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ABSTRACT 
 
The major objective of this thesis was to produce descriptions of the land 
vegetation-cover in Europe for selected time windows of the Holocene (6000, 
3000, 500, 200, and 50 calendar years before present (BP=1950)) that can be 
used in climate modelling. Land vegetation is part of the climate system; its 
changes influence climate through biogeophysical and biogeochemical 
processes. Land use such as deforestation is one of the external forcings of 
climate change. Reliable descriptions of vegetation cover in the past are 
needed to study land cover-climate interactions and understand the possible 
effects of present and future land-use changes on future climate.  

We tested and applied the REVEALS (Regional Estimates of VEgetation 
Abundance from Large Sites) model to estimate past vegetation in percentage 
cover over Europe using pollen records from lake sediments and peat bogs. 
The model corrects for the biases of pollen data due to intraspecific differences 
in pollen productivity and pollen dispersion and deposition in lakes and bogs. 
For the land-cover reconstructions in Europe and the Baltic Sea catchment we 
used 636 (grouped by 1˚x1˚ grid cells) and 339 (grouped by biogeographical 
regions) pollen records, respectively. The REVEALS reconstructions were 
performed for 25 tree, shrub and herb taxa. The grid-based REVEALS 
reconstructions were then interpolated using a set of statistical spatial models. 

We show that the choice of input parameters for the REVEALS 
application does not affect the ranking of the REVEALS estimates 
significantly, except when entomophilous taxa are included. We demonstrate 
that pollen data from multiple small sites provide REVEALS estimates that 
are comparable to those obtained with pollen data from large lakes, however 
with larger error estimates. The distance between the small sites does not 
influence the results significantly as long as the sites are at a sufficient distance 
from vegetation zone boundaries. The REVEALS estimates of open land for 
Europe and the Baltic Sea catchment indicate that the degree of landscape 
openness during the Holocene was significantly higher than previously 
interpreted from pollen percentages. The relationship between Pinus and Picea 
and between evergreen and summer-green taxa may also differ strongly 
whether it is based on REVEALS percentage cover or pollen percentages. 
These results provide entirely new insights on Holocene vegetation history 
and help understanding questions related to resource management by humans 
and biodiversity in the past. The statistical spatial models provide for the first 
time pollen-based descriptions of past land cover that can be used in climate 
modelling and studies of land cover-climate interactions in the past. 
 
Key words: pollen data, REVEALS model, model testing, land vegetation, 
land-cover, Holocene, Europe  
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SAMMANFATTNING 
 
Trondman, Anna-Kari (2014). Pollenbaserad kvantitativ rekonstruktion av 
landvegetation i Europa från 11 500 år sedan till idag – ett dataset avsett för 
klimatmodellering. 
 
 
Bakgrund 
I denna avhandling används fossila pollen och en datamodell som heter 
REVEALS för att kvantifiera utbredningen av den europeiska vegetationen 
samt dess sammansättning från 11 500 år sedan fram till idag (denna tidsepok 
benämns Holocen). Fossila pollen är pollen från olika träd och växter som 
under hundra- till tusentals år har deponerats och lagrats i sjösediment eller i 
torvmossar, i så kallade lagerföljder. Hur gamla dessa fossila pollen är beror på 
hur långt tillbaka i tiden som en lagerföljd sträcker sig. De äldsta 
lagerföljderna, och därmed pollen, som vi har jobbat med i denna avhandling 
är ungefär 11 500 år gamla. För att veta hur gamla lagerföljderna är har de 
daterats med hjälp av, till exempel, kol14-metoden. Genom att titta på vilka 
typer av fossila pollen som finns i en lagerföljd är det möjligt att skaffa sig en 
uppfattning om vad som har vuxit på och runt omkring platsen tidigare. 
Förhållandet mellan pollendata och vegetationens faktiska sammansättning 
och utbredning är emellertid inte linjärt (1:1), vilket gör det svårt att 
”översätta” pollendata till vegetation. Detta beror bland annat på att olika 
växter producerar olika mängder pollen (olika pollenproduktivitet) och att 
olika pollen väger olika mycket och därmed kan transporteras olika långt. 
Därtill är det svårt att veta hur stort det område är som pollendatan 
representerar. Sedan några år tillbaka finns det dock en metod som bland 
annat tar hänsyn till olika växters pollenproduktivitet och pollens vikt för att 
kvantitativt bestämma vegetationens utbredning och sammansättning inom ett 
definierat område. Denna metod kallas Landscape Reconstruction Algorithm 
(LRA) [Algoritm för landskapsrekonstruktion]. Den består av två 
datamodeller som använder sig av pollendata och ekvationer för att 
rekonstruera vegetation/landskap. Den ena modellen är REVEALS (Regional 
Estimates of VEgetation Abundance from Large Sites) och rekonstruerar 
vegetationens sammansättning i regional skala (inom ungefär 10 000–100 000 
km2). Den andra modellen är LOVE (LOcal Vegetation Estimates) och 
rekonstruerar vegetationen i lokal skala (inom ungefär ≤ 100 km2). I denna 
avhandling använder vi dock bara REVEALS-modellen då vi endast 
rekonstruerar vegetation på regional skala. 
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Vikten av historiska och förhistoriska landskapsrekonstruktioner 
Kunskap om hur vegetationen har förändrats över tid är viktig av flera skäl. 
Genom att studera vegetations- och landskapsförändringar över hundra-till 
tusentals år kan man få en bättre förståelse för ekologiska processer såsom 
successionsordning och förändring i biodiversitet. Detsamma gäller hur 
markanvändningen har förändrats över tid: hur den omformat våra landskap, 
inklusive vår vegetation, flora och fauna. Denna kunskap kan man ha nytta av i 
dagens landskapsskötsel och ekosystemanalyser. Rekonstruktioner av landskap 
och markanvändning är också viktiga för arkeologiska studier när man vill 
förstå hur människor har brukat naturresurserna kring sina boplatser. Kunskap 
om historisk och förhistorisk vegetation är inte bara viktig för studier inom 
ämnen som paleoekologi (miljöhistoria) och arkeologi utan även för 
klimatstudier. Vegetationen är en del av klimatsystemet, d.v.s. vegetation och 
klimat interagerar med varandra. Det är därför viktigt att inkorporera 
realistiska vegetationsbeskrivningar i klimatmodeller. Studier visar att 
vegetationen spelar stor roll för klimatet. Till exempel är förhållandet mellan 
skogsbevuxen och öppen (icke skogsbevuxen) mark viktigt då en mörkare skog 
reflekterar mindre (absorberar mer) värmeenergi än vad en ljus öppen yta gör, 
vilket gör att den skogsbevuxna marken bidrar till en uppvärmning. Dessutom 
kan en skog ta upp mer koldioxid från atmosfären än vad en icke skogsbevuxen 
yta kan, vilket istället bidrar till en temperatursänkning. Därtill så kan olika 
typer av vegetation även påverka mängden nederbörd. Netto-resultatet, d.v.s. 
om det blir ökad eller minskad temperatur och nederbörd, av olika typer av 
vegetation/markanvändning kan dock variera beroende på årstid och plats på 
jorden. Genom att studera hur vegetation och klimat har interagerat tillbaka i 
tiden kan man få en bättre förståelse av hur dagens och framtidens vegetation 
och markanvändning kan påverka klimatet. Detta är viktigt om man vill 
använda markanvändningen som ett sätt att mitigera den globala 
uppvärmningen, till exempel om man ska plantera skog i Sverige för att 
minska koldioxiden i atmosfären. Huruvida fler skogar skulle bidra till en 
minskad uppvärmning råder det dock skilda meningar om, men detta skulle 
kunna testas med hjälp av regional vegetations-/klimatmodellering. 
 
Avhandlingens huvudsyfte 
I denna avhandling har vi testat, utvärderat och tillämpat REVEALS-
modellen genom att använda pollendata från olika platser i Europa för 
vegetationsrekonstruktion. Huvudsyftet med avhandlingen är att ta fram 
kvantitativa vegetationsrekonstruktioner för utvalda perioder av Holocen 
(11 500 år sedan till idag) som kan användas som vegetationsbeskrivningar i 
regionala klimatmodeller. 
 
Artiklar i avhandlingen 
I avhandlingen presenteras fem olika studier (artiklar). De använder alla 
pollendata och REVEALS-modellen för att testa och utvärdera modellen 



6 

och/eller rekonstruera historisk och förhistorisk vegetation i olika delar av 
Europa. 
 
Artikel I: REVEALS-modellen har utvärderats med hjälp av pollendata från 
Tjeckien och Slovakien för att ta reda på hur valet av olika data och parametrar 
eventuellt påverkar vegetationsrekonstruktionerna. Huvudsyftet med denna 
artikel är att testa REVEALS-modellen för att kunna sätta upp kriterier för 
det metodologiska protokoll som sedan har används inom LANDCLIM-
projektet. Detta projekt är finansierat av svenska Vetenskapsrådet (VR) och 
har huvudsyftet att ta fram kvantitativa vegetationsrekonstruktioner för att 
utvärdera modeller som simulerar vegetation och klimat. Protokollet är till för 
att standardisera data och parametrar som används för REVEALS-
körningarna. Detta är av avgörande betydelse eftersom flera kollegor är 
inblandade i dessa körningar och de måste alla följa samma procedur för att få 
jämförbara resultat. Resultaten visar att de olika parametrarna och dataseten 
som testades endast har liten påverkan på vegetationsrekonstruktionerna, 
förutom när man använde insektspollinerade växtsläkten/-arter, då 
REVEALS-modellen förutsätter att växterna är vindpollinerade. Därför 
kunde de parametrar och dataset som ansågs vara bäst för studien och den 
specifika studieregionen väljas och implementeras i protokollet. 
 
Artikel II: Huvudsyftet är att använda lokaler (pollendata från sjöar och 
mossar) i södra Sverige för att empiriskt testa teorin bakom REVEALS-
modellen. Rent teoretiskt ska pollendata från en stor sjö ge samma 
REVEALS-baserade vegetationsrekonstruktion som pollendata från en grupp 
av mindre lokaler (sjöar och mossar). Dessutom testas om avståndet mellan 
lokaler, samt avståndet mellan lokalernas läge och en gräns mellan två olika 
typer av vegetation (en vegetationszonsgräns), hade någon effekt på 
vegetationsrekonstruktionerna. För att kunna göra detta så kördes REVEALS 
för små lokaler som var grupperade efter a) de vegetationszoner som finns i 
södra Sverige idag och b) fyra olika avstånd (50, 100, 150 och 200 km) från 
stora sjöar. REVEALS-modellen tillämpades på 24 vanligt förekommande 
träd-och växttyper i regionen. I avsikt att kunna utvärdera om de olika 
faktorerna påverkar resultatet och, om så är fallet, i vilken utsträckning 
påverkan sker, tillämpades numeriska analyser [RDA: Redundancy Analysis]. 
För det första visar resultaten att pollendata från en grupp av små lokaler kan 
användas för regional vegetationsrekonstruktion, d.v.s. att en grupp med små 
lokaler ger likvärdigt resultat som en stor sjö. Dock blir standardavvikelsen 
(osäkerheten på resultatet) större. Därtill är grupper med små sjöar bättre att 
använda än grupper med små mossar. För det andra spelar avståndet mellan 
lokalerna mindre roll för REVEALS-rekonstruktionerna. Däremot är 
avståndet från de små lokalerna till vegetationszonsgränser av större betydelse 
för rekonstruktionerna. För det tredje fungerar REVEALS-modellen bra när 
det gäller att rekonstruera procentandelen av både individuella växtarter/-
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släkten och grupper av växtarter/-släkten (t.ex. öppen mark, lövträd och 
barrträd) även när man använder pollendata från grupper av små lokaler. När 
man använder pollendata från mossar kan det dock vara problematiskt att 
rekonstruera procentandelen av ljung, halvgräs och björk. Det beror på att just 
mossar tenderar att spegla den lokala snarare än den regionala vegetationen. 
Något som förklaras av att de nämnda växterna ofta växer uppe på mossarna. 
 
