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INTRODUCTION N 

1.11 Aim of the study 

Thee scope of the present work is to reconstruct vegetation and climate dynamics in 
thee Czech Giant Mountains during the last 4000 years by palaeoecological analyses of 
peatt deposits. A more specific aim is to assess solar forcing of climate in the study 
areaa at approximately 850 cal BC (calendar years before Christ). During this period, 
climaticc change occurred worldwide, corresponding with onset of low solar activity. 
Researchh on solar forcing of climatic change has been hampered by a lack of 
precisionn in the calendar time-control, caused by sun-induced fluctuations of AI4C 
(AI4CC is the relative deviation of the measured l4C activity from the international 
standard,, after correction from the isotope fractionation and decay; Stuiver and 
Pollach,, 1977). Note that in this work AI4C is detrended for the geomagnetic field 
contribution.. With an imprecise time-control, no reliable comparison or correlation 
wass possible between climate indicators and solar proxies. The introduction of the 
innovativee Wiggle-Match Dating (WMD) strategy {van Geel and Mook, 1989; Kilian 
etet at., 1995) contributed to overcome the problem and to achieve optimal time-
control.. In the present study, thanks to the application of WMD strategy, a direct 
comparisonn is made between the curves of botanical climate indicators and the curve 
off  the solar proxy A"*C. Using this information, solar forcing of climatic change 
aroundd 850 cal BC could be studied. 
Ass over the last 4000 years information on the activities of human populations 
inhabitingg the area were recorded in the peat archives, human impact was included as 
aa topic of the study. The availability of undisturbed peat bogs, the sharp climatic 
gradientss in the mountain area combined with the low degree of human impact before 
Medievall  times make the Giant Mountains particularly suitable for the aim of this 
research. . 

1.22 Scheme of the work 

Inn chapter I relevant background information is presented: the research area, 
vegetationn development, human impact in the Giant Mountains, radiocarbon, solar 
forcingg of climatic change. The results are presented in chapters 2 to 6. These 
chapterss maintain the same format they have within the scientific journals where they 
aree published or to which they are submitted. This supports the understanding of the 
singlee chapters, but inevitably leads to the repetition of some parts (introductions, 
locationn and characteristics of the study area, methods). 

1 1 



ChapterChapter 1 

Inn chapter 2 the wiggle-match dating procedures for achieving a calendar time-control 
forr the Pancavska Louka sequence are presented. This chapter was published in 
Quaternaryy Science Reviews, volume 19, p. 1589-1604. Co-authors are Johannes van 
derr Plicht and Bas van Geel. 
Chapterr 3 includes the results of the palaeoecological analyses of the Pancavska 
Loukaa sequence. Changes in vegetation, climate and human impact during the last 
40000 years are discussed. Co-authors are Bas van Geel, John P. Grattan and Johannes 
vann der Plicht. 
Thee influence of solar activity on climate at Pancavska Louka around ca. 850 cal BC 
iss presented in chapter 4, Co-authors are Bas van Geel and Johannes van der Plicht. 
Inn chapter 5. human impact and peat development at the Cerna Hora bog are 
discussed.. This chapter was published in The Holocene, volume 10, p. 575-585. Co-
authorss are Juliane Hanke, Bas van Geel and Josef Fanta. 
AA comparison of evidences of human impact at the sites of Pancavska Louka, Upska 
RaSelinaa and Cerna Hora, and the comparison with archaeological and historical 
information,, are reported in chapter 6. Co-authors are Yvonne F.A. Brakeboer, Josef 
Fanta,, Bas van Geel and Johannes van der Plicht. 
Thee conclusions are presented in chapter 7. 

1.33 The research area 

Thee Giant Mountains (Krkonose in Czech, Karkonosze in Polish and known as 
Riesengebirgee in German) are located at the border between the Czech Republic and 
Poland,, occupying the area between ca. 50" and 51° latitude N and 15° and 17* 
longitudee E. They constitute the biggest mountain range of the Sudete, and have a 
northwestt to southeast orientation. The highest point is Mount Snezka (1603 m). 
Threee peat sequences from the Giant Mountains were analysed and studied: 
Panéavskaa Louka (50°45'10" N, ]5°32T50" E), Cerna Hora (50°39'38.257l" N, 
15°45'21.0822""  E) and Üpska Raselina (50°44,20" N, 15°42'45" E). A description 
off  the sites will be given in the appropriate chapters. 

