, and expressed in %o. Here A,4C is, in addition, 
detrendedfordetrendedfor the geomagnetic component and is called "residual AI4C". 
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Residuall  AI4C (%o) 

ScheuchzeriaScheuchzeria palustris 

RhynchosporaRhynchospora alba 

SphagnumSphagnum cuspidatum 

S.S. papillosum 

S.S. imbricatum 

S.S. sect. Acutifolia 

OxycoccusOxycoccus palustris 

AndromedaAndromeda polifolia 

EricaErica tetralix 

CallunaCalluna vulgaris 

Ericaless rootlets 

EriophorumEriophorum vaginatum 

ScirpusScirpus caespitosus 
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AmphitremaAmphitrema flavum 

 A l Type 10 

AA  A y Type 12 

ZOOO 2000 

Calendarr age (BC) 

MSB-2K K Eng-XV V 

73 3 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

(continued(continued from p. 74): 
Ca.. 250 years (from ca. 2650 to ca. 2400 cal BC) are not represented in the core intervals studied 
here.. The base of core Eng-XV represents relatively dry conditions as shown by dominance of 
EriophorumEriophorum vaginatum, Scirpus caespitosus, Andromeda polifolia and charcoal. 
88 Scheuchzeria replaces E. vaginatum and A. polifolia shows a decline, indicating a wet-shift. 

AmphitremaAmphitrema flavum enters. Subsequently conditions get drier as first S. papillosum and later E. 
vaginatumvaginatum and Types 10 and 12 peak. 

99 Scheuchzeria replaces E. vaginatum, implying a wet shift. 
100 Sphagnum cuspidatum replaces Scheuchzeria after a large charcoal peak, indicating a wet-shift. 

AmphitremaAmphitrema flavum enters again and O. palustris shows a maximum. 
111 After relatively dry conditions (dominance of S. sect. Acutifolia), S. cuspidatum takes over. 

Laterr the sequence becomes drier again, indicating hummock conditions (C. vulgaris). 
122 Hummock conditions change into lawn conditions as C. vulgaris and S. sect. Acutifolia are 

replacedd by S. papillosum, through a distinctly wet phase of S. cuspidatum, R. alba, E. tetralix 
andd O. palustris. Types 10 and 12 show a decline. 

133 S. cuspidatum and R. alba indicate a wet-shift. Later S. papillosum gradually replaces 5. 
cuspidatum. cuspidatum. 

144 R. alba starts dominating S. papillosum, and some S. cuspidatum occurs. Although this could 
pointt to slightly wetter local conditions, at the same time S. sect. Acutifolia, C. vulgaris and 
Ericaless rootlets reach rather high values. 

155 During a phase of relatively very dry conditions (thick branches of C. vulgaris are found, 
togetherr with Ericales rootlets and S. sect. Acutifolia), a short but distinctive peak of S. 
imbricatumimbricatum occurs, and also Scheuchzeria enters again with low values. 

166 Sphagnum sect. Acutifolia and C. vulgaris are replaced by S. imbricatum, through a short phase 
off  S. cuspidatum and S. papillosum. Numbers of Types 10 and 12 show a decline. All these 
changess clearly point to conditions getting wetter. Later an increase of Ericales rootlets and 
Typee 10 show that conditions become drier again. 

177 S. imbricatum increases again with an associated decline of Ericales rootlets and Type 10, 
reflectingg a wet-shift. 

Wet-shiftsWet-shifts and A14C peaks 
Mostt of the wet-shifts (1, 3, 4, 5, 6, 7, 12, 15 and 17) were coeval with major increases in residual 
A,4CC (Fig. 5.3). Often these wet-shifts were evident (wet-shifts 1, 3,4, 5, 7, 12,15 and 17), whereas 
onee of the wet-shifts was less clear (wet-shift 6). On only one occasion, no wet-shift was recorded 
duringg large a A14C peak (core MSB-2K at the A,4C peak of c. 4250 cal BC). Even smaller increases 
inn Al4C at times appear to have co-occurred with wet-shifts (wet-shifts 8, 10 and 11), although this 
mayy be a coincidence. 
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5.44 Discussion 

Thee local vegetation composition of two sequences from raised bog deposits in the Netherlands has 
beenn reconstructed in detail and the sequences were 14C wiggle-match dated at high resolution (Fig. 
5.2),, thereby forming a (discontinuous) record from ca. 4450 to ca. 350 cal BC. Most of the major 
increasess in residual A14C are coeval with wet-shifts (as inferred from changes in local vegetation 
composition,, Fig. 5.3). As raised bogs depend entirely on precipitation for water and nutrients, the 
wet-shiftss in the sequences are thought to have been caused by increases in effective precipitation 
(precipitationn minus evapo-transpiration), and thus by changes into a wetter and/or cooler climate 
(e.g.,, Barber, 1981; Blackford, 2000; Mauquoy et al, 2002a [chapter 6], 2002b). 
Earlierr records of raised bog deposits in the Netherlands (Kilian et al, 1995, 2000; van Geel et al, 
1996)) showed a major wet-shift at the start of the rise of A14C at ca. 850 cal BC. However, no such 
majorr wet-shift was identified in Eng-XV at this time. Only for a short time did Sphagnum 
imbricatumimbricatum enter, accompanied by some Scheuchzeria (wet-shift 15). The site had grown into a dry 
hummock;; from ca. 1100 to ca. 600 cal BC, the core consisted almost completely of thick stems and 
branchess of Calluna vulgaris. Hummocks are thought to be less responsive to climatic changes than 
hollowss or intermediate sites; even large increases in surface water level would not be recorded in 
highh hummocks (Aaby, 1976; Barber et al, 1998). Multi-core investigations could help in assessing 
thee representativity and replicability of climate records as derived from peat deposits (Barber et al, 
1998;; Charman et al, 1999; Mauquoy et al, 2002b). As core Eng-XIV was 14C wiggle-match dated 
att high resolution (Kilian et al, 2000), it forms a suitable duplicate of core Eng-XV from ca. cal 
11500 BC to ca. cal 350 BC. Core Eng-XIV shows a major wet-shift at ca. 850 cal BC (Kilian et al, 
2000).. Due to constraints in time and budget it was not possible to 14C wiggle-match date duplicates 
off  core MSB-2K and of the part older than ca. cal 1150 BC of core Eng-XV. 
Thee wet-shift at the major rise of A14C at ca. 850 cal BC as mentioned above was coeval with a 
majorr climate change in many parts of the world. An overview of the global climate change during 
thiss period is given by van Geel et al (1998); additional evidence of this change comes from the 
Northh Atlantic Ocean (Bond et al, 2001), the Norwegian Sea (Calvo et al, 2002), Northern 
Norwayy (Vorren, 2001), England (Waller et al, 1999), the Czech Republic (Speranza et al, 2000, 
2002),, central Europe (Magny, in press), Chile (van Geel et al, 2000), New Mexico (Armour et al, 
2002),, and across the continent of North America (Viau et al, 2002). 

A"C A"C 
Ass will be discussed below, past variations in atmospheric 14C content (AI4C) have been the result of 
changess in 14C production (depending on solar variability, galactic cosmic ray flux, and/or 
geomagneticc field strength) and/or changes in the carbon cycle (in particular ocean ventilation 
changes).. Radiocarbon and other cosmogenic isotopes such as I0Be are produced by galactic cosmic 
rayss entering the Earth's atmosphere. Solar wind (a low-density proton-electron gas, streaming 
fromm the sun) in combination with the Earth's magnetic field, provides a shield against a large 
amountt of the galactic cosmic rays entering the Earth's atmosphere. A decreased solar activity leads 
too less solar wind, reduced shielding against cosmic rays, and thus to increasing production of 
cosmogenicc isotopes (e.g., Hoyt and Schatten, 1997; Beer, 2000). 
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AA,4,4CC and solar activity 
Rapidd major increases in A,4C during the Holocene, such as the one starting around 850 cal BC and 
thee increases during the 'Littl e Ice Age', are attributed to decreases in solar activity (e.g., Stuiver 
andd Braziunas, 1993, 1998; Chambers, 1999; Beer, 2000; Beer et al, 2002; Goslar, 2002; R. 
Muscheler,, pers. comm.). Radiocarbon and 10Be levels changed together with observed sunspot 
indicess and climatic changes during the last centuries (e.g., Beer et al, 2000. Recently the 14C signal 
hass been disturbed by nuclear bombs and by large-sale burning of fossil fuel). Also, changes in 
instrumentall  records (measured reliably only since the most recent decades) of cosmic rays, 10Be 
levels,, solar irradiance and solar activity indices such as sunspot numbers were highly similar (e.g., 
Hoytt and Schatten, 1997; Beer et al, 2000; Goslar, 2002). 