Artikel III: REVEALS-modellen och pollendata används för att kvantitativt 
rekonstruera den regionala vegetationen i Europa (utom Medelhavsregionen 
och Ryssland) för fem tidsperioder under Holocen (6000, 3000, 500 och 200 
år sedan samt idag). Studien följer det metodologiska protokoll som etablerats 
i avhandlingens Artikel I. Lokalerna har grupperats efter ett rutnät med 
upplösningen 1° x 1°, vilket motsvarar ungefär < 100 x 100 km beroende var på 
jorden man befinner sig. Detta för att skalan ska passa vegetations- och 
klimatmodeller. Syftet med studien är att kunna producera europeiska 
vegetationsbeskrivningar som kan användas inom klimatmodellering. 
REVEALS-modellen tillämpades på 636 lokaler (både sjöar och mossar) för 
att rekonstruera 25 vanligt förekommande träd-och växttyper i regionen. 
Dessa 25 träd-och växttyper fördelades i tio ”plant functional types” (PFTs) 
respektive tre ”land-cover types” (LCTs). PFTs är grupper av växter som 
”fungerar” på samma sätt vad gäller deras miljö och klimatologiska krav. De 
tre LCTs är 1) alla barrträd, 2) alla lövträd och 3) alla örter. Resultaten visar 
att REVEALS-rekonstruktionerna stämmer väl överens med vad vi vet om 
den förhistoriska/historiska europeiska vegetationsutvecklingen sedan tidigare, 
men att tidigare metoder (vanliga pollenprocent) kraftigt underskattar 
avskogningen (egentligen procentandelen jordbruks- och betesmark) för 3000, 
500 och 200 år sedan i jämförelse med REVEALS. Detta är även fallet för 
6000 år sedan för några områden i Europa. Det gäller speciellt Storbritannien 
och Irland. Dessutom visar resultaten att förhållandet i procentandelen mellan 
lövträd och barrträd, och mellan en del individuella träd-/växttyper, skiljer sig 
mycket mellan REVEALS och vanliga pollenprocent. Till exempel är tall 
dominant över gran i vanliga pollenprocent medan gran är dominant över tall i 
REVEALS-rekonstruktionerna. Detta har stor betydelse för rekonstruktionen 
av europeiska landskap och för studier om vegetationens påverkan på klimatet 
samt studier om biodiversitet och naturresurser. 
 
Artikel IV: I Artikel III grupperades lokaler enligt ett rutnät och REVEALS-
modellen kördes för varje grupp av lokaler inom de olika rutorna. I vissa rutor 
fanns det dock bara en till få små lokaler (sjöar och/eller mossar) tillgängliga, 
vilket ökar osäkerheten på resultaten. I den här artikeln (IV) presenterar vi ett 
alternativt sätt att gruppera lokaler (pollendata), vilket skapar 
vegetationsrekonstruktioner med lägre osäkerhet än de rutbaserade 
grupperingarna. Vegetationsrekonstruktionerna i denna artikel täcker 
Östersjöns avrinningsområde (Sverige, Danmark, Finland, Estland, Lettland, 
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Litauen, norra Tyskland och Polen) och Norge och är baserade på samma 25 
träd-/växttyper som i Artikel III men sträcker sig över hela Holocen (11 500 
år sedan till idag). De 25 träd-/växttyperna är grupperade i åtta större grupper: 
barrträd, lövträd, hassel, ljung/en, gräs, halvgräs, sädesslag och andra örter. 
Artikelns syften är att a) ta fram vegetationsrekonstruktioner med hög 
temporal upplösning för hela Holocen, b) identifiera tidpunkten för 
etableringen, och maximala utberedningen, av viktiga trädslag i den studerade 
regionen, och c) identifiera tidpunkter då människan har avskogat landskapet 
samt ta reda på när landskapet var som mest öppet (icke skogsbevuxet) i 
regionen. Resultaten visar bland annat att åldrarna för olika träds etablering 
runt om i Europa (ett tröskelvärde på 1% användes, d.v.s. ett trädslag räknades 
som etablerat på en plats om det fanns minst 1% av detta trädslag) var ≥ 500 år 
äldre i REVEALS-rekonstruktionerna än i de vanliga pollenprocenten. Detta 
gällde för nästan alla trädslag. Dessutom visar resultaten att tidspunkten för 
den maximala förekomsten av dessa trädslag skiljer sig mellan REVEALS och 
pollenprocent. Denna studie bekräftar också att förhållande mellan skog och 
öppen (icke skogsbevuxen) mark samt mellan barr- och lövträd skiljer sig 
mellan REVEALS-rekonstruktionerna och de vanliga pollenprocenten. 
Därtill bekräftar studien även tidigare observationer om att öppenheten i 
landskapet är mycket större i REVEALS-rekonstruktionerna än i 
pollenprocenten. Vi visade att storleken på det av människan öppnade 
landskapet under Holocen, före 1500 år sedan, var störst i södra Sverige, 
Danmark, norra Tyskland och norra Polen (i den så kallade tempererade 
vegetationszonen). I dessa områden var öppenheten i landskapet ungefär 20-
30% för 5000 år sedan och ungefär 35-60% för 3000 år sedan. De två största 
och snabbaste ökningarna av landskapets öppenhet ägde rum för cirka 1500 år 
sedan (i nästan hela studieområdet) och för cirka 500 år sedan (i hela 
studieområdet). Landskapet var som allra mest öppet (icke skogsbevuxet) 
mellan 500 och 200 år sedan, med en öppenhet på ungefär 50-90% i den 
tempererade vegetationszonen och ungefär 40% upp till latituder i höjd med 
Umeå. 
 
Artikel V: Pollen-baserade REVEALS-rekonstruktioner ger inte rumsligt 
kontinuerliga vegetationsbeskrivningar utan endast vegetationsbeskrivningar 
för området runt de platser som pollendatan kommer ifrån. Även om området 
som rekonstrueras kan vara så stort som flera hundra km i diameter kallar vi 
det för ”punktdata”. För att pollen-baserade vegetationsbeskrivningar ska 
kunna användas direkt i klimatmodeller så behöver denna ”punktdata” 
interpoleras för att skapa rumsligt kontinuerliga vegetationsbeskrivningar. 
Syftet med den här artikeln är att presentera alternativa statistiska modeller 
som interpolerar de pollen-baserade REVEALS-rekonstruktionerna för tre 
tidsperioder (6000 och 200 år sedan samt för idag). De statistiska modellerna 
gör detta genom att integrera våra REVEALS-rekonstruktioner med rumsligt 
kontinuerliga beskrivningar av vegetation skapade med hjälp av en dynamisk 
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vegetationsmodell (LPJ-GUESS) (som simulerar naturlig vegetation tillbaka i 
tiden) och beskrivningar av markanvändning (avskogning på grund av 
mänsklig påverkan) från en annan typ av modellering. I processen är det 
REVEALS-rekonstruktionerna som i störst utsträckning styr den slutgiltiga 
produkten (interpolering). Även variablerna höjd över havet och geografiska 
koordinater användes för att interpolera REVEALS-rekonstruktionerna. I 
artikeln presenteras fyra olika statistiska modeller för att interpolera dessa 
rekonstruktioner. Två av dessa använde inte geografiska koordinater som extra 
variabler. Vegetationskartorna i artikeln visar tre vegetationsgrupper [land-
cover types, LCTs]; barrträd, lövträd och öppen mark (icke skogsbevuxen 
mark, d.v.s. örter), vilka är tre vanliga typer av markyta som används i 
klimatmodellering. De fyra statistiska modellerna utvärderades och jämfördes 
med moderna vegetationskartor från Europeiska skogsinstitutet [European 
Forest Institute, EFI]. Resultaten visar att de statistiska rekonstruktionerna av 
modern vegetation stämmer bra överens med kartorna från EFI. Även de 
statistiska rekonstruktionerna för 200 år sedan är tillfredställande i jämförelse 
med vad man vet om vegetationsförhållandena under denna tid. Däremot är 
rekonstruktionerna som avser de för 6000 år sedan mindre tillförlitliga. Detta 
beror på de stora skillnader som finns mellan REVEALS-rekonstruktionerna 
och vegetationen som är simulerad av LPJ-GUESS för denna tidsperiod. 
Följaktligen behöver de statistiska modellerna förbättras för äldre tidsperioder 
av Holocen. Den här studien visar också att två av de statistiska modellerna 
bättre fångar de storskaliga variationerna i vegetationen medan de andra två 
bättre fångar detaljerna på regional skala. Just därför är de två första 
modellerna mer användbara för vegetationsrekonstruktioner för 
klimatmodellering medan de andra två är mer användbara för analyser av mer 
komplexa landskapsanalyser i tid och rum. 
 
 
Nyckelord: fossila pollen, REVEALS modellen, kvantitativ rekonstruktion av 
landvegetation, Holocen, klimatmodellering, Europa 
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1. INTRODUCTION 
 
Terrestrial vegetation/land cover is an essential part of the Earth system (Fig. 
1). Natural (primarily climate-driven) and human-induced changes in land 
cover alter the land-surface properties and affect climate through 
biogeochemical and biogeophysical feedbacks. Biogeochemical feedbacks are 
especially acting on a global scale by affecting e.g. sources and sinks of 
greenhouse gases, aerosols, pollutants and other gases while the biogeophysical 
feedbacks are due to changes in e.g. albedo, surface roughness and 
evapotranspiration, and are more relevant at the regional to local scale. These 
feedbacks may either amplify (positive feedback) or dampen (negative 
feedback) climate change depending on the net effect of the biogeochemical 
and biogeophysical feedbacks. Hence, incorporating land-cover descriptions in 
climate models is of great importance in order to better understand land 
cover-climate interactions, and is a current priority in the climate modeling 
community (Gaillard et al., 2010). In depth understanding of past land cover-
climate interactions is important in order to improve projections of future 
climate. The development of Earth System Models (ESMs) have led to more 
complex (climate) models that incorporate more components of the Earth 
system than they did earlier, e.g. atmospheric chemistry and processes, oceans, 
sea ice, and land cover. The vegetation/land cover in these models is often 
simulated by dynamic vegetation models (e.g. LPJ-GUESS: Smith et al., 
2001) coupled to the ESMs. However, the dynamic vegetation models 
simulate potential natural vegetation (i.e. climate-driven vegetation) and hence 
do not take into account the human-induced land cover (e.g. land cleared from 
trees for cultivation and grazing, generally leading to an increase in albedo and 
a decrease in carbon sequestration). In contrast, databases of anthropogenic 
land-cover changes (ALCCs: e.g. Klein Goldewijk 2001; Klein Goldewijk et 
al., 2011; Kaplan et al., 2009; Lemmen 2009; Pongratz et al., 2008, 2010) that 
are based on historical populations estimates and land-use modeling have been 
developed. These models were used to assess the effects of ALCC on past 
climate. However, due to differences in historical population estimates and 
methodology, these datasets show large discrepancies in land-cover estimates 
for key time periods of the past (Fig. 2). Therefore, there is a need for an 
evaluation of these different ALCC scenarios using empirical data such as 
palaeoecological data (Gaillard et al., 2010; Boyle et al., 2011). This lies within 
the scope of IGBP-PAGES (International Geosphere-Biosphere Programme, 
Past Global Changes) Focus 4 (Human-Climate-Ecosystem Interactions, 
Land Use and Cover) for which one of the major aims is to produce Holocene 
land-cover descriptions based on fossil pollen records at global to regional 
scales that are relevant for vegetation and climate modeling. Quantitative 
land-cover reconstructions are not only important for climate modeling, but 
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also for answering other scientific questions related to e.g. human-
environment interactions in the Anthropocene, biodiversity and nature 
conservation (Seddon et al., 2014). Hence, it is important to develop tools for 
more robust quantitative palaeoenvironmental reconstructions with associated 
uncertainties to ensure reliable estimates (Seddon et al., 2014). 

 
Figure 1. Earth system: Land cover/vegetation interacting with the atmosphere (Gaillard et al., 

in press). 

 
The research project “LAND cover – CLIMate interactions in NW Europe 
during the Holocene (LANDCLIM)” has the overall objective to reconstruct 
Holocene land cover using pollen data in order to quantify the possible effects 
of anthropogenic land-cover change on the Holocene climate at the scale of 
north-western and eastern Europe using a regional climate model (RCA3: 
Kjellström et al., 2005; Samuelsson et al., 2011) (Gaillard et al., 2010; 
Strandberg et al., 2014). The LANDCLIM project applies a model-data 
comparison scheme (Fig. 3) where the dynamic vegetation model LPJ-
GUESS and ALCC scenarios are compared with the pollen-based 
REVEALS reconstructions of past land cover, and the regional climate model 
RCA3 is compared with palaeoclimatic proxy data, in order to evaluate and 
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improve model performance. Producing quantitative reconstructions of past 
land cover has long been a challenge for palaeoecologists/palynologists due to 
the non-linear relationship between pollen percentages and vegetation 
abundance. This non-linearity is mainly due to differences in pollen dispersal 
and deposition between plant species, the spatial structure of vegetation/land 
cover, and size and type (bog or lake) of sedimentary basins (Sugita, 2007a). 
Many different methods were developed through the last decades including  
 

 

Figure 2. Anthropogenic land use in Europe and surrounding areas at AD 800 (Gaillard et al., 

2010) simulated by four different modelling approaches: (a), the Kaplan et al. (2009) standard 

scenario; (b), the Kaplan et al. (2009) technology scenario; (c), the HYDE [History Database of 

the Global Environment] database version 3.1 (Klein Goldewijk et al., 2010); (d), the Pongratz 

et al. (2008) maximum scenario. 
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Figure 3. Model-data comparison scheme applied in the LANDCLIM project. 

