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Abstract. The major objectives of this paper are: (1) to ing changes or variability in climate, or negative, attenuat-
review the pros and cons of the scenarios of past anthroing variability and slowing trends in climate. Carbon cy-
pogenic land cover change (ALCC) developed during the lastle feedbacks have received particular attention (Cox et al.,
ten years, (2) to discuss issues related to pollen-based reco2000; Ruddiman, 2003; Friedlingstein et al., 2003; Meehl
struction of the past land-cover and introduce a new methodet al., 2007); however, biophysical interactions between the
REVEALS (Regional Estimates of VEgetation Abundance land surface and atmosphere can be of comparable impor-
from Large Sites), to infer long-term records of past land-tance at the regional scale (Kutzbach et al., 1996; Sellers et
cover from pollen data, (3) to present a new project (LAND- al., 1997; Betts, 2000; Cox et al., 2004; Bala et al., 2007).
CLIM: LAND cover — CLIMate interactions in NW Europe These feedbacks represent a major source of uncertainty in
during the Holocene) currently underway, and show prelim-projections of climate under rising greenhouse gas concen-
inary results of REVEALS reconstructions of the regional trations in the atmosphere (Meehl et al., 2007). Therefore,
land-cover in the Czech Republic for five selected time win-the incorporation of dynamic vegetation into climate models
dows of the Holocene, and (4) to discuss the implications ando account for feedbacks and refine global change projections
future directions in climate and vegetation/land-cover mod-is a current priority in the global climate modelling commu-
eling, and in the assessment of the effects of human-inducedity (Friedlingstein et al., 2003; Meehl et al., 2007; van der
changes in land-cover on the regional climate through al-Linden and Mitchell, 2009). In this context, there is a grow-
tered feedbacks. The existing ALCC scenarios show largeng need for spatially explicit descriptions of vegetation/land-
discrepancies between them, and few cover time periodgover in the past at continental to global scales for the pur-
older than AD 800. When these scenarios are used to agpose of improving our mechanistic understanding of pro-
sess the impact of human land-use on climate, contrastingesses for incorporation in predictive models, and applying
results are obtained. It emphasizes the need for methodthe data-model comparison approach with the purpose to test,
such as the REVEALS model-based land-cover reconstrucevaluate and improve dynamic vegetation and climate mod-
tions. They might help to fine-tune descriptions of past land-els (global and regional). Such descriptions of past land-
cover and lead to a better understanding of how long-terncover would likewise help us to test theories on climate-
changes in ALCC might have influenced climate. The RE-ecosystem-human interactions and strengthen the knowledge
VEALS model is demonstrated to provide better estimatesbasis of human-environment interactions (e.g. Anderson et
of the regional vegetation/land-cover changes than the tradial., 2006; Dearing, 2006; Denman and Brasseur, 2007; Wirtz
tional use of pollen percentages. This will achieve a robustet al., 2009).
assessment of land cover at regional- to continental-spatial Objective long-term records of the past vegetation/land-
scale throughout the Holocene. We present maps of REeover changes are, however, limited. Palaeoecological data,
VEALS estimates for the percentage cover of 10 plant func-particularly fossil pollen records, have been used to describe
tional types (PFTs) at 200 BP and 6000 BP, and of the twovegetation changes regionally and globally (e.g. Prentice and
open-land PFTs “grassland” and “agricultural land” at five Jolly, 2000; Williams et al., 2008), but unfortunately they
time-windows from 6000 BP to recent time. The LAND- have been of little use for the assessment of human impacts
CLIM results are expected to provide crucial data to re-on vegetation and land cover (Anderson et al., 2006; Gail-
assess ALCC estimates for a better understanding of the lanidrd et al., 2008). The development of databases of human-
suface-atmosphere interactions. induced changes in land cover based on historical records,
remotely-sensed images, land census and modelling (Klein
Goldewijk, 2001, 2007; Ramankutty and Foley, 1999; Olof-
sson and Hickler, 2008) has been useful to evaluate the ef-
1 Introduction fects of anthropogenic land-cover changes on the past cli-
mate (e.g. Brovkin et al., 2006; Olofsson and Hickler, 2008).
Vegetation (land cover) is an inherent part of the climateHowever, the most used databases to date (i.e. the Klein
system. Natural, primarily climate-driven, vegetation and Goldewijk’s database in particular) cover relatively short pe-
ecosystem processes interact with human land-use to deteriods. Recently developed scenarios of anthropogenic land
mine vegetation patterns, stand structure and their developcover change (ALCC) (Pongratz et al., 2008; Kaplan et al.,
ment through time (e.g. Vitousek et al., 1997). The result-2009; Lemmen, 2009) include longer time periods. Notably,
ing land surface properties feed back on climate by mod-all these datasets show inconsistent estimates of land cover
ulating exchanges of energy, water vapour and greenhousauring key time periods of the past. Therefore, the devel-
gases with the atmosphere. Terrestrial ecosystems may exespment of tools to quantify and synthesize records of veg-
biogeochemical (affecting sources and sinks of greenhousetation/land cover change based on palaeoecological data is
gases [GHG], aerosols, pollutants and other gases) and biegssential to evaluate model-based scenarios of ALCC and to
physical (affecting heat and water fluxes, wind direction andimprove their reliability.
magnitude) feedbacks on the atmosphere (e.g. Foley et al., The major objectives of this paper are: (1) to review
2003). These feedbacks may be either positive, amplifythe pros and cons of the ALCC scenarios developed by
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Fig. 1. Decrease in mean global temperature over the Northern Hemisphere due to the biophysical feedback (increased albedo) of an
estimated decrease in forest cover between AD 1000 and 2000 as simulated by six different climate models (see details on the climate
models in Brovkin et al., 2006). Land-use changes were based on HYDE [History Database of the Global Environment] version 2.0 for the
period AD 1700-2000, and on a constant rate of decrease in forest cover between 1000 and 1700 (from Brovkin et al., 2006; modified).

