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If all you have is a hammer, everything looks like a nail.

Abraham Maslow
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Synthesis
1.1 Introduction

Pollen is produced by many plants in large amounts; it is well dispersed in the atmosphere and well preserved

in peat or lake sediments. Pollen is thus potentially the best proxy available to reconstruct past terrestrial veg-
etation. Fossil pollen was first recorded in Quaternary sediments in 1837 (Ehrenberg, 1837), yet the use of pol-
len data only began in the late 19th century. Because pollen is so well dispersed, changes in pollen sample

composition (such as the spruce boundary; cf. von Post, 1909) were considered synchronous across regions or

even on a larger scale. Initially pollen was thus used as a stratigraphic tool (cf. Manten, 1967) to detect syn-
chronous peat layers across a region (e.g. Weber, 1893; von Post, 1909).

The use of pollen to reconstruct past vegetation itself only started with the presentation of the first pollen dia-
grams at the Sixteenth Scandinavian Meeting of Natural Scientists, in Christiania in 1916 by Lennart von Post

(von Post, 1918). In his presentation, von Post underlined that translating pollen data into past plant abun-
dances is not straight forward. Plants produce pollen in different amounts and use different dispersal modes

so that a species may be over- or underrepresented in the pollen record. Pollen data are furthermore commonly

presented in mutually interdependent percentage values and thus changes in the abundance of one species will

affect the percentual representation of all other taxa in the pollen record.

Furthermore, in his response to von Post’s lecture, Hesselman (Hesselman, 1916; cf. Davis, 2000) pointed out

that pollen deposition in lakes and mires originates from proximate as well as from distant sources and thus

from potentially different vegetation units. As distant pollen sources contribute less pollen to a site than prox-
imate sources, small birch stands near a site may contribute the same amount of pollen to a record as exten-
ded stands in greater distance. One and the same pollen spectrum may thus represent very different vegetation

scenarios.

Palynologists have developed two basic approaches to translate pollen percentage values into (past) plant

abundances (quantitative vegetation reconstruction), i.e. to reduce production, dispersal and percentage bias.

The modern analogue method compares fossil pollen spectra with modern spectra originating from various

vegetation types in search of the best match (Overpeck et al., 1985; Jackson & Williams, 2004). In Europe,

modern analogues are lacking e.g. for the Lateglacial because of the unique climate and vegetation of this peri-
od (Jackson & Williams, 2004) and for the mid-Holocene because primeval forests of this period do not longer

exist. The method has thus been mainly developed and applied in northern America (Jackson & Williams,

2004) where human impact on the landscape partly has been less strong. Alternatively, correction factor meth-
ods translate pollen percentage values into (past) plant abundances by using correction factors, which derive

from calibrating the pollen-vegetation relationship. The approach does (in theory) not rely on analogue situ-
ations and is thus more flexible. Both approaches succeed in reconstructing landscapes with largely uniform

vegetation, such as in the Tundra or Taiga biome. Because of the fundamental problem described by Hessel-
man in 1916, they perform poorly in patterned landscapes, such as those of Central Europe.

The present thesis aims to improve quantitative vegetation reconstruction in patterned landscapes. The basic

idea of the developed Downscaling Approach (Theuerkauf & Joosten, 2009) derives from the observation that

vegetation patterns (and thus pollen emission) largely relate to patterns in abiotic site conditions, e.g. soil and

relief. Pollen deposition over a landscape thus is, and has been in the past, mainly a function of these abiotic

patterns. In the pollen record this pattern is blurred, however, because pollen is so well dispersed. The Down-
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scaling Approach sharpens the signal in the pollen record by testing, whether and how pollen deposition in nu-
merous sites relates to the distance weighted pattern of site conditions. In case of a good fit between past pol-
len values and present-day site conditions, the pattern of site conditions is apparently robust (= persistent)

and represents the pattern of past vegetation distribution.

This synthesis includes four chapters:

- Chapter 1.2 (“Production, dispersal and percentage bias”) illustrates, how differences in pollen production

and dispersal and the use of percentage data hamper the interpretation of pollen data in terms of past plant

abundances.

- Correcting these biases relies on parameters of the vegetation-pollen relationship, e.g. R-values or pollen pro-
ductivity estimates. Chapter 1.3 (“Calibration”) presents the existing methods to estimate these parameters

and introduces a data-model comparison approach as a new approach developed within this thesis (paper I) .

- Chapter 1.4 (“Correction”) illustrates the main approaches to translate pollen percentage data into past plant

abundances, i.e. the R-value approach, the Multiple Scenario Approach (MSA) and the Landscape Recon-
struction Algorithm (LRA). It furthermore describes the principles and evolution of the Downscaling Approach

(DA/EDA), which is applied in paper II, III and IV, and compares the different methods.

- Chapter 1.5 introduces the study area of NE Germany.

1.2 Production, dispersal and percentage bias

Production bias

Pollen production differs among plant species by orders of magnitude. Wind pollinated trees (e.g. Pinus and

Betula) produce as much as ~1010 pollen grains per m2 and year (Sugita et al., 2010a). Animal (insect) pollin-
ated trees (e.g. Acer and Tilia) as well as most herbaceous plants (e.g. most cereals) produce much less pollen

and are thus rare in the pollen rain even if abundant in the vegetation. Measuring pollen productivities for

correcting over- and underrepresentation is problematic. Only Pohl (1937) counted the number of pollen re-
leased from European trees and herbs directly. Pollen productivity is instead commonly estimated by compar-
ing surface pollen samples with vegetation data from the surroundings. Pollen productivity is commonly given

in relative terms, i.e. related to a reference taxon. The methods and related problems are outlined in the fol-
lowing chapter (1.2) .

Dispersal bias

Fall speed of pollen typically ranges between 1 and 5 (rarely 13) cm s-1 (Eisenhut, 1961). Convective uplifts in

the atmosphere may reach much higher velocities (Tackenberg, 2003) so that pollen included in such uplifts is

easily elevated into higher layers of the atmosphere and is then transported over some to hundreds (or even

thousands) of kilometres. Convective uplifts are localised phenomena, however, even on warm and sunny days.

The majority of the pollen grains released is thus primarily transported by lateral airflows and over shorter

distances. Tauber (1965) and Janssen (1973) correspondingly differentiate an (extra)local component of pol-
len deposition (that derives from nearby sources) and a regional component (that derives from more distant

sources). Furthermore, small pollen grains (e.g. of Alnus) tend to settle slower than larger pollen grains (e.g.

ofAbies) and thus have a greater chance to be transported over longer distances in the atmosphere, although

for pollen grains with a fall speed below 4  cm  s-1 this differentiating effect is small (Kuparinen et al., 2007).

Large pollen grains such as of Abies would thus be poorly represented in the centre of a very large basin, but

Lateglacial and Early Holocene vegetation of NE Germany
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well represented in a forest hollow within an Abies stand. Understanding wherefrom pollen deposited at a site

derives (= the pollen samples view) is thus essential to interpret the pollen record in terms of past plant abun-
dances.

Tauber (1965) and Prentice (1985) presented numeric models on pollen dispersal that are based on Sutton’s

equations for diffusion in turbulent air within the planetary boundary layer (Sutton, 1947, 1953). With such

model, Prentice (1985) quantified the origin of upland pollen (originating from plants growing on terrestrial

sites) in peatland sites and showed how the quantity of the different components changes with peatland size.

In a sample from the centre of a peatland the regional component of upland pollen deposition increases with

the size of the peatland whereas the (extra)local component declines. Sugita (1993) adjusted the Prentice-mo-
del to pollen deposition in lakes.

So far, all quantitative models on pollen dispersal and deposition used in palaeo-palynology (Tauber, 1965;

Prentice, 1985; Sugita, 1993) derive from Sutton’s equations (Sutton, 1947, 1953). This Gaussian plume mo-
del predicts the entire dispersal pattern at once. Wilson & Sawford (1996) instead underline that the most

realistic and powerful means to describe pollen dispersal is via Lagrangian stochastic (LS) modelling. LS mod-
els describe turbulent airflows as stochastic processes and with that the movement of air parcels (and particles)

through the atmosphere. LS models have been adapted to pollen dispersal by e.g. Aylor et al. (2003); Boehm

& Aylor (2005) and Kuparinen et al. (2007).

The performance of pollen dispersal models has only been tested empirically for distances of a few hundred

meters (Katul et al., 2005) - observing pollen dispersal over longer distances is virtually impossible. In paper

I, we therefore validate a Gaussian model (Prentice, 1985) and a LS model (Kuparinen et al., 2007) via their

ability to model pollen deposition in small to medium sized lakes from vegetation data. Both models differ

substantially. The LS model predicts for example that some 50  % of the total pollen deposition in a small site

(r=100  m, cf. Fig. 1) arrives from distances between 10 and 100  km from the site, whereas in the Prentice mo-
del only 10-20  % arrives from these larger distances (but large proportions from far longer distances >100 km).

The LS model furthermore predicts that fall speed of pollen (2 to 5  cm s-1) has only little impact on the dis-
persal pattern. The Gaussian model instead predicts that pollen grains with higher fall speed (e.g. of Picea,

Fagus) tend to travel much shorter distances than pollen grains with lower fall speed (e.g. of Betula, Pinus) .

Simulations with the LS model produce pollen deposition more similar to empiric pollen data than simulations

with the Gaussian model, suggesting that the LS model better mimics pollen dispersal than the Gaussian mo-
del. Considering that dispersal model selection has great impact on e.g. the calculation of pollen productivity

estimates (PPE, paper I), further development and testing of dispersal models is needed.

Percentage bias

Pollen data from sediment cores are usually presented in percentage values calculated on the basis of a suit-
able pollen sum, e.g. a sum that includes only pollen from strictly terrestrial taxa. In the close world of per-
centage data, the percentage value related to one taxon not only depends on the abundance (and pollen

productivity as well as dispersal pattern) of that taxon but also on the abundance (and pollen productivity as

well as dispersal pattern) of all other taxa included in the pollen sum. Percentage values of one taxon are thus

often poorly or even inversely correlated to the distance weighted abundance of that taxon (cf. Fagerlind,

1953). These confounding effects are strong if taxa differ strongly in pollen productivity, e.g. across tree lines.

In open tundra vegetation with some scattered birch, pollen percentages of birch would be high because all

other taxa produce little pollen. In a pine dominated landscape with similar rare stands of birch, pollen per-
centages of birch would be low because pine produces abundant pollen (Fig. 2) . The use of percentage value

thus complicates the interpretation of pollen data, including e.g. detection of vegetation openness (Sugita et

al., 1999). Only in situations where all taxa produce similar amounts of pollen or if no taxon covers more than

20-30  % (Webb et al., 1981), pollen percentage values tend to represent plant abundances linearly.
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Figure 1: Origin of pollen in the centre of a basin with 10 to 1500 m radius (x-axis), given as the percentage
(y-axis) of total pollen deposition that arrives from various distances (in colors) from the centre of the basin.
The basin itself is assumed to contribute no pollen. Origin of pollen is calculated with a Lagrangian
stochastic model (Kuparinen et al., 2007) and the Prentice model on pollen dispersal (Prentice, 1985)
adjusted for stable (B) and unstable (C) atmospheric conditions. Sediment focusing and re-deposition is
neglected.
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1.3 Calibration

The R-value model

Ad hoc correction factors, based on the proportion of pollen percentage values over plant abundances, have

been used by e.g. Müller (1937), Steinberg (1944), Jonassen (1950) and Tsukada (1958). Davis (1963) formal-
ized the method in the R-value model, with the R-value defined as that proportion of the pollen percentage

value in a surface sample over proportionate plant abundance. Davis (1963) recognized, however, that due to

the use of percentage data R-values may differ between sites: the R-value of one taxon would be high if all

other species in the vegetation produce little pollen and low if all other species in the vegetation produce

abundant pollen. Ratios of R-values (e.g. with a reference taxon) are instead supposed to be independent of

the overall vegetation composition and thus to be meaningful in vegetation reconstruction (Davis, 1963). Dav-
is (1963) pilot study still raised much scepticism, however, because she arrived at a suspiciously high R-value

for Pinus and from that concluded that Pinus was surprisingly rare even during the early Holocene although

Pinus pollen dominated the pollen record from this period. Livingstone (1968) pointed out that Davis (1963)

estimated plant abundances (as mean abundance) within only 1.5  km from the site and thus possibly from a

too small area (Fig. 3) . Pinus was rare within that sampling radius but well present in the larger surround-
ings. Considering these more distant pollen sources, Davis would have arrived at a much lower R-value and

thus at different results.

The extended R-value model

To improve the approach of Davis and to account for pollen arriving from outside the vegetation sampling

area, Andersen (1970) and Parsons & Prentice (1981) added a background component to the model. The un-
derlying assumption is that within a region this background component is similar at all sites. Andersen used

quasi absolute data, which strongly limited the application of his approach that was consequently not further

pursued. The extended R-value (ERV) model of Parsons & Prentice (1981) instead uses percentage data. Two

submodels estimate background pollen deposition differently: while ERV 1 assumes ‘a constant background

pollen percentage for each taxon’, ERV 2 represents background pollen ‘as a constant proportion of total forest

volume (or whatever measure of abundance is being used)’ (Parsons & Prentice 1981). In their first applica-
tion of the ERV model they used lake surface pollen data and plant abundances calculated as mean abundance

within 30  km distance from each site (Fig. 3) . By that approach they neglected the nature of pollen dispersal

and that different pollen types may be differently dispersed. Their R-values thus not only represent pollen pro-
ductivity but are also dependend on dispersal characteristics. The presented correction factors are thus only

applicable to sites similar to those used in the calibration and to pollen spectra that are within the range found

in the calibration data set (Parsons & Prentice 1981).

The POLLANDCAL approach

To address differential pollen dispersal, Sugita (1994) introduced the use of distance weighted plant abundanc-
es in the ERV model(s) . He also introduced ERV model  3, which uses plant abundances in absolute terms. The

resulting correction factors are now supposed to represent pollen productivity alone. They are named ‘pollen

productivity estimate’ (PPE; Broström et al., 2004a). In contrast to the extended R-values of Prentice & Par-
sons (1983), PPEs are assumed to be applicable independent of basin size and overall vegetation composition.

Distance weighting itself starts with estimating absolute plant abundances in consecutive rings around each

site. Ring values are then distance weighted on the basis of a pollen dispersal model and finally added up.

Sugita (1994) proposed to quantify the minimum size of the source area needed in the ERV model. In a land-
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scape with a homogenous vegetation mosaic, distance weighted plant abundances tends to become constant

at some distance from a site. Increasing the source area above that threshold (defined as the ‘relevant source

area of pollen’ = RSAP) will have little effect on the resulting PPEs (Sugita 1994) so that sampling the RSAP

is sufficient. The size of the RSAP is largely determined by vegetation patch size (Bunting et al., 2004).

In simulations (Sugita 1994), the RSAP of small lakes (250  m radius) was found to be 600-800  m, which cor-
responds to an area from which only some 30-40  % of the total pollen deposited at a point in the lake centre

arrives. The main practical problem in estimating the RSAP is the availability of vegetation data with suffi-
cient spatial resolution and extent. In the existing studies the RSAP increases with the sampling area (Fig. 4),

which suggests that with too small sampling areas the RSAP cannot be estimated reliably.

Sugita’s approach triggered a number of studies on PPEs using moss polsters (Sugita et al., 1999; Broström

et al., 2004; Bunting et al., 2005; Mazier et al., 2008; von Stedingk et al., 2008), lake surface sediments

(Nielsen, 2004; Soepboer et al., 2007; Poska et al., 2011; Matthias et al., 2012; Theuerkauf et al., 2012) and

pollen traps (Sugita et al., 2010a), but with very dissimilar results (see summary in Broström et al., 2008).

These dissimilarities may reflect true differences in pollen productivity e.g. in response to climate, land use or

stand structure, but also methodological limitations (Broström et al., 2008). Most studies used Poaceae

(grasses) as reference taxon, although pollen productivity of different grasses varies considerably (Prieto-Baena

et al., 2003), which will affect the resulting PPEs of other taxa. PPEs will furthermore be influenced by the

quality and completeness of the vegetation data and by the vegetation sampling strategy (Broström et al.,

2008). Also age structure will affect PPE calculations, because pollen productivity of a tree changes over its

lifetime (Matthias et al., 2012). Our paper I finally illustrates that the underlying dispersal model may have

great impact on the resulting PPEs.

birch

pine

birch

pine

0 %

50 %

100 %

absolute pollen deposition

percentage pollen deposition

open vegetation with some birch pine forest with some birch

herbs

open

Figure 2: Non-linear representation of plant abundances in pollen percentage data, illustrated on the
transition from open vegetation with some birch into a pine forest with some birch. With birch being
similarly present in the open vegetation and in the pine forest, absolute pollen deposition of birch will be
stable across that transition (neglecting here that a single tree in the open vegetation may produce more
pollen than a tree in within the forest) . Percentage values of birch pollen, however, sharply decline towards
the pine forest because pollen production and deposition of pine is much higher than that of open vegetation.
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The data-model comparison approach (paper I)

The fundamental assumption of the ERV approach is that background pollen deposition is similar at all sites.

This assumption appears robust for moss polster samples collected over a small area (some square kilometers),

but is debatable for lake surface sediments collected over a wide region such as in Soepboer et al. (2007), Poska

et al. (2011), Matthias et al. (2012) and Theuerkauf et al. (2012) Only in largely uniform landscapes, e.g. in

the tundra or steppe biome, background pollen deposition is constant over an entire region. In Central Europe,

where natural conditions and human activity have created pronounced landscape diversity, background depo-
sition may instead be variable. Across our study area of NE Germany (Chapter 1.4), the proportion of e.g.

open vegetation in the largest measured ring (29-30  km) still ranges from 40 to 80  %, illustrating that the ERV

approach is not appropriate in this situation.

Paper I suggests an alternative approach to calculate PPEs, which is based on distance weighted plant abun-
dances from 30  km radius around each site (extrapolated to 100  km). With such large sampling area, possibly

also a majority of distant pollen sources is enclosed so that the assumption of constant background deposition

is not needed. Pollen data were collected from 30 medium sized (10-100  ha) and 15 small (1-5  ha) lakes. PPEs

were calculated in an iterative data-model comparison approach (Fig. 5), in which pollen deposition at all sites

is modelled on the basis of ring vegetation data, a pollen dispersal model (three options were tested) and

PPEs. Modelling starts with random PPEs. By optimization the method then seeks that set of PPEs that

produces best fit between modelled and empiric pollen values from surface pollen samples. Other than the ERV

model, the data-model comparison approach produced consistent results from medium sized and small lakes,

suggesting that it is indeed able to produce PPEs in heterogeneous landscapes.