Geology Geology 
Thee Giant Mountains form the northern fringe of the Bohemian Massif, which is of 
Hercynicc age. They are mainly constituted of crystalline metamorphic rocks 
(Krkonosee - Jizerske Mountains complex) such as mica schists, phyllites and 
orthogneiss,, of Proterozoic to Palaeozoic age. This complex was folded twice during 
thee Palaeozoic and. during the second folding event, in the Carboniferous, it was 
intrudedd by a granite pluton which now forms most of the main ridges and almost the 
wholee of the Polish side of the mountains (Flousek. 1994). In the hard contact zone 
aroundd the pluton, major ore deposits are found. The ores have been exploited since at 
leastt the Middle Ages. Other lithologies occurring in the area are quartzites, basalts 
andd limestones. 
Duringg the Mesozoic and the first half of the Cenozoic, when tropical and subtropical 
climatess dominated in Central Europe, chemical weathering smoothed the reliefs of 
thee Giant Mountains. During the upper Cenozoic, orographic movements related to 
foldingg in the Alpine and Carpathians systems slowly uplifted the Giant Mountains 
(Flousek,, 1994). During the Quaternary ice ages, the relief was modelled by alpine 
glacierss and frost weathering. During the Holocene. the main erosional agents have 
beenn water erosion, landslides and antropogenic factors; frost and biological 
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weatheringg are less pronounced; karstic processes are recorded in the limestone area 
(Flousek,, 1994). 
Thee streams are usually mountain torrents with steep gradients and unstable beds 
becausee of strong river traction (narrow, deep valleys). Large fluctuations in water 
levell  and discharge are characteristics. In depressions and springs of the subalpine 
andd montane vegetation belts, mires are present (Flousek, 1994). The main rivers on 
thee Czech side of the mountains are the Elbe, the Upa and the Mumlava, and on the 
Polishh side the Lomnice and the Kamienna. On the Polish side small lakes dammed 
byy moraines are present: Wielki and Maly Staw and the lakes in the Sniezne Kotly 
cirques. . 
Thee soils of the Giant Mountains display a marked altitudinal zonation; their 
developmentt has been influenced by the cold and rather wet climate (Flousek, 1994). 
Al ll  soils, with the exception of small areas with rendzinas on crystalline limestone, 
aree acidic. Brown acidic soils prevail at lower altitudes; at higher elevations they 
gradee into brown podsolic soils, which are the most common soil type of the region. 
Abovee 1000 m, podsolic soils can be found; at higher locations they change into 
alpinee soils, which often display frost action (polygonal and patterned soils; Flousek, 
1994).. Rankers occur in isolated locations, particularly on steep slopes. Rankers in 
thee subalpine belt are mostly covered by Krummholz. Deep fluvisoils are present 
locallyy in floodplains, gley soils are present around springs and in depressions on 
slopes,, and organic soils in the mountain mires of the forest belt and in the subartic 
mires'abovee the timberline. Peat deposits in the Giant Mountains occur at all 
altitudes,, but they are mainly present on the plateau at, or above, the forest limit. 

Climate Climate 
Thee Giant Mountains have a temperate climate, marked by a strong seasonal 
periodicity.. The area is characterised by a short, relatively cold and humid summer, 
andd moderately cold autumn and spring. The winter is usually long and cold, with 
highh precipitation and long snow cover (Neuhauslova et a/., 1998). Due to the relative 
proximityy to the Atlantic Ocean and the prevalence of western winds, the high ridges 
off  the mountains intercept wet, cold oceanic air masses causing high rainfall and 
snowfalll  and low temperatures throughout the year. The mean annual temperature is 
betweenn 0° C and 6*  C, being 0.2° C in Snezka, 1.9° C in Szrenica, 4.7° C in 
Spindleruvv Mlyn, 4.9° C in Harrachov, 5.8° C in Szklarska Poreba, 5.9° C in Karpacz 
andd 6.1° C in Zacler (Flousek, 1994). Precipitation increases with altitude from about 
8000 mm in the foothills to 12001400 mm on the summits (Flousek, 1994); at the 
highestt elevations snow can fall in any month of the year and from mid-October to 
mid-Mayy there is a permanent snow cover. 