Ramankutty and Foley (1999), Klein Goldewijk (2001, of decrease in forest cover between AD 1000 and 1700 was
2007, 2010), Olofsson and Hickler (2008), Pongratz etassumed constant. In that study, the outputs from six dif-
al. (2008), Kaplan et al. (2009), and Lemmen (2009), (2)ferent climate models showed a cooling of ©ClLto 0.4°C

to discuss issues related to pollen-based reconstruction ajver the Northern Hemisphere due to the biophysical feed-
the past vegetation/land-cover and introduce a new methotdack (increased albedo) of an estimated decrease in forest
(REVEALS [Regional Estimates of VEgetation Abundance cover between AD 1000 and 2000 (Fig. 1).

from Large Sites], Sugita, 2007a) to improve the long-term

records of vegetation/land-cover, (3) to present a new project Olofsson and Hickler (2008) were the first to present an
(LANDCLIM: LAND cover — CLIMate interactions in Nw  estimate of transient changes in carbon emissions caused by
Europe during the Holocene) currently underway and prelim-land-use on Holocene time scales. They used archaeological
inary results, and (4) to discuss the implications of points 1-3maps of the spread of different societal forms (“states and
above, and future directions in the assessment of the effec@mpires” and “agricultural groups”; Lewthwaite and Sher-
of human-induced changes in vegetation/land-cover on théat, 1980), the HYDE reconstruction (version 2.0) for the last
regional climate through altered feedbacks. All ages below300 years, global changes in population (primarily based on

are given in calendar years AD/BC or BP (present=1950). McEvedy and Jones, 1978), and an estimate of land suitabil-
ity to derive land transformation for farmland and pastures

by humans at different time windows (Fig. 2). Permanent
2 Databases of past land-cover and land-use changes  agriculture was assumed to be associated with the develop-

ment of states and empires, leading to 90% deforestation of
As human population and density are generally acceptedhe suitable land, and non-permanent (slash-and-burn) agri-
as the major driver of ALCC, long-term data of past land- culture was implemented also in suitable areas dominated
cover have generally been inferred from estimates of hu-by agricultural groups. Their reconstruction (Fig. 2) shows
man population density and cleared land per person. Extwo main centres of early agriculture in the Far East and in
isting databases of global estimates of past land-use chandgeurope-Near East, characterized mainly by non-permanent
back to AD 1700 (e.g. Ramankutty and Foley, 1999; Klein agriculture from 4000 BC until 1000 BC. In Europe, perma-
Goldewijk, 2001, i.e. the HYDE [History Database of the nent agriculture is represented mainly in France, Spain, and
Global Environment] database version 2.0) and back to ADItaly during the time window 1000 BC-AD 499. From AD
800 (Pongratz et al., 2008) were derived by linking recent500, permanent agriculture spread northwards and eastwards.
remote sensed images of contemporary land cover and lanfhe major change is seen between the time windows AD
census data to past human population censuses. Brovkin 775-1920 and AD 1921-1998, most non-permanent agri-
al. (2006) used the HYDE database to reconstruct land-useulture outside the tropics being replaced by permanent agri-
feedbacks on climate over the past 1000 years; but due teulture. It is striking that permanent agriculture in Europe
the lack of palaeodata synthesis of past land-cover, the ratdoes not differ much between the time windows AD 1500—
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Fig. 2. Reconstructions of the spatial extent of permanent and non-permanent agriculture for seven time slices of the Holocene (modified
from Olofsson and Hickler, 2008). The reconstructions are based on archaeological maps of the spread of different societal forms, HYDE
[History Database of the Global Environment] version 2.0 for the last 300 years, global changes in population, and an estimate of land
suitability (see text for details).

1774 and AD 1775-AD 1920. The 19th century is known tion of agricultural areas is combined with a map of poten-
in several regions of Europe as the time of most intensivetial vegetation to estimate the resulting historical changes in
land-use with a maximum of landscape openness, while théand cover. One of the strengths of the study is that the un-
20" century was characterized by a reforestation after abaneertainties associated with the approach, in particular owing
donment and/ or through plantation, e.g. in southern Scandito technological progress in agriculture and human popula-
navia, southern Norway, northern Italy, Central France, thetion estimates, were quantified. These uncertainties vary be-
Pyerenees, Central Spain, Portugal (Krzywinski et al., 2009tween regions of the globe (for more details, see Pongratz
Galillard et al., 2009). The latter landscape transformation iset al., 2008). This reconstruction shows that by AD 800,
not evidenced in the map for the time window AD 1921-AD 2.8 million kn? of natural vegetation had been transformed
1998; instead it shows an increase in the areas of permaneit agricultural land, which is about 3% of the area poten-
agriculture compared to the former period. This is proba-tially covered by vegetation on the globe. This transforma-
bly mainly due to the version (2.0) of HYDE used in the tion resulted from the development of almost equal propor-
reconstruction. In the most recent version of HYDE (3.1) thetions of cropland and pasture. Around AD 1700, the agricul-
landscape transformation during the 20th century (comparedural area had increased to 7.7 millionkr8.0 million kmmof
to the 19th century) is more visible. forest had been cleared (85% for cropland, 15% for pas-
ture) and 4.7 million krA of grassland and shrubland were
Pongratz et al. (2008) estimated the extent of cropland anginder human use (30% for the cultivation of crop). Thus,
pasture since AD 800. Their reconstruction is based on pubpetween AD 800 and AD 1700, natural vegetation under
lished maps of agricultural areas for the last three centuriegigricultural use had increased by ca. 5 milliorfkriVithin
with a number of corrections. For earlier times, a country-the next 300 years, the total agricultural area increased to