To furthermore test the impact of the underlying dispersal model, PPEs were estimated using three dispersal

options. Two options derive from the Prentice model on particle dispersal and deposition (Prentice, 1985), ad-
justed for either neutral or unstable atmospheric conditions (Jackson & Lyford, 1999). The third option de-
rives from a Lagrangian stochastic (LS) model (Kuparinen et al., 2007). PPEs calculated with those three

dispersal models differ substantially. The differences are most pronounced for Picea and Fagus, i.e. the taxa

with the highest fall speed of pollen, obviously because fall speed has great impact on the dispersal pattern in

the Prentice model, but not in the LS model. The underlying dispersal model is thus another source of error

in the calculation of PPEs.

What is the necessary sampling area? (An addition to paper I)

To account for the regional vegetation gradient in the study area, paper I used much larger sampling areas

(100  km radius) than earlier studies (e.g. 800  m in Soepboer et al., 2007; 2000 m in Poska et al., 2011). To test

whether and how that did affect the results, PPEs were recalculated using smaller sampling areas of 3, 5, 10

and 30  km radius (Fig. 6) .

Using smaller sampling areas had little effect for PPEs of open vegetation (NAP) in both small and medium

sized lakes; PPEs calculated with a sampling area of 3  km radius were similar to PPEs calculated with a

sampling area of 100  km radius (although errors were much larger). Using only small source areas, i.e. neglect-
ing pollen deposition from more distant sources, possibly had little effect because open vegetation and Pinus

(the reference taxon) occur in a gradient with more open vegetation in the north of the study area and exten-
ded pine forests in the south. The proportion of open vegetation and Pinus thus tends to be similar in smal-
ler and larger sampled rings (Fig. 7), so that skipping outer rings has little effect on the resulting PPEs (Fig.

7). With the abundances of open vegetation and Pinus being proportional in most rings, also changing the dis-
tance weighting method has little effect. For other taxa, PPEs change significantly when the sampling area is

reduced to  3 km radius. In the medium sized lakes data set, PPEs of Fagus nearly double and PPEs of Alnus

nearly halve while in the small lake data set PPEs of Alnus, Betula, Fraxinus and Fagus double (Fig. 6) . These
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1 The terms local and regional are widely used in palynology, but definitions and meanings differ. Janssen (1973) uses these
terms to seperate various components of the pollen rain, with local pollen deposition representing clearly elevated values ofa
pollen type in the vicinity of its producing plant. Based on that definition, Prentice (1985) proposes specific distances to define
these terms (e.g. local deposition occurs within 20 m from a source). Sugita (2007a, b) instead uses local and regional to descri-
be the area, for which vegetation is recontructed in the LRA, with local vegetation referring to vegetation inside the RSAP. The
term thus refers to much larger areas (up to several kilometre distance from each site) than in earlier concepts.

taxa are much rarer than open vegetation and Pinus and occur in smaller patches. Their abundance in rings

is thus far more variable with distance from each site (Fig. 7) so that skipping outer rings, i.e. neglecting long

distance pollen dispersal, significantly changes the resulting PPEs.

This example suggests that if PPE studies use lake surface samples and rather small vegetation sampling areas

(some kilometer radius), only PPEs of dominating taxa or vegetation types may be reliably estimated - but

only if they occur along a major vegetation gradient. For rarer taxa, particularly in heterogeneous landscapes,

estimating PPEs reliably requires large sampling areas (with tenths of kilometers radius). Great dissimilarit-
ies in PPEs from earlier studies may thus result from using too small sampling areas (with only ~1-2  km ra-
dius). Such small sampling areas are supposed to be sufficient in case of homogeneous regional vegetation, but

this assumption has not been verified and appears overall poorly suited for European landscapes. Future stud-
ies, involving simulations, are thus needed to further explore necessary sampling areas in relation to vegeta-
tion structure.

1.4 Correction

The distance weighted nature of pollen deposition implies that also corrected pollen percentage values may

poorly represent (past) plant abundances; a corrected value of let’s say "25  %" of Betula may similarly rep-
resent small stands of only some hectare near a site or extended stands covering thousands of square kilomet-
ers in greater distance (Fig. 8) . This problem, already brought forward by Hesselman in 1916 (cf. Davis, 2000),

is most severe in small to medium sized lakes or peatlands because here local and regional pollen deposition

are both important components of the pollen rain. Mapping (corrected) pollen values from a number of sites
across a region can only to some extent sharpen the result; the reconstruction will still only reveal coarse, re-
gional vegetation patterns (105 to 106  km2; Prentice, 1983; Huntley, 1990; Björse et al., 1996). Even with a
high density of sites, the limits of species distribution may not be recognised sharper than 20  km (Davis et al.,
1991) so that typical vegetation patterns within landscapes remain concealed. So far two methods address this
problem, the Landscape Reconstruction Algorithm (Sugita, 2007a, 2007b; Sugita et al., 2010) and the Mul-
tiple Scenario Approach (Bunting et al., 2008; Bunting & Middleton, 2009). The present thesis suggests a new
method, the Downscaling Approach (paper II, III and IV).

The Landscape Reconstruction Algorithm

The Landscape Reconstruction Algorithm (LRA; Sugita, 2007a, 2007b; Sugita et al., 2010) aims to arrive at
sharper reconstructions by separating the local from the regional component of pollen deposition (Fig. 9). The
algorithm relies on pollen data from large (>100  ha) and small lakes (<10  ha) or forest hollows. The basic as-
sumption is that at all small sites, pollen loading arriving from outside some defined area (the relevant source
area of pollen, RSAP), is equal. At each site total pollen loading is then the sum of pollen loading from within
the RSAP (“local component” 1) and pollen loading from outside the RSAP (“regional component”) . With the
latter assumed to be constant, variations in pollen deposition must reflect differences in vegetation within the
RSAP around the small sites. In the first step of the LRA, the REVEALS model (Regional Estimates of VE-
getation Abundance from Large Sites; Sugita, 2007a) is applied to translate pollen deposition from large lakes
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into regional vegetation composition. In the second step, with regional vegetation composition now known, the
LOVE model (LOcal Vegetation Estimates; Sugita, 2007a) is used to extract the local component of pollen
deposition in the small sites (for mathematical background see Sugita, 2007b). This local component is then
translated into local vegetation composition, i.e. vegetation composition within the RSAP.

The Multiple Scenario Approach

The Multiple Scenario Approach (MSA; Caseldine & Fyfe 2006; Fyfe 2006; Bunting et al. 2008; Bunting &
Middleton 2009) uses modelling to find vegetation scenarios that most probably represent past vegetation pat-
terns in a landscape (Fig. 9) . The MSA uses simple rules to translate geographical or ecological parameters

(e.g. elevation or soil data) into multiple vegetation scenarios. Subsequently it uses a pollen dispersal model
(so far the Prentice model) to calculate pollen deposition for one location that also has an empiric pollen re-
cord. Those scenarios that produce pollen deposition most similar to the empiric record are assumed to reflect

past vegetation composition and patterns best. Bunting et al. (2008) consider the MSA more suitable than the

LRA in areas where basic assumptions of the LRA, such as similar background pollen deposition, would not

apply, e.g. in mountainous areas.

The Downscaling Approach

The Downscaling Approach (introduced in paper II) is designed to detect species-environment relationships
and with that to reconstruct small scale vegetation patterns on a sub-landscape scale. The basic assumption

of the approach is that patterns of environmental parameters that determine plant distributional patterns are

largely persistent over time. In the study area, relief and soil substrates were primarily shaped by glacial- and

periglacial activity of the Weichselian glaciation. During the Holocene this pattern overall persisted, though it

was altered along the coast, along rivers and in valleys with expanding peatlands (today covering some 13  %

of the land surface). Also present day soil distribution data are useful. Whereas the soils itself have certainly

changed through the Late Glacial and Holocene by e.g. decalcification, brunification and podsolidation, the

pattern of soil types has largely persisted as rate and direction of modifications are largely determined by sub-
strate and relief position.

The approach works as follows. Imagine that during some period in the past the distribution of e.g. Pinus was

determined by sandy soils. Pollen deposition ofPinus during that period were then related to the distance

weighted abundance of sandy soils (=Pinus stands) in the surroundings of each site. If the pattern of soil types

is indeed constant in time we should be able to detect this past relationship between Pinus stands and sandy

soils; it would show as a close correlation between pollen deposition of Pinus from that period in a number of

sites and the present day, distance weighted abundance of sandy soils in the surroundings of these sites (Fig.

9). In the Downscaling Approach the smallest recognizable patch size depends the sharpness of the vegetation

pattern, the closeness of the site-vegetation relationship and available map data. For the study area, with sharp

vegetation gradients and soils maps available on a scale of 1:300,000, the smallest patch sizes would be ~10³

m².

In the first application (paper II) , the Downscaling Approach has been used with pollen data from the late Al-
lerød period. The study relies on pollen percentage data from 15 sites and abundances of sandy or loamy soil

substrates within 50 km from each site estimated in consecutive rings. Pollen percentages of PINUS (to clearly

separate between plant taxa and pollen types, the latter are written in SMALL CAPS) are found to be closely re-
lated to the distance weighted abundance of sandy soils, pollen percentages of BETULA to distance weighted
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abundances of loamy soils, suggesting that stands of pine and stands of birch existed rather separately, each

on its own soil substrate type.

Limitations of the method arise from the use of percentage data. As presented in paper II, the method assumes

that pollen percentage values (nearly) linearly represent past plant abundances, yet this assumption is usually

violated by production, dispersal and percentage bias. For the Allerød period these disturbing effects are low,

however, because vegetation was dominated by only pine and birch, which produce similar amounts of pollen

with similar fall speed and thus dispersal properties. In order to deal with more complex situations, in which

these biases are strong, the method has been further developed in paper III and IV.

Paper III studies vegetation patterns during the Younger Dryas cold period. For this period the Downscaling

Approach was used with pollen percentage data but also with annual pollen accumulation rates (PAR). An-
nual pollen accumulation is not affected by the percentage bias, but it may be heavily affected by sediment re-

deposition and focussing and is thus considered as too noisy and not comparable between sites. Giesecke &

Fontana (2008) showed that PAR data can still be meaningful for carefully selected study sites with only at-
mospheric deposition and little sediment re-deposition. Paper III shows contrasting trends in percentage data

and PAR data of e.g. BETULA. PARs reveal that during the Younger Dryas the study area contained the trans-
ition from pine dominated forests with birch in the south of NE Germany to largely open vegetation with only

rare patches of birch in the north. Pollen percentage values of BETULA still sharply increase towards the north

because overall pollen deposition is much lower in the more open vegetation of the north, showing that in this

situation pollen percentage values are not related to distance weighted plant abundances. The Downscaling

Approach consequently shows no significant relation between plant taxa and soil substrates or relief when used

with pollen percentage data. Instead, PARs of e.g. BETULA were found to be closely related to landscape hilli-
ness, suggesting that rare birch stands in the north primarily existed in hilly areas.

Paper IV introduces an extension of the Downscaling Approach that is again based on pollen percentage data

but copes with the non-linear representation of plant abundances by using a data-model comparison method.

The method derives from the method used to calculate PPEs in paper I (Fig. 5) . It relies on empiric pollen

percentage data from a number of sites and ring data on the abundance of underlying site patterns in the sur-

pine

birch
pine

birch

20 km 20 km

A) B)

Figure 8: The Hesselman problem: in a small lake (~200 m radius), a pollen spectrum with lets say 75%
of PINUS pollen and 25% of BETULA pollen may represent very different vegetation scenarios, including one
with extended stands of birch in some distance from the lake (A) and one with only small stands of birch
just at the lake (B).
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roundings of these sites. The basic principle is to substitute each specific site type (e.g. sandy soils) by one

vegetation community and than to model pollen deposition in each lake based on the resulting vegetation cov-
er (Theuerkauf et al. 2014). The approach starts with random vegetation composition on each site type, which

is then adjusted in an iterative process until modelled and empiric pollen values approach greatest similarity.

In paper IV the approach accounts for production and dispersal bias by using PPEs estimated in the study

area and by modelling pollen deposition with the most suitable (paper I) Lagrangian stochastic model on pol-
len dispersal by Kuparinen et al. (2007). By comparing empiric with modelled pollen percentage values, the

method implicitly accounts for the percentage bias.

This Extended Downscaling Approach (EDA) is applied to three palynostratigraphical zones of the early

Holocene, i.e. the initial warming, the period when pine and birch had fully expanded and the period when

hazel had fully expanded. Pine and birch expanded rapidly after the onset of the Holocene at around

11,600  cal.   BP. The EDA shows that both taxa established in a pattern similar to that during the Allerød,

with pine dominating on well drained sandy soils and birch dominating on loamy soils. Hazel started to ex-
pand widespread only after ~10,800  cal.   BP. The EDA shows that it mainly expanded on sites presently with

gleyic soils. These sites are strongly influenced by ground- or stagnant water today and possibly provided more

humid conditions than other upland sites during the overall drier conditions of the early Holocene. The expan-
sion of hazel was thus probably limited by soil humidity. Open grasslands existed well throughout the first two

millennia of the Holocene. Grasslands mainly existed on fine grained soils, where assumed seasonal dryness

prevented the establishment of forests.

Strengths and limits of the methods

The Landscape Reconstruction Algorithm (LRA), the Multiple Scenario Approach (MSA) and the (Exten-
ded) Downscaling Approach (DA/EDA) address the ‘Hesselman problem’ (see Fig. 8) in different ways; they

also produce results with different accuracy (Table 1). The MSA and the DA/EDA allow reconstructing veg-
etation patterns on the same spatial scale as the underlying (e.g. site) pattern, which is usually mapped on a

scale of 1:10,000 to 100,000. In the LRA, the size of recognizable vegetation patches is determined by the size

of the RSAP, which ranges from 50  m for smallest forest hollows to ~1  km for small lakes, corresponding to

scales of 1:500,000 to 10,000,000. The DA/EDA thus potentially allow recognizing finer vegetation patterns

than the LRA, but they will only recognize patterns that are related to a known (e.g. site) pattern. MSA and

EDA both seek vegetation scenario(s) that produce pollen deposition most similar to empiric pollen deposi-
tion and thus possibly represent past vegetation patterns. As implemented by Bunting & Middleton (2009),

the MSA includes only one pollen sample site (although more sites have been included in the original concept,

cf. Fyfe, 2006). The EDA instead includes many sites (preferably more than 20-30) and thus constrains the re-
sulting scenarios much stronger. Furthermore, while scenarios must be generated a priori in the MSA, the EDA

starts with a random scenario and then detects the most suitable scenario iteratively. Finally, the EDA may

be implemented (after all necessary data have been produced within a GIS) in ordinary spreadsheet software

and is thus more flexible than the MSA.

The LRA relies on pollen data alone and thus allows to detect, although in much lower spatial resolution, veg-
etation patterns that are not necessarily related to patterns of abiotic site conditions but to e.g. human activ-
ity or (large scale) fire. The LRA requires that the regional component of pollen deposition is similar at all

sites. In a landscape with strong contrasts in vegetation composition, the LRA is thus only applicable to close-

by sites. In the LRA, best spatial resolution is achieved with the smallest sites, e.g. forest hollows. However,

such small and often shallow sites are subject to a) additional pollen depositional processes with a strong ran-
dom component, e.g. the deposition of entire inflorescences, flowering branches or even trees falling into the

basin, b) disturbance by trampling and c) higher risks of falling dry during climatically dry periods, leading
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to additional problems in interpreting the pollen record. Further complications arise from the size of the RSAP

as critical parameter in the LRA. The RSAP primarily reflects vegetation patch size and may thus change

through time. Sugita (2007b) suggests a way to reconstruct a ‘LRA based RSAP’, but this method is still ex-
perimental and has not been tested empirically.

As the present thesis shows, the DA/EDA method reveals pronounced vegetation patterns in NE  Germany

during the Lateglacial and early Holocene. The sharpness of the results is certainly related to the sharp con-
trasts in soil and relief conditions in the study area, which distinctively determine the pattern of vegetation

distribution today, and obviously also did so in the past (paper II, III and IV). The EDA may also be able to

recognise less distinct patterns of vegetation types in more homogenous landscapes, yet the sensitivity of the

approach needs to be explored further. So far, the DA/EDA was applied for periods with two or three major

tree taxa. Additional research is required into its performance in more complex situations with more and also

rarer taxa. Finally, DA/EDA will allow to reveal to what extent land use since the Neolithic has been determ-
ined by soil and other site conditions and thus help to quantify past land use intensity.

Critical in all three approaches are the underlying model on pollen dispersal and deposition as well as the

PPEs. Paper I has shown that model selection is crucial in the calibration of the pollen-vegetation relation-
ship; it may also be crucial in the correction part. PPEs from existing surface studies differ largely – and it is

still poorly understood why. Methodological issues certainly play an important role, but the dissimilarities may

also partly reflect climate and vegetation structure, i.e. factors that change in time. Paper IV, for example, in-
dicates that pollen productivity of open grass rich vegetation was possibly lower during the early Holocene

than it is today. A better understanding of how climate and stand structure influence pollen productivity is

thus essential.

LRA MSA DA/EDA

necessary data pollen data from some large
(>1 00 ha) and a number of
small (< 1 ha) sites with only
atmospheric pollen deposition

pollen data from a single site
with only atmospheric pollen
deposition + mapped site data
(digital elevation model, soi l
data, historical maps)

pollen data from at least 20-30
sites (ideal ly 1 0-1 00 ha) with
only atmospheric pollen
deposition + mapped site data
(digital elevation model, soi l
data)

typical study area so far ~1 0x1 0 km (Sugita,
201 0), larger scales only
possible in uniform landscape

~1 0x1 0 km, structure not
specified

> 50x50 km, no requirements
with respect to vegetation
structure

potentially finest spatial
resolution of reconstruction

> 1 :500,000-1 :1 0,000,000 1 :1 0,000-1 :1 00,000 <1 :1 0,000-1 :1 00,000

main references Sugita, 2007b; Sugita et al. ,
201 0b

Fyfe, 2006; Bunting &
Middleton, 2009

Theuerkauf & Joosten, 2009,
201 2

Table 1 : Comparison of the landscape reconstruction algorithm (LRA), the multiple scenario approach
(MSA) and the extended downscaling approach (EDA).

Lateglacial and Early Holocene vegetation of NE Germany



17

1.5 Study area
Natural environment

The study area of NE Germany includes the federal states of Mecklenburg-Western Pomerania and (northern)

Brandenburg. The area was mainly shaped during the Brandenburg- and Pomeranian stages of the Weichseli-
an glaciation. The southern part is characterised by sandy outwash plains while the northern part is mainly

covered by terminal and ground moraines with calcareous and decalcified loamy soils and sandy basins (Fig.