AAI4I4CC and cosmic ray intensity 
Otherr factors could also influence atmospheric 14C levels. An increase in galactic cosmic ray flux, 
forr example caused by a supernova, could lead to increased levels of cosmogenic isotopes. To our 
knowledge,, such explanations of changes in cosmogenic isotope levels have only been reported for 
periodss before the Holocene (e.g., Shaviv, 2002). Moreover, there are strong theoretical arguments 
inn favor of a quite stable galactic cosmic ray flux (J. Beer, pers. comm.). 

AAI4I4CC and geomagnetic field 
Fluctuatingg geomagnetic activity could influence atmospheric l4C levels as well. Most studies 
assumee that only the long-term (> 3 ka) changes in cosmogenic isotopes are forced by geomagnetic 
changess (e.g., Merrill et al, 1996; Beer, 2000; Beer et al, 2002). Holocene changes in 
geomagnetismm have been reconstructed from several regions (e.g., Valet et al, 1998; AH et al, 
1999;; Gogorza et al, 2000; Yang et al, 2000; Laj et al, 2002; Ojala and Saarinen, 2002; Snowball 
andd Sandgren, 2002). Although long-term geomagnetic trends are more or less similar between 
thesee records, they differ at shorter time-scales. Several of the records show intriguing short-term 
changess in intensity, declination and inclination. However, changes in geomagnetic field are 
complexx and only partly understood, and it is not known to what extent the reported short-term 
changess were coeval globally or merely artefacts caused by chronological problems, changes in 
sedimentation,, and/or local, non-dipolar changes in magnetic field (Merrill et al, 1996). Local 
variationss in magnetic field would not have a global effect and could thus not cause major changes 
inn production rate of cosmogenic isotopes (J. Beer, pers. comm.). Neither do the reported rapid 
changess in the geomagnetic records correspond well with the rapid fluctuations in the AI4C record. 
Snowballl  and Sandgren (2002) however, state that owing to "the current lack of a high-resolution 
reconstructionn of the geomagnetic field intensity (in terms of a dipole-moment), it cannot be 
assumedd that short-term ^ lO3 year) variations in solar activity are solely responsible for similar 
durationn anomalies in the production rates of cosmogenic nuclides, as the internal dynamics of the 
Earth'ss geodynamo may promote similar features". However, even if changes in geomagnetic field 
wouldd cause major and rapid A14C peaks, it has to be noted that changes in the Earth's magnetic 
fieldd can be caused by changes in solar activity (Merrill et al, 1996). 
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AA,4,4CC and the ocean 
Whenn ,4C is produced in the atmosphere, it oxidizes to l4C02 and enters the global carbon cycle. As 
thee ocean is the largest reservoir in the carbon cycle, changes in C02 exchange between the ocean 
andd the atmosphere could cause changes in atmospheric ,4C02 content. Several studies (Hughen et 
al,al, 1998, 2000; Muscheler et al, 2000; Marchal et al, 2001) hold a supposed near-cessation of the 
thermohalinee circulation in the North-Atlantic Ocean during the Younger Dryas at least partly 
responsiblee for the concurrent A14C rise. Such a rise could have been caused by increased oceanic 
uptakee of C02 from the atmosphere and/or reduced ventilation of  14C-depleted ocean water, after 
whichh even a constant production of  l4C02 would cause rising atmospheric 14C02 levels. For 
possiblee non-oceanic, 'heliocentric' scenarios, see Goslar et al. (2000) and Renssen et al. (2000). 
Changess in ocean circulation during the Holocene (Chapman and Shackleton, 2000; Keigwin and 
Boyle,, 2000; Bond et al., 2001) were much smaller than those at the start of the Younger Dryas and 
cann therefore not have caused the rapid and large increases in atmospheric 14C content discussed in 
thee present paper (Stuiver et al., 1991). 

SolarSolar forcing of climate change 
AA strong case that changes in production rate (and not ocean circulation) were the cause of the rapid 
changess in atmospheric levels of  14C during the Holocene, is that l0Be and l4C showed highly 
similarr changes (Bard et al., 1997; R. Muscheler, pers. comm.). As mentioned before, the 
fluctuationss of these isotopes also corresponded with major changes in the sunspot cycle during the 
lastt ca. 350 years, and with precise (satellite) measurements of solar irradiation during the last few 
decadess (Hoyt and Schatten, 1997). Considering the evidence above, we can safely assume that the 
majorr rises in AI4C discussed in this paper, and the corresponding climate changes as inferred from 
thee wet-shifts in the peat cores, were most probably caused by changes in solar activity. 

ForcingForcing mechanisms 
Mostt climate models cannot explain how relatively small changes in solar irradiance alone could 
forcee changes in climate. Possible amplifying factors for solar forcing of climate change are 
discussedd by van Geel et al. (1999). At present the most likely forcing mechanism involves 
variationss of solar UV irradiance, which cause changed production of ozone and related absorption 
off  heat in the Earth's atmosphere, resulting in shifts of the atmospheric circulation cells (Haigh, 
1996;; van Geel et al, 1999, 2001; Schuurmans et al, 2001; Rozema et al, 2002). 

OtherOther evidence of solar forcing of climate change 
Bondd et al. (2001) discussed events of extended North Atlantic Ocean drift ice co-occurring with 
bothh l4C and 10Be changes during the Holocene, indicating that changes in ocean circulation might 
formm an additional amplifying mechanism for solar forcing of climate change. We note however 
thatt Bond et al. (2001) had to adjust the l4C chronologies of their records by up to several hundred 
yearss (within 2 o error limits) to tune them with changes in A14C and 10Be. Neff et al (2001) 
showedd a striking correspondence between Holocene monsoon intensity and Al4C peaks, although 
theirr record was also tuned. Magny (in press) l4C dated changes in water surface levels of 26 mid-
Europeann lakes, and found close correspondence between lake levels and atmospheric l4C 
concentrationss during the mid-Holocene. 
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5.55 Conclusion 

Byy demonstrating the temporal link between peaks of A14C and wet-shifts in precisely 14C wiggle-
matchh dated raised bog deposits from the mid-Holocene, the present paper adds to the accumulating 
evidencee that solar variability has played an important role in forcing climate change during the 
Holocene.. Knowledge about solar forcing of climate change is important for evaluating causes of 
recentt global warming (anthropogenic and natural), and for predicting future climate changes. 

5.66 Acknowledgements 

Thiss research was supported by the Research Council for Earth and Life Sciences (ALW) with 
financialfinancial aid from the Netherlands Organization for Scientific Research (NWO), grant no. 750-19-
812.. We thank Annemarie Philip for the pollen preparation, Alessandra Speranza and Dmitri 
Mauquoyy for assistance with fieldwork, and Jürg Beer, Rainer Heller, Michel Magny and Raimund 
Muschelerr for their informative discussions. 

5.77 References 

Aaby,Aaby, B. 1976: Cyclic climatic variations in climate over the past 5,500 yr reflected in raised bogs. 
Naturee 263,281-284. 

All ,, M., Oda, H., Hayashida, A., Takemura, K. and Torii , M. 1999: Holocene palaeomagnatic 
secularr variation at Lake Biwa, central Japan. Geophysical Journal International 136,218-228. 

Armour ,, J., Fawcett, PJ. and Geissman, J.W. 2002: 15 k.y. paleoclimatic and glacial record from 
northernn New Mexico. Geology 30,723-726. 

Bannister,, P. 1966: Erica tetralix L. Journal of Ecology 54, 795-813. 

Barber,, K.E. 1981: Peat stratigraphy and climate change. Balkema, Rotterdam, 219 pp. 

Barber,, K.E., Dumayne-Peaty, L., Hughes, P., Mauquoy, D. and Scaife, R. 1998: Replicability 
andd variability of the recent macrofossil and proxy-climate record from raised bogs: field 
stratigraphyy and macrofossil data from Bolton Fell Moss and Walton Moss, Cumbria, England. 
Journall  of Quaternary Science 13, 515-528. 

Bard,, E., Raisbeck, G.M., Yiou, F. and Jouzel,. J. 1997: Solar modulation of cosmogenic nuclide 
productionn over the last millennium: comparison between 14C and ,0Be records. Earth and Planetary 
Sciencee Letters 150,453-462. 

Beer,, J. 2000: Long-term indirect indices of solar variability. Space Science Reviews 94, 53-66. 

Beer,, J., Muscheler, R., Wagner, G., Laj , C, Kissel, C, Kubik , P.W. and Synal, H.-0. 2002: 
Cosmogenicc nucleides during isotope stages 2 and 3. Quaternary Science Reviews 21,1129-1139. 