 
 
biomisation (e.g. Prentice et al., 1998; Tarasov et al., 2013) and mechanistic 
models (Prentice and Parsons, 1983; Sugita, 2007a,b). Other attempts (Björse 
et al., 1996; Lindbladh et al., 2000; and Holmqvist, 2005) have used the 
correction factors developed by Andersen (1970) and Bradshaw (1981) to 
transform pollen percentages into vegetation percentages, combined – in the 
case of Holmqvist (2005) – with a self-organized mapping method (neural 
networks). However, the latter methods do not account for the inter-
taxonomic differences in dispersal and deposition properties of pollen grains. 
The latest mechanistic models developed by Sugita (2007a,b) have the 
advantage to include both pollen productivity estimates and models of pollen 
dispersal and deposition. The new approach proposed by Shinya Sugita, the 
Landscape Reconstruction Algorithm (LRA), is a two-step framework of 
which the REVEALS (Regional Estimates of VEgetation Abundance from 
Large Sites) model is the first one. The REVEALS model reconstructs 
regional vegetation abundance in an area of ca. 104-105 km2 (106-107 ha). The 
second step is the LOVE (LOcal Vegetation Estimate) model that 
reconstructs vegetation in smaller areas (≤ 104 ha). The LOVE model requires 
values of the past regional vegetation (estimated by the REVEALS model) to 
calculate the “background pollen” and finally estimate the local vegetation 
within the relevant source area (sensu Sugita, 1994) of the study site (Sugita, 
2007a,b). These models have been tested and validated in several areas of the 
world and have the potential to provide the most precise quantitative 
reconstructions of past vegetation to date (e.g. Hellman et al., 2008a,b) (Fig. 
4). This is an important step forward as it implies that pollen-inferred 
quantitative reconstructions can be used not only for evaluation of ALCCs or 
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dynamic vegetation-model simulations, but they can also serve as alternative 
descriptions of past land cover in climate models (Strandberg et al., 2014; 
Paper V). For that purpose, pollen-based land-cover reconstructions need to 
be interpolated over areas lacking pollen data in order to produce maps with 
continuous vegetation cover (e.g. Poska et al., 2008; Paciorek and McLachlan, 
2009; Nielsen et al., 2012; Paper V) that can be used directly in, for example, 
climate model simulations. 
 

 
Figure 4. REVEALS estimates for the most common tree and herb taxa in Skåne and Småland 

changing PPEs for common taxa. PPEs used are Swedish PPEs (left), and Danish PPEs for 

Cerealia (right). Common taxa Alnus glutinosa (light green), Betula spp. (dark blue), Corylus 

avellana (dark red), Fagus sylvatica (red), Picea abies (dark brown), Pinus silvestris (light 

brown), Poaceae (light blue), and Cerealia (yellow) (Hellman et al., 2008b). 
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In this thesis, the REVEALS model (Sugita, 2007a) was tested (Papers I and 
II) and applied using selected Holocene pollen records in Europe (Papers III 
and IV), and the REVEALS estimates were interpolated using a set of 
statistical models (Paper V), with the major objective to produce land-cover 
descriptions that can be used for the evaluation of ALCC scenarios and 
vegetation model simulations in order to provide climate models with the best 
land-cover descriptions possible for studies on past land cover-climate 
interactions. 
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2. OBJECTIVES 

 

The general objective of this thesis is to present and discuss quantitative 
pollen-based reconstructions of Holocene land cover using the REVEALS 
model in Europe (except the Mediterranean area and European Russia) for 
studies on past land cover-climate interactions using regional climate models 
(Papers III, IV, and V). The pollen-based land-cover reconstructions are 
produced at a spatial scale that is appropriate for vegetation and climate 
modelling, i.e. ca. 100 km x 100 km, corresponding approximately to 1˚x1˚ 
grid cells. Another objective of this thesis is to test and evaluate the 
REVEALS model in sub-regions of Europe (i.e. Czech Republic and Slovakia 
in Paper I, and southern Sweden in Paper II) in order to increase our 
understanding of the effects of input parameters and site selection on the 
REVEALS reconstructions, and to improve the quality of the protocols used 
in model runs. Moreover, the overall aim is to discuss the importance of 
spatially explicit descriptions of past vegetation/land cover for e.g. climate 
modeling and a other major (palaeo)ecological and archaeological questions. 
 
More specifically, the questions that we are addressing are: 

1) How sensitive is the REVEALS model to different input parameters 
and site type (i.e. bog or lake) and size, and what are the best 
protocols to use in REVEALS applications (Papers I and II)? 

2) What are the general trends in REVEALS-estimated regional 
vegetation abundance in NW Europe over space and time – are they 
realistic? And what do these reconstructions tell us on past plant cover 
that pollen percentages do not (Papers III and IV)? 

3) Is it possible to achieve more sophisticated spatial interpolation of 
pollen-based land cover by imbedding in the interpolation approach 
the processes included in the model approaches from dynamic 
vegetation models and ALCC models (Paper V)? 

 
Objectives and aims are further described in each individual paper. 
 
This thesis is a contribution from the LANDCLIM (LAND cover-CLIMate 
interactions in NW Europe during the Holocene) project and research 
network (sponsored by the Swedish [VR] and Nordic [NordForsk] Research 
Councils) to the IGBP-PAGES-Focus 4 (International Geosphere-Biosphere 
Programme, Past Global Changes, Human-Climate-Ecosystem Interactions, 
Land Use and Cover 2008-2013; http://pages-igbp.org/workinggroups/land-
use-and-cover), and to the Swedish Strategic Research Area “ModElling the 
Regional and Global Earth system - MERGE” (http://www.merge.lu.se). 
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3. STUDY REGION 
 

Pollen productivity estimates (PPEs) are needed for the application of the 
REVEALS model. Europe (except the Mediterranean area and European 
Russia), is currently the part of the world with the largest number of PPE 
values available for the major plant taxa of the area (Broström et al., 2008; 
Paper I) (Table 1). Therefore, it is at present the most appropriate region to 
apply the REVEALS model for pollen-based quantitative reconstructions of 
past land cover. In addition, it is an area that has undergone large changes in 
land cover through anthropogenic deforestation since ca. 6000 calendar years 
(Early Neolithic). Hereafter, ages are given in kilo calendar years before 
present (BP; present= AD 1950) and abbreviated e.g. 6k BP for an age of 
6000 calendar years BP.  

According to the traditional interpretation of pollen data from the study 
region, large parts of Europe were covered by open forest with trees, such as 
Betula and Pinus, shrubs, and grasses in the beginning of the Holocene 
(11’500-10’000 cal. yrs. before present (BP)). By Mid-Holocene (8’000-6’000 
BP), the forests had reached their maximum and trees such as Corylus (hazel), 
Ulmus (elm), Alnus (alder), Quercus (oak), and Tilia (linden) were common. 
During that period, small scale agriculture had started in parts of the study 
region, although it was first from around 3k BP that larger-scale 
anthropogenic deforestation occurred. The study region (Fig. 5) covers the 
present-day environmental zones (following Metzger et al., 2005) Alpine 
North, Boreal, Nemoral, Continental, Atlantic North, Atlantic Central, and 
Alpine South (i.e. ca. 40°N to 75°N and 15°W to 35°E). The seven major 
modern biomes (following Prentice et al., 1992, 1998) covering the region are 
tundra (northern Scandinavia and mountain areas such as the Scandinavian 
mountain range and the Alps), taiga (Norway, and northern Sweden and 
Finland, and the Alps), cool conifer forest (southernmost Norway, central 
Sweden, southern Finland and parts of Estonia), cool mixed forest (central-
southern Sweden, Estonia, Latvia, Lithuania, central and eastern Poland, and 
parts of the Czech Republic and Slovakia), temperate deciduous forest 
(Britain, Ireland, France, the Netherlands, southernmost Sweden, Denmark, 
Germany, western Poland, and parts of the Czech Republic and Slovakia), 
cold deciduous forest (parts of northern Britain), and cold mixed forest (parts 
of northern Britain).  

Two case studies were carried out in two different areas of the study 
region, i.e. in the Czech Republic and Slovakia (Paper I), and in southern 
Sweden (Paper II) (Fig. 5). For Paper I, the Czech Quaternary Palynological 
Database (PALYCZ, Kuneš et al., 2009) was chosen for testing the 
REVEALS model and setting up the protocol of parameter selection for the 
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LANDCLIM project, because it was the best database available at the time in 
the study region in terms of the quality control of chronologies, and metadata 
necessary for REVEALS. For Paper II, southern Sweden was chosen for 
evaluating the REVEALS model because of the large number of pollen 
records available from both lakes and bogs of different sizes in the region, and 
the vegetation-zone boundary it comprises (i.e. temperate/hemiboreal zone 
boundary), which provided many variables to test (e.g. type and number of 
sites, basin size, type of vegetation zone, and distance between sites) in terms 
of their influence on the REVEALS model results. For Paper IV, we chose 
the Baltic Sea catchment area and Norway (Fig. 5) to reconstruct land cover 
over the Holocene because it is a particularly diverse region in terms of 
biomes, and land-cover reconstructions may be especially useful for the study 
of land-sea-climate interactions in this area of Europe. 
 

Figure 5. Study area. NOR = Norway, DK = Denmark, SWE = Sweden, FIN = Finland, EST = 

Estonia, LVA = Latvia, LTU = Lithuania, POL = Poland, CZE = Czech Republic, SVK = 

Slovakia, DEU = Germany, ITA = Italy, CH = Switzerland, FRA = France, NL = the 

Netherlands, GB = Great Britain, and IRL = Ireland. 
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Table 1. Land-cover types (LCTs) and Plant Functional Types (PFTs) according to Wolf 
et al. (2008) with modifications (see Paper III), and their corresponding pollen 
morphological types. Fall speed of pollen (FSP) and the mean pollen productivity estimates 
(PPEs) for standard 2 (st2: for each taxon, mean of all existing PPEs for that taxon, Paper 
I), with their standard errors in brackets (see text for more explanations), are also listed. t = 
type. * taxa groups in Paper IV. 
 

Land-cover types 

(LCTs)

PFT PFT definition Plant taxa/Pollen-

morphological types 

(25 taxa)

FSP (m/s)  PPE.st2 8 broader taxa 

groups*

TBE1 Shade-tolerant evergreen 

trees

Picea 0.056 2.62 (0.12) Coniferous trees

TBE2 Shade-tolerant evergreen 

trees

Abies 0.120 6.88 (1.44) Coniferous trees

IBE Shade-intolerant evergreen 

trees

Pinus 0.031 6.38 (0.45) Coniferous trees

TSE Tall shrub, evergreen Juniperus 0.016 2.07 (0.04) Heather/Juniper

Alnus 0.021 9.07 (0.10) Deciduous trees

Betula 0.024 3.09 (0.27) Deciduous trees

Corylus 0.025 1.99 (0.20) Hazel

Fraxinus 0.022 1.03 (0.11) Deciduous trees

Quercus 0.035 5.83 (0.15) Deciduous trees

Carpinus 0.042 3.55 (0.43) Deciduous trees

Fagus 0.057 2.35 (0.11) Deciduous trees

Tilia 0.032 0.80 (0.03) Deciduous trees

Ulmus 0.032 1.27 (0.05) Deciduous trees

TSD Tall shrub, summer-green Salix 0.022 1.22 (0.11) Deciduous trees

LSE Low shrub, evergreen Calluna vulgaris 0.038 0.82 (0.02) Heather/Juniper

Artemisia 0.025 3.48 (0.20) Other herbs

Cyperaceae 0.035 0.87 (0.06) Sedges

Filipendula 0.006 2.81 (0.43) Other herbs

Poaceae 0.035 1.00 (0.00) Grasses

Plantago lanceolata 0.029 1.04 (0.09) Other herbs

Plantago media 0.024 1.27 (0.18) Other herbs

Plantago montana 0.030 0.74 (0.13) Other herbs

Rumex acetosa -t 0.018 2.14 (0.28) Other herbs

Cerealia-t 0.060 1.85 (0.38) Cereals

Secale cereale 0.060 3.02 (0.05) Cereals

Evergreen tree canopy (ET)

Summer-green tree canopy 

(ST)

IBS Shade-intolerant summer-

green trees

TBS Shade-tolerant summer-

green trees

Open land (OL)

GL Grassland - all herbs

AL Agricultural land - cereals
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4. MATERIAL AND METHODS 
 

4.1 Study sites, data sources, and chronology 
 
For Paper I, the pollen records from the Czech Republic and Slovakia were 
selected from the Czech Quaternary Palynological Database (PALYCZ, 
Kuneš et al., 2009). For Papers III and V, the pollen records for the land-cover 
reconstructions are from 17 countries (Norway, Denmark, Sweden, Finland, 
Estonia, Latvia, Lithuania, Ireland, Britain, The Netherlands, France, Italy, 
Germany, Switzerland, Czech Republic, Slovakia, and Poland).  They were 
collected from several databases (the European Pollen Database (EPD), Fyfe 
et al., 2009, Giesecke et al., 2014; the Czech Quaternary Palynological 
Database (PALYCZ), Kuneš et al., 2009; the Alpine Palynological Database 
(ALPADABA), University of Bern, Switzerland), archives of pollen records 
(Ireland, Norway, Estonia) (Table S2 in Paper III) or directly from the data 
contributors (Table S1 in Paper III). The pollen data and related metadata 
from the databases have been checked for correctness of the pollen-
morphological taxonomy and nomenclature, pollen counts, and chronology in 
collaboration with the database managers,  the EPD’s working group 
MADCAP (Fyfe et al., 2009), and/or the data contributors. The collected 
pollen records in the study area were compiled in the LANDCLIM archive 
and have been used for different purposes within the LANDCLIM project 
(e.g. Nielsen et al., 2012, Fig. 5; Fyfe et al., 2013, Fig. 5; Marquer et al., 2014). 
For Paper II and paper IV, pollen records from southern Sweden and from the 
countries around the Baltic Sea (Sweden, Finland, Estonia, Latvia, Lithuania, 
Denmark, Germany and Poland) and Norway, respectively, were selected from 
the LANDCLIM archive and used for the land-cover reconstructions. 