10). Flat morainic areas are mainly used for arable farming whereas sandy outwash plains and basins are

mainly forested, often with pine. Extended peatlands in river valleys are used as meadows. The climate is tem-
perate with mean annual precipitation between 500 mm in central and eastern parts and 700 mm in the west.

There are more than 2000 lakes in the area, mainly in the Lake District along the terminal moraine of the

Pomeranian stage.

Research history

Palynological research in the area started in 1921 with the first pollen diagram from the Kieshofer Moor near

Greifswald (von Bülow, 1921). Rare studies until the 1980s focussed on parts of the Lake district (Müller, 1961;

Schoknecht, 1996) and the island of Rügen (Lange et al., 1986). Research intensified in the 1990s, with mod-
ern studies covering the Lateglacial (de Klerk, 2002, 2008) and Holocene vegetation history (Jahns, 2001,

2007; Endtmann, 2004; Spangenberg, 2008) as well as peatland development (Michaelis, 2000; Barthelmes,

2009). Research furthermore focuses on the integration and development of various proxies, i.e. pollen, non-

pollen palynomorphs (NPPs) and macrofossils (e.g. Barthelmes et al., 2006, 2012; Prager et al., 2006, 2012).

Today a large number of rather coarse, undated pollen diagrams but only few well dated, high resolution pol-
len diagrams are available (Jahns, 2000, 2007; Endtmann, 2004; Lampe et al., 2009).
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Introduction
A primary goal of pollen analysis is to reconstruct past plant 
abundances. Plants, however, differ in pollen productivity and 
pollen dispersal capabilities, which implies that their abundance 
may be over- or under-represented in the pollen record. This prob-
lem can, in theory, be solved if pollen productivity, dispersal 
capabilities of each taxon, and environmental conditions under 
which pollen disperses are known. The first approach to solving 
this problem, the R-value model (Davis, 1963), evolved into the 
extended R-value (ERV) model (Parsons and Prentice, 1981; 
Prentice and Parsons, 1983; Prentice et al., 1987; Sugita, 1994) 
and the landscape reconstruction algorithm (LRA; cf. Sugita, 
2007a, 2007b).

As a major model parameter pollen dispersal distances, i.e. the 
distance from the point of emission to the point of deposition,  
are usually derived from models based on Sutton’s equations. The 
Sutton model is a particular form of analytic Gaussian-plume 
models (cf. Jackson and Lyford, 1999) for assessing diffusion in 
turbulent air within the planetary boundary layer (cf. Sutton, 
1947, 1953; Tauber, 1965). Prentice (1985) adapted Sutton’s 
model to apply to pollen deposition in peatlands (in the following 
Prentice model) and Sugita (1993) to pollen deposition in lakes. 
Jackson and Lyford (1999) suggested that the Prentice model 
should be used with parameters for unstable rather than neutral 
atmospheric conditions. Neutral conditions prevail during cloudy 
days with strong, steady winds as well as during the night, 
whereas pollen is predominantly released and dispersed in unsta-
ble atmospheric conditions on warm, sunny days with strong fluc-
tuations in turbulence and convective uplift (Corden et al., 2002; 
Gioulekas et al., 2004). The Prentice model approximates the 

entire dispersal pattern at once (Figure 1a), which implies a lim-
ited suitability to incorporate irregular and transitory airflow fea-
tures that are likely to affect the dispersal of pollen strongly 
(Kuparinen et al., 2007). More recent approaches attempt to 
reduce this limitation by using mechanistic models, including 
Lagrangian stochastic (LS) models (Andersen, 1991; Kuparinen 
et al., 2007). LS models primarily describe wind and turbulence 
conditions in the atmosphere and then simulate the trajectory of 
single pollen grains. LS models were first applied to particle dis-
persal on a local scale (e.g. Andersen, 1991). An extended LS 
model developed by Kuparinen et al. (2007) also describes condi-
tions of the atmospheric boundary layer (Figure 1b) and thus is 
able to simulate pollen dispersal over short and long (101–105 m) 
distances.

Pollen productivity is the second major parameter required in 
quantitative vegetation reconstruction. Direct measurements are 
problematic and thus rare (Pohl, 1937; Saito and Takeoka, 1985). 
Pollen productivity is instead derived from surface sample studies 
using pollen depositional data from lake sediments, pollen traps 
or moss polsters and distance weighted plant abundances from the 
surrounding vegetation (cf. Broström et al., 2008). Distance 
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weighting addresses the assumption that distant plants contribute 
less to pollen deposition at a site. Weighting is usually based on 
the Prentice/Sugita model adjusted for neutral conditions (cf. 
Broström et al., 2008; Sugita, 2007a, 2007b), but also non-para-
metric functions (1 /distance or 1/distance²) have occasionally 
been used (Nielsen and Sugita, 2005).

A particular challenge derives from the use of percentage 
data. Absolute pollen deposition of a taxon (grains/m2 per yr) 
(e.g. as derived from pollen trap studies) is in theory linearly 
related to the distance-weighted coverage of this taxon (cf. 
Prentice and Webb, 1986), so that pollen productivity can be 
derived directly from the slope of the pollen~vegetation rela-
tionship. Pollen deposition percentage values, as commonly 
derived from moss polsters or lake surface sediment samples, 
however, also depend on coverage, pollen productivity and dis-
persal capabilities of all other taxa included in the pollen sum. 
To calculate the productivity of one taxon from percentage val-
ues, productivity estimates of all other taxa are thus needed in 
advance. The extended R-value (ERV) model approaches this 
problem by an iterative maximum likelihood method (Parsons 
and Prentice, 1981).

Although a pollen dispersal model is thus crucial for recon-
structing past plant abundances quantitatively, practical limita-
tions in observing particle dispersal over distances longer than 
a few hundred meters (Katul et al., 2005) hampered the direct 
validation of dispersal models in palynology, including the 
present Prentice/Sugita standard models (cf. Kuparinen et al., 
2007).

In the present study we test the validity of three pollen disper-
sal models (two forms of the Prentice model and the LS model) by 
comparing empiric pollen deposition in lakes with values simu-
lated with these dispersal models. Simulations are then used to 
calculate PPEs for the major tree taxa and for open vegetation in 
lowland Central Europe, for which PPEs are rare (Broström et al., 
2008), and to test how the underlying pollen dispersal model 
influences the results. Finally we compare the PPEs calculated in 
the simulations with PPEs calculated using the standard ERV 
method.

Methods
The study area of NE Germany (Figure 2) is a flat to hilly land-
scape (max. altitude 178 m a.s.l.). While the northern part is 
mainly open, arable land with smaller Fagus sylvatica dominated 
forests, the southern part is more densely forested, primarily by 
Pinus sylvestris. Simulations of pollen deposition in 45 lakes are 
based on high resolution vegetation data, covering the full region.

Pollen data
Pollen samples were collected from 15 small (1–5 ha) and 30 medium 
sized (7–130 ha) closed lakes with no inlet (Table 1, Figure 2). Pollen 
input in such lakes is assumed to be dominated by atmospheric pol-
len deposition while the runoff and gravity components are small. To 
minimize disturbing effects from shore vegetation we only selected 
lakes with a (close to) circular shape, one central basin and no islands. 
Pollen samples were collected from short sediment surface cores 
taken at the deepest part (i.e. mostly the centre) of each lake using an 
Uwitec gravity corer (Uwitec, Austria). For pollen analysis a 2 cm³ 
subsample from the upper 1–3 cm of sediment was collected, which 
is assumed to have been deposited over the last few years.

Pollen sample preparation (cf. Fægri and Iversen, 1989) 
included treatment with HCl, 10% KOH, sieving (120 µm) and 
acetolysis (7 min); samples rich in silicates were additionally 
treated with HF. Samples were mounted in silicone oil. Counting 
was carried out with 400× magnification. In order to differentiate 
clearly between plant taxa and pollen types, the latter are dis-
played in small capitals (after Joosten and de Klerk, 2002). We 
included all tree pollen types, corylus, and pollen types attrib-
uted to upland (i.e. non-wetland) herb taxa (incl. wild grass group, 
but excluding cyperaceae) in the pollen sum. A minimum sum of 
about 400 pollen grains was counted. Three small and shallow 
lakes (lake east of Treuen, lake south of Friedland, lake south of 
Grabow/Poggendorf; Table 1) appeared to have exceptionally high 
values of upland herb pollen (Nap uplaNd)(>55%; predominantly 
wild grass group pollen). We found grass sods and peat layers in 
the surface sediments of these lakes, indicating that they periodi-
cally dry out and may then receive local pollen deposition from 

Figure 1. Basic approaches in pollen dispersal modelling. Gaussian plume models (a), such as the Prentice model, approximate the entire 
dispersal pattern at once. Lagrangian stochastic models (b; e.g. Kuparinen et al., 2007) simulate the trajectory of a single pollen grain within the 
atmospheric boundary layer (ABL) by calculating the three-dimensional position of that pollen grain for consecutive time steps from the moment 
the grain is released until it lands on the surface. Final dispersal pattern is produced by simulating a large number of individual pollen grains.
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grass-rich vegetation growing on the temporarily dry lake bottom. 
These three sites were thus excluded from all further calculations. 
At three medium sized lakes (Neu Heinder See, Probst Jesaer See, 
Stassower See; Table 1) Alnus pollen percentages of 25–40% were 
recorded although Alnus only grows on the lake shore but is absent 
from the surrounding forests. Because of the apparent strong over-
representation of Alnus in the pollen record resulting from extralo-
cal pollen deposition (sensu Janssen, 1973), we also excluded 
these three sites from further calculations.

Vegetation and land use data
Forest compositional data (spatial resolution <0.1 ha) were 
derived from the forest inventory of the federal states of 

Mecklenburg-Vorpommern and Brandenburg as tree species cov-
erages. We excluded areas where tree age was below the mini-
mum age of flowering (Table 2; Schoppa, 2000). Considering 
their lower tree cover, areas with an open crown cover were 
downweighted by a factor of 0.5, clearings with remaining seed 
trees by 0.2. Open vegetation (including grassland and arable 
fields) was derived from digital biotope and land use maps (spa-
tial resolution <0.1 ha) of Mecklenburg-Vorpommern and Bran-
denburg. The absolute abundance of trees and open vegetation 
types was calculated for each consecutive 1 km wide ring up to 30 
km starting from each sample site. Rings are wider than in earlier 
studies (often 100 m, cf. Soepboer et al., 2007) to allow consider-
ation of vegetation from much larger areas (100 km radius from 
each site) than earlier studies (mostly 1–3 km radius). To accom-
modate the lake shore vegetation, the first ring (0–1 km) was split 
in two rings (0–500 m and 500–1000m).

Each ring was segmented and the pollen contribution of each 
of the eight segments weighted by the frequency of the respective 
wind direction on days with high atmospheric pollen concentra-
tions throughout the three years before sampling (2006–2008; 
Figure 3). Daily meteorological data were provided by the Ger-
man meteorological service (DWD), daily pollen concentrations 
from http://www.allergie.hexal.de/pollenflug/historie/.

Testing dispersal functions and calculating PPEs
The suitability of three pollen dispersal models for predicting pol-
len deposition was tested by comparing simulated values with 
values observed in the studied lakes. Simulations used ring vege-
tation data out to a radius of 100 km from each site. We used origi-
nal vegetation data for 1 km wide rings up to 30 km from each 
site. Abundances in 1 km wide rings from 30 to 100 km were 
calculated by assuming that the vegetation composition in the 
largest ring (99–100 km) is the mean composition of all 30 km 
circles, i.e. similar for all sites. We arrive at abundances in rings 
between 30 and 100 km by linear interpolation between the abun-
dance in the original ring in 29–30 km and the mean abundance in 
the largest ring. To allow for the fact that no relevant pollen depo-
sition arrives from the lake itself, the area 100 m (which is the 
mean radius of the small lakes) around each sample point (in 
small and medium sized lakes) was cut off.

Simulations include only frequent taxa (Pinus, Fagus, Picea, 
Alnus, Betula and Fraxinus and Quercus) and open vegetation 
(represented by the sum of upland herb pollen, including wild 
grass group pollen). Also pollen of Ulmus, Tilia and Corylus is 
frequently found and may be abundant (corylus up to 12%) in 
the pollen record, but as these taxa are largely absent from the 
vegetation record the associated pollen types were excluded from 
the analysis. All three taxa may primarily occur along roads and 
in hedges, parks and gardens, i.e. outside coverage of the forest 
inventory data. Furthermore, as Corylus has no economic value, 
the taxon is usually ignored in forest inventory.

Simulations were run in MS-Excel for small (n=12) and 
medium sized lakes (n=27) separately. The number of ‘pollen’ 
produced in each ring is plant cover times an initial random pro-
ductivity value (between 0.1 and 20). Pollen deposition per unit 
area at each lake sample site of each pollen type is then the sum of 
pollen produced in each ring (with radius R) times the proportion 
of pollen that according to the respective pollen dispersal function 
is deposited in distance R, divided by the area of the ring. Simula-
tions neglect transport and re-deposition of pollen in the water 
column (cf. Sugita, 1994). These lake internal processes may dif-
fer from lake to lake and are thus not easy to implement in simula-
tions. Nevertheless such approach is still considered to provide a 
robust approximation of pollen deposition in lakes (cf. Binney  
et al., 2011).

Table 1. Study site in northeast Germany.

Latitude Longitude Size (ha)

Medium sized lakes
Dudinghausener See 53° 55' N 12° 13' E 17
Großer Peetscher See 53° 49' N 11° 58' E 63
Großer Prälanksee 53° 22' N 13° 00' E 17.5
Großer Steedersee 53° 47' N 11° 41' E 15
Großer Tessiner See 53° 54' N 11° 48' E 120
Hertasee 53° 43' N 13° 27' E 7
Hinbergsee 53° 30' N 12° 49' E 19.3
Hofsee Leisten 53° 31' N 12° 17' E 20
Kleiner Gadowsee 53° 16' N 13° 12' E 9.1
Kleiner Keetzsee 53° 17' N 13° 08' E 28.6
Kleiner Kressiner See 53° 24' N 12° 30' E 18.8
Kleiner Wangnitzsee 53° 15' N 13° 03' E 22.3
Langhäger See, southern part 53° 24' N 12° 58' E 29
Lieper See 53° 26' N 12° 59' E 45.1
Lohmer See 53° 42' N 12° 06' E 56.4
Malkwitzer See 53° 35' N 12° 27' E 108.8
Neu Heinder See 53° 54' N 12° 27' E 37.1
Neuhofer See 53° 46' N 11° 40' E 99
Neustädter See 53° 24' N 11° 34' E 128
Peetschsee 53° 14' N 12° 52' E 11.3
Pelsiner See 53° 48' N 13° 42' E 15
Plather See 53° 28' N 13° 27' E 30.3
Probst-Jesaer See 53° 18' N 11° 07' E 8
Röttsee 53° 36' N 13° 19' E 4.4
Schulzensee 53° 15' N 12° 51' E 48.5
Stassower See 54° 02' N 12° 35' E 8.6
Tangahnsee 53° 24' N 12° 29' E 26.7
Treptowsee 53° 21' N 12° 00' E 59.8
Trünnensee 53° 13' N 12° 57' E 19
Zirtowsee 53° 28' N 13° 27' E 32.6

Small lakes
Buggower See 53° 58' N 13°43' E 3.4
Hohendorfer Mühle 54° 01' N 13°43' E 0.8
Kleine Pöle 53° 16' N 13° 08' E 1.6
Kleiner Schwaberower See 53° 16' N 13° 07' E 1
lake east of Düsterförde 53° 15' N 13° 06' E 0.9
lake east of Treuen 54° 01' N 13° 10' E 1
lake near Waldeshöhe 53° 34' N 13° 54' E 0.9
lake near Wutschendorf 53° 19' N 13° 12' E 4
lake north west of Schwarzensee 53° 33' N 13° 44' E 1.7
lake south east of Schwarzensee 53° 32' N 13° 46' E 2
lake south of Friedland 53° 38' N 13° 33' E 1.6
lake south of Grabow/Poggendorf 54° 03' N 13° 05' E < 1
lake south of Klein Trebbow 53° 17' N 13° 05' E 1.1
lake south of Lenschow 53° 55' N 13° 48' E 1
Pinnower See 53° 54' N 13° 48' E 2.5
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We used the Prentice model (Prentice, 1985) for total pollen 
deposition within specific distances (Eq. 1),

Q x Q v x nu Cn( )= ( ) − √( )0 exp 4 g
2

z
/ / p

where Q(0) is the quantity of pollen produced by a single source 
and Q(x) the amount of pollen remaining airborne at distance x 
from that source, n is a turbulence parameter, u the mean wind 
speed and Cz a vertical diffusion coefficient. The Prentice model 
is used with parameters for neutral (n =0.25; u=3 m/s; Cz=0.12) 
and unstable atmospheric conditions (n=0.2; u=3 m/s; Cz=0.35; 
cf. Jackson and Lyford, 1999).

Alternatively, we use a Lagrangian stochastic (LS) model 
(cf. Kuparinen et al., 2007). Whereas the Prentice model, a 
Gaussian plume model, approximates the entire dispersal pat-
tern at once, the LS-model simulates trajectories of single pollen 
grains. The overall dispersal pattern is then derived from a large 

number of simulated trajectories (Figure 1). To describe the dis-
persal trajectory of a pollen grain, the model simulates three-
dimensional turbulent airflows in the canopy and above the 
canopy in the surface layer and the convective layer (Figure 1). 
In addition to turbulence, the pollen grain is subject to mean hori-
zontal wind speed, which is derived from a vertical profile. The 
model also accounts for the limited ability of heavier pollen 
grains to follow airflows, thus reducing the autocorrelation 
among turbulent gusts that a dispersing pollen grain experiences. 
A detailed description of the model and its underlying equations 
are given in Kuparinen et al. (2007).

We apply the model with parameters adjusted for unstable 
atmospheric conditions with friction velocity u* = 0.6 m/s and 
Obukhov-length L = −40 m. Further parameters follow Kuparinen 
et al. (2007). For fall speeds of pollen see Table 2.

Weighting factors for simulations with the Prentice model 
were calculated in a spreadsheet program using Eq. (1). For 

Figure 3. Windrose for the main flowering season of trees (a) and only for days with high atmospheric pollen concentration during that 
period (b). Vegetation data were weighted correspondingly by giving differential weight (indicated by the length of the arrow) to eight segments 
of each ring (c).

Figure 2. Study sites (black: medium size lakes, white: small lakes) and major vegetation types (yellow: arable land; blue: coniferous forest; red: 
deciduous forest; green: grassland) in northeast Germany.

(1)
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simulation with the LS-model 20,000 trajectories of each pol-
len type were calculated in the model software and the resulting 
dispersal distances classified in steps of 1 km. 