Vegetation Vegetation 
Accordingg to Firbas (1952). four vegetation belts can be recognised in the Giant 
Mountains.. Up to approximately 600-700 m. the lowland vegetation belt 
(Hiigellandstufe)) is characterised by mixed forest with Fagus sylvatica, Pinus 
sylvestris,sylvestris, Quercus, Carpinus betulus and Alnus glutinosa. The montane vegetation 
occurss between 600-700 m and 1200-1300 m. Before being affected by humans, it 
couldd reach 1400 m. It is divided in lower montane vegetation (600-700 to 1000 m) 
andd upper montane vegetation (1000 to 1200-1300 m). Fagus sylvatica and Abies 
albaalba are the main components of the lower montane vegetation. Nowadays Picea 
abiesabies predominates. The upper mountain vegetation is mainly composed of Picea 
abies;abies; Abies alba iss usually absent, while Fagus sylvatica is present also locally at the 
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forestt limit (Fanta, 1981). The subalpine belt (Knieholzstufe), occurs up to 1450-
15000 m and locally up to 1560 m. It is characterised by Pinus mugo var. pumilio, 
openn vegetation with Calluna vulgaris and Vaccinium myrtillus, Salix silesiaca, Salix 
lapponum,lapponum, Sorbus aucuparia ssp. alpestris. Prunus padus ssp. petraea and Betula 
pubescenspubescens ssp. carpathica. Picea abies occurs also in this vegetation belt in shrub 
form.. The main bogs of the Giant Mountains occur on the plateaux in the subalpine 
vegetationn belt. According to Neuhauslova et al. (1998). they belong to a complex of 
montanee raised bogs. The most common taxa are Pinus mugo. Eriophorum 
vaginatum,vaginatum, Baeothryon caespitosum, Carex pauciflora, Andromeda polifolia, 
OxycoccosOxycoccos palustris, Empetrum hermaphroditum. E. nigrum, 1'accinium uliginosum, 
V.V. vitis-idaea, V. myrtillus. Sphagnum species and Aulacomnium palustre. Above the 
subalpinee belt, the alpine vegetation belt is limited to the highest elevations, 

HoloceneHolocene vegetation development in the Czech Republic (after Neuhauslova et al., 
1998) ) 
Duringg the Lateglacial, steppe with Artemisia, Chenopodiaceae, Centaurea and 
HelianthemumHelianthemum covered the lowlands, Salix and tall herbs (Cyperaceae. Veratrum, 
Trollius,Trollius, Polemonium, Petasites) grew in alluvial habitats and Pinus and Betula 
tundraa was present in the uplands and mountains. After the sudden increase of 
temperaturee in the Preboreal, the steppe was replaced by a formation of an open forest 
withh Pinus and Betula. Alnus became part of the alluvial communities at the end of 
thee period. At the beginning of the Boreal Corylus, Quercus and Ulmus appeared in 
thee lowlands. Corylus and later Picea expanded in the uplands up to 1000 m. During 
thee Atlantic period Tilia and Quercus, together with Ulmus and Corylus, dominated 
thee lowlands. In the upland areas a mixed montane deciduous forest was present, with 
Ulmus,Ulmus, Tilia, Fraxinus, Acer, Corylus and later with sporadic Fagus. Corylus was 
possiblyy an important component of the vegetation on the highest ridge, while Alnus 
andd Picea stands occurred on waterlogged sites and alluvia at higher altitudes. The 
Subboreall  period was characterised by a gradual temperature decrease. The spread of 
hygrophilouss and mesophilous tree taxa - Alnus, Picea, Fagus and Abies - point to 
humidd conditions. Picea invaded the montane deciduous forest and, towards the end 
off  the period. Abies and Fagus spreaded in the Picea forest. According to 
Neuhauslovaa et al. (1998), the climate of the Subatlantic period corresponds to that of 
thee present time. The migration of Carpinus betulus changed the Tilia-Quercus forest 
intoo a Carpinus-Quercus forest below approximately 500 m. In the mountain areas, 
thee formation of a mixed forest with Fagus, Abies and Picea was completed. Abies 
albaalba was dominant in a belt between those of Quercus and of Fagus. 