78 8 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

Birks ,, H.H. 2001: Plant macrofbssils. In Smol, B.E., Birks, H.J.B. and Last, W.M., editors, 
TrackingTracking environmental change using lake sediments. Volume 3: Terrestrial, algal, and siliceous 
indicators.indicators. Kluwer academic publishers, 49-74. 

Blackford,, J. 2000: Palaeoclimatic records from peat bogs. Trends in Ecology and Evolution 15, 
193-198. . 

Boatman,, D.J. 1977: Observations on the growth of Sphagnum cuspidatum in a bog pool on the 
Silverr Flowe Natural Nature Reserve. Journal of Ecology 65, 119-126. 

Bond,, G., Kromer , B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoffmann, S., 
Lord-Bond,, R., Hajdas, I . and Bonani, G. 2001: Persistent solar influence on North Atlantic 
climatee during the Holocene. Science 294,2130-2136. 

Calvo,, E., Grimalt , J. and Jansen E. 2002: High resolution U1^ sea temperature reconstruction in 
thee Norwegian Sea during the Holocene. Quaternary Science Reviews 21, 1385-1394. 

Casparie,, W.A. 1972: Bog development in southeastern Drenthe (The Netherlands). Ph.D. thesis, 
Universityy of Groningen, the Netherlands, 271 pp. 

Chambers,, F. 1999: Palaeoenvironmental evidence for solar forcing of Holocene climate: linkages 
too solar science. Progress in Physical Geography 23, 181-204. 

Chapman,, M.R. and Shackleton, NJ. 2000: Evidence of 550-year and 1000-year cyclicities in 
Normm Atlantic circulation patterns during the Holocene. The Holocene 10,287-291. 

Charman,, D.J., Hendon, D. and Packman, S. 1999: Multiproxy surface wetness records from 
replicatee cores on an ombotrophic mire: implications for Holocene palaeoclimate records. Journal 
off  Quaternary Science 14,451-463. 

Charman,, D.J., Hendon, D. and Woodland, W.A. 2000: The identification of testate amoebae 
(Protozoa:(Protozoa: Rhizopoda) in peats. QRA Technical Guide No. 9, Quaternary Research Association, 
London,, 147 pp. 

Daniels,, R.E. and Eddy, A. 1985: Handbook of European Sphagna. Institute of Terrestrial 
Ecology,, NERC, Great Britain, 262 pp. 

Faegri,, K. and Iversen, J. 1989: Textbook of pollen analysis. John Wiley & Sons, Chichester, 328 
pp. . 

Gimingham,, C.H. 1960: Calluna Salisb. Journal of Ecology 48,455-483. 

Godwin,, H. and Conway, V.M. 1939: The ecology of a raised bog near Tregaron, Cardiganshire. 
Journall  of Ecology 27,313-359. 

79 9 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

Gogorza,, C.S.G., Sinito, A.M., Tommaso, I.D., Vilas, J.F., Creer, K.M . and Nunez, H. 2000: 
Geomagneticc secular variations 0-12 kyr as recorded by sediments from Lake Moreno (southern 
Argentina).. Journal of South American Earth Sciences 13,627-645. 

Goslar,, T., Arnold. , M., Tisnerat-Laborde, N., Czernik, J. and Wieckowski, K. 2000. Variations 
off  Younger Dryas atmospheric radiocarbon explicable without ocean circulation changes. Nature 
403,, 877-880. 

Goslar,, T. 2002. 14C as an indicator of solar variability. Discussion paper ESF-HOLIVAR 
workshop,, Lammi Finland (http://www.gsf.fi/esf_holivar/goslar.pdf). 

Green,, B.H. 1968: Factors influencing the spatial and temporal distribution of Sphagnum 
imbricatumimbricatum Hornsch. Ex Russ. in the British Isles. Journal of Ecology 56, 47-58. 

Grosse-Brauckmann,, G. 1972. Über Pflanzliche Makrofossilien mitteleuropaischer Torfe. I. 
Geweberestee krautiger Pflanzen und ihre Merkmale. Telma 2, 19-35. 

Grosse-Brauckmann,, G. 1974. Über Pflanzliche Makrofossilien mitteleuropaischer Torfe. II . 
Weiteree Reste (Friichte und Samen, Moose u.a.) und ihre Bestimmungsmöglichkeiten. Telma 4, 51-
117. . 

Grosse-Brauckmann,, G. and Streitz, B. 1992. Pflanzliche Makrofossilien mitteleuropaischer 
Torfe.. III . Friichte, Samen und einige Gewebe (Fotos von fossilen Pflanzenresten). Telma 22, 53-
102. . 

Haigh,, J.D. 1996: The impact of solar variability on climate. Science 272, 981-984. 

Hammond,, R.F., van der  Krogt , G. and Osinga, T. 1990: Vegetation and water-tables on two 
raisedd bog remnants in county Kildare. In: Doyle, G.J. (ed.). Ecology and conservation of Irish 
peatlands.peatlands. Royal Irish Academy, Dublin, Ireland, pp 121-134. 

Hoyt,, D.V. and Schatten, K.H. 1997: The role of the Sun in climate change. Oxford University 
Press,, 279 pp. 

Hughen,, K.A., Overpeck, J.T., Lehman, S J., Kashgarians, M., Southon, J., Peterson, L.C., 
Alley,, R. and Sigman, D.M. 1998: Deglacial changes in ocean circulation from an extended 
radiocarbonn calibration. Nature 391, 65-68. 

Hughen,, K.A., Southon, J.R., Lehman, S.J. and Overpeck, J.T. 2000: Synchronous radiocarbon 
andd climate shifts during the last deglaciation. Science 290, 1951-1954. 

Jacquemart,, A. 1997: Vaccinium oxycoccos L. (Oxycoccus palustris Pers.) and Vaccinium 
microcarpummicrocarpum (Turcz. ex Rupr.) Schmalh. (Oxycoccus microcarpus Turcz. ex Rupr.). Journal of 
Ecologyy 85, 381-396. 

80 0 

http://www.gsf.fi/esf_holivar/goslar.pdf


ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

Jacquemart,, A. 1998: Andromeda polifolia L. Journal of Ecology 86,527-541. 

Kilian ,, M.R., van der  Plicht, J. and van Geel, B. 1995: Dating raised bogs: new aspects of AMS 
14CC wiggle matching, a reservoir effect and climatic change. Quaternary Science Reviews 14, 959-
966. . 

Kilian ,, M.R., van Geel, B. and van der  Plicht, J. 2000: UC AMS wiggle matching of raised bog 
depositss and models of peat accumulation. Quaternary Science Reviews 19,1011-1033. 

Keigwin,, L.D. and Boyle, E.A. 2000: Detecting Holocene changes in thermohaline circulation. 
Proceedingss of the National Academy of Science 97, 1343-1346. 

Laj ,, C, Kissel, C, Mazaud, A., Michel, E., Muscheler, R. and Beer, J. 2002: Geomagnetic field 
intensity,, North Atlantic Deep Water circulation and atmospheric A14C during the last 50 kyr. Earth 
andd Planetary Science Letters 200,177-190. 

Magny,, M. in press: Holocene climate variability as reflected by mid-European lake-level 
fluctuations,fluctuations, and its probable impact on prehistoric human settlements. Quaternary International. 

Maimer,, N. 1986: Vegetational gradients in relation to environmental conditions in northwestern 
Europeann mires. Canadian Journal of Botany 64,375-383. 

Marchal ,, O., Stocker, T.F. and Muscheler, R. 2001: Atmospheric radiocarbon during the 
Youngerr Dryas: production, ventilation, or both? Earth and Planetary Science Letters 185,383-395. 

Mauquoy,, D. 1997: Testing the sensitivity of the palaeoclimatic signal from ombrotrophic peat 
stratigraphy.stratigraphy. Ph.D. thesis, University of Southampton, United Kingdom. 

Mauquoy,, D. and Barber, K. 1999: Evidence for climatic deteriorations associated with the 
declinee of Sphagnum imbricatum Hornsch. ex. Russ. in six ombrotrophic mires from northern 
Englandd and the Scottish Borders. The Holocene 9,423-437. 

Mauquoy,, D., van Geel, B., Blaauw, M. and van der  Plicht, J. 2002a: Evidence from northwest 
Europeann bogs shows 'Littl e Ice Age' climatic changes driven by variations in solar activity. The 
Holocenee 12,1-6. 

Mauquoy,, D., Engelkes, T., Groot, M.H.M. , Markesteijn, F., Oudejans, M.G., van der  Plicht, 
J.. and van Geel, B. 2002b: High-resolution records of late-Holocene climate change and carbon 
accumulationn in two northwest European ombrotrophic peat bogs. Palaeogeography, 
Palaeoclimatology,, Palaeoecology 186,275-310. 