Pollen deposition in each lake was transformed into percent-
age values based on a sum of all taxa in the simulation. For each 
pollen type, deviance of the simulated values from the empiri-
cally observed pollen percentages (here calculated on the same 
sum) was estimated as the sum of squares divided by the empir-
ically observed percentages. We used the sum of deviances as 
the overall estimate of fit for each dispersal scenario. For each 
dispersal scenario we minimized the overall deviation, i.e. opti-
mized the fit, by adjusting the initially random productivity of 
each taxon using the built-in MS Excel 2007 Addin ‘Solver’. 
The optimized productivity values were than interpreted as the 
PPE for each taxon. Pinus, which is widespread, well recorded 
in the forest inventory data and shows a long gradient, is used 
as the reference taxon (PPE=1). We repeated the calculation 
1000 times with random initial values (0.1–20) to examine the 
scatter of the resulting PPEs.

Error estimates were calculated by bootstrapping (Efron, 
1979) over 1000 model runs. For each run, a set of 12 small lakes 
and a set of 27 medium sized lakes, respectively, was randomly 
drawn (with replacement) from either data set. To consider errors 
in the pollen counts and thus in the empirical pollen percentage 
values we first estimated the standard deviation (cf. Mosimann, 
1965) of the pollen percentages. From mean and standard devia-
tion of each pollen percentage value than a normal distribution 
was calculated. A random pollen percentage from this distribution 
was used in each bootstrap run. We used a permutation test in R 
(‘twot.permutation’ from the DAAG package; R Development 
Core Team, 2009) to test whether PPEs and error estimates calcu-
lated with the LS model and Prentice model for unstable condi-
tions differ significantly from values calculated with the Prentice 
model for neutral conditions.

For comparison, PPEs were also calculated using the  
ERV v.1.2.3 program (by S Sugita, unpublished program). We 

repeated the calculations on the full data set 1000 times to 
examine the spread of model outcomes and used bootstrapping 
to produce error estimates. To be consistent with the simula-
tions we opted for the Prentice’s model (option ‘good for bogs 
and fens’), wind speed was set to 3 m/s. We applied ERV sub-
model 1 to 3 (Parsons and Prentice, 1981; Prentice and Par-
sons, 1983; Sugita, 1994), and again used percentage ring 
vegetation data with Pinus as the reference taxon. PPEs were 
calculated using all rings outside the relevant source area of 
pollen (RSAP, cf. Sugita, 1994), which is also calculated with 
the ERV v1.2.3 software, both for the small and the medium 
sized lakes data set.

Results
Pollen–vegetation relationship
For open vegetation as the most abundant vegetation type and 
Alnus, Fagus, Picea and Pinus as the most abundant tree taxa 
we observe a close linear relationship between their distance-
weighted coverage and the respective pollen percentage values 
(Figure 4). The relationship is similar in both small and medium 
sized lakes.

The pollen–vegetation relationship is less close for Betula, 
which is mostly rare in the vegetation (< 5% coverage), but abun-
dant in the pollen record (Figure 4). For Fraxinus and Quercus the 
pollen–vegetation relationship is also weak. Both taxa are usually 
rare in managed forests (<1%), but may occur in unrecorded 
stands outside.

Empirical data – model comparison (Figures 4, 5)
Simulations with the LS-model produce the closest match 
between modelled and empirical values (Figures 4 and 5). Simu-
lations with the Prentice model for neutral conditions produce  
too low intercepts and too steep slopes. Here, the relationship 
between simulated pollen percentages and distance-weighted 

Table 2. Abundance and characteristics of major tree taxa and open vegetation in the study area. Data on the start of flowering from Schoppa 
(2000), fall speeds follow Gregory (1973) for Fagus, Sugita et al. (1999) for wild grasses and Eisenhut (1961) for all others.

Tree taxon Cover of total 
(forest) area

Respective species and their abundance in the study area Start of flowering and 
proportion older than 
that age

Fall speed 
(m/s)

Pinus  9% (40%) Only Pinus sylvestris, concentrating on sandy outwash plains and glacial basins 
in the east and south of the study area

30 years/~86% 0.031

Fagus 3.8% (16%) Only Fagus sylvatica, occurring widespread in a rather regular pattern with no 
prominent concentrations

40 years/~55% 0.057

Alnus 2.5% (10%) Mostly Alnus glutinosa, more abundant than elsewhere in central Europe, some 
concentrations in the extended lowlands of the north of the study area

15 years/~90% 0.021

Quercus  2% (8.7%) Quercus robur (76%) dominating over Q. petrea (19%) and Q. rubra (4%) in 
Mecklenburg-Vorpommern; Q. petrea (49%) more abundant than Q. robur 
(43%) and Q. rubra (7%) in Brandenburg

50 years/~60% 0.035

Picea  2% (8%) Mostly Picea abies, occurs all over the study area, mostly in small scattered 
and rather young stands

40 years/~70% 0.056

Betula 1.5% (7%) Mostly Betula pendula (98%), rarely B. pubescens (2%); B. pendula common 
admixture in various forest types with some concentration in the sandy 
outwash plains and glacial basins, B. pubescens mainly restricted to 
mesotrophic wetlands.

20 years/~91% 0.024

Fraxinus 0.8% (3.4%) Only Fraxinus excelsior 40 years/~87% 0.022
Ulmus, Corylus, 
Carpinus, Tilia

each < 1% Carpinus betulus, Tilia cordata and T. platyphyllus, Ulmus laevis and U. minor, Corylus 
avellana;

50 years
20 years
40 years
50 years

–

 all species are rare and economically of little relevance in the forests of the 
study area

 

Open vegetation 58.5% Arable fields (80%) and grasslands (20%); we used fall speed for wild grass 
group pollen as it is by far the most abundant pollen type related to open 
vegetation

– 0.035
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plant abundances for e.g. open vegetation tends to be curvature, 
which is not apparent in the empirical data (Figure 4). Too low 
intercepts indicate that in the simulations too little pollen is arriv-
ing from larger distances, suggesting that the Prentice model for 
neutral conditions underestimates dispersal distances of pollen.

Simulations with the Prentice model for unstable conditions 
produce better fit between modelled and empirical values than 
with the Prentice model for neutral conditions but poorer fit than 
simulations with the LS model. However, this form of the Pren-
tice model predicts that only 40% of the lighter (e.g. Pinus) and 
60% of the heavier pollen grains (e.g. Fagus) would arrive from 
within 100 km distance from each site, i.e. from the surroundings 
used in the simulations. Simulations based on this model may 

therefore be incomplete and incorrect (in the other two dispersal 
scenarios typically more than 90% of pollen arrives from within 
100 km distance).

PPEs and error estimates (Tables 3, 4)

PPEs derived from repeated calculations. Within the simulations 
of pollen deposition also PPEs were calculated. Over 1000 
repeated simulations (always using the same data), the scatter of 
resulting PPEs is below 1% and thus negligible. PPEs alterna-
tively calculated in ERV v.1.2.3 differ with each model run (Table 3). 
For the medium sized lakes data set (N=27) and over 1000 model 
runs, single values deviate up to 15% from the mean for abundant 

(Continued)
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Figure 4. Scatter plots of empirically observed pollen percentage values over distance-weighted plant abundance (grey) and simulated pollen 
percentage values over distance-weighted plant abundance (black: medium sized lakes; red: small lakes).

vegetation types (e.g. open vegetation) and 60% for rare taxa (e.g. 
Picea; Table 3). In the small lakes data set, which includes only 
12 sites, the scatter of values is somewhat higher (Table 3). Like-
lihood function scores differ minimally.

PPEs derived from bootstrapping. Bootstrapping over 1000 
model runs shows larger scatter of values (and thus confidence 
intervals) for the small lake data set (with only 12 sites). The 
lowest errors are related to PPEs for open vegetation, the most 
abundant vegetation type. In simulations with the LS model, 
errors are as low as 6% in the medium sized lakes and 15% in 
the small lake data (Table 4). The ERV method produces PPEs 
with much higher errors of 170% for the medium sized and 
220% for the small lakes (Table 3). For the other taxa, simula-
tions produce PPEs with an error of about 15–40% in the 

medium sized lakes and 20–60% (exceptionally 180% for Frax-
inus) in the small lakes. The ERV v.1.2.3 produces reasonable 
confidence intervals in the medium sized lakes (60–350%; Table 3), 
but mostly very high errors in the small lakes (90–1000%). For 
this method, the number of sites (n=12) is apparently too small 
to produce reproducible PPEs. Soepboer et al. (2007) accord-
ingly recommend that the number of sites should be at least 
twice the number of taxa involved, i.e. in present case with 
seven taxa greater than 14.

Relevant source area of pollen (RSAP)
In the ERV calculations, log-likelihood function scores show the 
overall goodness of fit between pollen and distance-weighted 
plant abundances. They ideally reach an asymptote, which is then 
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defined as the relevant source area of pollen (Sugita, 1994). For 
ERV model 1 and 2, log-likelihood function scores level off at a 
radius of about 7 km in the small lake data set and at a radius of 
about 12 km in the medium sized lake data set. In ERV model 3, 
in contrast, function scores reach their maximum at about 5 km 
and decline farther out.

Discussion
Percentage values of pollen from open vegetation and from the most 
common tree taxa in 12 small and 27 medium sized lakes from 
northeast Germany tend to increase linearly with the distance-
weighted abundance of the respective taxa in the surrounding vege-
tation to a distance of 100 km (Figure 4). The two data sets are thus 
apparently well suited to study the pollen–vegetation relationship 
and to produce PPEs for these taxa. PPEs calculated in the simula-
tions differ fundamentally, however, when different dispersal mod-
els are used (Tables 3, 4): for Fagus, PPEs are as low as 0.5 in 
simulations with the LS model but as high as 2 in simulations with 
the Prentice model for neutral conditions (Table 4).

Testing pollen dispersal functions
We arrived at closest fit between simulated and empirical data in 
simulations with the LS-model (Kuparinen et al., 2007), whereas 

simulations with the Prentice model adjusted for unstable and 
neutral conditions underestimate pollen deposition arriving from 
greater distances (Figures 4, 5). The Prentice model for neutral 
conditions correspondingly predicts that only 15–35% of the total 
deposition would arrive from distance greater 10 km whereas the 
LS predicts that 50–60% of the total deposition arrives from such 
greater distances. (Figure 6b). The Prentice model for unstable 
conditions predicts that large quantities of pollen would arrive 
from distances much larger than 100 km, i.e. from areas for which 
no vegetation data are available (Figure 6b). We can thus not reli-
ably evaluate this model with the present data set. However, the 
model predicts that more than 20% of piNus pollen released from a 
tree would travel distances greater than a remarkable 40,000 km. 
In rare instances pollen might indeed travel such distances, but 
certainly not as commonly as predicted by the model. The Prentice 
model for unstable conditions thus appears inappropriate.

With parameters for both neutral and unstable conditions the 
Prentice model differs substantially from the LS-model in pro-
ducing a sharp decline of pollen deposition with distance from the 
site. The LS-model, in contrast, predicts that pollen deposition 
declines slowly with distance (Figure 6) so that pollen deposition 
arriving from distances of 10–100 km is more important than in 
(both forms of) the Prentice model. Our comparatively wide rings 
(1 km compared to the 100 m often used in earlier studies) are not 
limiting the performance of the Prentice model: with smaller 

Table 3. Range of PPEs calculated over 1000 repeated model runs (on the original data sets) and 1000 bootstrap model runs (on randomly 
drawn sets of the original data sets) in the ERVv1.2.3. software using ERV model 1-3. Results given as 95% confidence intervals (mean value 
bold). PPEs as mean values from all rings outside the relevant source area of pollen (7 km in the small lakes, 12 km in medium sized lakes).

Alnus Betula Fagus Fraxinus NAP Picea Quercus

Small lakes
ERV1 repeat 9,67-9,97-10,25 1,65-1,86-2,05 3,85-4,09-4,3 0,13-0,31-0,55 2,35-2,47-2,59 4,35-4,59-4,85 10,8-11,6-12,4
ERV1 bootstrap 0,1-9,27-18,0 0,01-2,01-12,0 0-3,85-13,6 0-0,42-26,0 0,61-1,96-4,67 0,08-3,81-6,11 0,27-7,55-33,6
ERV2 repeat 7,03-7,17-7,32 2,35-2,49-2,62 3,97-4,06-4,17 2,29-2,45-2,64 1,79-1,83-1,87 4,07-4,18-4,29 8,08-8,29-8,51
ERV2 bootstrap 0,21-6,72-27,2 0,01-2,71-24,1 0-4,1-35,6 0-1,57-85,4 0,64-1,64-15,8 0,16-3,72-14,1 0,89-7,23-79,2
ERV3 repeat 7,79-7,97-8,16 1,92-2,08-2,25 4,35-4,47-4,61 2,88-3,1-3,36 1,96-2,01-2,07 4,41-4,54-4,67 8,91-9,22-9,54
ERV3 bootstrap 0,56-7,6-31,4 0,01-2,29-29,6 0,01-4,42-39,2 0-2,07-109,3 0,74-1,81-22,4 0,11-4,1-20,1 1,01-8,06-93,1
Medium sized lakes
ERV1 repeat 1,66-1,86-1,92 0,84-1,1-1,21 1,61-2,85-3 0,83-0,89-0,95 0,23-0,24-0,25 0,75-1,22-1,33 1,53-1,9-2,05
ERV1 bootstrap 0,58-2,13-5,61 0,15-1,21-5,68 0,89-2,9-7,29 0,38-0,89-1,95 0,06-0,22-0,58 0,27-1,11-2,18 0,4-1,79-6,64
ERV2 repeat 2,04-2,07-2,1 1,33-1,65-1,69 2,51-3,81-3,89 0,99-1,03-1,07 0,29-0,29-0,33 0,87-1,3-1,39 1,2-1,51-1,58
ERV2 bootstrap 1,06-2,31-4,67 0,75-1,77-4,84 0,92-2,46-6,62 0,61-0,99-2,04 0,11-0,26-0,46 0,18-1,05-2,4 0,32-1,42-6,49
ERV3 repeat 2,15-2,22-2,27 1,35-1,68-1,74 1,46-2,46-2,57 0,99-1,05-1,11 0,28-0,29-0,32 0,69-1,06-1,15 1,03-1,39-1,48
ERV3 bootstrap 1,05-2,3-4,05 0,82-1,77-4,29 0,93-2,49-6,51 0,68-1,07-2,05 0,11-0,28-0,48 0,19-1,04-2,11 0,3-1,49-5,57

Table 4. PPEs calculated over 1000 bootstrap model runs (using random subsets of the original data sets) and using three dispersal models 
(LS-model, Prentice unstable and Prentice stable) in our simulation approach. Results given as 95% confidence intervals of PPEs with mean 
values bold. P-values indicate whether results for LS and Prentice unstable model are significantly different from results with Prentice neutral 
model.

Alnus Betula Fagus Fraxinus NAP Picea Quercus

Small lakes
LS 1.96-2.99-4.49 2.49-4.46-6.36 0.37-0.54-0.77 0.1-0.48-1.03 0.11-0.16-0.24 0.17-0.3-0.46 1.9-2.84-4.38
p-value <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001
Prentice unstable 2.08-3.68-5.85 3.21-5.99-8.37 0.31-0.6-1.07 0.16-0.68-1.64 0.1-0.19-0.33 0.19-0.33-0.53 1.63-3.04-5.26
p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Prentice neutral 1.3-2.56-4.47 1.83-4.25-6.16 0.9-1.92-4.37 0.1-0.47-1.38 0.08-0.2-0.42 0.52-0.95-1.84 2.51-4.9-9.08
Medium sized lakes
LS 3.32-3.73-4.23 2.22-4.38-5.7 0.4-0.49-0.59 0.17-0.3-0.54 0.12-0.14-0.17 0.08-0.22-0.35 1.61-2.34-2.94
p-value <0.001 <0.001 <0.001 <0.001 0.004 <0.001 <0.001
Prentice unstable 3.6-4.19-4.84 2.61-5.39-7.04 0.46-0.61-0.81 0.21-0.38-0.66 0.11-0.14-0.18 0.13-0.29-0.44 1.37-2.28-3.1
p-value <0.001 <0.001 <0.001 <0.001 0.161 <0.001 <0.001
Prentice neutral 2-2.54-3.08 2.09-3.5-4.57 1.05-1.64-3.01 0.13-0.22-0.43 0.09-0.13-0.2 0.51-0.96-1.5 1.99-3.07-4.56
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Figure 6. Dispersal distance of pollen. (a) The pollen source view: pollen deposited in each 1 km wide ring from 1 to 100 km distance (in 
percent of total emission) from a point source as calculated in the LS-model (blue), the Prentice model for neutral conditions (green) and 
for unstable conditions (red) and for pollen with a fall speed of 0.03 cm/s (full lines) and 0.06 cm/s (dotted lines). (b) The pollen sample view: 
origin of pollen in a small lake (100 m radius) as predicted by each model and for both fall speeds (0.03 and 0.06 m/s) as a proportion arriving 
from 0.1–1 km, 1–10 km, 10–30 km, 30–100 km and >100 km. All models neglect transport of pollen in the water column, i.e. shore vegetation 
(component 0.1–1 km) is possibly under-represented here.

Figure 5. Distance between simulated and empirically observed pollen percentage data in both data sets and using three dispersal scenarios  
(LS-model, Prentice model for unstable conditions, Prentice model for neutral conditions). Distance calculated as sum-of-squares divided by empiric 
percentage. Stars indicate whether sum-of-squares are significantly lower using LS-model and Prentice unstable compared with Prentice neutral.
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rings, even more weight would be given to the proximal vegeta-
tion, which is already overweighted in that model.

The role of pollen dispersal in the calculation of PPEs
Alnus, Fagus, Picea, Pinus and open vegetation are well repre-
sented in our surface sample data set. For these taxa, we consider 
PPEs produced in simulations with the LS-model of pollen dis-
persal to be robust (Table 4). Earlier surface sample studies from 
across Europe show major variations of PPEs (Broström  
et al., 2008), even within one vegetation zone. Fagus, for exam-
ple, has been ranked a strong pollen producer at its northern range 
limit in Southern Sweden (Broström et al., 2008) and in Denmark 
(Nielsen, 2003), but a poor producer in the centre of its range on 
the Swiss Plateau (Soepboer et al., 2007). These differences either 
reflect true variations in pollen productivity related to soil or cli-
mate conditions or methodological differences in the collection of 
vegetation data and selection of pollen samples (lake sediments or 
moss polster samples; Broström et al., 2008). We suggest that the 
pollen dispersal model used in the calculations may be another 
factor.