The chronological control of the pollen records is essential and should be 
as good as possible to ensure that pollen records used together in REVEALS 
application are asynchronous, and that the reconstructions can be compared 
on a temporal scale. Therefore, the pollen records with the best chronological 
control were selected. However, the number of sites strongly decreases with 
the requirement of a large number of dates for a very good chronological 
control. Also, the availability of pollen records from large sites in the study 
area is limited over the study region, which means that the multiple small sites 
approach (Sugita, 2007a) had to be applied. For these reasons, it was 
important to seek a reasonable compromise between a best chronological 
control and a large number of sites in order to get the best REVEALS land-
cover reconstructions possible. For the objectives of the LANDCLIM project, 
we considered that a reasonable strategy was to maximize as much as possible 
the number of sites to widen the geographical cover in the study area, but 
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carefully check all chronologies to make sure that the age-depth models based 
on few dates seemed nevertheless reasonable in terms of the well-established 
ages of particular vegetation changes in NW Europe (e.g. the age of the elm 
decline). Therefore, based on the results from the REVEALS test runs (Paper 
I), we used pollen data from sites with chronologies based on ≥ 3 dates. The 
number of dates for the selected pollen records varies between 3 and 278. The 
selected pollen records may not cover the whole Holocene, but at least parts of 
it. When the pollen record’s chronology in calibrated years was established by 
the data contributor or the database manager, we adopted it. But, when the 
chronology was lacking or provided in uncalibrated years, we used the 
available dates (from the literature or the data contributor) and established an 
age-depth model using the software clam (Blaauw, 2010) that implements the 
IntCal09 calibration curve of Reimer et al. (2009). These chronologies are 
specified as “LANDCLIM chronologies” in Table S2 in Paper III.  
 
 

4.2 Time periods studied 
 
Five time windows of the Holocene were selected for Papers I-III. They 
represent contrasting land-cover in terms of vegetation composition and 
degree of vegetation openness (forested land versus open land) (Gaillard et al., 
2010). Moreover, because the error estimates on the REVEALS 
reconstructions will decrease (i.e. their precision increase) with the size of the 
pollen counts (Sugita, 2007a), we chose to work with 0.5k-years’ time 
windows around 6k and 3k BP , and 0.35k-years’, 0.25k-years’, and 0.1k-
years’ time windows around 0.5k, 0.2k, and 0.05k BP, respectively, in order to 
maximize the number of counted levels within a time window. The five time 
windows are as follows: 
1) x-0.1k (ca. 0.05k, Recent past): i.e. “modern” time with x = date of the core 
surface, 
2) 0.1k - 0.35k (ca. 0.2k, end of the Little Ice Age): preindustrial time, 
3) 0.35k - 0.7k (ca. 0.5k, Middle Ages): decreased human impact in parts of 
Europe, 
4) 2.7k - 3.2k (ca. 3k, Early/Late Bronze Age transition): relatively strong 
human impact in several parts of the study region, and 
5) 5.7k - 6.2k (ca. 6k, Mesolithic/Early Neolithic boundary): low human 
activity. This time window was also selected because it has been broadly used 
in climate modelling. 
In addition, land-cover reconstructions over the entire Holocene (11.5k-
present) are presented in Paper IV. In that case, the first three time intervals 
are the same as the three first time windows above, and for the rest of the 
Holocene we used continuous 0.5k-year intervals from 0.5k to 11.5k. In Paper 
V, only three of the Holocene time windows were studied, i.e. 0.05k, 0.2k, 
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and 6k years before present. The modern time window was used for model 
evaluation. 
 
 

4.3 The REVEALS model 
 
The “Regional Estimates of VEgetation Abundance from Large Sites” 
(REVEALS) model developed by Sugita (2007a) accounts for inter-
taxonomic differences in pollen productivity and dispersal properties, as well as 
the size and type of sedimentary basins. Hence, it corrects the biases of pollen 
data. Given that estimates of pollen productivity and fall speed of pollen are 
available for plant taxa, the REVEALS model can calculate estimates of past, 
regional vegetation abundance in proportions or percentage cover using fossil 
pollen counts from large lakes ( > 48 ha, i.e. mean radius of the site > ca. 390 
m, according to simulations; Sugita, 2007a). 
 
The equation of the REVEALS model is as follows: 
 

∑
∑

∫

∫

=

=

=


















=

m

j

jjkj

iiki

m

j

Z

R

jj

kj

Z

R

i
i

ki

i

Kn

Kn

dzzg

n

dzzg
n

V

1

,

,

1

max
,

max

,

)ˆ(

ˆ

)(ˆ

)(
ˆ

ˆ

α

α

α

α

 

 

Where iV̂  is the estimate of the regional vegetation abundance for taxon i (in 
proportion or percentage), ni,k the pollen count of taxon i at site k, iα̂  the 
estimate of pollen productivity (PPE) for taxon i, z is the distance between the 
centre of the sedimentary basin and the pollen source, gi(z) the pollen 
dispersal/deposition function for taxon i expressed as a function of distance z, 
R the radius of a sedimentary basin, Zmax the maximum distance within which 
most pollen originates (i.e. the maximum spatial extent of the regional 
vegetation), m the total number of taxa included, and is 
the “pollen dispersal-deposition coefficient” of taxon i for which Prentice’s 
model (1985, 1988) is used for pollen data from bogs and mires and Sugita’s 
model (1993) is used for pollen data from lakes and ponds. Both Prentice’s 
and Sugita’s model uses Sutton’s model of pollen dispersal from a ground-level 
source under neutral atmospheric conditions (Sutton, 1953; Sugita, 2007a). 

Besides pollen counts (ni,k in the equation) the following parameters need 
to be set up for the application of the REVEALS model: 
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- PPEs, (i.e. iα̂  in the equation) and their standard errors (SEs) and fall 

speed of pollen (FSP, needed for the calculation of gi(z)) for each 
individual modelled taxon, 

- basin type (i.e. lake or bog) and size (i.e. site radius, R in the equation),  
- the maximum extent of the regional vegetation (Zmax), 
- wind speed (i.e. 3 m/s by default), 
- atmospheric conditions (i.e. Cz: the vertical diffusion coefficient, Cy: 

the horizontal diffusion coefficient, and n: an empirical turbulence 
parameter, set to neutral conditions by default). 

 
The model assumptions are listed and explained in Sugita (2007a). The 

most important ones are: 
- wind is the dominant agent of pollen transport and is blowing from all 

directions 
- the deposition basin (lake or bog) is round 
- no vegetation is growing on the surface of the deposition basin  
- pollen productivity does not change over time 

 
Deviations from these assumptions in empirical situations have been 

discussed in the context of the many empirical tests and validations of the 
REVEALS model, i.e. in southern Sweden (Hellman et al., 2008a,b), 
Denmark (Nielsen & Odgaard, 2010), on the Swiss Plateau (Soepboer et al., 
2010), and in the upper Great Lake region of USA (Sugita et al., 2010). These 
studies show that REVEALS provides reasonable estimates of regional 
vegetation abundance using modern and historical (Denmark) pollen from 
large sites (≥ 50 ha) and related vegetation data. The spatial scale of 
REVEALS reconstructions was shown to be of ca. 104 km2 (100 km x 100 
km) in southern Sweden (Hellman et al., 2008b). Although the REVEALS 
model was developed to reconstruct regional vegetation abundance using 
pollen data from large lakes, simulations have shown that REVEALS can 
provide reliable estimates of the regional plant abundance even when multiple 
small sites (< ca. 50 ha) are used; however, the error estimates will be much 
larger (Sugita, 2007a). Because of the lack of large lakes in some areas of our 
study region, and in order to increase the number of sites used for the 
REVEALS reconstructions, we used the “multiple site approach”,   we ran the 
model for pollen records from groups of sites of various sizes and types (lakes 
and bogs) (papers I-V). For the studies in Papers I, III, and V, the sites were 
grouped according to a 1˚ x 1˚ grid (relevant for applications related to 
dynamic vegetation models and climate models), and for the studies in Papers 
II and IV the sites were grouped irrespectively of a grid according to various 
information on the pollen records and the geographical location of the study 
sites in relation to distance between sits, climate conditions and other 
environmental characteristics  (see individual papers for more details). 
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4.4 Test runs and LANDCLIM methodological 
protocol 
 
Before deciding on the criteria for selection of sites and parameters for the 
LANDCLIM project, Mazier et al. (2012) (Paper I) used the Czech 
Quaternary Pollen Database (PALYCZ; Kuneš et al., 2009) to evaluate the 
extent to which the selection of different input data and parameters would 
affect the REVEALS reconstructions. The tested parameters were: i) the 
number of 14C dates per pollen record used to establish the chronology 
(minimum of 3 or 5 dates), ii) the basin type (lake or bog), iii) the basin size 
(site radius), iv) the number of taxa (25, 28 or 35 taxa), v) the PPEs (three 
different sets of estimates), and vi) the value of Zmax (50, 100 or 200 km), 
which is the estimated largest extent of the regional vegetation around the 
study site(s) (see above, The REVEALS model). The Spearman’s rank-order 
correlation coefficient rs (Siegel & Castellan, 1988) was used to compare the 
REVEALS estimates for plant functional types (abbreviated REVEALS 
PFTs) between the different model outputs, and the significance of the 
correlation was tested. Plant functional types (PFTs) are i.e. groups of species 
(often single genera) that have similar responses to environmental conditions 
and affect ecosystem processes in comparable ways (e.g. Diaz & Cabido, 1997) 
and, therefore, can be regarded as functionally similar (e.g. Wolf et al., 2008). 
PFTs are one of the most useful groupings of plants for climate modelling. 
The Spearman’s rank-order correlation is a non-parametric test that measures 
the degree of association between two sets of data, in this case REVEALS 
PFTs. The results showed that, although the actual values of the REVEALS 
estimates could differ depending on what set of PPEs, site type (lake or  bog) 
and site size (large or several small) was used, the ranking of REVEALS PFTs 
was generally insensitive to the differences in parameter settings, except when 
entomophilous taxa were included.. Therefore, we chose the parameter setting 
we found most relevant for the LANDCLIM study, and the following 
criteria’s were implemented in the LANDCLIM methodological protocol: 
 

1. Because the REVEALS model assumes that pollen grains are wind 
transported, we chose to exclude the entomophilous taxa from the 
PFT reconstructions; however, taxa with mixed wind and insect 
transport, such as Compositae, Filipendula, Rumex, Plantago and 
Ranunculus species were included. In total we used 25 plant taxa for 
the REVEALS reconstructions. 

2. We selected pollen records from both lakes and bogs, small and large 
basins, with chronologies based on ≥ 3 dates in order to maximize the 
number of sites to be used. 

3. We applied the PPE set “standard 2” (for each taxon, mean of all 
existing PPEs for that taxon, Table 1). 
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4. Zmax was set to 50 km (corresponding approximately to the size of the 
project grid cells (1° x 1°), see section 4.5 below for more details 
regarding the grid used). 

 
The PPE set “standard 2”, i.e. mean of all PPE values available for each 

taxa, was preferred because the causes behind differences in PPEs between 
studies and regions are still not fully understood. Possible explanations are 
methodological differences in the collection of pollen and vegetation data (i. e. 
pollen data from lakes, bogs or moss polsters; pollen and vegetation data from 
modern or historical time, and different methodologies of vegetation surveys). 
Also, between-region differences in PPEs might be due to contrasting climate, 
species composition or land-use management (Broström et al., 2008). 
 