Merrill ,, R.T., McElhinny , M.W. and McFadden, P.L. 1996: The magnetic field of the Earth. 
Paleomagnetism,Paleomagnetism, the core, and the deep mantle. International Geophysics Series, Volume 63, 
Academicc Press, 531 pp. 

81 1 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

Moore,, JJ. 1955: The distribution and ecology of Scheuchzeriapalustris on a raised bog in Offaly. 
Thee Irish Naturalists' Journal 12, 321-329. 

Moore,Moore, P.D., Webb, J.A. and Collinson, M.E. 1991: Pollen analysis. Oxford: Blackwell Scientific 
publications,, 216 pp. 

Muscheler,, R., Beer, J., Wagner, G. and Finkel, R.C. 2000: Changes in deep-water formation 
duringg the Younger Dryas event inferred from ,0Be and 14C records. Nature 408, 567-570. 

Nefff,, U., Burns, S.J., Mangini, A., Mudelsee, M., Fleitmann, D. and Matter , A. 2001: Strong 
coherencee between solar variability and the monsoon in Oman between 9 and 6 kyr ago. Nature 
411,290-293. . 

Newbould,, P.J. 1960: The ecology of Cranesmoor, a New Forest valley bog: I. The present 
vegetation.. Journal of Ecology 48, 361-383. 

Nordbakken,, J.-F. 2001: Fine-scale five-year vegetation change in boreal bog vegetation. Journal 
off  Vegetation Science 12, 771-778. 

Ojala,, A.E.K. and Saarinen, T. 2002: Palaeosecular variation of the Earth's magnetic field during 
thee last 10000 years based on the annually laminated sediment of Lake Nautajarvi, central Finland. 
Thee Holocene 12, 391-400. 

Okland,, R.H. 1990: A phytoecological study of the mire Northern Kisselbergmosen, SE Norway. 
II .. Identification of gradients by detrended (canonical) correspondence analysis. Nordic Journal of 
Botanyy 10, 79-108. 

0kland,, R.J., Okland, T. and Rydgren, K. 2001. A Scandinavian perspective on ecological 
gradientss in north-west European mires: reply to Wheeler and Proctor. Journal of Ecology 89, 481-
486. . 

Overbeck,, F. 1975: Botanisch-geologische Moorkunde. Karl Wachholtz Verlag Neumünster, 719 
pp. . 

Renssen,, H., van Geel, B., van der  Plicht, J. and Magny, M. 2000: Reduced solar activity as a 
triggerr for the start of the Younger Dryas? Quaternary International 68-71,373-383. 

Rozema,, J., van Geel, B., Björn , L.O., Lean, J. and Madronich, S. 2002: Toward solving the UV 
puzzle.. Science 296, 1621-1622. 

Schuurmans,, C.J.E., Tourpali , K. and van Dorland, R. 2001: Research on a mechanism by 
whichh enhanced UV-radiation of the active sun affects weather and climate. IMAU, Utrecht, the 
Netherlands,, 52 pp. 

82 2 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

Shaviv,, N.J. 2002: Cosmic ray diffusion from the galactic spiral arms, iron meteorites, and a 
possiblee climatic connection. Physical Review Letters 89,051102. 

Snowball,, I. and Sandgren, P. 2002: Geomagnetic field variations in northern Sweden during the 
Holocenee quantified from varved lake sediments and their implications for cosmogenic nuclide 
productionn rates. The Holocene 12,517-530. 

Speranza,, A.O.M., van der  Plicht, J. and van Geel, B. 2000: Improving the time control of the 
Subboreal/Subatlanticc transition in a Czech peat sequence by 14C wiggle-matching. Quaternary 
Sciencee Reviews 19,1589-1604. 

Speranza,, A.O.M., van Geel, B. and van der  Plicht, J. 2002: Evidence for solar forcing of climate 
changee at ca. 850 cal BC from a Czech peat sequence. Global and Planetary Change 35,51-65. 

Stockmarr,, J. 1971: Tablets with spores used in absolute pollen analysis. Pollen Spores 13, 615-
621. . 

Stoneman,, R., Barber, K. and Maddy, D. 1993. Present and past ecology of Sphagnum 
imbricatumimbricatum and its significance in raised peat - climate modelling. Quaternary Newsletter 70, 14-
22. . 

Stuiver,, M., Braziunas, T.F., Becker, B. and Kromer , B. 1991: Climatic, solar, oceanic, and 
geomagneticc influences on Late-Glacial and Holocene atmospheric ,4C/I2C change. Quaternary 
Researchh 35, 1-24. 

Stuiver,, M. and Braziunas, T.F. 1993: Sun, ocean, climate and atmospheric ,4C02, an evaluation 
off  causal and spectral relationships. The Holocene 3,289-305. 

Stuiver,, M. and Braziunas, T.F. 1998: Anthropogenic and solar components of hemispheric 14C. 
Geophysicall  Research Letters 25,329-332. 

Stuiver,, M., Reimer, P.J., Bard, E., Beck, J.W., Burr , G.S., Hughen, K.A., Kromer , B., 
McCormac,, F.G., van der  PUcht, J. and Spurk, M. 1998: INTCAL98 radiocarbon age 
calibration,, 24,000-0 cal BP. Radiocarbon 40,1041-1083. 

Tallis,, J.H. and Birks, HJ.B. 1965: The past and present distribution of Scheuchzeria palustris L. 
inn Europe. Journal of Ecology 53,287-298. 

Valet,, J.-P., Trie, E., Herrero-bervera, E., Meynadier, L. and Lockwood, J.P. 1998: Absolute 
paleointensityy from Hawaiian lavas younger than 35 ka. Earth and Planetary Science Letters 161, 
19-32. . 

vann der  Molen, P.C. 1992: Hummock-hollow complexes on Irish raised bogs. A palaeo/actuo 
ecologicall  approach of environmental and climatic change. Ph.D. thesis, University of Amsterdam, 
thee Netherlands, 213 pp. 

83 3 



ChapterChapter 5 - Solar forcing of climate change during the mid-Holocene 

vann Geel, B. 1978: A palaeoecological study of Holocene peat bog sections in Germany and the 
Netherlands.. Review of Paleobotany and Palynology 25, 1-120. 

vann Geel, B., Buurman, J. and Waterbolk, H.T. 1996: Archaeological and palaeoecological 
indicationss of an abrupt climate change in the Netherlands, and evidence for climatological 
teleconnectionss around 2650 BP. Journal of Quaternary Science 11,451-460. 

vann Geel, B., van der  Plicht, J., Kilian , M.RM Klaver, E.R., Kouwenberg, J.H.M., Renssen, H., 
Reynaud-Farrera,, I. and Waterbolk, H.T. 1998: The sharp rise of A,4C ca. 800 cal BC: possible 
causes,, related climatic teleconnections and the impact on human environments. Radiocarbon 40, 
535-550. . 

vann Geel, B., Raspopov, O.M., Renssen, H., van der  Plicht, J., Dergachev, V.A. and Meijer , 
H.A.J.. 1999: The role of solar forcing upon climate change. Quaternary Science Reviews 18, 331-
338. . 

vann Geel, B., Heusser, C.J., Renssen, H. and Scnuurmans C.J.E. 2000. Climatic change in Chile 
att around 2700 BP and global evidence for solar forcing: a hypothesis. The Holocene 10, 659-664. 

vann Geel, B., Renssen H. and van der  Plicht, J. 2001: Evidence from the past: solar forcing of 
climatee change by way of cosmic rays and/or by solar UV? Proceedings Workshop on Ion-Aerosol-
Cloudd Interactions, Geneva, ed. J. Kirkby, CERN 2001-007, 24-29. 

Viau,, A.E., Gajewski, K., Fines, P., Atkinson, D.E. and Sawada, M.C. 2002: Widespread 
evidencee of 1500 yr climate variability in North America during the past 14000 yr. Geology 30, 
455-458. . 

Vorren ,, K.-D. 2001: Development of bogs in a coast-inland transect in northern Norway. Acta 
Palaeobotanicaa 41,43-67. 

Wallen,, B. 1987: Growth pattern and distribution of biomass of Calluna vulgaris on an 
ombrotrophicc peat bog. Holarcticc Ecology 10, 73-79. 

Waller ,, M.P., Long, A.J., Long, D. and Innes, J.B. 1999: Patterns and processes in the 
developmentt of coastal mire vegetation: Multi-site investigations from Walland Marsh, Southeast 
England.. Quaternary Science Reviews 18,1419-1444. 

Wein,, R.W. 1973: Eriophorum vaginatum L. Journal of Ecology 61, 601-615. 

Wheeler,, B.D. and Proctor, M.C.F. 2000. Ecological gradients, subdivisions and terminology of 
north-westt European mires. Journal of Ecology 88, 187-203. 