Fall speeds of pollen used in the present study range from 0.02 
m/s (Alnus) to 0.056 m/s (Fagus, Picea; Table 2). In the Prentice 
models this fall speed largely determines travel distances of pol-
len, with lighter pollen grains travelling significantly farther than 
heavier pollen grains (cf. Prentice et al., 1987). Fagus and Picea 
would thus have much smaller source areas (defined as the area 
from which e.g. 80% of the pollen grains arrive) than the refer-
ence taxon Pinus (Figure 6). In the LS-model, all particles with a 
fall speed below 0.04 m/s tend to disperse similarly, as the fall 
speed is very small compared with the magnitude of typical verti-
cal fluctuations in the atmosphere (Kuparinen et al., 2007). Fagus 
and picea have higher fall speeds (Table 2), but travel distances of 
these pollen types are still only slightly shorter (Figure 6). The 
LS-model thus predicts that the source area of Fagus and Picea is 
only slightly smaller than that of Pinus. Small errors in the fall 
speed estimates may thus have little impact on modelling results 
(cf. Prentice, 1985).

The size of the source area of a taxon, as a reflection of the 
dispersal capabilities of its pollen, is crucial in the calculation of 
PPEs: a smaller source area than the reference taxon leads – all 
other parameters remaining equal – to a higher PPE. In the Pren-
tice model for neutral conditions, the source areas of Fagus and 
Picea are, in relation to Pinus, much smaller than in the LS model. 
This possibly explains why simulations with the Prentice model 
for neutral conditions produce much higher PPEs for Fagus and 
Picea.

The values produced with the Prentice model for neutral con-
ditions model suggest that Fagus produces two to three times 
more pollen and Picea about as much pollen as Pinus. Direct 
measurements (Pohl, 1937) and pollen trap studies (Poska and 
Pidek, 2010; Tonkov et al., 2001) mostly show that Fagus and 
Picea produce much less pollen than Pinus. A high PPE for Picea, 
compared with Pinus, was found in northern Finland (Sugita  
et al., 2010). This contrasting result might be attributable to the 
cold climate, but as Sugita et al. (2010) use the Prentice model for 
neutral conditions, pollen dispersal capabilities may also be 
underestimated and pollen productivity of Picea overestimated. 
We obtain relatively low PPEs for Fagus (0.5) and and Picea (0.2) 
in simulations using the LS-model. The fall speed of all other pol-
len types is more similar to that of Pinus and PPEs calculated with 
the three dispersal models thus differ less, but still significantly 
(Table 4). Simulations with the Prentice model for neutral condi-
tions give somewhat higher PPEs for Quercus, which has a higher 
fall speed of pollen, and somewhat lower PPEs for Alnus and 
Fraxinus, which have a lower fall speed. Also Betula pollen has a 
low fall speed but here the effect on PPEs is different, possibly 

because of the incomplete vegetation data and the consequent 
weak link between plant abundance and pollen percentages.

We conclude that the underlying dispersal model is a critical 
factor in calculating PPEs. PPEs produced with the LS model 
may differ by a factor of three (Fagus and Picea) from those cal-
culated with the Prentice model. With the LS model, PPEs are 
lower for taxa with heavier pollen grains (Fagus, Picea) and 
higher for taxa with lighter pollen grains (Alnus and Fraxinus).

Sources of error
We included all herb vegetation in the category open vegetation, 
as mapping herbal taxa on the necessary fine scale was impossi-
ble. This approach, however, has strong limitations. Poaceae are 
the most important pollen producers in open vegetation, but pol-
len production of that taxon depends on land-use practices. Mown 
grasslands, for example, may produce different amounts of pollen 
than grazed grasslands. Herbicides have reduced the cover of 
Poaceae (and other weeds) in arable fields, whereas the shift from 
hay making to bale silage production has reduced pollen produc-
tion of Poaceae from grasslands. Present open vegetation may 
thus be less well represented in the pollen record than open veg-
etation in the past and the PPE produced in the present vegetation 
may thus be comparatively low. Historical analogues (Nielsen 
and Sugita, 2005) may be used to study these effects.

Betula has been found to be by far the strongest pollen pro-
ducer (PPE >4, cf. Table 3). This value might be too high because 
the abundance of Betula as a fast-growing pioneer species with 
little economic value might be underestimated in the forest inven-
tory. This also may apply to Quercus, which regularly occurs in 
solitary stands in fields or parks and thus outside stands recorded 
in the forest inventory. Fraxinus is the rarest tree taxon in the 
present record. PPEs calculated for small and medium sized lakes, 
respectively, differ significantly (Table 3) and are thus prelimi-
nary. Yet, Fraxinus appears in both data sets to be a poor pollen 
producer.

Conclusions
Pollen percentage values from carefully selected small and 
medium sized lakes tend to be linearly correlated with the distance-
weighted abundance of major tree taxa and open vegetation in the 
surroundings of the lakes. This result underlines the potential of 
quantitative vegetation reconstruction based on percentage data 
(although over-representation of shore taxa, especially Alnus, 
may complicate reconstruction, cf. Janssen, 1959). The LS-model 
appears to be well suited to model pollen deposition in small and 
medium sized lakes. Extending the model for the diurnal pattern 
of atmospheric conditions and considering patterns in the ground 
vegetation may further improve the predictions. The Prentice 
model (for neutral and unstable conditions) strongly underesti-
mates pollen deposition arriving from distances of about 10–100 
km. The Prentice model and the related Sugita model (Sugita, 
1993) underlay approaches to translate pollen percentages into 
past plant abundances, such as the Landscape Reconstruction 
Algorithm (Sugita, 2007a, 2007b). Whether apparent limitations 
of the model effect the reconstructions still needs to be explored.

Our approach of comparing simulated with real pollen per-
centage values from lake surface sediments enables us to calcu-
late PPEs with lower errors than the common ERV method. It is 
flexible with respect to pollen dispersal functions, produces reli-
able results also in small data sets and can be implemented using 
spreadsheet software. Resulting PPEs are, however, strongly 
determined by the pollen dispersal model applied. When calcu-
lated with the Prentice model, PPEs of Fagus and Picea appear to 
be too high because this model underestimates dispersal capabili-
ties of pollen grains with higher fall speed. Our method so far 
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neglects pollen transport in the water column, which may be a 
limitation with regard to the contribution of shore vegetation pol-
len to the lake pollen record.
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ABSTRACT

Aim Palynology has revealed that during the Lateglacial Allerød period, Pinus

and Betula dominated the forests of north-east Germany. Because of implicit

restrictions, however, palynology fails to reconstruct in detail the distributional

patterns and whether monospecific or mixed forests prevailed. Here we test the

hypothesis that the distributional patterns of Pinus and Betula were largely

determined by substrate.

Location Fifteen sites in north-east Germany.

Methods As pollen data reflect the abundance of taxa around a sample site, our

hypothesis implies that the abundance of e.g. Pinus pollen should reflect the

abundance of substrate types that are favoured by Pinus. (In order to differentiate

clearly between taxa and pollen types, the latter are displayed in small capitals.)

We analysed the percentage of Pinus and Betula pollen from an interval in the

Allerød, and their relationship to the present-day proportion of the two dominant

substrate types (sand and boulder clay). The substrate proportion was determined

in rings from 1 to 50 km around all sites, using four distance-weighting functions.

Results Pollen percentages of Pinus are linearly related to the proportion of

sand, and Betula percentages to the proportion of boulder clay. The highest

coefficients of determination (r2 = 0.89 and 0.91, respectively) were observed for

radii of c. 30 km, with distance weighting by 1 and 1/d.

Main conclusions The present-day distributional pattern of substrate types

strongly indicates the distributional pattern of Pinus and Betula in north-east

Germany in the Allerød. Assuming that the pattern of substrates remained

broadly constant, Pinus dominated on sand and Betula on boulder clay. Our new

method thus enables us to refine significantly the reconstruction of habitat

characteristics and distributional patterns of taxa in the Lateglacial and Holocene,

independent of their present-day ecological amplitudes. The good performance of

the distance-weighting functions 1 and 1/d indicates that the pollen source area of

a site has rather discrete boundaries determined by convective air movements

during daytime. Within these boundaries, pollen is evenly distributed over

various distances. This implies that light pollen types are transported further than

predicted by Sutton’s equation on particle dispersal.

Keywords

Allerød, Betula, Europe, palaeoecology, Pinus, pollen analysis, pollen dispersal,

quantitative vegetation reconstruction.
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INTRODUCTION

Pollen data constitute the prime source of information on

vegetation composition and plant species distribution for

times for which no historical records exist. The demand for

detailed vegetation reconstruction has grown substantially in

recent years. Modelling global change scenarios requires a

thorough knowledge of past biomass patterns for model

calibration, including the spatially explicit reaction of vegeta-

tion to climatic change (cf. Prentice et al., 1993; Gaillard et al.,

1994; Cowling et al., 2001). Archaeologists ask for detailed

evidence on the nature, location and extent of former land use

(Gaillard et al., 1994; Ralska-Jasiewiczowa et al., 2003). Nature

conservation should base its climatic change-mitigation stra-

tegies on comprehensive information about the long-term

migration responses of single taxa (Davis & Botkin, 1985;

Prentice et al., 1993; Cowling et al., 2001; Neilson et al., 2005).

A detailed knowledge of past distributions under different

climatic conditions and divergent interspecific competition

provides insights into the autecology, synecology and bioge-

ography of a species (e.g. Svenning, 2002).

Although pollen analysis has been very instrumental in

palaeoecology (Von Post, 1918; Prentice & Webb, 1986;

Prentice et al., 1987; Davis, 2000; Jackson & Williams, 2004),

the method has serious limitations (Sugita, 1994). One of the

greatest challenges is to use the essentially one-dimensional

pollen sequences to reconstruct vegetation patterns, that is, the

spatial distribution of species and communities (Janssen, 1970;

Birks, 1986; Huntley, 2001). Particularly at the spatial scale of

landscapes, the ‘pollen samples’ view’ of the vegetation

presents a coarser and fuzzier picture of plant-distribution

patterns than must have existed in reality (Birks, 1986). For

vegetation reconstruction at this scale, pollen samples from

medium-sized basins must be used that are dominated by

pollen from greater distances (regional and extraregional

deposition sensu Janssen, 1973; cf. Jacobson & Bradshaw,

1981; Birks, 1986; Prentice & Webb, 1986; Sugita, 1993;

Jackson & Williams, 2004). Each such pollen sample integrates

overall vegetation composition in a large area around the

sample site: the picture that regional pollen samples provide

for vegetation patches is markedly ‘out of focus’, indepen-

dently of the density of sample sites available (Björse et al.,

1996; McLachlan & Clark, 2004). Davis et al. (1991) demon-

strate that the range limits of taxa with high pollen produc-

tivity and heavy grains can be determined with an accuracy of

only c. 20 km. For lighter pollen types the accuracy is even

lower. This implies that only vegetation patches larger than

several tens of kilometres can be detected (Prentice et al., 1987;

Lutgerink et al., 1989). Consequently the vegetation types

reconstructed in regional palaeo-palynology are coarse, and

conceptual constructs such as the Quercetum mixtum (Firbas,

1949, 1952) and vegetation–landform units (Lichti-Federovich

& Ritchie, 1968) may not adequately reflect natural vegetation

composition and patterns (cf. Iversen, 1973).

Vegetation reconstruction with higher spatial resolution is

possible with palynological samples from small basins (Janssen

& Braber, 1987; Van Leeuwaarden & Janssen, 1987; Bos &

Janssen, 1996; de Klerk et al., 1997, 2001; Bradshaw et al.,

2005). Pollen spectra from small basins are dominated by

pollen from vegetation close to the sample point [(extra)local

component sensu Janssen, 1973], that is, pollen-source areas

are much smaller (radius = 101–102 m, cf. Andersen, 1970;

Calcote, 1995; Parshall & Calcote, 2001). Analysis of small

basins therefore allows detection of significantly smaller

vegetation patches, but only for small areas. Pattern recon-

struction over large areas is virtually impossible because of the

amount of time needed for numerous studies. The absence of

appropriate basins furthermore severely constrains the study of

extensive and dense networks of sites.

Palynology, therefore, fails in reconstructing vegetation

patterns on those spatial scales (102–108 m2) that are most

relevant in the landscape (cf. Birks, 1986; Prentice et al., 1987;

McLachlan & Clark, 2004). Such spatial resolution is achieved

only by extrapolating present-day ecological information to taxa

in the past – by ascribing species to site conditions under which

they occur today, and by assuming that modern patterns of these

site conditions reflect former vegetation patterns (cf. Iversen,

1973; Birks & Birks, 1980; Bennett, 1989). Such an approach,

however, does not take account of the changing ecological

amplitude of species under changing conditions of climate,

competition and human exploitation (cf. Walter & Walter,

1953; Van Leeuwaarden & Janssen, 1987; Koska et al., 2001).

In this paper we test the hypothesis that, as today

(Trommer, 1853; Ellenberg et al., 1992; Koska et al., 2001),

the distribution of plant taxa at a specific moment in the past

was largely determined by abiotic site conditions. We use

pollen data from a clearly defined period of the Allerød in

north-east Germany. During the Allerød, north-east Germany

was densely forested with pine (Pinus) and birch (Betula) as

major constituents (Jahns, 2000, 2001; de Klerk et al., 2001; de

Klerk, 2002, 2008; Theuerkauf, 2003). Poplar (Populus) may

also have been present, but its pollen is poorly preserved in the

pollen record. We analysed for the Allerød the relationship

between percentages of Pinus and Betula pollen and the

distance-weighted present-day proportion of sand and boulder

clay around the pollen sample sites. A close correlation

between the two data sets would then indicate that the

distributional pattern of Pinus and Betula in the Allerød

followed the present-day pattern of substrates.

MATERIALS AND METHODS

Pollen data

Pollen data from the final 200 years of the Allerød were

extracted from 15 previously published pollen diagrams

(Fig. 1, Table 1). Vegetation composition during that period

was rather stable, as indicated by only slightly fluctuating

pollen proportions. The start of the time slice is lithostrati-

graphically marked by the unmistakable Laacher See-Tephra

(deposited 12,900 cal. yr bp; Merkt & Müller, 1999). The end is

indicated by the prominent palynological signal of the onset of

Substrate dependency of Lateglacial forests

Journal of Biogeography 36, 942–953 943
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the Younger Dryas (12,700 cal. yr bp; Merkt & Müller, 1999).

The test set excludes pollen diagrams from coastal areas and

large river valleys, where Baltic Sea transgressions since the

Allerød may have substantially changed substrate distribu-

tional patterns (Hoffmann & Barnasch, 2005; Lampe, 2005) or

where pollen influx from rivers may have influenced the pollen

Figure 1 Location of the study sites in north-east Germany (see Table 1). Sites 7–15 are all situated within the larger circle.

Table 1 Pollen sample sites in north-east Germany (cf. Fig. 3).

No. Site Reference Location (N; E)

Area of sampled

mires/lakes (ha)

Number of

selected samples

Total pollen sum

of selected samples

1 Jeeser Moor Schulz (1999) 54�09¢; 13�15¢ 7.5 5 1001

2 Kieshofer Moor Theuerkauf (2003) 54�07¢; 13�20¢ 13 11 2344

3 Weiblitz-Moor Theuerkauf (2003) 53�57¢; 13�46¢ 2.3 11 1803

4 Rodde Barthelmes (2000) 53�59¢; 12�53¢ 1 3 697

5 Randowbruch Kloss (1990) 53�34¢; 14�12¢ 1 3 1852

6 Blänck-Bruch Müller (1961) 53�21¢; 13�13¢ 3.4 7 > 1400

7 Moosbruch Müller (1961) 53�20¢; 13�10¢ 10 6 > 1200

8 Serrahn Müller (1961) 53�20¢; 13�12¢ 0.4 3 > 600

9 Bixbeerenbruch Müller (1961) 53�20¢; 13�13¢ 3.8 6 > 1200

10 Moor am Schwarzen See Müller (1961) 53�20¢; 13�13¢ 1.6 6 > 1200

11 Teufelsmoor Müller (1961) 53�20¢; 13�14¢ 4.1 4 > 800

12 Postbruch Müller (1961) 53�19¢; 13�17¢ 15 2 > 400

13 Fürstenseer See-Moor Müller (1961) 53�18¢; 13�10¢ 0.5 2 > 400

14 Moor nördlich Plasterinsee Müller (1961) 53�17¢; 13�10¢ 0.9 7 > 1400

15 Schwarzes See-Bruch Müller (1961) 53�18¢; 13�13¢ 24 6 > 1200

M. Theuerkauf and H. Joosten

944 Journal of Biogeography 36, 942–953
ª 2009 The Authors. Journal compilation ª 2009 Blackwell Publishing Ltd
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assemblages. Also excluded are sites for which lithology or

macrofossil content indicate that they might have been

peatlands during the Allerød and hence may have supported

a local vegetation of Pinus or Betula (Michaelis, 2002). In order

to differentiate clearly between taxa and pollen types, the latter

are displayed in the text in small capitals (cf. Joosten & de

Klerk, 2002).

For each diagram, the raw pollen counts of Pinus and

Betula in all samples in the relevant time slice were summed.

The mean pollen values were then calculated with a pollen sum

of only Pinus and Betula, which comprises in all diagrams

more than 95% of total upland pollen (for number of samples

and pollen sums, see Table 1). The Betula pollen type had not

been further differentiated as Betula nana and Betula

pubescens/pendula pollen type, and thus these pollen grains

might originate from either dwarf or tree birches.

Substrate data

We divided the area around each pollen site into concentric

circles with a radius of 1–50 km composed of rings 1 km

wide. Within the rings, we determined the area of the

different substrates (superficial sediments) from the Geolog-

ische Karte der DDR/Karte der an der Oberfläche anstehenden

Bildungen on a scale of 1 : 25,000 and of 1 : 100,000 for areas

within a 10-km radius, and on a scale of 1 : 500,000 for areas

between 10 and 50 km radius around each sample site. As

north-east Germany is largely covered by sand (outwash

plains, basins) or boulder clay (moraines), sediments from

the Weichselian glaciation, all substrate patches were assigned

to either ‘sand’ or ‘boulder clay’, except for lakes and

peatlands with unknown underlying substrates (Table 2).

Mostly more than 95% of the total area could be assigned to

either type. Maps were digitized with arcview 3.2 (ESRI,

Redlands, CA, USA). An arcview script was designed for

substrate analysis.