HumanHuman impact 
Humann impact on vegetation started in Central Bohemia and Southern Moravia at ca. 
65000 BP (before present, where the present is conventionally 1950 AD), with local 
deforestation,, cultivation and forest grazing (Neuhauslova et al.. 1998). Extensive 
deforestationn in the lowlands occurred during and after the Bronze Age (4000-1000 
BP),, with the conversion of most forested areas into fields and meadows. Although 
thee central part of the Giant Mountains was not inhabited until the late-Medieval 
period,, when mines were opened for ore exploitation, archaeological evidence exists 
off  earlier frequentation of the nearby area. Since at least Roman times trade routes 
weree present, which connected the southern and northern headlands of the mountains. 
Furthermore,, coins and coin deposits point to human presence in the southern and 
southeasternn headlands already from the Celtic to the Roman period (M. Jezek. 
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personall  communication). Archaeological evidence is present for Germanic 
settlementss in the lowlands to the west of the Giant Mountains, along the Jizera river 
andd in the Cesky raj area; these date from the second to the sixth century AD 
(Waldhauserr and Kosnar, 1997). During the sixth century AD (Migration Period), 
Slavicc populations colonised the Czech area. In the study region, the oldest 
archaeologicall  evidence of Slavic presence dates back to the seventh century AD and 
iss located approximately 25-30 km south of the Cerna Hora site. Organised 
deforestationn of the mountain areas started in the eleventh and twelfth century AD 
(Neuhauslovaa et al.> 1998). In the fringes of the Giant Mountains, mines were present 
alreadyy during the twelfth century. The first historical records of human influence on 
thee forest composition in the mountains date back to the thirteenth and fourteenth 
centuries.. Only during the fifteenth and especially sixteenth century mining activity 
developedd in the central part of the range (Firbas and Losert, 1949). The main reasons 
forr the late exploitation of the central part of the mountains are considered to be the 
relativelyy cold climate of the area and the presence of dense forest. Possibly, the 
availabilityy of sufficient suitable areas for farming in the nearby lowlands of 
Bohemia,, southwards, and in Silesia, northwards, was another reason for not 
expandingg inside the mountain range. In the central part of the range, human impact 
onn vegetation at the forest limit was recorded after the sixteenth-seventeenth century 
(Jenfkk and Lokvenc. 1962; Rybnicek, 1990). Extensive deforestation of the mountain 
slopess occurred in the second half of the sixteenth century. The introduction of 
permanentt mountain farms for cattle and goat breeding (inhabited the whole year 
round)) located at, or above the forest line (Baudenwirischa.fi or Almwirtschaft), 
occurredd during the seventeenth century (Firbas and Losert, 1949). This agricultural 
activityy had a strong impact on the subalpine vegetation: the Pinus mugo stands were 
convertedd into grazing areas and meadows, after dominated by Nardus stricta 
(Rybnf£ek,, 1990). While breeding affected the subalpine stands, other human 
activitiess that required high wood consumption such as mining, metallurgy and glass 
productionn permanently decimated the broadleaved and coniferous forests. The 
intensee human impact determined changes both in the altitude of the forest limit and 
inn the forest composition. The forest line, which at present lies at approximately 1210 
m,, was, before being affected by human activity, about 25 m higher, reaching 1235-
12400 m (Jenfk and Lokvenc, 1962). Stands of spruce (Picea abies) could easily 
regeneratee and replace the area previously inhabited by beech (Fagus sylvatica). At 
thee end of eighteenth century, artificial regeneration was introduced on the Jilemnice 
Estatee in the western Giant Mountains: seeds were collected and plants grown in 
nurseriess in forest clearings. An important measure in forest management was 
introduced:: annual cutting of wood could not exceed the annual growth increment in 
thee stands. This management system has been mantained until the 1990s. In 1993 the 
Administrationn of the KrkonoSe National Park took over the management of the 
forests. . 
Inn recent decades air pollution is the most important agent of stress affecting the 
entiree region; most of the sources are situated in adjacent areas of the Czech 
Republic,, Poland and Germany (the "Black Triangle"). The summit ridges of both 
westernn and eastern Giant Mountains are most affected and the anemo-orographic 
systemss enable gas and dust to penetrate further and to reach the central part of the 
mountainn chain. The damage of air pollution is more conspicuous on the highest 
sprucee forest (above 900 m), but at present all forest stands of the Giant Mountains 
are,, to some degree, affected. The negative consequences of air pollution are evident 
nott only on the vegetation; running waters are heavily affected, especially in spring 
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duringg the snow melting and in summer after heavy storms (Flousek, 1994). The 
diversityy and the amount of aquatic algae and of invertebrates decreased and Salmo 
truttafariotruttafario has already disappeared from the streams of the western and central part 
off  the area. Many native species of plants and animals are considered to be in danger 
ass result of anthropogenic pressure: 152 plant and 55 animal species have been 
includedd in the Red Data Book compiled for the territory of the Czech Republic. The 
historyy of nature protection in the Giant Mountains started in 1904. when Count Jan 
Harrachh established the first nature reserve. On the Polish side a nature reserve at 
Malyy Kocial Sniezny was created in 1922, and regulations for the protection of plants 
speciess were issued. A proposal to establish the Krkonose National Park in the Czech 
partt of the area came in 1923 from prof. Frantisek Schustler, who aimed to protect the 
wholee environment, and not only single species. The Krkonose National Park was 
institutedd in 1959 for the Polish territory and in 1963 for the Czech territory. Since 
19922 it is a designated UNESCO biosphere reserve. The restoration of natural forest 
iss promoted by the Dutch FACE foundation (Forest Absorbing Carbon dioxide 
Emissions)) and the preservation of biodiversity is substained by a project of the 
Worldd Bank. 