 

4.5 Spatial scales of the REVEALS land-cover 
reconstructions, the dynamic vegetation (LPJ-
GUESS), and the regional climate (RCA3) models 
 
The LANDCLIM project has the overall aim to use the REVEALS-based 
land-cover reconstructions to evaluate and further refine a dynamic vegetation 
model, LPJ-GUESS (Smith et al., 2001), and a regional climate model, 
RCA3 (Kjellström et al., 2005; Samuelsson et al., 2011), in order to assess the 
possible effects on the climate of climate-driven and human-induced changes 
in vegetation/land cover. The spatial scale of the REVEALS model-based 
reconstructions (ca. 100 km x 100 km) is appropriate for the study of land 
cover-climate relationships because the regional climate model RCA3 and the 
dynamic vegetation model LPJ-GUESS models used in the LANDCLIM 
project perform well at a spatial scale of 0.5° to 1º. Therefore, we used a 
common grid-cell size of 1ºx1º, which corresponds to an area of ca. 100 km x 
100 km or less depending on the latitudinal location, for the REVEALS-
based reconstructions of regional vegetation/land-cover presented in this paper 
(i.e. grid-based REVEALS estimates abbreviated GB REVEALS). 
 RCA3 includes a description of the atmosphere and its interactions with 
the land surface (Kjellström et al., 2005; Samuelsson et al., 2011). It uses a 
simple land-surface description comprising three Land-Cover Types (LCTs),  
(1) evergreen trees (ET), (2) summer-green trees (ST) and (3) open land (OL, 
i.e. non-forested areas) (Table 1). The LPJ-GUESS model simulates the 
climate-induced composition of Plant Functional Types (PFTs). REVEALS 
reconstructs percentage cover of individual taxa at a taxonomical level that 
depends on the possible degree of precision of the pollen identification 
(species, group of species, genera, group of genera or family). Hence, to make 
comparison of the REVEALS estimates with the LPJ-GUESS outputs 
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possible, and to use them as alternative descriptions of land cover in RCA3, 
the REVEALS estimates of 25 individual taxa were grouped into ten PFTs 
(Paper I and III) and three LCTs (Papers II, III and V) (Table 1). However, 
in Paper IV, the individual 25 plant taxa were grouped into eight broader taxa 
groups (Table 1). 
 
 

4.6 Numerical analysis  
 
The major objective of Paper II was to explore how various explanatory 
variables such as number and type of sites (bogs and lakes of various sizes) may 
influence the REVEALS reconstructions of past regional vegetation in 
southern Sweden. Therefore, multivariate analysis implemented by 
CANOCO 4.5 (ter Braak and Šmilauer, 2002) was applied on the REVEALS 
estimates to: i) find out what/which group(s) of small sites provided the 
estimates of vegetation composition most similar to the estimates from large 
lakes, and ii) evaluate the influence of a set of selected environmental variables 
(see below) on the REVEALS estimates of regional vegetation composition. 
The length of the gradient in a detrended correspondence analysis (DCA) of 
the REVEALS dataset was short (< 2.0 S.D. units) for all REVEALS 
runs/groups tested, which motivated the choice of a linear ordination method, 
e.g. redundancy analysis, RDA, for further analysis (Lepš and Šmilauer, 
2003). 

In Paper II, REVEALS was run for five different combinations of site 
groups called RUNS 1-5 (Fig. 1 and Online Resource 10 in paper II). RDA 
was applied on the REVEALS estimates from i) each of the RUNS 1-5 
separately, and ii) all RUNS 2-5 together as one dataset, resulting in six 
RDAs. For RUNS 1 the following environmental variables were selected for 
the analysis: 

 
- Number of sites in each site group and time window 
- Type of site (entered as a dummy variable (0, 1): lake+bog, lake, or bog) 
- Open land (non-forested land expressed in percentage cover) 
- Basin size (mean radius expressed in meters) 

 
For RUNS 2-5 the above listed environmental variables were used with an 

addition of the following variables: 
 
- Distance from the large lake (expressed in kilometers), and 
- vegetation zone (entered as a dummy variable (0, 1): temperate zone, 

hemiboreal zone, or mixed zone (i.e. groups with small sites in both 
vegetation zones) 
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All variables were evaluated using forward selection, and the “extra fit” was 
determined for each environmental variable indicating the importance, i.e. the 
explanatory power, of each variable. The statistical significance of the variables 
was tested by Monte Carlo permutations (see results in Table 3 in paper II). 
The results of the RDAs are presented in tri-plots using CanoDraw 4 for 
Windows (Figs. 2-7 in paper II). Because of space restrictions, we only 
presented the tri-plots for RUNS 1 (Figs. 2-3 in paper II) and RUNS 2-5 
together as one dataset (Figs. 4-7 in paper II). 
 The overall aim of Paper IV was to quantitatively reconstruct the 
vegetation/land cover in Norway and in the catchment area of the Baltic Sea 
for the entire Holocene (11 500 BP to present), i.e. 25 time windows of the 
Holocene (Table 2 in paper IV). In this paper the sites (i.e. pollen records) in 
the study region were not grouped according to a grid, as in Papers I, III, and 
V, but they were instead grouped on the basis of modern biogeography (see 
Paper IV for more details regarding the grouping of sites). This first grouping 
of sites was then examined using multivariate analysis implemented by 
CANOCO 5 (ter Braak and Šmilauer, 2002) in order to test the 
similarity/dissimilarity in vegetation composition through time between the 
sites in each biogeographical group. The analysis was made on the pollen 
percentages (of the 25 plant taxa (100%) that we have PPEs for, and therefore 
can use in REVEALS applications) of the individual sites in each 
biogeographical group. The site groups were analyzed for 12 selected time 
windows covering Early, Mid, and Late Holocene where each time window 
was analyzed separately. The length of the gradient in a detrended 
correspondence analysis (DCA) of the pollen percentages was short (< 2.5 
S.D. units) for all 12 time windows, which motivated the choice of a linear 
ordination method, e.g. principal components analysis, PCA, for further 
analysis (Lepš and Šmilauer, 2003). Hence, PCA was applied on the pollen 
percentages of the individual sites in each group for each separate time 
window resulting in 12 PCAs. Based on the results of the PCAs the 
preliminary site groups were adjusted so that adjacent sites with similar 
vegetation composition were grouped together. Site groups with similar 
vegetation composition that are not adjacent were not merged together 
because the REVEALS model requires the sites to be located within the same 
region, i.e. in the same vegetation zone. This resulted in a reduction in the 
number of site groups from 51 to 33 site groups for which the REVEALS 
model was run. In Paper IV, one time window, 2700-3200 cal yrs BP, was 
chosen as an example to illustrate the analyses performed on the site groups. 
Figure 2 in Paper IV shows, for that time window, the preliminary 51 site 
groups tested by PCA, and Figure 3 in Paper IV shows the result of a PCA 
performed on the final 33 site groups. 
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4.7 Presentation of results 
 

4.7.1 Maps of grid-based REVEALS estimates for five Holocene 
time windows 
 
Paper III presents quantitative reconstructions of regional vegetation cover in 
Europe (except the Mediterranean area and European Russia) for five time 
windows in the Holocene (6k, 3k, 0.5k, 0.2k, and 0.05k calendar years before 
present (BP)) at a 1° x 1° spatial scale with the objective of producing 
vegetation descriptions suitable for climate modelling. The REVEALS model 
was applied on 636 pollen records from lakes and bogs to reconstruct the past 
cover of 25 plant taxa grouped into ten plant functional types (PFTs) and 
three land-cover types (LCTs; evergreen trees, summer-green (deciduous) 
trees, and open land). The pollen records were collected from the European 
Pollen Database (EPD) (Fyfe et al., 2009; Giesecke et al., 2014), the Czech 
Quaternary Pollen Database (PALYCZ; Kuneš et al., 2009), the ALPDABA 
(Swiss pollen data archive, University of Bern, Switzerland), other archives of 
pollen records (Ireland, Norway and Estonia), or directly from the data 
contributors. Below, for the sake of simplicity and ease of readability, the 
REVEALS taxa, PFTs, and LCTs are referred to as taxa (e.g. Picea), PFTs 
(e.g. ALs for agricultural land), and LCTs (e.g. OLs for open land), 
respectively, except when it may lead to confusion and REVEALS is added 
for clarification. 
 Given the main purpose of the LANDCLIM project, Paper III describes 
in particular the results related to changes in i) the vegetation openness (i.e. 
the LCT open land (OL) and PFTs agricultural land (AL), grassland (GL), 
and Calluna vulgaris (heather; low shrub evergreen (LSE)), and ii) the 
relationship between the three LCTs (i.e. OL, summer-green (deciduous) 
trees (ST), and evergreen trees (ET)). The results for Picea (spruce; PFT 
shade-tolerant evergreen tree, TBE1) are also described, as one of the striking 
examples of the effect of the REVEALS model reconstructions when 
compared to pollen percentages and its implication for conservation and 
biodiversity issues. In the text below 6k, 3k, 0.5k, 0.2k, and 0.05k are the 
selected time windows in calibrated years BP as explained in section 4.2 above. 
 The ten PFTs and three LCTs (Table 1) in Paper III are presented with 
their error estimates in a series of 13 x 5 maps (one map per time window) 
(LCTs: Figs. 2, 6-7, and PFTs: Figs. 3-5, 8, and S1-S6 in paper III). The 
uncertainties of the LCTs and PFTs are shown by circles of various sizes in 
each grid cell with a REVEALS estimate. The circles represent the coefficient 
of variation (CV), i.e. the standard error divided by the REVEALS estimate. 
When SE ≥ mean REVEALS estimate, the circle fills an entire grid cell and 
the REVEALS estimate is considered as not reliable. This occurs mainly 
when REVEALS estimates are low. Based on i) an estimation of the 
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reliability of the REVEALS estimates related to the available pollen records in 
each grid cell (Fig. 1 in paper III) and ii) the uncertainties of the REVEALS 
results (Figs. 2-8 and S1-S6 in paper III), we propose that the southern part of 
the study region including Denmark, southern Sweden, southern Norway, 
southern Finland, northern Poland, and Estonia, as well as northernmost 
Sweden and Norway, have the most reliable REVEALS estimates, while large 
parts of mid Norway, Sweden, and Finland have few grid cells with more than 
one pollen record (from one small site) available and, therefore, these results 
should be interpreted with care as they may not necessarily be representative of 
the regional vegetation. 
 
4.7.2 Sub-regional Holocene diagrams of REVEALS-based 
vegetation cover 
 
The major aim of paper IV is to present Holocene land-cover reconstructions 
based on the REVEALS model and pollen records from eight countries 
around the Baltic Sea (i.e the Baltic Sea catchment area) and Norway, and 
discuss the large-scale spatial and temporal changes in land cover between 
11.5k BP (11.35-11.7 is the oldest time slice) and present. In this paper, the 
339 pollen records used are the same as those used in Paper III for the study 
region (see Paper III for details on the origin of the pollen data).  
 The REVEALS reconstructions of the eight broader taxa groups for all 33 
site groups are presented in 33 graphs together with maps showing each site 
group (Figs. 4-9 in Paper IV). Out of these 33 site groups 13 were selected for 
which we present more detailed results, i.e. 19 taxa and taxa groups together 
with their error estimates (Figs. S1-S13 in Paper IV). However, for some site 
groups, some of these 19 taxa or taxa groups had very low REVEALS values 
(<0.002%) or had many REVEALS values that did not differ from zero. In 
these cases, the results are not shown in the diagrams of Figs. S1-S13. 
 

 

4.8 Filling the gaps: statistical model for spatially 
explicit maps of past land cover  
 
Quantitative palaeoecological reconstructions of past land cover based on e.g. 
pollen records are of great importance for e.g. evaluating dynamic vegetation 
models (DVMs) and anthropogenic land-cover change scenarios (ALCCs) 
(e.g. Gaillard et al., 2010). However, unlike DVMs and ALCCs, 
palaeoecological records provide “point data” as the records are derived from 
individual study sites or groups of study sites (lakes or bogs). Therefore, the 
“gaps” (areas blank of REVEALS reconstructions) need to be filled in if 
palaeoecological reconstructions of past land cover are to be useful in, for 
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example, climate model simulations. To achieve this interpolation process, a 
new statistical approach based on existing statistical spatial models and 
methods (Tjelmeland and Lund, 2003; Lindgren et al., 2011; Rue et al., 2009) 
was developed (Paper V). This new approach takes spatially continuous land-
cover estimates from DVMs and ALCCs and constrains the “point 
reconstructions” of pollen-based land cover. The objective of Paper V is to 
reconstruct land cover in Europe at 6k, 0.2k and 0.05k (i.e. recent times) using 
the grid-based REVEALS estimates of three land-cover types (LCTs) 
(presented in Paper III) and interpolation methods. Four different statistical 
spatial models, two standard linear regression models (RM and RMgeo), and 
two intrinsic GMRF (Gaussian Markov Random Field: Lindgren et al., 2011; 
IGMRF and IGMRFgeo) models, were developed to explain pollen-based 
estimates of land cover by various sets of covariates, i.e. model-based estimates 
of potential (DVMs) and anthropogenic (ALCCs) land cover, elevation, 
longitude and latitude. Only two of the four statistical models used 
geographical coordinates as additional covariates, i.e. RMgeo and IGMRFgeo. 
All four statistical spatial models were used for estimating the land-cover in 
areas where pollen data was not available, and evaluated using a map of 
present-day land cover in the study region obtained from the forest map of 
Europe compiled by the European Forest Institute (EFI). 
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5. RESULTS – SUMMARY OF 
PAPERS 
 

5.1 PAPER I (Mazier et al., 2012): Testing the 
REVEALS model using different parameter settings 
and site selections – providing criteria for the protocol 
of the REVEALS applications 
 
In this paper, we use the REVEALS model and pollen records from the 
Czech Quaternary Pollen Database to test and evaluate the extent to which 
selection of data and input parameters for the REVEALS model applications 
would affect reconstruction outcomes, with the major objective to provide 
useful criteria for the protocol of data compilation and REVEALS runs within 
the LANDCLIM project. The REVEALS estimates of ten plant functional 
types (PFTs) are calculated for five time windows of the Holocene (i.e. 0.05k, 
0.2k, 0.5k, 3k, and 6k before present) using fossil pollen records available in 
each 1°×1°grid cell of the Czech Republic. The tested input data and 
parameters were the number of 14C dates per pollen record used to establish 
the chronology (minimum of 3 or 5 dates), the basin type (lake or bog) and 
size (site radius), the number of taxa (25, 28, or 35 taxa), the PPEs (three 
different sets of estimates), and the value of Zmax (50, 100, or 200 km). 
Spearman’s rank-order correlation coefficient rs(Siegel & Castellan, 1988) was 
used to compare the PFT estimates between the different model outputs, and 
the significance of the correlation was tested. Spearman’s rank-order 
correlation is a non-parametric statistic test that measures the degree of 
association between two sets of data, in this case REVEALS PFT estimates.  