Yang,, S., Odah, H. and Shaw, J. 2000: Variations in the geomagnetic dipole moment over the last 
12,0000 years. Geophysical Journal International 140, 158-162. 

84 4 



ChapterChapter 6 - Solar forcing of 'Little Ice Age' climate change 

6 6 
EVIDENC EE FROM NORTHWEST EUROPEAN BOGS SHOWS 
'LITTL EE ICE AGE' CLIMATI C CHANGES DRIVE N BY 
VARIATION SS IN SOLAR ACTIVIT Y 

DmitriDmitri  Mauquoy, Bas van Geel, Maarten Blaauw and Johannes van der Plicht 

Abstract t 

Fluctuationss in Holocene atmospheric radiocarbon concentrations have been shown to be due to 
variationss in solar activity. Analyses of both 10Be and l4C nuclides confirm that production-rate 
changess during the Holocene were largely modulated by solar activity. Analyses of peat samples 
fromfrom two intact European ombrotrophic bogs show that climatic deteriorations during the Littl e Ice 
Agee are associated with transitions to increasing atmospheric 14C content due to greater l4C 
production.. Both ombrotrophic mires, which are positioned ca. 800 km apart, register reactions to 
globallyy recorded 14C fluctuations between AD 1449 and 1464 and an almost identical reaction 
betweenn AD 1601 and 1604. 

6.11 Introductio n 

Thee value of atmospheric radiocarbon content as a solar variability proxy has been confirmed 
throughh analyses of both 14C and ,0Be (Stuiver and Braziunas, 1989; Bard et al., 1997; Beer et al, 
1988;; Beer, 2000). The central Greenland GISP2 ice core background dust concentration also 
appearss to be modulated with a period of 11 years from at least 100,000 yrs BP (Ram et al., 1997). 
Thiss period coincides with the 11 year Schwabe sunspot cycle (Cohen and Lintz, 1974). Evidence 
forr solar forcing of climate change has been detected in European peatbogs at ca. 850 cal BC (van 
Geell  et al., 1999), using 14C wiggle-match dating (van Geel and Mook, 1989; van der Plicht, 1993; 
Kiliann et al., 2000; Speranza et al., 2000) to precisely establish the timing and relation of wet-shifts 
too changes in the production of  l4C. The direct link between mire hydroclimatic changes and 
changess in the production of atmospheric 14C (solar activity) has not yet, however, been detected 
duringg the 'Littl e Ice Age' series of climatic deteriorations. 
Ombrotrophicc mires are closely coupled to the atmosphere, since they receive all their water 
throughh precipitation alone. In addition, plants growing on these mires are sensitive to changes in 
effectivee precipitation (the balance of precipitation remaining after evapo-transpiration processes). 
Rainfedd peat bogs are therefore excellent ecosystems to investigate potential sun/climate links, 
sincee exceptional preservation of sub-fossil material upon burial, combined with high accumulation 
ratess (a mean value of 1 mm yr"1) and relative ease of radiocarbon dating, allows high-resolution 
reconstructionss of Holocene palaeoenvironments to be made using these records (Aaby, 1976; van 
Geel,, 1978; Barber, 1981; Barber et al, 1994; Kilian et al, 1995; van Geel et al, 1996; Mauquoy 
andd Barber, 1999; Hughes et al, 2000). 
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6.22 Material s and Methods 

Inn order to investigate the timing and nature of climate change during the 'Littl e Ice Age' (LIA) , 
peatt monoliths of 1 m depth were taken from Lill e Vildmose (LVM) , Denmark (5650 N, 1015 E, 
seee Figure 1) and Walton Moss (WLM19), UK (54°59 N, 02°46 W). These ombrotrophic mires are 
positionedd ca. 800 km apart, and offer the possibility of detecting supraregional changes in climate. 
Bothh of these rainfed peat bogs are remarkably intact and possess abundant Sphagnum 
magellanicum,magellanicum, principally in lawn microforms, whilst Sphagnum capillifolium and Sphagnum 
tenellum/cuspidatumtenellum/cuspidatum are encountered in hummocks and low lawns/pools respectively. Increases in 
miree surface wetness were detected by increased representation of Sphagnum tenellum, and 
SphagnumSphagnum cuspidatum leaves (Figs. 2b and 3b). Increases in the representation of these subfossil 
bryophytee components unequivocally illustrate high local water-tables (Barber, 1981), which in 
raisedd peat bogs indicates increased effective precipitation (cool, moist climatic conditions). 

Fig.Fig. 6.1 Study sites in Denmark (left) and northern England (right). 
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AA single 92 cm monolith of peat was taken from Lill e Vildmose (LVM) using a Wardenaar corer 
(Wardenaar,, 1987). The top 25 cm of this monolith was compressed by the Wardenaar corer; 
thereforee a small pit was dug immediately adjacent to the Wardenaar borehole, and a replicate core 
takenn with a metal box (50 x 15 x 10 cm). Samples from the box sample were taken to 0-25 cm 
depth,, then from 25-92 cm samples from the Wardenaar monolith were used. The Wardenaar 
boreholee taken from Walton Moss (WLM19) was positioned 7.3 m north-west from Walton Moss 
Coree 11 (see Figure 2 in Barber et al, 1998). WLM19 did not suffer from any visible compression, 
thereforee the complete monolith was investigated. Vegetative macrofossils taken at contiguous 1 cm 
samplee intervals in each monolith were examined using light microscopy. Abundances of each peat 
componentt were expressed as volume percentages of the sub-sample (ca. 5 cm3). 
AA closely spaced series of  MC AMS dated samples immediately preceding and following each of the 
identifiedd wet-shifts was closely matched to century-scale fluctuations (wiggles) in the 14C tree-ring 
calibrationn curve (INTCAL 98 calibration set, Stuiver et al., 1998) using CAL25 (van der Plicht, 
1993).. By using this wiggle-match dating strategy (van Geel and Mook, 1989) the precise timing 
andd relation of wet-shifts to changes in the production of  l4C was determined. During the Holocene, 
productionn of  I4C is mainly dependent upon incident cosmic rays (Figs. 2a and 3a), while the 
intensityy of cosmic rays is anticorrelated with solar activity (Beer, 1990; Letfus, 2000). Changes in 
deep-waterr formation (reduced C02 exchange at the air/sea interface and/or reduced upwelling of 
14CC deficient deep ocean water) appear to be an unlikely candidate for the marked changes in 14C 
productionn during the 'Littl e Ice Age' (Stuiver and Braziunas, 1993). In addition, there is no 
indicationn from experimental data that Holocene l4C wiggles are due to changes in the geomagnetic 
fieldfield intensity (Jürg Beer, personal communication). 

6.33 Results 

Thee calendar and l4C ages of the samples dated from LVM and WLM19 are presented in Tables 6.1 
andd 6.2. In LVM (Fig. 6.2b), the wiggle-match fit of the 19 14C AMS dates to the tree-ring 
calibrationn curve is excellent, with the exception of a single outlier (date 16). The two wet-shifts 
identifiedd in this peat bog using leaf abundances of Sphagnum tenellum and Sphagnum cuspidatum 
weree initiated at ca. AD 1449 (date 14) and AD 1604 (date 11). The wiggle-match dating results for 
WLM199 (Fig. 6.3b) again show an outlier (date 20), but with the exception of this date, the 30 dated 
levelss closely follow the wiggles in the calibration curve. The first climatic deterioration registered 
att date 23 suggests that the inception of Sphagnum tenellum and Sphagnum section Cuspidata 
occurredd at ca. AD 1215. The start of the second and third wet-shifts identified (dates 13, AD 1464 
andd 8, AD 1601) again occurs during periods of rapid increases in AI4C (at a transition point 
betweenn low and high A14C). 
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Calendarr  age (AD) 