based method was developed that uses population data @8 4 million kn? (mainly pastureland), i.e. a ca. 5.5 times
a proxy for agricultural activity. The resulting reconstruc-
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Fig. 3. Fractional crop cover at 5000 BC (left) and 2000 BC (right) simulated by the Global Land use and Technological Evolution Simulator
(GLUES, Lemmen, 2009).

larger area than at AD 1700. This reconstruction shows thation of agriculture at 2000 BC in the ancient centres of agri-
global land cover change was small between AD 800 andculture (Near East, Anatolia, Greece, China, Japan), and the
AD 1700 compared to industrial times, but relatively large development of extensive agriculture visible in the spread of
compared to previous millennia. Moreover, during the prein-crops spanning the Eurasian continent at subtropical and tem-
dustrial time period of the last millennium, the reconstruction perate latitudes, and the emergence of agriculture in Africa
shows clear between-region differences in histories of agri{Fig. 3). At 5000 BC, GLUES simulated a crop fraction of
culture. up to 7% in the early agricultural centres (Levante, Southeast
Recently, Kaplan et al. (2009) created a high resolution,Europe, China, Japan). The distribution of agriculture around
annually resolved time series of anthropogenic deforestatior2000 BC reconstructed by Lemmen (2009) agrees with the
in Europe over the past three millennia. Their model wasestimates of Olofsson and Hickler (2008) in Japan, China,
based on estimates of human population for the period 100@0Vest Africa and Europe. Major differences in Olofson and
BC to AD 1850 and the suitability of land for cultivation Hickler's dataset are (1) the discontinuity between the East
and grazing (pasture) (“standard scenario”). Assumptions inAsian and Western Eurasian agriculture (Figs. 2, 5), espe-
clude that high quality agricultural land was cleared first, andcially through the Indian subcontinent, and (2) the distinction
that marginal land was cleared next. A second alternativdbetween permanent and non-permanent agriculture, which
scenario was produced by taking into account technologicalvas not attempted in GLUES.
developments (“technology scenario”). The latter produces The differences between the maps of Kaplan et al. (2009)
major differences in land cover in south western, south eastand the HYDE database at AD 1800 are striking. The
ern and eastern Europe where landscape openness becommedel results of Kaplan et al. (2009) provide estimates of
significantly lower than in the “standard scenario”, whereasdeforestation in Europe around AD 1800 that compare well
it is higher in western Europe. with historical accounts (Krzywinski et al., 2009; Gaillard
Lemmen (2009) developed an independent estimate of huet al., 2009), whereas this is not the case for the HYDE
man population density, technological change and agricul-database. Even though the maps by Olofsson and Hick-
tural activity during the period 9500-2000 BC based on dy-ler (2008) (Figs. 2, 5) are difficult to compare with those
namical hindcasts of socio-economic development (GLUESof Kaplan et al. (2009) because of the difference in scale
[Global Land Use and technological Evolution Simulator], (global and continental, respectively), type (permanent/non-
Wirtz and Lemmen, 2003). The population density estimatepermanent agriculture and cultivation/pasture, respectively)
was combined with per capita crop intensity from HYDE and unit (areas under permanent/non permanent agriculture
(version 3.1) to infer areal demand for cropping at an annuabr forested fraction of grid cell, respectively) of the recon-
resolution in 685 world regions. At 2000 BC, the simula- structed landscape openness, the maps of Kaplan et al. (2009)
tion exhibits a continuous belt of higher crop fraction (com- show generally more open landscapes between 1000 BC and
pared to earlier times) across Eurasia, and intensive croppingD 1850 than the maps of Olofsson and Hickler (2008). This
around the Black Sea and throughout South and East Asiés primarily because Olofsson and Hickler take only agri-
(Lemmen, 2009) (Fig. 3). The transition to agriculture in culture into account, while Kapplan et al. include grazing
these areas required that up to 13% of the local vegetatiotand. Kaplan et al. (2009) also show more extensive Euro-
cover was replaced by crop land at 2000 BC, especially in thepean deforestation at AD 800 than the HYDE and Pongratz
heavily populated areas of East and South Asia, in south easet al. (2008)'s databases (Fig. 4), and the reconstruction by
ern Europe and the Levant. A comparison to the simulatedOlofsson and Hickler (2008) for the time window 500 BC—
crop-land fractional area at 5000 BC shows an intensifica-AD 1499 (Fig. 2). Similarly, Kaplan et al. (2009)’s map
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Fig. 4. Anthropogenic land use in Europe and surrounding areas at AD 800 simulated by four different modelling appr@cties:
Kaplan et al. (2009) standard scenatf(io), the Kaplan et al. (2009) technology scenafi), the HYDE [History Database of the Global
Environment] database version 3.1 (Klein Goldewijk et al., 20(d));the Pongratz et al. (2008) maximum scenario.