The overall substrate composition within the circles was

then calculated on the basis of all rings within the respective

distances. Recognizing that distant pollen sources might

contribute less pollen to a site than pollen sources in the

close vicinity, we down-weighted more distant rings by

applying distance-dependent weighting functions. We used

three simple weighting methods (1, 1/d and 1/d2, where d is

the radius of each ring, cf. Nielsen & Odgaard, 2005). A

fourth weighting function was derived from Sutton’s equa-

tion, a simple Gaussian plume model that describes the

dispersal of particles in the atmosphere (Sutton, 1947) and

which is generally used in modelling of pollen dispersal

(Tauber, 1965; Prentice, 1985; Jackson & Lyford, 1999; Sugita,

2007a,b). We calculated with the Sutton equation what

proportion of pollen emitted from a 1-m2 large area is

deposited in each 1-km-wide ring around that area. Dividing

this number by the area of the receiving ring provides the

weighting function, the proportion of pollen that arrives from

a source area 1 m2 large at a sink area 1 m2 large at a specific

distance from the source. We used standard parameters for

unstable atmospheric conditions (n = 0.2, Cz = 0.35, where n

is a turbulance parameter and Cz is a vertical diffusion

coefficient; Jackson & Lyford, 1999) and a wind speed of

3 m s)1. We assumed uniform dispersal in all directions. The

fall speed of Pinus pollen was set to 3.1 cm s)1 and that of

Betula to 2.4 cm s)1 (Eklöf et al., 2004).

With weighting factor 1, all areas have the same weight

independently of their distance to the pollen site, and the

abundance of a substrate type used for comparison with the

pollen data is simply its proportion in a circle of a specific

radius (e.g. 20 km) around each pollen site.

For all other weighting options, the area of either substrate

type in each ring was multiplied by the respective weighting

factor, and the results were summed up for all rings within a

circle of a specific radius (e.g. 20 km) around each pollen site.

The resulting sum for each substrate type was finally

expressed as the percentage of the sum of both substrate

types, resulting in the distance-weighted overall proportions

of either sand or boulder clay in the circle of a specific radius

(e.g. 20 km).

Analyses

We examined the relationship between Pinus pollen percent-

ages and the distance-weighted proportion of sand, as well as

the relationship between the Betula pollen percentages and

the distance-weighted proportion of boulder clay around the

15 sites by least-squares linear regression analysis.

If a strong relationship is recorded, we can infer that the

present-day distributional pattern of site conditions reflects its

past distribution, and that the latter determined the distribu-

tion of species in the past (Fig. 2). Present-day patterns of site

conditions can thus be used as proxies for species patterns and

community composition in the past, independently of the

present-day ecology of the species.

Coefficients of determination were calculated in MS-Excel

and the r package (R Development Core Team, 2004). To test

the significance of the regressions, Bonferroni correction

(Crawley, 2002) was applied by dividing the alpha level

(0.05) by the total number of relationships tested (400 = 2

Table 2 Assignment of map units from geological maps to sand

or boulder clay.

Sand

Sand of sand dunes

Sand from outwash plains

Sand of glacial basins

Sand of glacial basins over

boulder clay

Sand of glacial basins over clay

Sand of ground moraine

Sand of end moraine

Sand over boulder clay

Sand over clay

Sand of floodplains

Boulder clay

Boulder clay/chalky boulder clay

of the morainic sheet

Boulder clay/chalky boulder clay

of the end moraine

Boulder clay/chalky boulder clay

over sand

Boulder clay/chalky boulder

clay over chalk
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pollen types · 50 distances · 4 weighting methods) to arrive

at a corrected alpha level of 0.000125.

RESULTS

A strongly significant linear relationship is observed between

the pollen percentages of Pinus and the distance-weighted

proportion of sand around the sample sites, as well as between

the pollen percentages of Betula and the distance-weighted

proportion of boulder clay around the sample sites. Coeffi-

cients of determination reach 0.89 for Pinus and 0.91 for

Betula (Fig. 3, Table 3).

The observed linear relationships (Fig. 3) show the

following.
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Figure 2 An illustration of the approach: a basic observation in pollen analysis is that with increasing abundance of a species, the abundance

of its pollen also increases. Thus, in a landscape (a) with a central lake and two species, Betula (elliptical) and Pinus (triangular), the

proportion of Pinus pollen in sediments of that lake increases (ideally linearly) with the proportion of Pinus in the surrounding vegetation

(b). If the occurrence of Pinus is determined by that of an environmental factor, e.g. the presence of sand (c, grey shading), the proportion of

Pinus in the vegetation and thus the proportion of Pinus pollen increases with the total proportion of areas with sand (d). A strong

correlation between sand and Pinus pollen (d) thus indicates a strong substrate dependency of Pinus. This correlation can also be tested using

fossil pollen data and modern substrate distribution. Close correlation then indicates that the distribution of species in the past might also

have been determined predominantly by the substrate, provided the pattern of abiotic conditions has remained constant over time.
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(1) Overall best fit is reached using the distance-weighting

function 1/d. For Pinus and Betula, the optimum is observed

at 30 km (Fig. 3, Table 3), and for larger radii the goodness of

fit slowly decreases.

(2) With weighting function 1, optima are slightly lower and

occur at smaller radii (28 and 27 km, respectively, Table 3)

than with weighting function 1/d. For radii outside the

optimum, goodness of fit rapidly decreases.

(a) 

(b) 

Figure 3 Coefficients of determination R2, slopes and intercepts (y-axes) of the correlation between pollen percentages and the propor-

tion of a specific substrate within each circle, for circles 1–50 km around the pollen sample sites (x-axes). (a) Relationship between

Pinus and sand; (b) relationship between Betula and boulder clay. Substrate proportions were calculated with four different distance-

weighting functions: 1 (dashed), 1/d (solid), 1/d2 (dotted), Sutton (dot-dash).

Table 3 Results of linear regression between Pinus pollen proportions from 15 sites in north-east Germany and from the Allerød

period and the distance weighted proportion of sand around the 15 sample sites (a); and between Betula pollen proportions from 15 sites in

north-east Germany and from the Allerød period and the distance weighted proportion of boulder clay around the 15 sample sites (b).

50 km is the maximum radius studied. The total number of relationships tested was 400 (= 2 pollen types · 50 distances · 4 weighting

methods), Bonferroni-corrected alpha level was 0.000125 (0.05 over 400 relationships tested).

(a) Pinus

Method Best fit (R2) Radius of best fit (km) Slope at best fit Intercept at best fit P of slope P of intercept

Weighting by 1 0.89 28 1.14 2.45 1.45E-07 0.684

Weighting by 1/d 0.89 30 1.07 4.48 1.34E-07 0.446

Weighting by 1/d2 0.85 50 0.97 7.77 1.01E-06 0.248

Weighting by Sutton 0.83 50 0.94 9.35 2.01E-06 0.183

(b) Betula

Method Best fit (R2) Radius of best fit (km) Slope at best fit Intercept at best fit P of slope P of intercept

Weigthing by 1 0.91 27 1.22 )18.65 2.70E-08 0.00354

Weighting by 1/d 0.91 30 1.2 )15.21 2.70E-08 0.0078

Weighting by 1/d2 0.86 50 1.1 )6.32 6.58E-07 0.263

Weighting by Sutton 0.84 50 1.07 )4.47 1.71E-06 0.445

Substrate dependency of Lateglacial forests

Journal of Biogeography 36, 942–953 947
ª 2009 The Authors. Journal compilation ª 2009 Blackwell Publishing Ltd

II

Theuerkauf & Joosten 2009 Substrate dependency of Lateglacial forests



46

(3) With the distance-weighting functions 1/d2 and Sutton,

significant relationships are also observed, and goodness of fit

steadily increases with radius, but is generally lower than

weighting functions 1 and 1/d.

(4) The slope of the regression function generally increases,

and the intercept of the regression function decreases with

increasing sampling radius. The weighting functions 1 and 1/d

result in similar estimates for the slope, whereas the distance-

weighting functions 1/d2 and Sutton give gentler slopes. In

contrast, the intercept is similarly low if the distance-weighting

functions 1 and 1/d are used, but higher if the distance-

weighting functions 1/d2 and Sutton are applied.

(5) At the radius with the best goodness-of-fit, for Pinus the

slope of the regression function is 1.07 and the intercept 4.48;

for Betula the slope is 1.20 and the intercept )15.21 (Table 3).

DISCUSSION

The high coefficients of determination and the low intercepts

of the regression functions indicate that the emission values of

Pinus and Betula pollen differed strongly for the different

substrates. Pinus pollen is strongly correlated with present-day

sand and Betula pollen with present-day boulder clay. The

linear relationship between the proportions of Allerød pollen

and those of present-day substrates is similar to the relation-

ship between present-day pollen and present-day vegetation, as

postulated (Fagerlind, 1952) and observed in numerous

surface-sample studies (Webb et al., 1981; Prentice & Parsons,

1983; Janssen, 1984; Prentice & Webb, 1986; Prentice et al.,

1987; Schwartz, 1989; Jackson, 1994; Calcote, 1995, 1998;

Jackson & Kearsley, 1998).

We thus infer that the present pattern of sand and boulder

clay is a good proxy for former vegetation patterns, namely that

in the Allerød Pinus occurred preferentially on sites that are

presently covered by sand, and Betula on sites that are presently

covered by boulder clay. The linear relationship might also

reflect a pattern of different pollen productivity: that Pinus and

Betula occurred in mixed stands, but Pinus was a much better

pollen producer on sand and Betula a better one on boulder

clay. That would imply, however, that both taxa occupied sites

where their reproduction was strongly hampered.

In the regression between Pinus and sand, the intercepts

range from 2.45 to 9.35 at the radius of best fit for each

weighting method (Table 3). Such low intercepts point out

that in areas without sand, Pinus played only a minor role in

the vegetation or produced very little pollen. In the regression

between Betula and boulder clay, the intercept at the radius

of best fit is negative in all four cases, ranging from )4.47 to

)18.65 (Table 3). This shows that linear models might not be

appropriate for very small proportions of boulder clay, as the

pollen production of a tree cannot be negative. However, the

very low percentages of Betula at sites prevailingly sur-

rounded by sand indicate that Betula occurred on sand only in

very low abundances, or produced very little pollen. The

negative intercept may also indicate that besides Betula other

taxa, possibly including Populus, have occupied the boulder

clay. Populus pollen is rarely fossilized (Ritchie & Lichti-

Federovich, 1967; Lang, 1994) and is easily destroyed by

chemical treatment (Erdtmann, 1954). It is thus rarely found

in pollen analysis, although the presence of Populus in central

Europe in the Allerød has been proved by macrofossil analysis

(Baales et al., 2002; Bittmann, 2007).

We thus infer that during the Allerød the main part of the

study area was covered by two different forest types: areas that

are today covered by sand were covered with forests dominated

by Pinus, and areas that are today covered by boulder clay were

likely to have been covered with forests dominated by Betula.

These conclusions can be used to position taxa in the land-

scape based on the fine-scale mosaic of modern maps. Similarly

to downscaling approaches, which are used to construct high-

resolution vegetation maps from separate vegetation relevées

and high-resolution elevation models (Burrough & Pfeffer,

2003), our approach enables high-resolution vegetation recon-

struction by combining fossil (low-resolution) pollen data from

lakes with prevailingly regional pollen deposition with modern

high-resolution geological maps.

Pollen data per se do not allow the reconstruction of fine-

scaled vegetation patterns because they provide a view on the

past vegetation that is ‘out of focus’. Thus, on the basis of

regional pollen data and without using present-day ecological

information on the taxa involved, a sub-regional spatial

differentiation of vegetation types in the past has been inferred

for the first time. The assignment of all substrates to only two

types (sand or boulder clay) prevents interpretations for the

occurrence of Pinus and Betula on the minor areas with

intermediate or mixed substrates. Furthermore, we did not

consider further factors (e.g. relief) that may also have

influenced the distribution of Pinus and Betula. However,

the strong statistical link between pollen and substrate

proportions strongly supports our inference of Pinus concen-

trating on sand and Betula on boulder clay.

Other approaches have also applied the present pattern of

site conditions to increase the spatial resolution of vegetation

reconstruction (Iversen, 1973; Bennett, 1989). In these studies,

the past distribution of species was reconstructed by projecting

present-day ecological amplitudes of species that occurred in

the past onto present-day site parameters. It is widely

acknowledged that such an approach using ‘modern analogues’

must fail for periods and places with ‘no-analogue’ biogeo-

graphical or environmental conditions (Huntley, 2001).

However, it is insufficiently recognized that reconstructions

based on ‘analogues’ must also be inexact, as analogues are just

‘similar’, not identical. It is essentially impossible to identify

identical analogues, because the absence of a non-identical

condition in the past cannot be proven (cf. Popper, 1959).

Whereas these studies assume that both the site conditions

and the ecological amplitudes of species in the study period

were similar to those of today, our approach links the past

abundance of pollen to a presently observed landscape pattern

via the associated areas, and is thus independent of the present

ecological amplitudes of the species and of the exact present

site conditions underlying the pattern. To interpret the past
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ecology of species, our approach, however, must consider

whether and how the site parameters may have changed.

Assuming that the present distribution of substrates existed

already during the study period, some conclusions on the

preferred soil conditions of Pinus and Betula in the Allerød can

be drawn. Because during the Allerød other broad-leaved trees

(with the exception of Populus) had not yet migrated into the

area (Lang, 1994; de Klerk, 2002, 2008), Betula could

apparently prevail on the ‘better’ boulder clay, from which it

was largely eliminated by other species during the Holocene

(Jahns, 2000, 2001; de Klerk, 2002; Ralska-Jasiewiczowa et al.,

2003). Pinus occupied the poor sites with sand. The assump-

tion that a substrate pattern similar to that of today already

existed in the Allerød is supported by the glacial history of the

study area. The deposition of boulder clay and sand was related

to glacial activity, which ended in the study area several

thousand years before the study period. Hence the presently

observed substrate pattern may have existed already in the

Allerød. Original features of the substrates have probably been

altered during soil formation, probably also influenced by

vegetation itself (Willis et al., 1997). However, the presently

observed distinct differences between sand and boulder clay

substrates are surely not solely an effect of soil formation, but

will primarily reflect the original depositional patterns of the

(peri)glacial environment.

While the approach is robust with the data presented, results

might be less convincing in areas with less contrasting site

conditions. The approach might also not be suited to

reconstructing the distribution and ecological amplitudes of

understorey species, the distribution of which is less clearly

related to abiotic factors, but rather, for example, to random

openings in the forests. The use of present-day data limits

successful application of our approach to the time interval over

which the distributional patterns of the parameters under

consideration have remained similar. This interval will vary

with the type of parameter. For robust parameters such as

substrate, elevation and relief, this will probably be the

Lateglacial and Holocene.

As climate, species pool and light availability influence the

distribution of plant species with respect to soil, water and

relief (Kotowski et al., 1998; Diekmann & Lawesson, 1999;

Koska et al., 2001; Godefroid & Dana, 2007), our results are

applicable only to the study area and the study period itself. To

arrive at accurate and precise results, the method should be

applied in areas with constant macroclimate or known climatic

gradients, for example along altitudinal gradients.

Although indirect, the strong linear relationships between

substrate distribution and pollen data allow some conclusions

on how pollen samples from medium-sized basins record the

surrounding vegetation. The sampling radius of best fit

corresponds well with the empirical findings that pollen

percentages from a medium-sized site reflect vegetation

composition in a 20- to 30-km radius around that site

(Webb et al., 1981; Prentice & Webb, 1986; Sawada et al.,

1999). Such empirical studies that test modern pollen–

vegetation relationships for medium-sized basins, however,

are rare because of the unavailability of high-resolution

vegetation maps indicating the actual distribution of species

within a whole region.

The good performance of distance-weighting functions 1

and 1/d implies that, until the optimum distance of 27–30 km

is reached, the pollen influx from each tree (weighting function

1) or of each ring (weighting function 1/d) is constant,

independently of its distance to the sample site (Fig. 4). From

the ‘tree view’, this means that within this optimum distance,

the chance of a pollen grain being transported over 30 km is

similar to (distance-weighting function 1/d) or even higher

than (distance weighting by 1) the chance of being transported

over 1 km.

In contrast, distance weighting by 1/d2 and Sutton’s

equation, which is widely used for modelling and simulating

pollen dispersal (Prentice, 1985; Sugita, 1994), each predict

that there is a much lower chance of a pollen grain being

transported over a longer distance. Hence, from the ‘pollen

samples’ view’ there should be less pollen influx from the outer

rings (Fig. 4). These ‘myopic’ weighting functions also give

significant results. Their generally worse performance in the

present study (Fig. 3), however, indicates that they mimic

pollen dispersal less well. Similarly, Prentice et al. (1987) and

Sawada et al. (1999) found that pollen data better reflect

Figure 4 Amount of pollen at sample point 0 (y-axis, logarithmic,

arbitrary units) arriving from distance x from a homogeneous area

of pollen sources according to our four weighting models. Distance

weighting by 1 (dashed line) implies that pollen influx from each

individual pollen source is equal, independently of its distance to

point 0. Weighting function 1/d (solid) implies that the influx from

all rings is nearly equal. The lower influx per individual pollen

source from more distant sources is compensated for by the larger

number of pollen sources in larger distances. The weighting func-

tions 1/d2 (dotted) and Sutton (dot-dash) imply that pollen influx

from outer rings is smaller than that from inner rings.
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unweighted vegetation in the surroundings than distance-

weighted vegetation. The poorer performance of the weighting

functions 1/d2 and Sutton can be explained by the prevalence

of unstable atmospheric conditions during pollen dispersal

(Fægri & Iversen, 1975), when strong convective air move-

ments transport pollen into higher (up to 1–2 km high) parts

of the atmosphere, where thorough mixing takes place (Brunet

et al., 2003). Gaussian plume models, such as Sutton’s

equation, are not suited to model particle dispersal in unstable

atmospheric conditions (Walter, 2004; Kuparinen et al., 2007).

Due to the mixing in higher parts of the atmosphere, the

chance of a pollen grain being transported over various

distances becomes equal, at least within a critical distance

determined by the extension of convective air movements.

High regression coefficients and a simultaneously low intercept

at 30 km (Fig. 3) indicate that, for the light pollen of Pinus and

Betula in our study area, this critical distance could be

c. 30 km.

These observations imply that different pollen-dispersal

mechanisms operate over different distances. Whereas over

short distances (100–102 m) from the pollen source, gravity

and prevailing surface wind determine pollen distribution and

deposition (Tauber, 1965; Janssen, 1984), over larger distances

(103–104 m), distribution seems to be largely governed by

convective air movement and air mass transport higher in the

atmosphere. This idea also underlies the pollen distribution/

deposition model of Janssen (1973), who – incidentally –

assumed similar distances of c. 30 km for his ‘regional’ pollen

component.

CONCLUDING REMARKS

Our new downscaling method may significantly refine the

reconstruction of vegetation patterns in the Lateglacial and

Holocene. In this first study we present clear indications that

during the past 200 years of the Allerød two different forest

types prevailed in north-east Germany, one dominated by

Pinus on sandy substrates and one dominated by Betula on

boulder clay.