12000 130 0 140 0 150 0 180 0 170 0 180 0 190 0 200 0 

FigureFigure 6.2 (a) Detrended A'4Cpresented with 1 a error bars versus calendar age. W: Wolf S: 
Spörer,Spörer, M: Maunder and D: Dalton Minimum (periods of reduced solar activity). Black arrows on 
thethe A'4C curve indicate the initiation of climatic deteriorations as recorded by Sphagnum tenellum 
andand Sphagnum cuspidatum. (b) Radiocarbon versus calendar ages of Sphagnum samples wiggle-
matchmatch dated from Lille Vildmose (LVM). Both the '4C dates and the INTCAL 98 calibration curve 
(Stuiver(Stuiver et al., 1998) are presented with 1 a error bars. Two sub-groups of the '4C dated samples 
werewere independently wiggle-matched to the tree-ring calibration curve (van Geel and Mook, 1989; 
vanvan der Plicht, 1993) on the basis of pronounced changes in peat bulk density (dry mass per cm'3). 
TheseThese changes reflect variations in peat accumulation rate. Abundances of Sphagnum tenellum 
(dots)(dots) and Sphagnum cuspidatum (horizontal lines) are superimposed and register increases in 
miremire surface wetness (cool, moist climatic conditions). Volume abundances of these vegetative 
macrofossilsmacrofossils are expressed as percentages in the ca. 5 cm3 samples investigated. 
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Calenda rr  age (AD) 
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FigureFigure 6.3 (a) Detrended A'4C presented with 1 a error bars versus calendar age. W: Wolf S: 
Spörer,Spörer, M: Maunder and D: Dalton Minimum (periods of reduced solar activity). Black arrows on 
thethe A,4C curve indicate the initiation of climatic deteriorations as recorded by Sphagnum tenellum 
andand Sphagnum cuspidatum. (b) Radiocarbon versus calendar ages of Sphagnum samples wiggle-
matchmatch dated from Walton Moss 19 (WLM19). Both the '4C dates and the INTCAL 98 calibration 
curvecurve (Stuiver et al, 1998) are presented with 1 O error bars. Three sub-groups of the l4C dated 
samplessamples were independently wiggle-matched to the tree-ring calibration curve (van Geel and Mook, 
1989;1989; van der Plicht, 1993) on the basis of pronounced changes in peat bulk density (dry mass per 
cm'cm'11),), since these sub-groups are likely to have accumulated at different rates. Abundances of 
SphagnumSphagnum tenellum (dots) and Sphagnum cuspidatum (horizontal lines) are superimposed and 
registerregister increases in mire surface wetness (cool, moist climatic conditions). Volume abundances of 
thesethese vegetative macrofossils are expressed as percentages in the ca. 5 cm3 samples investigated. 
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TableTable 6.1 Radiocarbon and wiggle-match date results for Lille Vildmose. The dates were 
calibratedcalibrated using the INTCAL 98 calibration curve (Stuiver et ai, 1998) within the Groningen 
programprogram Cal25 (van der Plicht, 1993). 
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TableTable 6.2 Radiocarbon and wiggle-match date results for Walton Moss Core 19. The dates 
werewere calibrated using the INTCAL 98 calibration curve (Stuiver et al, 1998) within the Groningen 
programprogram Cal25 (van der Plicht, 1993). 
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6.44 Discussion 

Thee first climatic deterioration in LVM at ca. AD 1449 occurred during a period of rapid increase in 
Al4CC (Figure 6.2a), whilst the second one at ca. AD 1604 was initiated at a transition point between 
loww and high AHC. Both of these wet-shifts occurred when production of  14C increased rapidly at 
thee beginning of the Spörer (S) and Maunder (M) Minima respectively. During these periods of 
reducedd solar activity, cosmic rays were less effectively deflected by the solar wind, allowing more 
14CC production in the atmosphere. The value of  ,4C as a proxy of solar activity changes is confirmed 
byy the fact that during the Maunder Minimum, there were very few sun spots (Letfus, 2000). The 
deepestt part of the LVM peat stratigraphy post-dates the beginning of the Wolf (W) Minimum, so it 
wass not possible to explore the peat proxy climate/A!4C relation before ca. AD 1340. Increased mire 
surfacee wetness did not occur during the Dalton Minimum. 
Thee wet-shifts identified in WLM19 (ca. AD 1215, AD 1464 and AD 1601) appear to have 
occurredd during the Wolf, Spörer, and Maunder Minima respectively (Figure 6.3a). WLM19 
mirrorss the climatic response of LVM, since increased mire surface wetness did not occur during 
thee Dalton Minimum. The five wet-shifts identified in the peat stratigraphy of LVM and WLM19 
aree all correlated with steep increases in A14C, which are highly likely to have been driven by 
increasedd 14C production, i.e. solar forcing changes. The identification of the Spörer and Maunder 
Minimaa in both LVM (ca. AD 1449 and 1604) and the Wolf, Spörer and Maunder Minima in 
WLM199 (ca. AD 1215, 1464 and 1601 respectively), suggests that these climatic deteriorations had 
widespreadd effects, since these two mires are positioned ca. 800 km apart. These time intervals 
correspondd to periods of peak cooling in 1000-yr Northern Hemisphere climate records (Crowley 
andd Lowery, 2000). Further evidence for the widespread registration of the 'Littl e Ice Age' is 
presentedd in the Greenland GISP2 ice core by O'Brien et al. (1995) based on sea salt and terrestrial 
dustt fluxes. The diatom based record of Korhola et al. (2000) for Northern Fennoscandia also 
suggestss that regional changes in climate occurred during the 'Littl e Ice Age' (400 cal BP). The 
suddenn increase in AI4C during the Dalton Minimum is smaller (8.8%o) than the Wolf, Spörer and 
Maunderr Minima, which were major increases in A14C (around 20%o). Solar activity changes during 
thee Dalton Minimum may therefore not have been as severe as the antecedent 'Littl e Ice Age' 
changes,, which may explain the failure of the peat stratigraphy to record climatic changes during 
thiss time. 
Thee direct link identified here between changes in 14C production and the occurrence of regional 
climatee change signals in ombrotrophic peat bogs during the LIA , suggests that solar forcing during 
thiss period may well have been an important driving factor for much of the suggested natural 
preindustriall  temperature variability in the Northern Hemisphere (Lean et al., 1995). Solar activity 
iss estimated to have varied by 0.24% from the Maunder Minimum to the present time (Lean and 
Rind,, 1998). Given these possible small changes in solar radiative output, amplifying mechanisms 
mayy operate to effect climate forcing. The precise nature of these amplifying mechanisms is 
uncertain,, however (van Geel et al., 1998, 1999). Nevertheless, this increasing body of evidence for 
aa link between changes in l4C production and the occurrence of climate change signals in 
ombrotrophicc peat bogs suggests that variations in solar activity may well have been an important 
factorr driving Holocene climate change. 
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SUMMAR Y Y 

Althoughh nowadays Man appears to influence climate, in the past considerable climate changes 
havee occurred without human influence. In order to understand present climate change, knowledge 
off  the natural causes of climate change is needed. 
Thee sun is one of the possible forcing factors of natural climate change. The sun has many features 
thatt vary in a more or less cyclical way, the 11 year sunspot cycle being the best known example. 
Att the maximum of the 11 year solar cycle, the sun emits 0.1% more radiation than at the minimum 
off  this cycle. Such small and short-lasting changes in irradiance are thought not to be able to cause 
detectablee changes in climate. However, other forms of solar energy emission also vary temporally 
(such(such as the spectral composition of irradiance), and it is known from historical sunspot 
observations,, studies of sun-like stars and proxy archives, that solar activity probably has varied 
considerablyy more in the past. Evidence is growing that past changes in solar activity occurred 
togetherr with climate changes. The 'Littl e Ice Age' for example, a period of considerable cooling in 
Europee and other regions, occurred during a period of decreased solar activity (as reconstructed 
fromm historical sunspot observations and from proxy archives of the cosmogenic isotopes l0Be and 
l4C).. Although physical explanations for solar forcing of climate change are currently not yet 
widelyy accepted, the temporal link between solar variability and climate change can be seen as 
evidencee for solar forcing of climate change. 
Alsoo during other periods of the Holocene, changes in solar activity seem to have forced changes in 
climate.. In this thesis, new indications for solar forcing of climate change are presented. Changes in 
locall  vegetation composition of cores from raised bog deposits have been used to infer wet-shifts. 
Ass raised bogs are dependent on precipitation only for their water and nutrients, such wet-shifts are 
assumedd to have been caused by changes in climate (wetter and/or cooler). Most of the wet-shifts 
foundd in the studied cores were coeval with major decreases in solar activity (as derived from the 
Ai4CC record). 
Thee Holocene changes in solar activity and coeval wet-shifts in raised bog deposits occurred within 
decades.. Only with precisely dated archives of solar activity and climate change can the temporal 
linkk between the two be assessed. With 14C wiggle-match dating (WMD), high-precision 
chronologiess can be obtained from organic deposits. The non-linear relationship between 14C age 
andd calendar age is used to match the shape of a series of closely spaced peat 14C dates with the l4C 
calibrationn curve. In this thesis, based on several case-studies, the advantages and limitations of 
WMDD of organic deposits are assessed, a new numerical approach for assessing best fits and 
confidencee intervals of WMD chronologies is developed, and guidelines are given for colleagues 
whoo plan to use this dating method. 
Thee high-precision chronologies obtained by 14C wiggle-match dating show that during the mid-
Holocenee and the Littl e Ice Age, wet-shifts in cores of raised bog deposits (indicating climate 
change)) were often coeval with periods of decreased solar activity. 
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Background Background 
Aspectss of global warming, natural climate variations and the possible role of solar variability in 
forcingg climate change are discussed in chapter 1. Furthermore, the cosmogenic isotope radiocarbon 
(14C)) is introduced. Archives of  14C can be used to reconstruct past changes in solar activity, and 
moreoverr are invaluable for obtaining precise calendar year chronologies. The use of raised bog 
depositss for reconstructing Holocene climate changes is discussed. Wet-shifts in 14C wiggle-match 
datedd cores from raised bog deposits can be used to assess the temporal relation between changes in 
solarr activity and climate changes during the Holocene. 