for AD 1 exhibits much larger deforested areas than HYDE3 Pollen-based reconstruction of past vegetation and
(over the entire globe) and the map by Olofsson and Hick- land cover
ler (2008) for the time window 500 BC—-AD 1499 (in partic-
ular in Central and Eastern South America, central Africa, Fossil pollen has been extensively used to estimate past veg-
the Near East and India) (Fig. 5). This implies that previ- etation in sub-continental to global scales. However, most
ous attempts to quantify anthropogenic perturbation of thestudies have focused on forested vegetation. For instance,
Holocene carbon cycle based on the HYDE and Olofssorwilliams et al. (2008) used a modern-analogue approach to
and Hickler's databases may have underestimated early huestimate the past Leaf Area Index (LAIl) in Northern Amer-
man impact on the climate system. Lemmen (2009) com-ca. They tested their approach using a modern training data-
pared his simulated crop fraction estimate with the HYDE set and showed that it performed satisfactorily for a major-
estimate and found only local agreement (e.g. along the Yelity of the high number of records used. In northern Eurasia,
low River in northern China, in the greater Lebanon area inTarasov et al. (2007) developed a method to infer the percent-
the Near East and on the Italian peninsula), while most ofage cover of different tree categories (such as needle-leaved,
the GLUES-simulated cropland area is not apparent in thedeciduous, or evergreen trees) from pollen data. Their re-
HYDE database; the discrepancy was attributed to missingults showed that pollen-inferred tree-cover is often too high
local historical data in HYDE. Krumhardt et al. (2010) com- for most tree categories particularly north of°6latitude.
pared the human population density from GLUES extrapo-The observed discrepancies illustrate the palynologists’ well-
lated to 1000 BC with the estimate by Kaplan et al. (2009) known problems related to 1) pollen-vegetation relationships
based on McEvedy and Jones (1978) and found a very good/hen pollen data is expressed in percentages, 2) the defini-
match for many countries and subcontinental regions. tion of the spatial scale of vegetation represented by pollen,
and 3) the differences in pollen productivity between plant
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Fig. 5. Global anthropogenic land use at AD 1 simulated by three different approaesiaplan et al. (2009)(b), HYDE [History
Database of the Global Environment] version 3.1 (Klein Goldewijk et al., 2010)(@n®lofsson and Hickler (2008). Note that the colour
scale is relevant for maps (a) and (b). Map (c) has its own colour legend.

taxa (e.g. Prentice, 1985, 1988; Sugita et al., 1999; Gaillard, The non-linear nature of the pollen-vegetation relationship
2007; Gaillard et al., 2008). The pollen-vegetation relation-has made it difficult to quantify past land-cover changes us-
ship in percentages is not linear because of, in particular, pering fossil pollen (e.g. Andersen, 1970; Prentice, 1985, 1988;
centage calculations, the effects of long-distance pollen fronSugita et al., 1999; Gaillard, 2007; Gaillard et al., 2008).
regional sources, and the characteristics of the regional vegddowever, earlier developments in the theory of pollen analy-
tation and the deposition basins (e.g. Sugita et al., 1999; Hellsis (Andersen, 1970; Prentice, 1985; Sugita, 1994) have con-
man et al., 2009). Therefore, for similar deposition basins —tributed to the recent development of a new framework of
in terms of type (bog, lake, etc.) and siz6% and 100% ofa  vegetation/land-cover reconstruction, the Landscape Recon-
taxon in the vegetation cover will not necessarily correspondstruction Algorithm (LRA) (Sugita, 2007a, b). LRA solves
to 0% and 100 % pollen of that same taxon, respectively. Furthe problems related with the non-linear nature of pollen-
ther, e.g. 20% pollen of a given taxon may represent differentvegetation relationships, and corrects for biases due to dif-
percentage covers of that taxon in the vegetation (e.g. 40, 5Gerences in pollen dispersal and deposition properties be-
60 or 80%) depending on the characteristics of the regionatween plant species, landscape characteristics, species com-
vegetation and the deposition basin. position of vegetation, and site size and type (bog or lake).
The LRA consists of two separate models, REVEALS and

www.clim-past.net/6/483/2010/ Clim. Past, 6, 48389, 2010
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represented by 2% are named. REVEALS was run with the pollen productivity estimates from southern Swedend{Brestl., 2004).

Note the underrepresentation in pollen percentages of cereals (yellow), Poaceae (grasses; orange) and other non-arboreal taxa (herbs a
shrubs; red), and the overrepresentation of deciduous trees (light gBegtala (birch) andAlnus (alder) in particular, compared to the
share of these taxa in the actual vegetation and in REVEALS estinRitess(pine) is dominant among conifers (dark green) in the pollen
assemblage, whilPicea(spruce) is dominant in the vegetation and REVEALS estimates. Other deciduousQuoeghus (hazel),Fagus
(beech)Quercus(oak),UImus(elm). Cereals: Cerealia-t (cereals, rye exclud&egalgrye); other non-arboreal taxa (herbs): Compositae
Sub-Family Cichorioidae (lettuce, dandelions and others), Cyperaceae (s&lgegk acetost(sorrels, in particuler common sorrel and
sheep’s sorrel). The taxa with value®% in pollen assemblages, actual vegetation and REVEALS estimates are: Deciduous trees —
Acer (maple),Tilia (linden), Carpinus(hornbeam)Fraxinus(ash),Salix (willows); Other non arboreal taxaJuniperus(juniper), Calluna
(heather) Filipendula (meadowsweetsRotentilla (cinquefoils),Ranunculus acrisype (buttercups)Rubiaceadbedstraws), anélantago
lanceolata(ribwort). For details, see Hellman et al. (2008a, b).