The results show that differences in the basin size and type, number of 
dates, number and type of taxa (entomophilous included or not), and PPE 
dataset do not affect the rank orders of the GB REVEALS PFT-s 
significantly, except for the cases when entomophilous taxa are included, i.e. 
REVEALS estimates can differ depending on what set of PPEs, site type 
(lake or bog), and site size (large or several small) was used, but the ranking of 
the estimates do not change. Hence, the REVEALS PFT estimates are 
generally insensitive to the differences in parameter settings. It implies that, 
given careful selection of data and parameters, and proper interpretation of the 
results, REVEALS applications using pollen records from several lakes and 
bogs of different sizes together do provide reconstructions of regional past 
land cover that can be used for e.g. the study of past land cover–climate 
interactions.  
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Based on the results of this study, the following input data and parameters 
are chosen and implemented in the LANDCLIM methodological protocol for 
the first generation of grid-based REVEALS land-cover estimates (Paper III): 

1. Because the REVEALS model assumes that pollen grains are wind 
transported, we choose to exclude entomophilous taxa from the PFT 
reconstructions, although taxa with mixed wind and insect transport, 
such as Compositae, Filipendula, Rumex, Plantago, and Ranunculus 
species were included.  

2. We select pollen records from both lakes and bogs, small and large 
basins, with chronologies based on ≥3 dates in order to maximise the 
number of sites to be used. 

3. We apply the PPE set “standard 2” (for each taxon, mean of all existing 
PPEs for that taxon). 

4. Zmax is set to 50 km (corresponding approximately to the size of the 
project grid cells, i.e. 1° x 1°). 

By making this choice, we increase the number of pollen records per grid 
cell and the number of grid cells with pollen records, which in turn should 
generally increase the quality of the REVEALS results per grid cell and 
maximize the geographical cover of the grid-based PFT estimates. 
 
 

5.2 PAPER II (Trondman et al., submitted to 
Vegetation History and Archaeobotany): Testing the 
theoretical framework of the REVEALS model in an 
empirical situation  
 
In this paper, we use sites in southern Sweden to compare the REVEALS 
estimates from large lakes with that of groups of small sites (lakes and bogs) 
located within different distances from the large lakes to test how this distance 
may affect the reconstruction outcomes using small sites. In addition, we test 
the REVEALS model in an area (i.e. southern Sweden) that comprises two 
vegetation zones. As argued in Sugita et al. (2010), we need to improve our 
understanding about the various factors that may affect the accuracy of the 
method, like basin size, number of sites, and spatial complexity of vegetation 
patterns or gradients in dominant vegetation. This is not only important in 
itself, but it is also important to test the theory behind the decisions 
implemented in the LANDCLIM methodological protocol (Papers III). The 
major objective of this study is to explore how various explanatory variables 
such as number and type of small sites (bogs and lakes of various sizes) may 
influence the REVEALS reconstructions of past regional vegetation in 
southern Sweden. The study region is well suited for this study as a large 
number of pollen records from lakes and bogs are available, and it is 
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characterized by a vegetation zone boundary due to differences in bedrock, soil 
and climate; therefore, we can also explore how boundaries between different 
vegetation types may affect REVEALS reconstructions. Another objective is 
to explore whether the distance between the small sites is of significant 
importance when reconstructing the regional vegetation composition using a 
group of small sites compared to a large lake. A redundancy analysis (RDA) 
was applied on the REVEALS dataset to: i) find out what/which group(s) of 
small sites provide the estimates of vegetation composition most similar to the 
estimates from large lakes, and ii) evaluate the influence of a set of selected 
environmental variables (i.e. number of sites, type of site, basin size, 
REVEALS estimate of open land, distance from the large lake, and vegetation 
zone) on the REVEALS estimates of regional vegetation composition.  

The results show that: i) groups of small sites can be used for 
reconstructing the regional vegetation composition when large lakes are 
absent; however, as expected, standard errors will be larger when multiple 
small sites are used due to the higher variability in pollen data between the 
small sites, which supports the findings in Paper I and Fyfe et al. (2013), ii) 
even when using large lakes, it is recommended to use pollen records from at 
least two lakes in order to increase the accuracy of the regional vegetation 
reconstruction and to reduce standard errors of the estimates, as suggested 
earlier  by Hellman et al. (2008a), iii) for the multiple small site approach, 
small lakes generally produce REVEALS estimates closer to that of the large 
lakes than the small bogs do, even when the number of small lakes available is 
low; nevertheless, pollen records from lakes and bogs used together also 
provide satisfactory results, iv) the REVEALS model performs well in 
reconstructing individual plant taxa; however, there are a few cases where 
some taxa are less well reconstructed (overestimated), because of their local 
dominance, such as Calluna, Cyperaceae and Betula on bogs, and Gramineae 
along lake shores (reeds), v) the REVEALS model performs even better for 
broader taxa groups, such as the three land-cover types summer-green 
(deciduous) trees, evergreen trees and open land, than for individual taxa, and 
vi) our results show that the variation in vegetation composition using 
multiple small sites compared to large lakes is mainly explained by the variable 
open land, and thereafter, ranked from high to low explanatory power, the 
variables number of sites, hemiboreal zone, temperate zone, lake, bog, mixed 
vegetation zone, distance and mean basin size. Hence, the most important 
variables are number of sites and the distance to a vegetation zone boundary 
(rather than the distance between the small sites and the large lakes. This 
means that the decision taken for the LANDCLIM protocol (Paper II), that 
both lakes and bogs can be used is sound; however, the grid-based approach 
can contravene the recommendation of grouping sites belonging to the same 
vegetation zone. Therefore, grouping sites according to, for example, modern 
biogeographical criteria, as in Paper IV, can be a better approach. In that way, 
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the number of sites in each group can be larger, which often reduces the 
uncertainties of the REVEALS reconstructions. 
 
 

5.3 PAPER III (Trondman et al., 2014): Pollen-based 
land-cover reconstructions in Europe at a 1° x 1° 
spatial scale for five time windows of the Holocene,  
0.05k, 0.2k, 0.5k, 3k and 6k before present  
 
In paper III, we present quantitative reconstructions of regional vegetation 
cover in Europe (except the Mediterranean area and European Russia) for five 
time windows of the Holocene (6k, 3k, 0.5k, 0.2k, and 0.05k BP) at a 1° x 1° 
spatial scale with the objective of producing vegetation descriptions suitable 
for climate modelling. The REVEALS model was applied on 636 pollen 
records from lakes and bogs to reconstruct the past cover of 25 plant taxa 
grouped into ten plant functional types and three land-cover types.  

The results show that the REVEALS reconstructions agree well with our 
understanding of the vegetation history (e.g. vegetation patterns and tree 
migration) of Europe based on pollen percentages. However, the degree in 
landscape openness (i.e. anthropogenic deforestation for cultivated land and 
grazing land) at 3k, 0.5k, and 0.2k BP as estimated by the REVEALS model 
is significantly higher than previously deduced from pollen percentages. This 
is also the case at 6k in some parts of Europe, in particular Britain and Ireland. 
Moreover, the relationship between summer-green (deciduous) and evergreen 
trees, and between individual tree taxa, differs significantly when expressed as 
pollen percentages or as REVEALS estimates of tree cover. For example, 
Pinus is dominant over Picea when expressed in pollen percentages, but the 
relationship between these two taxa is reversed if expressed in REVEALS 
estimates. These differences play a major role in the reconstruction of 
European landscapes and for the study of land cover-climate interactions, 
biodiversity and human resources in the past. As shown by Strandberg et al. 
(2014), different degrees in vegetation openness do influence the regional 
climate through biogeophysical processes.  
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5.4 PAPER IV (Trondman et al., manuscript): 
Quantitative reconstructions of regional land cover for 
the Baltic Sea catchment area and Norway 11.7k to 
present using pollen records from groups of small sites 
and 25 pollen taxa   
 

In Paper IV, we present quantitative land-cover reconstructions over the 
whole Holocene in the Baltic Sea catchment area and Norway based on pollen 
data and the REVEALS model. The REVEALS model is applied on 339 
pollen records that have been grouped according to modern biogeographical 
criteria in combination with numerical analysis (i.e. principal component 
analysis, PCA). The objectives of Paper IV are to: i) describe and discuss the 
spatio-temporal changes in regional plant abundance at a 500-yrs time 
resolution over the Holocene, and ii) evaluate the spatio-temporal changes in 
plant abundance in relation to climate and land-use changes in the study 
region. Grouping sites according to modern biogeographical criteria results in 
51 groups.  A PCA analysis of the pollen records from these 51 groups shows 
that adjacent site groups with similar pollen records can be merged together. 
This leads to a reduction of the number of site groups to 33 for the 
REVEALS applications. 25 plant taxa are reconstructed and presented in 
diagrams of eight taxa groups (Figs. 4-9 in Paper IV), and 19 individual taxa 
and taxa groups (Figs. S1-S13).  

The REVEALS reconstructions show that, at the beginning of the 
Holocene, large parts of the study region were covered by open woodland of 
Betula and Pinus, with shrubs, grasses, and herbs. During the mid-Holocene 
the broadleaved deciduous woodlands of northern Europe (with Tilia and 
Ulmus often dominant over Fraxinus and Quercus) generally reached their 
maximum. Thereafter the landscape started to open up due to anthropogenic 
deforestation from c. 6k BP. As shown in Paper III, there are large differences 
between pollen percentages and REVEALS estimates, especially a large 
underestimation of landscape openness by pollen percentages, and differences 
in the relationship between open land and woodland, deciduous and 
coniferous trees, and individual taxa. In this paper we find in particular that 
the ages obtained for the establishment of all tree taxa using a “REVEALS 
estimate threshold” of 1% are almost all older (by 0.5k years or more) than the 
ages inferred earlier from pollen percentages, and the times of maximum 
abundances of these tree taxa are different between pollen percentages and 
plant cover. ). According to the REVEALS estimates, Corylus, Ulmus, and 
Tilia are the broad-leaved trees that reached farthest north during the 
Holocene and were most abundant 8-6k (around 4k in eastern Finland) 
(Corylus and Ulmus), and 6k-4k (5.5-5k in eastern Finland) (Tilia). Moreover, 
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anthropogenic landscape openness during the Holocene, before 1.5k, was 
largest in southernmost Sweden, Denmark, northern Germany and northern 
Poland (so-called temperate area) (20-30% around 5k and 35-60% around 3k). 
The two major and fastest increases in landscape openness occurred from c. 
1.5k (in almost the entire study region) and from c. 0.5k (in the whole study 
region). The time of largest landscape openness was between 0.5k and 0.2k, 
with maxima of c. 50 to 90% in the temperate region, and c. 40% in the 
hemiboreal zone and parts of the southern and middle boreal zones. These 
REVEALS estimates of past land-cover have major implications for:  i) the 
studies on past land cover-climate interactions using climate modelling, ii) the 
evaluation of existing anthropogenic land-cover change (ALCC) scenarios of 
the past, and iii) studies on past biodiversity for landscape management and 
nature conservation, and on past human resources questions in e.g. 
archaeology and palaeoecology in general.  
 