PreviousPrevious palaeoecological research in the Giant Mountains and the Pancavskd 
LoukaLouka site 
Thee vegetation and the peat bogs in the area of the Giant Mountains have been the 
objectt of numerous studies. Major results on vegetation composition, development 
andd on the forest limit were achieved by Firbas and Losert (1949), Sykora (1967), 
Lokvencc et al, (1994). Fanta (1981), Jenfk and Lokvenc (1962), Firbas (1952). Bog 
vegetationn composition and dynamics were studied by Rudolph (1928), Rudolph and 
Firbass (1927), Rudolph et al. (1928). Detailed results were achieved by Hüttemann 
andd Bortenschlager (1987), who analysed a 2.34 m long peat sequence from 
Pancavskaa Louka (the authors refer to the German name of the site: Pantschewiese). 
Thee sequence covers the period from 7600  130 BP to the present time. The time-
controll  was provided by six radiocarbon dates, five of which are based on 5 cm thick 
bulkk samples and one on a wood sample. In the early Atlantic period Pinus sylvestris 
possiblyy formed the forest limit, as roots attributed to this taxon were found in the 
peat.. Corylus was well represented also in the mountains, while mixed deciduous 
forestt was present, with Quercus, Tilia and Ulmus as main taxa from the lowlands up 
too ca. 1300 m. Alnus and Picea expanded during this period, while the presence of 
pollenn of Abies, Fagus and Carpinus is attributed to long distance transport. The 
presencee of Hedera pollen points to relatively mild climatic conditions. In the late 
Atlanticc Picea became the dominant taxon, both in the mountain forest where the 
importancee of Pinus decreased, and in the mixed deciduous forest, where it caused a 
decreasee especially of Ulmus and Tilia. During this period Alnus reached its present 
dayy extension, and from this moment on its percentages in the diagram hardly change. 
Longg distance transport of Abies and Fagus pollen increased. Although the high 
valuesvalues of arboreal pollen during the Subboreal might indicate the presence of forest 
abovee the plateau of the river Elbe, it is not possible to infer information on the 
positionn of the forest limit on basis of the AP/NAP ratio. The main taxon at the forest 
limitt was Picea, and Pinus was of minor importance. A decrease of Picea seems to 
correspondd to a human settlement phase in the lowlands. The importance of Corylus 
andd Quercus decreased. During this period, Fagus, Abies and Carpinus started their 
expansion.. By the end of the Subboreal. Picea had lost its dominance to Abies and 
Fagus.Fagus. The main feature of the Subatlantic is the predominance of Abies and Fagus in 
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thee mountain vegetation. According to Hiittemann and Bortenschlager (1987), the 
veryy high percentages of these taxa indicate that they were present also on the 
plateau.. The importance of Picea strongly decreased due to the spreading of Abies 
andd Fagus. Pinus mugo spread on the bogs. A decrease in Picea and Abies, 
correspondingg to an increase of pollen of grasses, Artemisia and crops point to a 
phasee of human impact. Hiittemann and Bortenschlager (1987) interpret the phase of 
humann impact as due to the presence of Iron Age settlements at the base of the 
mountains.. Extensive exploitation of the area (deforestation and lowering of the forest 
limit )) occurred after the thirteenth and especially fourteenth century AD. The 
exploitationn of the plateau for breeding induced a spreading of Pinus mugo. Picea 
regainedd its dominance due to introduction of artificial plantation. 