1414CC wiggle-match dating 
Ann introduction to WMD is presented in chapter 2. Until recently, high-resolution WMD 
chronologiess had only been constructed from periods during which the 14C calibration curve showed 
majorr wiggles. In this chapter, it is assessed whether WMD is also a feasible strategy during periods 
wheree the 14C calibration curve shows less pronounced excursions. It is shown that during such 
periodss there is often no unique WMD solution. In these cases chronologies are therefore often less 
precisee than during periods of major wiggles in the 14C calibration curve. 
WMDD of organic deposits appears to give higher precision chronologies than those generated using 
thee usual approach of calibrating individual  14C dates. However, the question is often asked how 
muchh more precise WMD is. In chapter 3, a new numerical approach to WMD is presented. With 
thiss method the most probable WMD chronology can be found, and calendar year confidence 
intervalss can be calculated. Using the numerical approach, WMD chronologies can be compared 
withh chronologies obtained using individually calibrated 14C dates. It is shown that WMD does 
resultt in higher-precision chronologies (making certain assumptions!), although precision-gain 
dependss on me shape of the 14C calibration curve. 
Inn chapter 4, a problematic peat core is reported. WMD revealed that the core was much older than 
expected.. However, the problems experienced with this core did help us with constructing a list of 
guideliness for obtaining WMD chronologies. 

SolarSolar forcing of climate change 
InIn chapter 5, two high-precision 14C wiggle-match dated cores from mid-Holocene raised bog 
depositss are used to assess the temporal relation between climate changes and changes in solar 
activity.. It is shown that wet-shifts in the peat cores (as inferred from changes in local vegetation 
composition)) often correspond with large decreases in solar activity (recorded as peaks in A14C). 
Thee use of AI4C to reconstruct solar variability during the Holocene is reviewed. 
Chapterr 6 provides additional evidence for the temporal link between decreases of solar activity and 
climatee change. This chapter focuses on high-precision l4C wiggle-match dated cores of two raised 
bogg deposits from the Littl e Ice Age. In both raised bog deposits, positioned ca. 800 km apart, 
significantt wet-shifts occurred during major decreases in solar activity. 
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FutureFuture research 
Somee suggestions can be given for future research. The numerical approach to WMD presented in 
thiss thesis could be compared with other approaches such as Bayesian wiggle-match dating. Studies 
couldd also be made into, e.g., how high the resolution of a sequence of  l4C dates should be for 
obtainingg a precise WMD chronology. However, the feasibility of such studies is doubtful. Because 
thee properties of both peat cores and the ,4C calibration curve are highly variable, it is doubted 
whetherr any such 'general rules' could be constructed for WMD. 
Althoughh the wet-shifts recorded in core MSB-2K were often coeval with peaks of A14C (chapter 5), 
aa duplicate of this study would be welcome to be able to exclude the possibility that the 
reconstructedd wet-shifts were merely due to, e.g., internal dynamics of the raised bog. Moreover, 
WMDD studies of raised deposits from other areas in the world would be welcome to assess the 
temporall  and spatial relationship between A14C and climate change. Although large parts of the 
Holocenee have now been assessed for the link between A14C and climate change (see Fig. 1.1), 
somee periods of the Holocene still need to be studied. 
Volcanicc eruptions during the Holocene have deposited tephra layers over large areas. These tephra 
layerss are used to date climate archives, and to temporally link climate archives over wide regions 
suchh as the North-Atlantic. However, precise calendar year ages of many tephra events are still 
lacking.. The occurrence of layers of micro-tephra in cores Eng-XV and MSB-2K (chapters 2, 3, 5) 
iss currently being studied by dr. Wim Hoek, Utrecht University, the Netherlands. As high-precision 
chronologiess of these cores have been obtained, hopefully soon more precise calendar ages can be 
assignedd to tephra layers such as Hekla-3 and Hekla-4. 
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SAMENVATTIN G G 

Alhoewell  menselijke activiteit tegenwoordig het klimaat lijk t te beïnvloeden, hebben er in het 
verledenn vele klimaatveranderingen plaatsgevonden zonder dat de mens die kan hebben 
veroorzaakt.. Om de huidige klimaatverandering te kunnen begrijpen is kennis van de natuurlijke 
oorzakenn van klimaatverandering van groot belang. 
Dee zon is een van de mogelijke factoren die natuurlijke klimaatveranderingen kunnen veroorzaken. 
Velerleii  eigenschappen van de zon variëren min of meer cyclisch. De elfjarige zonnevlek-cyclus is 
hiervann het meest bekende voorbeeld. Op het maximum van de elfjarige zonnecyclus straalt de zon 
0,1%% meer energie uit dan op het minimum van deze cyclus. Zulke kleine en kortdurende 
veranderingenn in straling kunnen waarschijnlijk geen merkbare klimaatveranderingen veroorzaken. 
Daarentegenn veranderen ook andere eigenschappen van de zon door de tijd heen (zoals bijvoorbeeld 
dee spectrale samenstelling van de straling), en het is bekend van historische zonnevlek-
waarnemingen,, studies van 'zon-achtige' sterren en proxy-archieven, dat de zonneactiviteit vroeger 
waarschijnlijkk veel meer variabel is geweest. Er komen steeds meer bewijzen dat veranderingen in 
zonneactiviteitt in het verleden samengingen met klimaatveranderingen. De 'Kleine IJstijd' 
bijvoorbeeld,, een periode met aanzienlijke afkoeling in Europa en andere gebieden, vond plaats 
tijdenss een periode van verminderde zonneactiviteit (zoals afgeleid uit historische zonnevlek-
waarnemingenn en uit proxy-archieven van de kosmogene isotopen ,0Be en 14C). Alhoewel 
natuurkundigee verklaringen voor zonneforcering van klimaatverandering tot nu toe niet algemeen 
wordenn geaccepteerd, kan de temporele samenhang tussen zonne-variabiliteit en 
klimaatveranderingg worden gezien als bewijs voor zonneforcering van klimaatverandering. 
Ookk tijdens andere perioden van het Holoceen lijken veranderingen in zonne-activiteit 
veranderingenn in het klimaat te hebben veroorzaakt. In dit proefschrift worden nieuwe aanwijzingen 
voorr een rol van de zon bij klimaatverandering gegeven. Veranderingen in lokale 
vegetatiesamenstellingg van hoogveen-afzettingen zijn gebruikt om vernattingen in de venen te 
reconstrueren.. Aangezien hoogvenen geheel afhankelijk zijn van neerslag voor hun water en 
voedingsstoffen,, kunnen we aannemen dat zulke vernattingen meestal het gevolg zijn geweest van 
veranderingenn in klimaat (natter en/of koeler). De meeste vernattingen in de bestudeerde 
veenkernenn vielen samen met grote afhames in zonne-activiteit (zoals afgeleid uit het 14C archief). 
Dee veranderingen in zonne-activiteit tijdens het Holoceen en gelijktijdige vernattingen in hoogveen-
afzettingenn vonden plaats binnen decennia. Alleen met precies gedateerde archieven van zonne-
activiteitt en klimaatverandering kan de samenhang tussen de twee worden onderzocht. Met 14C 
wiggle-matchh datering (WMD) kunnen hoge-resolutie chronologieën worden verkregen uit 
organischee afzettingen. Bij WMD wordt de non-lineaire relatie tussen l4C-leeftijd en 
kalenderleeftijdd gebruikt. Een serie van dicht bij elkaar genomen 14C dateringen van veenmonsters 
wordtt vergeleken met de ,4C-calibratiecurve, waarop de veranderingen in het atmosferisch l4C-
gehaltee het mogelijk maken om beide datasets te 'matchen'. In dit proefschrift worden, aan de hand 
vann verschillende voorbeelden, de voor- en nadelen van WMD van organische afzettingen bekeken, 
wordtt een nieuwe numerieke aanpak van WMD ontwikkeld waarmee de beste oplossingen en 
betrouwbaarheidsintervallenn kunnen worden bepaald, en worden richtlijnen gegeven voor collega's 
diee deze techniek van plan zijn te gaan gebruiken. 
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Dee hoge-precisie chronologieën verkregen door 14C wiggle-matching laten zien dat tijdens het 
midden-Holoceenn en de Kleine IJstijd vernattingen in hoogveenkernen (indicatief voor 
klimaatverandering)) vaak samenvielen met perioden van verlaagde zonne-activiteit. 