LOVE (LOcal Vegetation Estimates), allowing vegetation man et al., 2008a, b) (Fig. 6), central Europe (Soepboer
abundance to be inferred from pollen percentages at the reet al., 2010), and the upper Great Lakes region of the US
gional (1d—1 km? area) and local<£100 kn? area) spatial ~ (Sugita et al., 2010). Moreover, Hellman et al. (2008a)
scale, respectively. Extensive simulations support the theoshowed that REVEALS provided better estimates of the
retical premise of the LRA (Sugita, 1994, 2007a, b). Theland-cover composition in southern Sweden than those ob-
effectiveness of REVEALS and has been empirically testecdtained in earlier studies using the “correction factors” of An-
and shown to be satisfactory in southern Sweden (Hell-dersen (1970) and Bradshaw (1981) to account for biases
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Fig. 7. REVEALS reconstructions of Holocene vegetation changes (right in each panel) in southern Sweden based on the pollen records

(left in each panel) from Kragehomésj (province of Skne, left) and Lake Trummen (province of 8land, right) (from Sugita et al., 2008,
modified). See Fig. 8 for the locations of @ie and Sialand. The selected three major time-windows studied in the LANDCLIM project
are indicated. REVEALS was run with 24 pollen taxa with the pollen productivity estimates from southern SwededrfBedstr, 2004).
The taxa included in the groups “conifers”, “deciduous trees”, “Cerealia-t” (cereals, rye excluded) and “other non-arboreal plants” (herbs
and shrubs) are the same as in FigSécalerye; Poaceae=grasses.

due to between-species/taxa differences in pollen productivwork has the overall aim to quantify human-induced changes
ity (Bjorse et al., 1996; Lindbladh et al., 2000), or applying in regional vegetation/land-cover in northwestern and west-
the self-organized mapping method (neural networks) com-ern Europe north of the Alps (Fig. 8) during the Holocene
bined with the “correction factors” (Holmqvist and Brad- with the purpose to evaluate and further refine a dynamic
shaw, 2008). vegetation model and a regional climate model, and to as-
The first REVEALS-based reconstructions of Holocene sess the possible effects on the climate development of two
vegetation in southern Sweden indicate that changes itistorical processes (compared with a baseline of present-
human impact on vegetation/land-cover over the last 600Gay land cover), i.e. climate-driven changes in vegetation
years, as well as landscape openness during the Earlgnd human-induced changes in land cover, e.g. via the influ-
Holocene (11 500-10 000 cal. yrs BP), were much more pro-€nce of forested versus non-forested land cover on shortwave
found than changes in pollen percentages alone would suggalbedo, energy and water fluxes.
gest (Sugita et al., 2008) (Fig. 7). The proportion of
unforested land through the Holocene is strongly under- Accounting for land-surface changes may be particularly
estimated by percentages of Non Arboreal Pollen (NAp,important for regional climate modelling, as the biophysical
i.e. pollen from herbaceous plants). For instance, at the refeedbacks operate at this scale and may be missed or under-
gional spatial scale, the REVEALS estimates of Opennes§stimated at the relatively coarse resolution of Global Circu-
represented by non-arboreal taxa during the last 3000 yeaf&tion Models (GCMs). Dynamic Global Vegetation Models
reached 60-80% in the province of e, and 25-40% in (DVMs) (Cramer et al., 2001; Prentice et al., 2007) have been
the province of Sriland (compared to 30-40% and 3—10% coupled to GCMs to quantify vegetation — mainly carbon
of NAP, respectively). The REVEALS reconstruction of the cycle — feedbacks on global climate (e.g. Cox et al., 2000;
regional vegetation of the Swiss Plateau for the past 200d-riedlingstein et al., 2003). Current DVMs are necessarily
years also showed that the area of open land is underestltighly generalized and tend to represent vegetation struc-

mated by NAP percentages (Soepboer et al., 2010). ture aqd functioning in abstract _anq rather simp!ified ways
(e.g. Sitch et al., 2003). For application at the regional scale,

and to fully account for biophysical feedbacks on climate, a
4 The LANDCLIM Initiative and Preliminary Results more detailed configuration of vegetation and processes gov-

erning its dynamics is needed (Smith et al., 2001; Wram-
The LANDCLIM (LAND cover — CLIMate interactions in  neby et al., 2009). The LPJ (Lund Potsdam Jena) — GUESS
NW Europe during the Holocene) project and research net{General Ecosystem Simulator) model (LPJ-GUESS, Smith
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Fig. 8. Study area of the LANDCLIM project. It is devided between four principal investigators. The regions where pollen productivities
were estimated from modern pollen data (in moss polsters or surface lake sediments) and related vegetation data are indicated. REVEALS
reconstructions performed within the LANDCLIM project are presented in Figs. 10 and 11 for the Czech Republic (emphasized by a thick
land boarder). REVEALS reconstructions of vegetation changes over the entire Holocene will be performed for 10 target sites (indicated by
stars on the map); such reconstructions are presented in Fig. 7 for the provincémef(Sk) and Sraland (Sra).