1.44 Radiocarbon 

ProductionProduction and decay 
Naturall  carbon consists of three isotopes: , 2C, I3C and the radioactive l4C. 
Quantitatively.. I2C is the most abundant. The ratio ISC/I2C varies in nature around 
0.0111 and 0.12, depending on the origin of the material. Radiocarbon is extremely 
rare:: in atmospheric carbon dioxide and in living matter the ratio l4C/C is 
approximatelyy equivalent to 1.2 x 10"12. In material containing carbon, the quantity of 
thee radioactive 14C depends not only on the origin of the matter, but also on its age. 
Radiocarbonn is mainly produced in the high atmosphere by the impact of neutrons 
(respectivelyy produced by the collision of protons from cosmic rays with high-
atmospheree molecules) with nuclei of  l4N. Once produced, the atom of  l4C oxidises 
too l4CC>2 and enters the global carbon reservoirs: the atmosphere, the ocean and the 
biospheree (Mook and Streurman, 1983). 
Thee radioactive decay of  !4C produces an nitrogen atom and occurs according to the 
followingg reaction: 

l4CC =*  ,4N + p  + v + Q, 

wheree pV is an electron. V is an anti-neutrino and Q is energy. This reaction obeys to 
thee general law of decay: 

AA = A0e
Xl, 

wheree A is the measured specific i4C activity, A„  is the original specific l4C activity 
(13.655 disintegration per minute per gram of carbon), t is the time passed since the 
activityy was A0 and X is the decay constant, which is related to the half-life (A, = In 
2/Tl/2). . 

RadiocarbonRadiocarbon dating 
Thee l4C/C ratio in every living organism (with exception of organisms living in 
aquaticc environments, where a reservoir effect can occur; cf. Stuiver and Polach, 
1977;; Stuiver et al., 1986) remains in equilibrium with the atmospheric ratio because 
off  a continuous C02 exchange. When the organism dies, the C02 exchange stops and 
noo new carbon enters the body. As l4C decays and it is not replaced, the l4C/C ratio 
decreasess at a constant pace, based on the l4C half-life. For radiocarbon dating the 
Libbyy (1955) value of the half-life (5568 years) is conventionally used. Today it is 
knownn that the t4C half-life is 5730 0 years (Godwin, 1962; Olson, 1968). 
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Nevertheless,, the correct value is not used in order to avoid confusion with old 
radiocarbonn measurements based on the Libby value. As the decay rate is constant 
andd not influenced by external phenomena, the less l4C an organic sample contains, 
thee older it is. By measuring the residual radiocarbon contained in the sample it is 
possiblee to estimate its age. The measuring of radiocarbon can be indirect (counting 
thee emission of electrons during decay, in the conventional radiocarbon dating 
procedure)) or direct, by means of an Accelerator Mass Spectrometer (separating the 
threee isotopes and counting directly 14C atoms). The international  l4C standard is a 
batchh of oxalic acid, stored at the US National Bureau of Standards (Godwin, 1959). 
Thee radiocarbon date resulting from the dating process can be converted in calendar 
agess with a calibration curve. The curve is obtained by dating, by means both of 
radiocarbonn (l4C "age") and of dendrochronology (calendar age), tree-ring series 
coveringg the whole Holocene (Stuiver et al., 1998). The calibration is complicated by 
thee non-constant value of the atmospheric radiocarbon activity in the past. 