 

5.5 PAPER V (Pirzamanbein et al., 2014): Spatially-
explicit pollen-based statistical reconstruction of 
European past land cover at 0.05k, 0.2k and 6k before 
present for climate modelling 
 
In Paper V, we present a set of statistical models to create spatially continuous 
maps of past land cover by combining two data sets: 1) pollen-based “point 
estimates” of past land cover using the REVEALS model, and 2) spatially 
continuous estimates of past land cover, obtained by combining simulated 
potential natural vegetation from the dynamic vegetation model LPJ-GUESS 
(Smith et al., 2001) with the anthropogenic land-cover change scenario KK10 
(Kaplan et al., 2009). Reliable reconstructions of past land cover are critical for 
assessing potential effects of anthropogenic land-cover changes on past land 
cover-climate interactions. Fossil pollen records from lakes and bogs provide 
important information on past natural and human-induced vegetation cover. 
However, pollen records only provide “point estimates” of past land cover. We 
present statistical spatial models to produce spatially continuous maps of three 
land-cover types (summer-green (deciduous) trees, evergreen trees, and open 
land). Four models are developed, two linear regression models (RM and 
RMgeo) without spatial dependencies and two intrinsic GMRF (Gaussian 
Markov Random Field: Lindgren et al., 2011; IGMRF and IGMRFgeo) 
models with spatial dependencies. The models interpolate over areas lacking 
REVEALS estimates by using a set of covariates, i.e. model-based estimates 
of potential/natural climate-induced vegetation (DVMs) and of anthropogenic 
(ALCCs) land cover, elevation, longitude and latitude. Only two of the four 
statistical models use geographical coordinates as additional covariates, i.e. 
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RMgeo and IGMRFgeo. Spatially continuous land-cover reconstructions are 
produced for three time windows in Europe: 0.05k, 0.2k, and 6k years before 
present (BP). The models are evaluated through cross-validation, deviance 
information criteria, and by comparing the reconstruction of the 0.05k BP 
time window to the present-day land-cover data compiled by the European 
Forest Institute (EFI). For 0.05k BP, the proposed models provide 
reconstructions that are closer to the EFI data than either the REVEALS- or 
LPJ-GUESS/KK10-based estimates; thus the statistical combination of the 
two estimates improves the reconstruction. The reconstruction by the 
proposed models for 0.2k BP (mid-18th century) is also very satisfactory on the 
basis of what we know of the characteristics of the 18th century’s historical 
landscapes. For 6k BP, however, the large differences between the 
REVEALS- and LPJGUESS/KK10-based estimates reduce the reliability of 
the proposed models. These large differences suggest that further 
modifications and developments of the statistical models are necessary to cope 
with the fact that the biases of the LPJGUESS model imply a decrease in 
precision of the simulated past vegetation with increased age of the estimated 
land cover, for example by: 1) using a more flexible way of combining an 
ALCC scenario with estimates from a DVM, i.e. accounting for the varying 
suitability of land-cover types for agrarian activities, and 2) including the error 
estimates of the grid-based REVEALS estimates in the statistical modelling. 
The results also imply that the LPJGUESS model likewise needs to be 
modified to provide better simulations of past vegetation of the Early and 
Mid-Holocene periods.  
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6. DISCUSSION 
 

6.1 Reliability of the REVEALS reconstructions of 
past land cover 
 
The reliability, accuracy, and precision of the REVEALS estimates of past 
vegetation using pollen records depend on a large number of factors, of which 
the most important are: 
 

- The type (bog or lake) and size (large or small) of the sites  
- The number of pollen records used and their distribution (homogenous 

or heterogeneous) in each grid cell  
- The past regional vegetation (homogeneous or heterogeneous 

ecoclinal/ecotonal) in each grid cell 
- The accuracy of the pollen records’ chronologies 
- The applicability and reliability of the available pollen productivity 

estimates (PPEs) in the study region 
 
The REVEALS model has been tested and validated for large lakes in 
southern Sweden (Hellman et al., 2008a,b), the Swiss lowland (Soepboer et al., 
2010) and in Michigan and Wisconsin (Sugita et al., 2010), and for multiple 
small sites (lakes and bogs) in the Czech Republic (Paper I; Abraham et al., 
2014) and southern Sweden (Paper II in this thesis). Pollen records from bogs 
might be problematic as bogs do not meet the assumption of the REVEALS 
model that the surface of the deposition basin should not be covered by 
vegetation. However, when multiple small bogs are used, the violation of that 
assumption does not have a severe impact on the results when compared to 
REVEALS estimates from multiple small lakes (Papers I and II), while the 
results from a large bog differ significantly from those from a large lake 
(Gaillard, unpublished). When grouping sites according to a strict 
geographical/coordinate grid (Papers I, III, and V) groups of relatively close 
sites may be split up in different grid cells, which may lead to a low number of 
sites in each of these grid cells and, therefore, decrease the reliability of the 
REVEALS reconstruction (Paper II). Studies show that the mean REVEALS 
estimates of a group of small sites (lakes and/or bogs) generally agree 
reasonably well with the REVEALS estimates from large lakes (Papers I and 
II; Fyfe et al., 2013). However, the standard errors may be very large, in 
particular for taxa with low pollen counts. Hence, REVEALS estimates based 
on pollen data from a small number of small sites (bogs in particular) have to 
be interpreted with caution. Alternatively, by grouping sites according to 
modern biogeographical criteria in combination with numerical analysis (e.g. 
PCA) (Paper IV) instead of using a grid-based approach, the uncertainties of 
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the REVEALS estimates are reduced. This is mainly due to the larger number 
of sites in each group of sites compared to the grid cells, but also to the PCA 
grouping together adjacent sites with similar pollen records. Sites with more 
similar vegetation (i.e. small site-to-site differences in pollen assemblages 
through time) will reduce the standard errors of the REVEALS estimates 
(Sugita, 2007a). Moreover, the larger the pollen counts, the smaller the SEs. 
The latter is explained by the decrease in variability of the pollen assemblages 
(taxon composition) with the amount of pollen counted, a well-known 
phenomenon since the early days of pollen analysis (Birks & Birks, 1980). 
When REVEALS is applied to pollen records from multiple sites, the pollen 
counts from several pollen records and several sites are merged to estimate the 
vegetation abundance during a given time window. If the chronologies are not 
accurate the pollen counts might not be synchronous, which would bias the 
estimates of vegetation abundance for the assumed time period. Therefore, it 
is essential to carefully check the reliability of the chronologies for the pollen 
records used in REVEALS applications using pollen records from several sites 
together. REVEALS estimates obtained using pollen data from large bogs or 
few small sites, and/or pollen records with poor chronologies (less than one 
date per millennium), should be considered with caution as they can 
potentially be unreliable 
 Because PPEs are not available for all plant taxa and pollen assemblages 
only represent part of the plant taxa and vegetation cover existing at any time 
of the past, pollen-based REVEALS estimates of vegetation abundance never 
reflect the exact actual past vegetation. Although the 25 selected pollen taxa 
generally account for >90% of the total pollen assemblage and represent plants 
with the major share in the total vegetation, one should not forget that 
REVEALS reconstructions are an approximation of the actual plant cover in 
the past. Therefore, REVEALS estimates of the cover of large vegetation 
units, such as open land and evergreen trees, may often be closer to “reality” 
and more useful than REVEALS estimates of the cover of individual taxa 
(Hellman et al., 2008a,b; Paper II). 

To summarize. Generally, the REVEALS estimates can be considered as 
reliable when large lakes (one or several) or multiple (minimum two) small 
lakes (or a mix of small lakes and bogs) are used (Paper II). 
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6.2 General trends in REVEALS-estimated regional 
vegetation abundance over space and time, do they 
make sense? 
 
Large parts of Europe were covered by open woodland with Betula and Pinus, 
shrubs, grasses, and other herbs at the beginning of the Holocene. For most of 
our study region woodlands were expanding in the beginning of the Holocene 
to reach a maximum in mid-Holocene (Paper IV). In early Holocene, the 
early-successional trees Betula and Pinus, and slightly later Corylus) were the 
most common tree taxa, but Ulmus, Alnus, Quercus, Tilia, and Fraxinus 
increased rapidly their cover and spread northwards between 8k and 5k.. Only 
in some parts of northern Scandinavia the cover of Pinus and Betula increased 
from around 9k BP. After the woodland maximum of the mid-Holocene, the 
landscape slowly started to open up. In the early Holocene the climate was one 
of the strongest determinants of vegetation changes, together with soil 
characteristics and light conditions. In contrast, from c. 6k, Neolithic people 
started to transform woodlands into more open areas such as grasslands, 
heathlands, and cultivated fields, which is seen in in the REVEALS 
reconstructions as an increase in cover of grasses, “other herbs”, cereals, 
heather and juniper. Nevertheless, the regional climate was still an important 
driver of major vegetation changes after 6k. The general regional vegetation 
development reconstructed with the REVEALS model agrees with the 
traditional interpretation of pollen percentages and, therefore, makes sense. 
The major differences between the pollen percentages and REVEALS 
estimates are the age of establishment of the tree taxa and their deduced 
(pollen percentages/estimated REVEALS) cover. A comparable development 
of the vegetation cover in Europe was found by Marquer et al. (2014) on the 
basis of 18 REVEALS reconstructions of the Holocene vegetation/land cover 
using pollen records from 18 large lakes in northern Europe. Marquer et al. 
(2014) also compared pollen percentages and REVEALS estimates of the 
same 25 plant taxa as those we have used in this thesis and found that the 
REVEALS estimates showed an earlier increase in Ulmus and Corylus in the 
beginning of the Holocene, and a larger increase in grasslands and deforested 
areas from the mid-Holocene, than the pollen percentages did. This indicates 
that deforestation and agricultural activities from mid-Holocene had stronger 
influence on plant composition and abundance than was previously deduced 
from pollen percentages. Other earlier studies have also presented and 
discussed the differences between REVEALS estimates of regional vegetation 
abundance and pollen percentages (e.g. Hellman et al., 2008a,b; Sugita et al., 
2008; Gaillard et al., 2010; Gaillard, 2013), and more specifically between the 
LANDCLIM grid-based REVEALS estimates and pollen percentages 
(Nielsen et al., 2012; Fyfe et al., 2013). Our results (Paper III) confirm the 
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earlier observation that REVEALS estimates are generally very different from 
pollen percentages in terms of taxa proportions. They also indicate that the 
differences found in this study are of the same magnitude as those observed by 
Sugita et al. (2008), Nielsen et al. (2012), and Fyfe et al. (2013) for sub-regions 
of Europe. Previous studies show that pollen percentages are greatly under-
estimating landscape openness (i.e. the cover of cereals, grasses, and other 
herbs) in comparison to REVEALS estimates. REVEALS percentages of 
open land are two to four times higher than pollen percentages. Further, the 
relationship between summer-green (ST) and evergreen trees (ET), and 
between individual tree taxa, differs significantly when expressed as pollen 
percentages or as REVEALS estimates of tree cover. For instance, when Pinus 
is dominant over Picea as pollen percentages, Picea is dominant over Pinus as 
REVEALS estimates. The inverted relationship between Pinus and Picea is 
due to the fact that the pollen productivity estimate (PPE) of Pinus is much 
higher than that of Picea, and the fall speed (FSP) of Pinus is almost half of 
that of Picea (Broström et al., 2008; Paper I) (Table 1), which results in a 
strong under-representation of Picea in pollen percentages. Moreover, the 
relationship STs/ETs differs depending on the share of open land (herbs and 
Calluna), for example, the difference between STs and ETs is larger in pollen 
percentages than in REVEALS estimates when the REVEALS OL is higher 
than ca. 25%, while it is lower in pollen percentages than in REVEALS 
estimates when the REVEALS OL is lower than ca. 25%. These features are 
also observed in REVEALS estimates and pollen percentages of the past 
(Sugita et al., 2008; Cui et al., 2013). This is due to the effect of percentage 
calculations of the REVEALS estimates after the transformation of the pollen 
data by the model. PPEs and FSPs are the major parameters influencing that 
transformation (Hellman et al., 2008a; Sugita et al., 2010).  
 