By relating the distributional pattern of taxa in the past to

distribution maps of modern site conditions, the method may

provide indications of the site preferences of these taxa in the

past, independent of their present-day ecology. Comparison of

previous vegetation reconstructions based on pollen data from

the Allerød alone (with a resolution not finer than tens of

kilometres, cf. de Klerk & Stolze, 2002; de Klerk, 2008) with the

resolution of modern substrate distribution maps (1 : 25,000,

with a resolution not coarser than hundreds of metres)

indicates that the method may increase the spatial resolution of

vegetation reconstruction for this period by several orders of

magnitude.

The good performance of the distance-weighting functions 1

and 1/d indicates that the pollen source area of a site has rather

discrete boundaries that are determined by convective air

movements during daytime and pollen deposition during the

night, when convection stops. Within these boundaries, light

pollen such as that of Pinus and Betula is more evenly

distributed than predicted from Sutton’s equation on particle

dispersal.
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Randowbruchs nördlich Rothenklempenow nach den Moor-

tiefenkarten des Meliorationskombinates Neubrandenburg

(Koll. Ramson) und einem Pollendiagramm aus dem Pollen-

labor des Museums für Ur- und Frühgeschichte Potsdam.

Internal Report, Brandenburgisches Landesamt für Denk-
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Younger Dryas cold stage vegetation patterns of central Europe –
climate, soil and relief controls

MARTIN THEUERKAUF AND HANS JOOSTEN

Theuerkauf, M. & Joosten, H. 2012: Younger Dryas cold stage vegetation patterns of central Europe – climate,
soil and relief controls. Boreas. 10.1111/j.1502-3885.2011.00240.x. ISSN 0300-9483.

In the north Atlantic region the final period of the last ice age saw abrupt shifts between near present-day warm
and near ice age cold conditions, ending with the cold Younger Dryas. The effects of the cold periods may have
been more severe in the vicinity of the Atlantic Ocean than in continental Europe. We use pollen percentage and
influx data combined with data on substrate and relief to reconstruct spatially explicit vegetation composition,
patterns and development during the Younger Dryas, with special focus on to the forest/non-forest transition
across NE Germany. Opposing trends, such as birch pollen percentages sharply increasing but accumulation rates
sharply decreasing northwards, underline pitfalls in the interpretation of pollen percentage data in tree-line
situations. The combined approach reveals a sharp ecotone. Pine declined on northern sites, possibly because of
permafrost formation, but was hardly affected in the south. Birch also declined in the south, possibly because of
the severe winter cold. Cold-adapted trees did not enter forest gaps. The cooling had little impact on herbal
vegetation. Steppe elements (grasses, Artemisia) were largely restricted to south-exposed slopes and did not benefit
from the cooling – patches of steppe vegetation were even less abundant than during the preceding warm periods.
The approach of combining fossil pollen data, including accumulation rates, with data on the contemporary
distribution of substrate and relief allowed unprecedented spatial resolution to be reached in the reconstruction
of Younger Dryas vegetation patterns.

Martin Theuerkauf (e-mail: martin.theuerkauf@uni-greifswald.de) and Hans Joosten (e-mail: joosten@
uni-greifswald.de), Institute of Botany and Landscape Ecology, University of Greifswald, Grimmer Strasse 88,
D-17487 Greifswald, Germany; received 10th May 2011, accepted 27th November 2011.

The Lateglacial period (~14 700–11 500 years ago;
Björck et al. 1998) covered the transition from the last
glacial period to the Holocene. In the North Atlantic
region the Lateglacial was characterized by alternating
warm periods with near present-day climate conditions
and cold periods with near ice age conditions (e.g.
Björck et al. 1998).

During the warm periods, forests progressively
expanded and finally covered central Europe, including
southern Scandinavia, during the last warm period
(Allerød). The forests were dominated by the cold-
tolerant and fast-migrating (pioneer) taxa tree birch
(possibly mostly Betula pubescens Ehrh.; cf. Usinger
1981) and pine (presumably Pinus sylvestris L.). The
expansion of forests was interrupted or partly reversed
during the recurrent cold periods. The cooling resulted
from changes in oceanic and atmospheric circulation in
the North Atlantic region and was thus most pro-
nounced in the near-Atlantic areas of NW Europe
(Isarin & Renssen 1999; Brauer et al. 2008; Bakke et al.
2009). Pollen data correspondingly indicate that during
the last and longest (~1100 years; Björck et al. 1998)
cold period, the Younger Dryas, the vegetation of the
Netherlands, Denmark and NW Germany was again
rather open (Berglund 1966; Usinger 1981; Kolstrup &
Buchardt 1982; Hoek 1997). Tree birch may have per-
sisted in that area. Towards the SE, including SE
Germany, Poland and the Czech Republic, the forest
opening was less pronounced, and forests or more open
parklands dominated by pine persisted throughout the

Younger Dryas (Brande 1980; Pokorny 2002; Ralska-
Jasiewiczowa et al. 2004; de Klerk 2008).

Apart from this general pattern, tree distributions
during the Younger Dryas are only partly understood.
Where and why birch and pine had their distributional
limits, how productive forests were and how their dis-
tribution was influenced by soil and relief are largely
unresolved. Regional studies from the Netherlands
(Hoek 1997) and NE Germany (Brande 1995; de Klerk
2008) point to the existence of fine forest patterns at the
landscape level. The available evidence is, however,
interpreted differently by different authors: whereas de
Klerk (2008) suggests that during the Younger Dryas
NE Germany was covered mainly by open heathlands,
Brande (1995) points to the dominance of birch wood-
lands. Such divergent interpretations may originate in
the use of pollen percentage data. Pine and tree birch,
the major tree taxa of that period, produce far more
pollen than herbs and shrubs, and thus dominate pollen
assemblages also from largely open areas. This well-
known over-representation makes it virtually impossi-
ble to arrive at reliable estimates of past forest openness
from percentage data only.

Furthermore, the nature of the shrub and herbal
vegetation of glacial cold periods has been subject to
controversy. During cold glacial periods the vegetation
of the present boreal and temperate zones of Eurasia
was largely open (Guthrie 2001). Pollen spectra from
this period and area include pollen attributable to
steppe (e.g. Artemisia and Chenopodiaceae) as well as
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to tundra vegetation (e.g. ericaceous dwarf shrubs),
invoking the interpretation of a tundra-steppe (e.g.
Guthrie 2001). Being composed of tundra elements as
well as of grass-rich steppe vegetation (van Geel et al.
2008), the tundra-steppe would have sustained large
populations of megafaunal grazers, including woolly
mammoth and horse, and is consequently also referred
to as ‘mammoth steppe’. Other authors suggest that
pollen from steppe taxa arrived largely from the south-
ern steppes and thus instead stress the dominance of
tundra elements (Elias et al. 1996; Heikkilä et al. 2009).
Pollen sections from the Younger Dryas of central
Europe are rich in pollen of steppe and tundra species,
which may indicate the re-establishment of a grass-rich
tundra-steppe vegetation. While megafaunal grazers
were expelled from central Europe during the warmer,
forested periods of the Lateglacial, they might have
returned during the Younger Dryas (Ukkonen et al.
2011). Woolly mammoth has correspondingly been
recorded for the Younger Dryas in Estonia and Latvia
(Lõugas et al. 2002; Ukkonen et al. 2011).

In this paper we reconstruct the Younger Dryas veg-
etation of NE Germany, the area with a transition from
pine-dominated vegetation in the south to more open
and/or birch-rich vegetation in the north (Brande 1995;
de Klerk 2008). We test whether pollen percentage and
pollen accumulation rate (PAR) values of specific
pollen types from numerous sites correspond to abun-
dances of specific site characteristics in the appropriate
surroundings of each site and thus whether the past
distributional patterns of the relevant taxa relate to the
patterns of these site parameters (Theuerkauf &
Joosten 2009). By this combined approach we aim to
detect the distributional limits of trees (pine and tree
birch) and thus to reconstruct the general habitat types
existing in NE Germany during the Younger Dryas.
We explore how both tree taxa responded to the
Younger Dryas cooling. We secondly aim to recon-
struct the composition and distribution of shrub and
herbal vegetation in order to reveal whether specific
herbal vegetation types benefited or suffered from
Younger Dryas cooling and consequent forest opening.

Materials and methods

We employ a large pollen percentage data set, supple-
mented by PAR data. The study area comprises a 300-
km-long and 200-km-wide band in NE Germany,
stretching from the Baltic Sea southwards to Berlin
(54°30′–51°50′N; 11°00′–14°25′E). During the Younger
Dryas the area was situated 500–800 km south of the
Scandinavian Ice Sheet.

Pollen data

Pollen percentage data. – Pollen data were extracted
from 59 published and 10 new pollen diagrams (Fig. 1,

Table 1). Diagrams from coastal areas and large river
valleys were excluded, as Baltic Sea transgressions may
have substantially changed relief and substrate patterns
since the Younger Dryas (Hoffmann & Barnasch 2005;
Lampe 2005) and inwashed pollen may obscure the
regional pollen signal. In addition, very small sites with
prevailing (extra)local pollen deposition were excluded.

New data (Fig. S1 in Supporting Information)
were derived from 10 recently terrestrialized lakes rep-
resenting the various landscapes of Mecklenburg-
Vorpommern. To focus on regional atmospheric pol-
len deposition we selected circular basins of 10–100
ha without inflow. We cored with a chamber corer
(chamber of 1 m length and 7 cm diameter). Prepara-
tion (cf. Fægri & Iversen 1989) of the pollen samples
(0.25 ml volume) included addition of one Lycopo-
dium tablet (Lund University, batch no. 938934), treat-
ment with HCl, 20% KOH, sieving (120 mm) and
acetolysis (7 min). Samples containing clastic sediments
were also treated with HF. Samples were mounted in
silicone oil. Counting was carried out with 400¥ mag-
nification. A minimum of 300 pollen sum grains were
counted per sample. The Younger Dryas sections were
identified mainly by pollen stratigraphy, that is, by
distinctive high NAP values (e.g. Juniperus, Artemi-
sia, often Cyperaceae; in order to differentiate clearly
between taxa and pollen types, the latter are displayed
in small capitals (Joosten & de Klerk 2002)). Further
information was derived from sediment litho-
logy and the position of the unmistakable Laacher See
Tephra (deposited ~200 years before the onset of the
Younger Dryas).

The climate system in the North Atlantic region was
possibly unstable throughout the Younger Dryas (e.g.
Bakke et al. 2009; Brauer et al. 2008). However, high-
resolution pollen diagrams from the study area (Jahns
2007; de Klerk 2008) show only minor variations within
the Younger Dryas (regionally defined as Open vegeta-
tion phase III; de Klerk 2002). Changes in the climate
system thus apparently had little influence on the veg-
etation of the study area, which encouraged us to treat
this cold period as uniform and to summarize pollen
data from the entire Younger Dryas. We only included
pollen diagrams with a series of three or more (excep-
tionally two) samples that were clearly delimited from
the preceding Allerød and the succeeding Holocene
by their elevated NAP values. Doubtful transitional
samples were neglected. We did not include data sets
with marked fluctuations within the supposed Younger
Dryas section, as these may represent changes of sedi-
mentary environment and local vegetation.

For each diagram the raw pollen counts of all
samples of the Younger Dryas section were summed
(for the number of samples, see Table 1). The mean
pollen percentage values were then calculated based on
an upland pollen sum, including only pollen from
plants from terrestrial habitats. In order to base the
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percentage calculation on the same reference we
included only pollen types in the pollen sum that were
distinguished in all data sets, namely Pinus, Betula,
Artemisia and Chenopodiaceae. In comprehensive
data sets these pollen types cover more than 90% of all
terrestrial pollen.

We evaluated 11 pollen types that are characteristic
for the Younger Dryas period and are also often
recorded in older pollen diagrams: Pinus, Betula
(including Betula nana type), Juniperus, Salix,
Cyperaceae, Gramineae (including Wild grass group
and Poaceae type pollen), Artemisia, Chenopo-
diaceae (including Chenopodiaceae and Amaran-
thaceae type), Thalictrum, Filipendula and Erica-
ceae (including all pollen types from ericaceous taxa;
excluding Empetrum type).

Pollen accumulation rate data. – Whereas pollen per-
centage values are mutually dependent, PARs (i.e. the
number of pollen grains deposited each year in a sedi-
ment column per unit area, N m-2 a-1) reflect past abun-
dances for every plant taxon individually. Although the
re-deposition of pollen and sediments in lakes may

strongly alter PAR values (e.g. Davis & Brubaker 1973;
Davis et al. 1984), recent studies have shown that, with
careful site selection, PAR data are a powerful tool,
particularly in tree-line situations (Seppä & Hicks 2006;
Giesecke & Fontana 2008). To better assess vegetation
changes across the supposed forest limit, we thus calcu-
lated PARs for seven published and seven of our new
pollen diagrams from carefully selected lakes (Table 1).
By the strict selection of closed, circular, 10–100 ha lakes
with only one lake basin, we aimed to reduce the effect of
differential sediment focusing (Davis & Brubaker 1973;
Davis et al. 1984; cf. Giesecke & Fontana 2008). With
the exception of Schwanengrabenrinne (Wolters 2002),
which is a narrow valley, all basins from which we used
published data fulfil these criteria. We calculated a mean
PAR for the full Younger Dryas by dividing the mean
pollen concentration (grains cm-3) by the mean sediment
accumulation rate (=length of the respective YD section
in cm/duration of YD in years).

In European laminated lake sequences the Younger
Dryas has been dated to 12 679 to ~11 600 cal. a BP,
suggesting a duration of 1079 years (Brauer et al. 1999,
2008). An earlier date and longer duration (12 850–

Fig. 1. Topographic map of the study
area, with study sites marked (cf. Table 1).
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Table 1. Study sites in NE Germany.

Nr Site Reference Latitude/Longitude PAR No. samples Basin size (ha)

1 Moorer Busch Fukarek (1968), de Klerk (2004a) 53°54′ / 11°06′ 11 4
2 Potremser Moor Martin Theuerkauf, present study 53°59′ / 12°17′ x 4 15
3 Neu Heinder See Martin Theuerkauf, present study 53°54′ / 12°27′ x 5 37
4 Hoher Birkengraben/Endinger

Bruch
de Klerk (2002) 54°15′ / 12°53′ x 48 >10

5 Gingster Moor Lange et al. (1986) 54°27′ / 13°16′ 27 15
6 Rappin Lange et al. (1986) 54°30′ / 13°24′ 11 100
7 Crednersee Lange et al. (1986) 54°30′ / 13°36′ 31 1
8 Tetel Lange et al. (1986) 54°25′ / 13°27′ 24 1
9 Frankenthal Lange et al. (1986) 54°19′ / 13°17′ 24 25

10 Reinberg de Klerk et al. (2008) 54°12′ / 13°14′ 17 0.5
11 Kieshofer Moor Martin Theuerkauf, present study 54°07′ / 13°20′ x 6 13
12 Weißes Moor Martin Theuerkauf, present study 53°19′ / 11°33′ 3 3
13 Klinker Plage Martin Theuerkauf, present study 53°31′ / 11°41′ 3 20
14 Löddigsee Jahns (2007) 53°25′ / 11°56′ x 26 150
15 Daschower Moor Rene Dommain, present study 53°30′ / 12°09′ x 5 2
16 Drewitzer See Martin Theuerkauf, present study 53°32′ / 12°21′ x 4 180
17 Kargowseen Schoknecht (1996) 53°32′ / 12°34′ 7 10
18 Tollensetal bei Trollenhagen Kloss (unpubl.) 53°36′ / 13°16′ 5 100
19 Herthasee Martin Theuerkauf, present study 53°43′ / 13°27′ x 3 10
20 Heinrichswalder Damm Fukarek (1968), de Klerk (2004a) 53°38′ / 13°45′ 8 >100
21 Hüttendamm Fukarek (1968), de Klerk (2004a) 53°39′ / 13°51′ 18 >100
22 Moosbruch Fukarek (1968), de Klerk (2004a) 53°37′ / 13°55′ 5 100
23 Glashütte Kloss in Kaiser et al. (2003) 53°35′ / 14°12′ 2 1
24 Gorinsee Martin Theuerkauf, present study 53°36′ / 14°15′ x 6 10
25 Kleiner Fauler See Herking (2002) 53°37′ / 14°13′ x 25 15
26 Ahlbecker Seegrund Herking (2002) 53°40′ / 14°13′ 8 600
27 Ahlbecker Seegrund Fukarek (1968), de Klerk (2005) 53°38′ / 14°14′ 7 600
28 Zerrinsee Martin Theuerkauf, present study 53°20′ / 12°51′ 6 3
29 Blänk Bruch Müller (1961) 53°22′ / 13°14′ 17 3.4
30 Fauler See bei Goldenbaum Müller (1961) 53°20′ / 13°15′ 5 3.6
31 Großer Serrahnsee Müller (1961) 53°21′ / 13°12′ 10 16
32 Moor nördlich Plasterinsee Müller (1961) 53°18′ / 13°11′ 13 1
33 Neubrück Müller (1961) 53°16′ / 13°14′ 9 1.2
34 Postbruch Müller (1961) 53°20′ / 13°17′ 18 15
35 Schwarzes See Bruch Müller (1961) 53°19′ / 13°14′ 7 24
36 Serrahn 112 Müller (1961) 53°21′ / 13°13′ 7 0.4
37 Teufelsbruch Müller (1961) 53°22′ / 13°12′ 14 8.2
38 Teufelsmoor am Schwarzen See Müller (1961) 53°21′ / 13°14′ 8 4.1
39 Waldsee Müller (1961) 53°18′ / 13°17′ 8 3.8
40 Großer Plötzensee Müller (1961) 53°21′ / 13°31′ 2 5
41 Unter-Ückersee Jahns (2001) 53°15′ / 13°52′ x 19 >1000
42 Bienenwalde de Klerk (2004b) 53°03′ / 12°47′ 4 1.2
43 Schulzensee bei Zechow Schoknecht in Gärtner (1998) 53°03′ / 12°54′ 4 1
44 Wittwesee Strahl (2005) 53°07′ / 12°56′ 3 155
45 Stechlinsee Brande (2003) 53°09′ / 13°02′ 3 425
46 Stolpsee Strahl (2005) 53°10′ / 13°13′ 4 420
47 Arendsee Christiansen (2008) 52°53′ / 11°29′ 6 554
48 Fenn im Wittenmoor Lange (1986) 52°32′ / 11°41′ 20 4
49 Diebelsee Schlaak & Schoknecht (2002) 52°56′ / 13°44′ 2 1.5
50 Postluch Schoknecht in Schlaak (1993) 52°52′ / 13°50′ 8 2
51 Amtssee Chorin Schoknecht (unpubl.) 52°54′ / 13°53′ 4 10
52 Schwanengrabenrinne Wolters (2002) 52°31′ / 13°03′ x 5 <1
53 Tegeler See Brande (1980) 52°35′ / 13°15′ 18 3/300
54 Pechsee Brande (1980) 52°29′ / 13°13′ 10 1
55 Germanenbad Schoknecht in Gärtner (1993) 52°38′ / 13°29′ 3 7
56 Paddenluch Strahl (2005) 52°29′ / 13°48′ 28 –
57 Breitlingsee Strahl (2005) 52°23′ / 12°28′ 2 513
58 Langes Fenn bei Ferch Wolters (1999) 52°19′ / 12°55′ 4 ~1
59 Seddiner See Strahl (2005) 52°17′ / 13°01′ 2 252
60 Schönhagen Kloss in de Klerk (2007) 52°13′ / 13°08′ 4 15
61 Siethener See Kleinmann et al. (2001) 52°17′ / 13°12′ 11 80
62 Stülper See Giesecke in Juschuss (2001) 52°03′ / 13°18′ 7 3
63 Töppchin Lange in Juschus (2001) 52°09′ / 13°35′ 6 ~30
64 Drahendorf Strahl (2005) 52°17′ / 14°14′ 8 –
65 Kersdorf-Briesen Schulz & Strahl (2001) 52°20′ / 14°16′ 17 –
66 Gabelsee Jahns (unpubl.) 52°25′ / 14°18′ x 12 10
67 Treppelsee Giesecke (2001) 52°09′ / 14°27′ x 7 76
68 Byhleguhrer Bagen Strahl (2005) 51°53′ / 14°10′ 22 –
69 Merzdorf Strahl (2005) 51°47′ / 14°25′ 12 –
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11 650 cal. a BP; 1200 years) have been suggested from
Greenland ice cores (Rasmussen et al. 2006). In this
paper we use a duration of 1140 years, which corre-
sponds to varve dates from the nearby Hämelsee,
northern Germany (Merkt & Müller 1999). An error
smaller than 5% (60 years) may thus derive from the
dating. Further errors are related to sample resolution.
With a sampling distance of usually 5 cm and a length
of the Younger Dryas section of typically 25 cm, the
estimated values might be maximally 20% too high/low.
Statistical errors related to pollen concentrations were
calculated with the ‘Concentrate’ program (Palyhelp
suite; Maher 2002). Overall error estimates are given in
the Supporting Information.