The Rossby Centre Regional Atmospheric model version
REGIONAL CLIMATE } Simulated 3 (RCAD3) is capable of realistically simulating the Euro-
MODEL REGIONAL CLIMATE pean climate of the last couple of decades (Kjalistret al.,
¢ 2005; Samuelsson et al.,, 2010). RCAS3 and its predeces-
e sors RCA1 and RCA2 have been extensively used for this
REGIONAL VEGETATION (—) Jamulated PALAED-CLIMATIC kind of downscaling experiments for today’s climate and fu-
AND LAND COVER ture climate change scenarios (Rummukainen et al., 1998,
‘ ‘ 2001; Jones et al., 2004;aiRanen et al., 2003, 2004; Kjell-
strom et al., 2010a). LPJ-GUESS has been interactively cou-
REVEALS MODEL DYNAMIC VEGETATION . .
MODEL pled to RCA3 (Wramneby et al., 2009) and is being used
to study the feedbacks of climate-driven vegetation changes
— on climate, via changes in albedo, roughness, hydrological
LAND COVER-CLIMATE FEEDBACKS cycling and surface energy fluxes. Preliminary results sug-

gest that changes in treelines, phenology of conifer versus
Fig. 9. Model-data comparison scheme for the LANDCLIM broadleaved trees, and LAl may modify the future climate
project. The simple arrows represent model inputs or outputs. Thejevelopment, particularly in areas close to treelines and in

double arrows represent the model-data comparison steps. REsemi-arid areas of Europe (Wramneby et al., 2009).
VEALS model (Sugita 2007a); dynamic vegetation model= LPJ-

GUESS (Smith et al., 2001); regional climate model=RCA3 (Kjell- 1 he aims of the LANDCLIM project will be achieved by
stom et al., 2005). For details, see text. applying a model-data comparison scheme using the LPJ-
GUESS, RCAS, and REVEALS models, as well as new syn-
theses of palaeoclimatic data (Fig. 9). The REVEALS esti-
et al., 2001) is a dynamic, process-based vegetation modehates of the past cover of plant functional types (PFTs) at a
optimized for application across a regional grid that simu- spatial resolution of 1x 1° will be compared with the out-
lates vegetation dynamics based on climate data input. Iputs of LPJ-GUESS (10 PFTs), and used as an alternative to
represents landscape and stand-scale heterogeneity and, the LPJ-GUESS-simulated vegetation (3 PFTs) to run RCA3
resolving horizontal and vertical vegetation structure at thesdor the recent past (0—100 cal BP) and selected time windows
scales, more adequately accounts for the biophysical propeef the Holocene with contrasting human-induced land-cover
ties that influence regional climate variability. at 100-350BP, 350-700BP (Black Death), 2700-3200 BP
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Table 1. PFTs used in the LANDCLIM project (see text for more explanations). The ten PFTs in the left column and the three land-surface
types in the right column are used in the dynamic vegetation model LPJ-GUESS and regional climate model RCA3, respectively. The PFTs
are a simplification of the PFTs described in Wolf et al. (2008). The corresponding 24 plant taxa for which REVEALS reconstructions are
performed in the project are indicated in the middle column. These plant taxa have specific pollen-morphological types; when the latter
corresponds to a botanical taxon, it has the same name; if not, it is indicated by the extension “—t".

PFT PFT definition Plant taxa/Pollen-morphological types Land surface

TBE1 Shade-tolerant evergreen trees Picea
TBE2 Shade-tolerant evergreen trees Abies
IBE Shade-intolerant evergreen trees  Pinus
TSE Tall shrub evergreen trees Juniperus

Evergreen tree canopy

IBS Shade-intolerant summergreen treedinus, Betula, Corylus, Fraxinus, Quercus

TBS Shade-tolerant summergreen trees Carpinus, Fagus, Tilia, Ulmus Summergreen tree canopy
TSD Tall shrub summergreen trees Salix

LSE Low evergreen shrub Calluna

GL Grassland — all herbs CyperaceB#ipendula Open land

Plantago lanceolata
Plantago montana
Plantago media
Poaceae
Rumexp.p. (mainlyR. acetosa R. acetosella
/Rumex acetost-
AL Agricultural land — cereals Cereals (Secale excluded)/Ceredliacale

(Late Bronze Age), and 5700-6200BP (Early Neolithic). dataset, and (4) number of dates per record used to establish
The outputs of the RCA3 model will then be compared to the chronology £3 or >5) (Mazier et al., 2010). The results
the palaeoclimatic data. The REVEALS model estimates theshowed that the REVEALS estimates are robust in terms of
percentage cover of species or taxa that are grouped into thenking of the PFTs’ abundance whatever alternatives were
PFTs used in the LPJGuess and RCA3 models as shown insed to run the model. Therefore, the first REVEALS esti-
Table 1. Moreover, time trajectories of land-cover changesmates produced use pollen records from both lakes and bogs,
for the entire Holocene will be generated in ten selected tarchronologies established with 3 dates, 24 pollen taxa (en-
get areas of the project’s study region (Fig. 8) to be com-tomophilous taxa excluded) and, for each pollen taxon, the
pared with long-term simulated vegetation dynamics frommean of all PPEs available for that taxon in the study area
LPJ-GUESS. (Trondman et al., 2010).
REVEALS requires raw pollen counts, site radius, pollen arsxins%lﬁtse gfinpiﬁlr';ne'nsaer%ersezlf“:ﬁafo; ET:? ;Zzle(c): Zr?cieﬂ)b “Zs
productivity estimates (PPESs), and fall speed of pollen (FS) P T pS (FIGS. '
. ) : pected, there are significant vegetation changes between
to estimate vegetation cover in percentages. PPEs and F? . ; . )
) . 000 BP and 200 BP in particular fébies(TBE 2; ca. 5-10
are now available for 34 taxa in the study area of the LAND-
. . . times larger cover at 200 BP), summer-green trees (IBS and
CLIM project (Brostbm et al., 2008) (Fig. 8). The study area ) : )
is divided between four principle investigators (Fig. 8). A TBS; ca. 5 times larger cover at 6000 BP), grasslands (GL;
L ca. 5-10 times larger cover at 200 BP in many areas) and

protocol was established in order to standardize the Strategggricultural land (AL: 4 to 9 times larger cover at 200 BP in

and methods applied for the preparation of the pollen data .
and the REVEALS runs (LANDCLIM website). The pollen many areas) (Fig. 10). The maps of herbaceous PFTs (AL

records are selected from pollen databases, i.e. the Europegr'?d GL) show significant changes in the degree of human-