 

6.3 Comparison with anthropogenic land-cover 
change scenarios 
 
Several anthropogenic land-cover change (ALCC) scenarios for the past have 
been developed; however, they exhibit very large discrepancies for key periods 
of the past (see review in Gaillard et al., 2010) (Fig. 2).  In this respect, the 
REVEALS reconstructions have a great potential as a means of evaluating 
these scenarios. Two examples of these ALCC scenarios are the HYDE 
(Klein Goldewijk et al., 2011) and KK10 (Kaplan et al., 2009) scenarios. The 
KK10 scenario (Kaplan et al. 2009) uses a model of forest cover-human 
population relationship, and a model for land suitability for cultivation and 
pasture to create high resolution, annual resolved time series of anthropogenic 
deforestation in Europe for the last 3000 years. Uncertainties for the KK10 
scenario are mainly related to the population data used in the dataset, but also 
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the method (i.e. the non-linear relationship) used for translating the 
population numbers into fractions of deforested land. HYDE 3.1 (Klein 
Goldewijk et al., 2011) uses historical population data together with cropland 
and pasture statistics, combined with contemporary satellite information and 
allocation algorithms to create maps of global cropland and pasture for the 
period 10 000 BC to AD 2000. Uncertainties for the HYDE scenario are also 
mainly due to the uncertainties of the historical population numbers, especially 
for the period before AD 1700, and uncertainties related to the per capita 
land-use estimates used for the reconstruction. The KK10 and HYDE ALCC 
datasets have in common that they are both global in extent, cover most of the 
Holocene, and are based on human population data on a regional (country-
level) scale. In addition, both datasets use modern-day climate and soil data to 
distribute land use in the past, although the methods on how this data is used 
differ. However, the methods used for translating the population numbers into 
land-use estimates differ significantly (Kaplan et al., in prep.). HYDE uses the 
1961 per capita land-use estimates for each country, and assigns these for the 
past. However, per capita values may differ in the past. Around the time of 
industrialization there was an exponential increase in human population. As a 
consequence, this method generally results in a low degree of deforestation in 
preindustrial times. The KK10 scenario, on the other hand, is not based on 
the same per capita land use as HYDE. Instead, population data is converted 
to land-use estimates using a land-use model that employs a nonlinear, 
sigmoidal relationship between population density and ALCC. In addition, 
the model takes into account the land suitability for cultivation and pasture, 
which implies that larger areas are used when the quality of the land is less 
good and smaller areas are used when the quality of the land is high. When a 
critical point is reached where only a small amount of high quality land is left, 
populations start intensifying land use utilizing new methods and technology 
and more labor input, which causes a decrease in the per capita land use. 
Generally, this methodology produces higher degree of deforestation in 
preindustrial times than the methodology used for the HYDE scenario 
(Kaplan et al., in prep.). Moreover, none of the two ALCC scenarios 
incorporate archeological, palaeoecological data or historical descriptions of 
past land use. The first comparison of the grid-based REVEALS estimates (in 
paper III) of open land (i.e. agricultural land and grassland, excluding Calluna 
vulgaris) with the KK10 (Kaplan et al., 2009) and HYDE (Klein Goldewijk et 
al., 2011) scenarios is presented in Kaplan et al. (in prep.) and shows that, at a 
sub-regional level, KK10 scenarios are closer to the REVEALS estimates than 
the HYDE scenarios, except for the 0.05k BP time window when HYDE 
shows a close correlation with REVEALS. In this comparison, the sub regions 
are the smallest spatial units covered by a time series of population data. 
Kaplan et al. (in prep.) also compared the REVEALS estimates of open land 
(i.e. agricultural land and grassland) including Calluna vulgaris (interpreted as 
mainly an indicator of open heathlands) with both KK10 and HYDE. 
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Including Calluna vulgaris in the pollen data logically lead to larger 
REVEALS estimates of open land, i.e. to larger fractions of deforested land. 
The results of this second comparison show less good correlations between 
REVEALS estimates and the two ALCC scenarios, implying that pollen of 
Calluna vulgaris are more often coming from natural vegetation types (bogs, 
natural heaths, etc.) in the Holocene pollen assemblages of Europe than we 
presumed from the distribution and cover of the Calluna REVEALS estimates 
(See Fig. 5 in Paper III). 
 
 

6.4 The spatial statistical model and its potential 
 
The two statistical models RM and IGMRF (ie. the models without 
geographical coordinates as covariates) show a potential to provide more 
realistic reconstructions of the Holocene land cover than LPJ-GUESS, 
anthropogenic land-cover change (ALCC) scenarios (KK10), or REVEALS 
do alone. While the RM model primarily captures the large-scale variability in 
land cover, the IGMRF model mainly captures details on a regional scale. 
Therefore, the reliability of the REVEALS estimates is very important for 
creating credible IGMRF reconstructions. Moreover, if there are few grid-
based REVEALS estimates in an area the scarce data may provide a too 
strong local influence on the IGMRF reconstruction. In such areas, it would 
be safer to use the RM model because of the weaker local influence of 
individual REVEALS estimates on the RM reconstruction. Therefore, the 
IGMRF reconstructions of land-cover could potentially be more suitable for 
the analysis of landscape ecological complexity in time and space, while the 
RM-based reconstructions could be more suitable for regional climate 
simulations following the same scheme as, for example, Strandberg et al. 
(2014). The models presented in Paper V show that it is possible to 
statistically combine pollen-based land-cover reconstructions with simulated 
potential vegetation and ALCC scenarios to create spatially-explicit estimates 
of past land cover over large geographical areas such as Europe.  
 
 

6.5 Quantitative land-cover reconstructions for 
climate modelling: implications of the pollen-based 
REVEALS reconstructions 
 
The most important new insights provided by the REVEALS model are 
related to the relationships between percentages of open land (i.e. non-
forested) and woodland, deciduous trees and coniferous trees, and individual 
taxa. In addition, Marquer et al. (2014) and the results of Paper IV show that 
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not only the taxa abundance and composition differ between pollen 
percentages and REVEALS estimates, but also the timing and magnitude of 
changes in past regional land cover. Moreover, some individual taxa are shown 
to be generally over-represented in pollen percentages (e.g. Alnus, Betula, 
Fagus, Pinus, Corylus, and Quercus) and others are generally under-represented 
(e.g. Picea, Gramineae, Cerealia-t, and Cyperaceae) in comparison to their 
proportion in the actual vegetation, which the REVEALS model corrects for 
(Hellman et al., 2008a, Marquer et al., 2014, papers III and IV). Therefore, 
the REVEALS estimates of past land-cover have major implications for:  i) 
the studies on past land-cover climate interactions using climate modelling 
(e.g. Strandberg et al., 2014), ii) the evaluation of existing anthropogenic land-
cover change (ALCC) scenarios of the past (e.g. KK10, Kaplan et al., 2009, in 
prep.; HYDE, Klein Goldewijk et al., 2011), and iii) studies on past 
biodiversity for landscape management and nature conservation (e.g. Fredh et 
al., 2013; Cui et al., 2013), and on human resources in the past for e.g. 
questions in archaeology (e.g. Kristiansen, 2013). 

Trondman et al. (2014) (Paper III) show an under-estimation of landscape 
openness by pollen percentages compared to REVEALS by ≥ 20–30%. This 
has large consequences for our understanding of the anthropogenic impact on 
land-cover, especially deforestation. Moreover, being able to quantitatively 
reconstruct the cover of open (i.e. non-forested) and  tree-covered land, and of 
deciduous and coniferous trees, is very important for the study of land cover-
climate interactions because different land-surface properties of open land 
versus tree-covered land, and between deciduous and coniferous woodlands 
affect climate in different ways through biogeochemical and biogeophysical 
feedbacks. For example, open land generally has higher albedo (i.e. reflects 
more energy) than a forest, especially during winter time because of the snow-
masking effect, and dark coniferous forests generally have lower albedo than 
light deciduous forests. Therefore, if only taking the albedo into account, an 
open landscape would cause a negative feedback (dampen climate warming, in 
this case cause a cooling) while a dense woodland/forest would cause a positive 
feedback (amplifying climate warming, in this case cause a warming) which 
would be stronger for coniferous than deciduous woodlands/forests. We also 
expect that the biogeophysical effects for open pine or dense spruce woodlands 
would not be the same. Climate modelling using a regional climate model has 
shown, for instance, that biogeophysical feedbacks from land cover on the 
climate of Europe at 6k and 0.2k are very different due to significant 
differences in anthropogenic open land, and that these feedbacks vary between 
seasons and regions (e.g. Strandberg et al., 2014; Fig. 6). Above the 
complexity of biogeophysical feedbacks, one should add the better known and 
understood biogeochemical feedbacks between climate and vegetation. In 
reality, biogeochemical and biogeophysical feedbacks are interacting together  
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Figure 6. Temperature (˚C) at 0.2k BP for winter (top row) and summer (bottom row). Absolute 

temperature from run 0.2kV (left), difference 0.2kV + H3.1–0.2kV (middle) and difference 0.2kV 

+ KK10–0.2kV (right). In the middle and right panels, grid boxes with a significant temperature 

difference at the 95% level are coloured. Isolines show changes in the remaining regions. The “zero 

isoline” is excluded (Strandberg et al., 2014). 

 
 
and the net effect of these feedbacks is not well understood yet (e.g. Gaillard et 
al., in press). Hence, incorporating land-cover descriptions in climate models 
is of great importance in order to better understand land cover-climate 
interactions in the past, and improve models for better projections of future 
climate. De Noblet-Ducoudre et al. (2012) used a suite of seven atmosphere-
land models to explore the impact of historical land-use/land-cover change on 
climate in Eurasia and North America. The study focuses mainly on the 
biogeophysical impact of the historical land-use/land-cover change on climate. 
However, a comparison of the biogeophysical impacts of vegetation with the 
impact of elevated greenhouse gases and resulting changes in sea surface 
temperatures and sea ice extent shows that for a number of variables land-
use/land-cover change has an impact of similar magnitude but of an opposite 
sign, to increased greenhouse gases and warmer oceans. This means that 
erroneous conclusions about the vegetation impacts on climate may be drawn 
if increased concentrations of greenhouse gases in the atmosphere and the 
subsequent changes in sea surface temperatures and sea ice extent are 
continued to be viewed as the main drivers of climate change also over land 
(De Noblet-Ducoudre et al., 2012). Hence, reliable vegetation descriptions are 
essential for a correct assessment of climate change, and therefore, the 
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evaluation and improvement of dynamic vegetation models and anthropogenic 
land-cover change (ALCC) scenarios (e.g. HYDE and KK10) is important for 
climate change research. The REVEALS reconstructions of past land cover in 
Europe is a first step in evaluating the global ALCC scenarios. More 
REVEALS reconstructions in other parts of the world is one step further in 
the evaluation of the global ALCC scenarios and other recent methods to 
approximate past open land cover using a new approach of biomization (Davis 
et al., 2014). 
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7. CONCLUSIONS 
 
The studies included in this thesis demonstrate that: 
 

1. Pollen records from small sites used together can provide reliable 
REVEALS reconstructions of past land cover (Papers I and II). 

2. The REVEALS percentages of plant cover differ strongly from pollen 
percentages, which implies large differences between the landscapes 
traditionally deduced from pollen percentages and the landscapes 
interpreted from REVEALS estimates of cover for the major plant 
taxa of the regional vegetation of Europe in the Holocene (Papers III 
and IV). 

3. The REVEALS estimates of the cover of open land are much larger 
than the pollen percentages, and the proportions 
deciduous/coniferous, Picea/Pinus, Ulmus + Tilia/Quercus + Fraxinus 
are generally larger when expressed in REVEALS estimates than in 
pollen percentages (Papers III and IV).  

4. The REVEALS estimates show that landscape openness was already 
large from c. 3k BP in the temperate zone in particular, but also in the 
hemiboreal zone and parts of the southern and middle boreal zones of 
the Baltic Sea catchment area; they also show that the largest 
transformations and opening-up of the landscapes of the study 
regions occurred between 1.5k and 1k and between 0.05k and 0.02k 
BP (Paper IV). 

5. The ages of establishment of trees are mainly older when they are 
identified on the basis of REVEALS estimates of plant cover rather 
than based on pollen percentages, and the time of maximum cover of 
the trees may differ between REVEALS estimates and pollen 
percentages depending on the region (Paper IV). 

6. It is possible to interpolate the REVEALS estimates of open land, 
deciduous and coniferous trees using spatial statistical models and a 
combination of the outputs from a dynamic vegetation model 
(LPJGUESS) and a model of anthropogenic land-cover changes 
(Paper V). 
 

In future studies, the interpolated REVEALS estimates over Europe can be 
used as a land-cover description directly in regional climate models following a 
similar approach as in Strandberg et al. (2014). Moreover, work with 
collecting and calculating pollen productivity estimates (PPEs) in other parts 
of the world such as China, India, and Africa is in progress. In these parts of 
the world, long and extensive human activities have significantly modified the 
Earth surface but the available ALCCs seem to underestimate the expected 
effect of these cultures on land cover. Quantitative vegetation reconstructions 
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are not only important for the study of land cover-climate interactions and for 
evaluating existing ALCC scenarios, but they are also important for assessing 
other environmental questions. For example, quantitative reconstructions of 
past vegetation and land-use around the Baltic Sea basin in combination with 
e.g. geochemical and sedimentological studies of the Baltic Sea are essential 
for understanding past land-sea couplings and for assessing future changes 
(Nielsen et al., in progress). Hence, in future studies, it would be important to 
use these pollen-based vegetation reconstructions in combination with 
different marine proxies in order to better understand the links between land 
cover and the Baltic Sea. Moreover, there is to date only one study of past land 
cover-climate interactions at the scale of Europe using a regional climate 
model (e.g. Strandberg et al., 2014). In that study, the KK10 ALCC scenarios 
of Kaplan et al. (2009) and Klein-Goldewijk et al. (2011) were used. The next 
step is to use the spatially explicit pollen-based REVEALS reconstructions 
from Paper V in climate modelling for Europe or more specifically for the 
Baltic Sea catchment area, and to increase the number of time windows of the 
Holocene studied.  
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