Achtergrond Achtergrond 
Aspectenn van 'global warming', natuurlijke klimaatvariaties en de mogelijke rol van 
zonnevariabiliteitt in het forceren van klimaatverandering worden besproken in hoofdstuk 1. 
Bovendienn wordt l4C geïntroduceerd. Archieven van 14C kunnen worden gebruikt om veranderingen 
inn het verleden van zonne-activiteit te reconstrueren, en deze archieven zijn bovendien onmisbaar 
voorr het verkrijgen van preciese kalender-chronologieën. Het gebruik van hoogveen-afzettingen 
voorr het reconstrueren van klimaatveranderingen tijdens het Holoceen wordt besproken. 
Vernattingenn in via WMD gedateerde hoogveenkernen kunnen worden gebruikt om de eventuele 
temporelee samenhang tussen veranderingen in zonne-activiteit en klimaatveranderingen tijdens het 
Holoceenn te onderzoeken. 

1414CC wiggle-match dating 
Inn hoofdstuk 2 wordt de techniek van l4C wiggle-match dating geïntroduceerd. Tot nu toe werden 
hoge-resolutiee WMD studies alleen maar geconstrueerd voor perioden tijdens welke de 14C 
calibratiecurvee grote schommelingen ('wiggles') liet zien. In dit hoofdstuk wordt onderzocht of 
WMDD ook een succesvolle strategie kan zijn tijdens perioden waar de ,4C calbratiecurve minder 
grotee schommelingen laat zien. Het blijkt dat er tijdens zulke perioden vaak geen unieke WMD-
uitkomstenn zijn. In zulke gevallen zijn de chronologieën dan ook minder precies dan tijdens 
periodenn met grote schommelingen in de l4C calibratiecurve. 
Mett WMD van organische afzettingen blijken hogere precisie-chronologieën te kunnen worden 
verkregenn dan mogelijk is met de gewoonlijke aanpak van calibratie van individuele ,4C dateringen. 
Echter,, vaak wordt de vraag gesteld hoeveel preciezer WMD nu is. In hoofdstuk 3 wordt een 
nieuwee numerieke aanpak van WMD gepresenteerd. Met deze methode kan de meest 
waarschijnlijkee WMD-chronologie worden gevonden, en kunnen betrouwbaarheidsintervallen in 
kalenderjarenn worden berekend. Met de numerieke aanpak kunnen WMD-chronologieën worden 
vergelekenn met chronologieën verkregen via calibratie van individuele 14C dateringen. Het blijkt dat 
WMDD resulteert in hogere precisie-chronologieën (met bepaalde aannames!), alhoewel het succes 
afhankelijkk is van de vorm van de 14C calibratiecurve. 
Inn hoofdstuk 4 wordt een problematische hoogveenkem besproken. WMD liet zien dat de kern veel 
ouderr was dan verwacht. Echter, de problemen ondervonden bij het onderzoek van deze kern 
hielpenn ons met het samenstellen van een lijst met richtlijnen voor het verkrijgen van WMD-
chronologieën. . 
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ZonneforceringZonneforcering van klimaatverandering 
Inn hoofdstuk 5 worden twee I4C wiggle-match gedateerde hoogveenkernen uit het midden-Holoceen 
gebruiktt om de temporele samenhang tussen klimaatveranderingen en veranderingen in zonne-
activiteitt te onderzoeken. Het blijkt dat de vernattingen in de veenkernen (afgeleid uit 
veranderingenn in lokale vegetatiesamenstelling) vaak samenvielen met grote afnames in zonne-
activiteitt (gekenmerkt door pieken in AHC). Het gebruik van Al4C om zonne-activiteit tijdens het 
Holoceenn te reconstrueren wordt besproken. 
Hoofdstukk 6 laat extra bewijzen zien voor de samenhang tussen verlaagde zonne-activiteit en 
klimaatverandering.. Dit hoofdstuk richt zich op twee via 14C wiggle-matching gedateerde 
hoogveenkernenn uit de Kleine IJsnjd. In beide hoogveen-afzettingen, die ca. 800 km van elkaar 
verwijderdd liggen, vonden significante vernattingen plaats tijdens perioden van sterk verlaagde 
zonne-activiteit. . 

ToekomstigToekomstig onderzoek 
Enkelee suggesties voor toekomstig onderzoek kunnen worden gegeven. De numerieke aanpak van 
WMDD gepresenteerd in dit proefschrift zou kunnen worden vergeleken met andere technieken zoals 
'Bayesian'' wiggle-match dating. Ook zou kunnen worden onderzocht hoeveel  l4C dateringen nodig 
zijnn voor het verkrijgen van een preciese WMD chronologie. Echter, het wordt betwijfeld of zulke 
studiess haalbaar zijn. De eigenschappen van zowel veenkernen als de l4C calibratiecurve zijn zeer 
variabel,, en daarom is het onzeker of algemene 'regels' voor WMD kunnen worden gevonden. 
Alhoewell  de vernattingen in de hoogveenkern MSB-2K vaak samenvielen met pieken in A14C 
(hoofdstukk 5), zou een herhaling van dit onderzoek (met een andere veenkem) welkom zijn om de 
mogelijkheidd uit te sluiten dat de gevonden vernattingen slechts het gevolg zouden zijn geweest van 
internee dynamiek in een hoogveen. Bovendien zouden WMD studies van hoogveenkernen uit 
anderee delen van de wereld welkom zijn, om zowel de temporele als ruimtelijke samenhang tussen 
A14CC en klimaatverandering te bekijken. Alhoewel grote delen van het Holoceen inmiddels zijn 
onderzochtt op de link tussen A14C en klimaatverandering (zie figuur 1.1), kunnen sommige 
periodenn hierop nog worden onderzocht. 
Vulkaanuitbarstingenn tijdens het Holoceen hebben lagen van vulkanische as (tephra) neer laten 
dwarrelenn over grote gebieden. Deze tephra-lagen kunnen worden gebruikt om klimaatarchieven te 
dateren,, en om een verschillende klimaatarchieven over grote gebieden te kunnen 'linken'. Echter, 
preciesee kalenderleeftijden van vele tephra-lagen zijn nog steeds niet beschikbaar. Op dit moment 
wordtt door dr. Wim Hoek (Universiteit Utrecht) het voorkomen van lagen van micro-tephra in 
kernenn Eng-XV en MSB-2K onderzocht. Omdat van deze kernen chronologieën met hoge precisie 
zijnn geconstrueerd, kunnen hopelijk snel betere kalenderleeftijden worden gegeven aan tephra-lagen 
zoalss Hekla-3 en Hekla-4. 
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APPENDICES S 

Appendixx A 

Regionall  pollen diagram of core Eng-XV. Hatched histograms indicate 10 times exaggerated 
values.. The curve of Corylus pollen could contain some grains of Myrica. Myrica produced very 
loww amounts of pollen at the location and deposition period of this core (cf. van Geel, 1978). 

Appendixx B 

Locall  vegetation diagram of core Eng-XV, including fungi and animals, p: from pollen slides; 
valuess are expressed as percentage of the pollen sum (arboreal pollen) and plotted as diagonally 
hatchedd histograms. Hollow histograms indicate 10 times exaggerated values. %: macrofossils, 
expressedd as estimated volume percentage (curves with depth bars). Black curves indicate 
macrofossilss counted as numbers, dots indicate macrofossils counted as present in low numbers. 
Cladoceraa were expressed on a 0-4 scale, 0 indicating absence, 4 indicating 'many'. %C, %N, 
C/NN and LOI were measured by Nico de Wilde de Ligny, as described by Speranza (2000). Note 
thatt curves of %C and LOI do not start at 0. 

AppendixAppendix C > 

Ó) ) 
Macrofossil-diagramm of core Eng-XVI. Hatched histograms are macrofossils expressed as £ 
volumee percentage, black histograms indicate macrofossils counted as numbers, dots indicate fi 
macrofossilss counted as present/absent. Cladocera were expressed on a 0-6 scale, 0 indicating 8 
absence,, 6 indicating 'many'. "5 

I I 
| | 
n n c c o o 

f f 

Appendixx D 

< < 

Macrofossil-diagramm of core MSB-2K. Hatched histograms are macrofossils expressed as 
volumee percentage, black histograms indicate macrofossils counted as numbers, dots indicate 
macrofossilss counted as present/absent. Cladocera were expressed on a 0-6 scale, 0 indicating 
absence,, 6 indicating 'many'. %C, %N, C/N and LOI were measured by Nico de Wilde de Ligny, 
ass described by Speranza (2000). Note that curves of %C and LOI do not start at 0. x 
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