. induced vegetation between the selected time windows, with
Pollen Database (EPD) (Fyfe et al., 2007), the PALYnologi- ’
cal CZech database (PALYCZ) (Kuhet al., 2009) and the g]nedlzrggitrggsg ?ne cbo?gegfnézggzviigg Eligoiir;%g Z(I)D_Z\gg I(B)E)
ALpine PALynological DAtaBAse (ALPADABA), or they . ) . L
. . 100 BP (Fig. 11), which agrees with the known historical de-
are obtained directly from the authors. A Spearman rank or-

der correlation test was applied on the REVEALS estimatesvelolomem in many parts of Europe due to forest plantation

obtained using the pollen records from PALYCZ in order or abandonment of grazing areas.
to test the effect on the REVEALS estimates of (1) basin
type (lakes or bogs), (2) number of pollen taxa, (3) PPEs
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Fig. 10a. REVEALS estimates of ten plant functional estimates Fig. 10b. Continued.
(PFTs) for the Czech Republic at 6000 B&) and 200 BRB) us-
ing the PALYCZ pollen database (Kuset al., 2009) and following

the LANDCLIM project's protocol. The definition of the PFTs are ;..\ i0a) feedbacks from land-cover change were not ac-
found in Table 1. In this visualization of the results, the zero values

(no occurrence of a PFT) are not distinguised from vati€% up counted for by the main IPCC climate models (IPCC Fourth

to 1%. Note the large difference in the open-land PFTs betweerf\SS€Ssment Report, 2007).
6000 and 200 BP, with up to 80% grassland (GL, grasses and herbs) The REVEALS model provides better estimates of the re-
and up to 9% agricultural land (AL, cereals) at 200 BP, comparedgional vegetation/land-cover changes, and in particular for

to maximum 50% grassland (except in the SE) ari® agricul-  open, herb-dominated (NAP) areas, than the traditional use
tural land at 6000 BP. A thorough discussion of these results will beof po”en percentages and ear“er attempts at Correc‘“ng or
published elsewhere (Mazier et al., 2010). calibrating pollen data (e.g. Sugita 2007a; Hellman et al.,

2008a, b). REVEALS thus allows a more robust assessment

of human-induced land cover at regional- to continental-
5 Implications and future directions spatial scale throughout the Holocene. The LANDCLIM

project and NordForsk network are designed to provide

Palaeoenvironmental reconstructions are critical to providedatabases on the regional changes in vegetation/land-cover in
predictive models of climate and environmental changes withhorth-western Europe that should prove to be useful to fine-
input data, and for model evaluation purposes. Climatetune LPJ-GUESS and evaluate RCA3.

models are becoming increasingly complex; they are com- LPJ-GUESS has been previously shown to be capable of
posed of several modules, of which one shall represent aeproducing patterns and time series of vegetation response
dynamic land biosphere. The latter is in turn composed ofto climate (e.g. Smith et al., 2001; Hickler et al., 2004; Miller

a large number of “sub-models” (e.g. stomata, phenologyet al., 2008). Sefpet al. (2009) compared assemblages of
albedo, dynamic land cover, carbon flow, soil models). All Pinus(pine),Picea(spruce) andetula(birch) inferred from

the processes involved in these “sub-models” are influencedHolocene pollen accumulation rates (PARs) from two south-
by natural and human-induced vegetation changes. Thusrn Finnish lakes with predictions of the biomass of these
the dynamic land-cover model should also account for antaxa from LPJ-GUESS; a disagreement between the mod-
thropogenic land-cover change. It should be noted here thaglled and pollen-based vegetation Rinusafter 2000 years
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BP was associated to a period of greater anthropogenic in-
fluence in the area surrounding the study sites. REVEALS
reconstructions will make it possible to further evaluate this
assumption and the performance of LPJ-GUESS itself.

RCA3 was used earlier in palaeoclimatological contexts to
simulate the north European climate during more than 600 . 100-350 cal BP
out of the last 1000 years (Moberg et al., 2006), for the

AL 0-100 cal BP GL 0-100 cal BP

&

B Z)

R

Yk

N

Last Glacial Maximum (Strandberg et al., 2010), and for a %,
cold stadial during Marine Isotope Stage 3 (Kjelisiret al., 1 X
2010b). Simulations of Holocene climate for periods older ——3 > e

than 1000 BP and fine-tuning the coupled land-cover proper- aL 350-700 cal BP
ties in RCA3 as planned in the LANDCLIM project might

contribute to further improve the robustness of the model.
Moreover, RCA3 is currently applied in other parts of the

RN
S N_Nmm 2
%

world (Africa, the Arctic, South and North America), and -
the results show that the model is capable of simulating the a. 2700-3200 cal Bp GL 2700-3200 cal BP

climate in a range of different climate zones throughout the

world. This implies that the approach of the LANDCLIM ANl

project could, in the future, be applied to regions other than

Europe.