RadiocarbonRadiocarbon variation, solar activity and climate 
Thee activity of  l4C in the atmosphere is in a stationary state. Nevertheless, variations 
existt in AI4C concentration (Mook and Streurman, 1983). Hessel de Vries (1958) 
alreadyy described variations in l4C activity, which produce so-called "wiggles" in the 
calibrationn curve. Main variations in !4C activity in the atmosphere are due to changes 
inn production and exchanges with the reservoirs (Bradley. 1999). Causes of 
productionn changes are modulation of cosmic ray flux by solar activity (solar wind) 
andd by changes in the geomagnetic field, interstellar modulation and cosmic ray burst 
fromm supernovae and other stellar phenomena. Variations in exchange rate with the 
reservoirss is due in the ocean to changes in CO: ventilation, in the biosphere to 
changess in biomass and in atmospheric C02 concentrations. Furthermore, C02 

emissionn by volcanoes, fossil fuel combustion (Suess effect, cf. Suess, 1965) and 
nuclearr explosions contribute to l4C variations. Although probably all these factors 
playy a role in influencing l4C fluctuations through time, most of the variability is due 
too two factors. Changes in the Earth magnetic field are responsible for the long-term 
variabilityy of  l4C (Mazaud et al.. 1991; Trie et al., 1992). Changes in solar wind 
determinee short-term radiocarbon fluctuations (Stuiver and Quay, 1980; Stuiver, 
1994).. Records of the cosmogenic isotopes l4C and l0Be show periodicities related to 
thee sunspot cycle (Stuiver, 1994; Beer et al., 1994). The reduced solar magnetic 
activityy during periods of low sunspot numbers allows an increased cosmic ray flux 
onn the Earth's outer atmosphere, thus increasing the flux of neutrons and the 
productionn of  l4C and !0Be. Consequently, the AI4C record can be used as a proxy for 
solarr activity (Stuiver, 1965, 1980; Stuiver and Braziunas. 1989; Stuiver and Quay, 
1980;; Stuiver et al.. 1991): the periods of AI4C sharp increase correspond to periods 
off  low solar activity. As past solar activity can be reconstructed from the AI4C record, 
itt is possible to investigate the relation between solar activity and climate in past 
times,, by comparing the curve of AI4C to those of climate proxies. At the present 
time,, indications pointing to solar forcing of climate change have been collected from 
peatt bogs (Blackford and Chambers. 1995; Chambers et al.. 1997; Kilian et al., 1995; 
vann Geel et al., 1996; 1998; 1999), lake level fluctuations (Magny, 1993; 1995) and 
icee cores (Beer et al., 1994; Ram and Stolz, 1999; Ram et al.. 1999). Still, the topic 
remainss controversial, both because small changes in solar energy output are often 
nott considered to be sufficient to influence climate, and because of a lack of a precise 
time-controll  on climate proxy data (Chambers et al., 1999). 
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Thee first objection is based on the relatively small changes in the solar constant. To 
resultt in changes in the climatic record, a 0.4-1.5% variation in solar irradiance is 
needed,, but the estimated solar variability is only 0.24% (cf. Hoyt and Schatten, 
1977).. However, mechanisms of amplification of the small changes in irradiance may 
bee accounted for the observed climatic changes (van Geel and Renssen, 1998). One 
mechanism,, based on a model by Haigh (1994; 1996; 1999) involves variations in 
ultraviolett radiation, which alter ozone production in the stratosphere. Ozone 
changes,, in turn, would trigger changes in absorption of warmth, atmospheric 
circulationn and climate. The other mechanism (Svensmark and Friis-Christensen, 
1997)) is based on the possible role of cosmic rays in cloud formation. An enhanced 
fluxx of cosmic rays would increase ionization and aerosol formation, and it would 
resultt in an increased formation of clouds. The increased cloud cover would influence 
thee thermic balance of the Earth, which would result in climatic change. The second 
objection,, the lack of time-control on climate proxies, is particularly problematic in 
correspondencee with major wiggles in the calibration curve. However, the 
introductionn of the wiggle match dating strategy (van Geel and Mook, 1989; Kilian et 
at.,at., 1995) provides a valid tool in achieving a relatively precise calendar time-control. 
Thiss topic will be further dealt with in chapter 2. 
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