REVEALS-based land-cover reconstructions will be in-
formative for evaluating other hypotheses that involve land
cover-climate feedbacks. Many studies have focused on
the effects of land-use change on global-scale fluxes of car-
bon from terrestrial ecosystems (e.g. DeFries et al., 1999;

. [CTTazzzz7777770770777 | I TN
McGuire et al., 2001; Houghton, 2003; Campos et al., 2005). 0012 3 4 5 8 9 o 20 30 40 50 60 70 80 90 100  q°_

PFT based estimates (%) of gridcell

However, these estimates do not extend beyond AD 1700,
tar;st{Sggadte? ?LCC Wa.s mgs(;ly _?_)r(]traczeg. fro[[n t:et dltghl_ Eig. 11. REVEALS estimates of the two open-land plant functional

a . alabase version 2.9. € studies 9 ate alqimates (PFTs), AL (agricultural land=cereals) and GL (grass-
do consider the effects of ALCC on the terrestrial Carb‘:’nland:grasses and other herbs) for the Czech Republic at five time

budget on longer time scales, including those by ClausseRjices using the PALYCZ pollen database (K&ret al., 2009) and

et al. (2005) and Olofsson and Hickler (2008), agree in thefollowing the LANDCLIM project’s protocol. In this visualization
suggestion that the magnitude of past changes in terrestrialf the results, the zero values (no occurrence of a PFT) are not dis-
carbon balance associated with human land-use are far totinguised from values-0% up to 1%. Note the distinct changes
small to account for a major dampening (or enhancementpnd the maintenance of spatial differences through time, e.g. the
of global climate variations (e.g. the Ruddiman’s hypothe- high representation of grassland in the South-East from 6000 BP,
sis; Ruddiman, 2003, 2005). On the other hand, a recen@nd the higher represeptatioq of agricultural land in.the North.from
data-base synthesis of ALCC in the Western Hemisphere fo|3000BP. A thorpugh discussion of these results will be published
lowing European colonization and the subsequent collapse o‘?lseWhere (Mazier etal., 2010).

indigenous populations suggested that the magnitude of the

carbon uptake from regrowing forests in the 16th and 17th

centuries could have been partly responsible for the slightlyacks can have consequences elsewhere, through remote ad-
lower atmospheric C®concentrations observed during the justments in temperatures, cloudiness and rainfall by means
Little Ice Age cold period (Nevle and Bird, 2008). These Of circulation changes (Dekker et al., 2007). Comparison
Contrasting results emphasize the need for empirical data dpetween studies of land cover-climate feedbacks at both re-
past land-cover such as the REVEALS model-based recongdional and global spatial scales will increase our understand-
structions, which might help to fine-tune descriptions of pastingd of climate change.

land-cover and lead to a better understanding of how long- Pollen-based reconstruction of vegetation and land-cover
term changes in ALCC might have influenced climate. Thechanges needs further collaboration for compilation of reli-
LANDCLIM results are expected to provide crucial data to able land-cover databases. The REVEALS model is a use-
reassess ALCC estimates (e.g. Olofsson and Hickler, 200&ul tool for this task, in addition to the currently available
Pongratz et al., 2008; Kaplan et al., 2009; Lemmen, 2009)methods (e.g. Williams et al., 2008). REVEALS estimates
and a better understanding of the land surface-atmospheref the regional vegetation/land cover are currently available
interactions at the regional spatial scale. Although biophysi-for the five LANDCLIM time windows for Sweden, Finland,
cal exchanges operate at the local to regional scale, the fee®enmark, Britain, Poland, the Czech Republic, Switzerland
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and Northern Germany; REVEALS estimates are underwayBala, G., Caldeira, K., Wickett, M., Phillips, T. J., Lobell, D. B.,
for Norway, Estonia, Southern Germany, France, Belgium, Delire, C., and Mirin, A.. Combined climate and carbon-cycle
and the Netherlands. Pollen productivity estimates (PPES) effects of large-scale deforestation, in: Proceedings of the Na-
of open-land plants and major tree taxa, important parame- tional Academy of Science;, USA, 2097, 104, 6550-6555, 2907.
ters necessary to run REVEALS, are still limited outside NW Belt)ts,dR.: Offset of thefpotenﬂ;al garlla\lor; 5'”kl‘;BOBmlb;;ei‘gg’r;z?gon
Europe (Brostbm et al., 2008), North America (Sugitaetal., _.. y decreases In surface albedo, Hature, N
2010‘; and South Africa (Duffin and Bunting, 2008): how- Bjorse, G., Bradshaw, R. H. W., and Michelson, D. B.: Calibration

di | d . h of regional pollen data to construct maps of former forest types
ever, new studies are currently underway in southern Europe, i, southern Sweden, J. Paleolimnol., 16, 67—78, 1996

Japan, China, and Africa (Cameroon), and more is t0 COM&adshaw, R. H. W.: Modern pollen representation factors for
within the Focus 4 (Past Human-Climate-Ecosystem Interac- woods in South-West England, J. Ecol., 69, 45-70, 1981.

tions; PHAROS) of the International Geosphere-Biospheresrostiom, A., Sugita, S., and Gaillard, M.-J.: Pollen productivity
Programme - Past Global Changes (IGBP PAGES). There- estimates for the reconstruction of past vegetation cover in the
fore, we expect that more objective descriptions of past land- cultural landscape of southern Sweden, Holocene, 14, 368-381,
cover will be available for several regions of the world in the ~ 2004.
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