Differentiation of BETULA pollen. – During the Younger
Dryas, Betula pollen might have derived not only
from tree birch (possibly Betula pubescens Ehrh.) but
also from dwarf birch (B. nana L.). A morphological
separation of pollen produced by these taxa is problem-
atic but statistically possible, as pollen of B. nana tends
to be somewhat smaller (Usinger 1978). We photo-
graphed 220 random, planar-lying Betula pollen
grains from eight levels within the Younger Dryas
section from the Kieshofer Moor using a Zeiss
Axiocam MRc digital camera (630¥ magnification) and
measured the outer diameter (from pore to the opposite
wall) using Axiovision 4.5 software (Carl Zeiss Ag,
Germany), if possible at all three pores. All measure-
ments were pooled and the respective mean diameters
classified in steps of 0.5 mm. Further calculations (cf.
Usinger 1978) assumed that the size distribution is
bimodal, reflecting the overlapping normal distribution
of dwarf and tree birch pollen. Parameters of the under-
lying normal distributions were calculated using Micro-
soft Excel Solver. The abundance of either pollen type
was calculated as the integral of the respective normal
distributions.

Detecting vegetation patterns

Longitudinal and latitudinal trends in pollen type dis-
tributions were inspected visually (Fig. 2). Trend lines
were added as a Lowess smoother (f = 0.5) in the
r-package (R Development Core Team 2009). The rela-
tion between vegetation patterns and site parameters
was explored by testing the correlation between pollen
percentage/PAR values and (i) mean elevation, (ii)
mean landscape hilliness, and (iii) the abundance of
specific substrate types in the surroundings of each
sample site (downscaling method, cf. Theuerkauf &
Joosten 2009). These landscape parameters were deter-
mined for distances of up to 30 km (soil data) or 50 km
(relief data) in a GIS (cf. Fig. S2). The correlation was
tested by least-squares linear regression analysis. Coef-
ficients of determination were calculated in MS-Excel
and the r-package. To test the significance of the regres-

sions, a Bonferroni correction (Crawley 2002) was
applied by dividing the alpha level (0.05) by the total
number of relationships tested for each pollen type
(200 = 50 distances ¥ 4 weighting methods) to arrive at
a corrected alpha level of 0.00025.

Soil substrate data. – We divided the area around each
pollen site into concentric circles with a radius of
1–30 km composed of 1-km-wide rings. Within the
rings, we determined the area of the soil substrate
types (superficial sediments) from the digital soil
map (Bodenübersichtskarte) at a scale of 1:200 000
(for Mecklenburg-Vorpommern) or 1:300 000 (for
Brandenburg). An ArcView 3.2 (ESRI, Redlands,
CA) script was designed for substrate type analysis.
As the soil maps record hundreds of substrate
types, we simplified the data by grouping into 12 sub-
strate categories, of which sand and loam were
abundant.

The overall substrate composition within the circles
was then calculated on the basis of all rings within the
respective distances. To account for the fact that
distant pollen sources might contribute less pollen to a
site than pollen sources in the close vicinity, we applied
distance-dependent weighting functions (1, 1 d-1 and 1
d-2, where d is the radius of each ring; cf. Nielsen &
Odgaard 2005). With weighting factor 1, all areas have
the same weight, independent of their distance to the
pollen site, and the abundance of a substrate type used
for comparison with the pollen data is simply its pro-
portion in a circle of a specific radius (e.g. 20 km)
around each pollen site. For all other weighting
options, the area of the substrate type in each ring is
multiplied by the respective weighting factor, and the
results summed for all rings within a circle of a specific
radius (e.g. 20 km) around each pollen site. Finally, the
resulting sum for each substrate type is expressed as the
percentage of the sum of all substrate types, resulting in
the distance-weighted overall proportions of the respec-
tive substrate type in the circle of a specific radius (e.g.
20 km; Theuerkauf & Joosten 2009).

Relief data. – Relief parameters were derived from the
SRTM data set (Shuttle radar topography mission;
http://www2.jpl.nasa.gov/srtm/). In the study area,
this data set provides a spatial resolution of 3 arcsec-
onds (~90 m) with an average vertical error of ~5 m.
Altitudes in the study area currently vary from 1 to
178 m a.s.l. From the SRTM data a digital elevation
model and a map of slope were produced using
ArcView 3.2. In both resulting maps we divided the
area around each pollen site into concentric circles
with a radius of 1–50 km composed of 1-km-wide
rings. We designed an ArcView script to summa-
rize the corresponding cell values of elevation and
slope within each ring. To arrive at distance-weighted
values for a specific circle (e.g. with 20 km radius), the
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resulting sum in each ring within this circle around the
sample sites was multiplied by the respective weight-
ing factor and these results were then summed. This
sum was divided by the summed product of the
number of grid cells in each ring multiplied by the
respective weighting factor.

Results

Latitudinal and longitudinal trends

Percentage data. – The values of the two dominant tree
pollen types change significantly from north to south
(Fig. 2). Pinus decreases linearly from ~80% in the
south to less than 30% in the north, Betula corre-
spondingly increases from ~20% in the south to more
than 60% in the north.

Furthermore, the percentages of pollen types from
herbs are higher north of about 53°15′N, with Cyper-
aceae, Filipendula and Thalictrum steadily increas-
ing, and Artemisia, Chenopodiaceae and Ericaceae
undiff. levelling off or even slightly decreasing north of
53°40′N (Fig. 2).

A similar differentiation is observed for the two
shrub pollen types. Salix increases steadily from south
(0.5%) to north (2–8%), and Juniperus increases from
~1% in the south to about 5–15% north of 53°15′N, but
again slightly decreases north of 53°40′N.

For most pollen types the values are highest be-
tween 53°15′N and 53°55′N. Longitudinal changes
are weak (Fig. S3). While Pinus tends to increase,
all other pollen types tend to decrease slightly from
west to east.

Pollen accumulation rates (PARs). – PARs are avail-
able from 14 sites (Tables 1, S1). The values in the
pollen profile Hoher Birkengraben (de Klerk 2002) are
more than 10 times higher than those of all other sites,
which might be attributable to sediment inwashing, as
the Younger Dryas section is about 10 times longer
than in most other profiles. This site was thus excluded
from further analysis.

PARs of Pinus pollen decrease from 10 000 grains
cm-2 a-1 in the south to below 500 grains cm-2 a-1 in
the north. The decrease in PARs of Betula is less
pronounced, from about 1000 grains cm-2 a-1 in the
south to about 200 grains cm-2 a-1 in the north
(Fig. 2). The influx values of Juniperus and Salix
follow no obvious trend; they range from 35 to 240
grains cm-2 a-1 and from 14 to 90 grains cm-2 a-1,
respectively. PARs of Cyperaceae, Gramineae and
Artemisia decrease from 400, 450 and 190 grains cm-2

a-1 in the south to values as low as 100, 50 and 40
grains cm-2 a-1, respectively, in the north. For
Chenopodiaceae and Filipendula a similar trend is
visible. PARs of Ericaceae undiff. and Thalictrum
tend to increase from south to north.

Substrate types

The prominent changes of pollen percentages and
PARs suggest that vegetation south of ~53°N differed
markedly from that north of this latitude (Brande 1995;
de Klerk 2008). To unravel relations between pollen
and substrate data we have thus split the data set in a
northern and a southern part.

The North. – Correlations between the selected pollen
types and the major substrate types and lakes are weak,
and only in three cases significant on the corrected
alpha level of 0.00025 (Figs S4, S5). Here, the correla-
tion coefficient exceeds 0.6 (Pinus over sandy sub-
strates) or undercuts –0.6 (Betula, Thalictrum over
sandy substrates).

The South. – In the southern data set correlations
between pollen types and substrate types are weak and
in no case significant (Fig. S6). The best correlations
exist between Ericaceae undiff. and sand, and
between Betula and lakes.

In all cases, the closest correlations are observed with
distance weighting by 1, while distance weighting by 1
d-1 and 1 d-2 results in lower correlation coefficients
(Theuerkauf & Joosten 2009).

Relief topography

The North. – We observed a significant positive corre-
lation between pollen percentages of the sum of tree
pollen (AP) and of Pinus and mean elevation (Fig. S7).
NAP upland, Chenopodiaceae, Thalictrum and
Salix are significantly negatively correlated with eleva-
tion. Correlation coefficients reach their maxima
(�0.6) mainly for radii between 20 and 30 km. An even
higher significantly positive (AP) or negative correla-
tion (NAP, Artemisia, Cyperaceae and Salix) exists
between the respective pollen percentage and mean
hilliness around the samples sites, with the closest cor-
relation for the 20–30 km circles. PARs of tree and
most herb pollen types are significantly and positively
correlated with landscape hilliness (Fig. 3).

The South. – In the southern data set, pollen percent-
ages and mean elevation as well as mean hilliness in 1 to
50 km around the respective sites are not significantly
correlated (Fig. S8). Correlation coefficients higher
than �0.5 occur only exceptionally, that is, in the cor-
relation between pollen percentages of Pinus/Betula
and mean elevation (with the best correlation observed
for 3 km) as well as between Filipendula and mean
hilliness (with the best correlation observed for 50 km
around each site).

For all correlations, the weighting functions 1 d-1 and
1 d-2 give slightly lower correlation coefficients, with
maxima occurring at larger radii.
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Discussion

The Younger Dryas forest limit

During the preceding Allerød warm period, the study
area of NE Germany was densely forested, with pine
prevailing on sandy soils and birch on richer soils
(Fig. 4; Theuerkauf & Joosten 2009). During the
Younger Dryas, the northward decline of PARs of
Pinus and Betula suggests marked latitudinal changes
in the vegetation (Fig. 2). In the south, PARs of Pinus
pollen (5000–10 000 grains cm-2 a-1) are as high as in
present-day pine-forested areas of NE Germany (van
der Linden et al. 2008) and higher than in pine-rich
areas of northern Fennoscandia (~2500 grains cm-2 a-1;
Hättestrand et al. 2008) and central Sweden (~5000
grains cm-2 a-1; Giesecke & Fontana 2008). PARs of
Pinus are only slightly lower than during the Allerød
(Fig. 5), and tree rings of pine only slightly thinner (cf.
Friedrich et al. 2004). PARs of Betula (1000–3000
grains cm-2 a-1) are at only 15% of the Allerød levels,
but they are above values observed in boreal pine–birch
forests (~1000 grains cm-2 a-1; Seppä & Hicks 2006). In
the south of the study area, pine thus apparently
formed rather dense, productive forests also during the
Younger Dryas. Birch was still widespread, but much
rarer than during the preceding warm period. In con-

Fig. 3. Correlation coefficient r (y-axis) of
the correlation between PARs and mean
elevation and mean slope within each
circle, for circles of 1–50 km around the
pollen sample sites (x-axes). Only sites
north of 53°N are shown. Elevation and
slope were calculated using distance
weighting by 1.
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Fig. 4. Comparison of substrate preferences of Betula during the
Younger Dryas and the Allerød period. Scatterplot of pollen
percentages of Betula (y-axis) and the proportion of boulder clay
in the 30 km around each site. Small grey dots: data from the
Mecklenburg area and the Alleröd period (taken from Theuerkauf &
Joosten 2009). The close correlation suggests that the occurrence of
Betula during the Allerød was related to the present-day pattern of
glacial till. Assuming that the substrate pattern has largely existed
since the end of the last glaciation, we conclude that Betula during the
Allerød preferably occurred on rich glacial till. Large dots: data from
the Brandenburg area and the Alleröd period (solid dots) and
Younger Dryas (open dots). During the Allerød, but not during the
Younger Dryas, a similar trend to in the Mecklenburg area is
indicated.
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trast to the situation in the Allerød period, Pinus and
Betula pollen percentages were not correlated with
soil or substrate types. Pine may have invaded richer
soils, formerly dominated by birch. Alternatively, the

remaining smaller stands of birch were no longer
closely related to richer soils.

North of 53°, PARs of both Betula and Pinus
during the Younger Dryas reach only 200–1000 grains

Fig. 5. Pollen accumulation rates (grains cm-2 a-1) from selected pollen types from pollen traps in northern Fennoscandia (open bars;
Hättestrand et al. 2008) compared with Younger Dryas/Allerød pollen accumulation rates from the north and south of our study transect.
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cm-2 a-1, that is, 10–15% of the Allerød levels (Fig. 5).
PARs of Pinus decline towards the northernmost sites,
where values (200–500 grains cm-2 a-1) are below the
supposed threshold for the regional presence of pine in
lake sediments (500 grains cm-2 a-1; cf. Gervais et al.
2002; Seppä & Hicks 2006). PARs of Betula steadily
increase from 200 grains cm-2 a-1 (which is below the
threshold for birch presence of 250 grains cm-2 a-1; cf.
Seppä & Hicks 2006) in the flattest areas to 1000 grains
cm-2 a-1 in the most hilly landscapes. Pine was thus
possibly largely absent from the northernmost areas,
but may still have existed just north of 53°. Birch
existed primarily in hilly areas, while it was hardly
present or absent in flat areas.

PARs thus reveal that during the Younger Dryas
continuous, pine-dominated forests had a sharp north-
ern limit at about 53°N. Birch was much rarer than
during the Allerød, not only all over the study area but
also in adjacent areas of SE Germany (Brande 1995; de
Klerk 2002; Strahl 2005), Poland (Ralska-Jasiewiczowa
et al. 2004), lowland Switzerland (Wick 2000) and
southern Bohemia (Pokorny 2002). This decline may
have resulted from the severe winter cold, with tem-
peratures as low as in central Siberia today. There, tree
birch is presently largely restricted to sites providing

shelter from strong frosts, for example to snow accu-
mulations in hilly areas (Oksanen et al. 1995; Troeva
et al. 2010). The preference of birch for hilly areas in
the study area during the Younger Dryas may be attri-
butable to the same phenomenon. Alternatively, the
preference for hilly areas might indicate that tree birch
occurred mainly on warmer southern slopes and that
summer warmth was insufficient for birch on other
sites. Younger Dryas summer temperatures (>12°C;
Isarin & Renssen 1999) were, however, well above the
limits of tree birch (10°C July temperature; Moen
1999). Tree birch requires a longer growing season than
pine as it has to re-grow leaves every spring (Kuusela
1994). During the Younger Dryas, low winter tempera-
tures and the ice-covered North Atlantic (Denton et al.
2005; Broecker 2006) may have delayed the onset of
spring and thus shortened the growing season. The
Atlantic sea ice (Fig. 6) may also have allowed frost
spells during the growing season, to which tree birch
(e.g. B. pendula) is more susceptible than pine
(Leinonen et al. 1997; Taschler & Neuner 2004). Com-
plementarily, tree birch might have suffered from
dryness. However, high lake water levels (Kaiser 2004)
suggest that the Younger Dryas was not markedly dry
(cf. Renssen et al. 2001; Lücke & Brauer 2004),
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Fig. 6. Isopollen map of Pinus pollen across Central Europe for the Younger Dryas cold period (based on data from 54 sites = open dots;
Table S1). Green indicates low values; red, high values. Solid dots indicate study sites (Table 1) with only percentage data (white) and PAR
data (black) in the study area (red square). Winter sea-ice limit and Scandinavian Ice Sheet redrawn from Isarin & Renssen (1999). The
coastline corresponds to a mid-Younger Dryas sea level of -65 m (Peltier & Fairbanks 2006), and the Baltic Ice Lake is drawn following
Jakobsson et al. (2007). Present-day political borders are indicated by grey lines. Bathymetry and elevation data are derived from the SRTM30
plus data set (Becker et al. 2009). This figure is available in colour at http://www.boreas.dk.
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although drier periods may have occurred during the
first (Goslar et al. 1993; Brauer et al. 2000) or second
(Isarin et al. 1998) half of the Younger Dryas. The
absence of tree birch from the flattest areas, which
consist mainly of humid glacial till, suggests that birch
did not suffer from dryness.

The Younger Dryas decline of pine, pronounced only
north of 53°, was probably not caused by low summer
temperatures: the minimum July temperature require-
ments for Pinus sylvestris (11.5–12°C; Jensen et al. 2007;
Kuoppamaa et al. 2009) are below the summer tempera-
tures in the Mecklenburg–Vorpommern area during the
Younger Dryas (>12°C; Isarin & Bohncke 1999). Pinus
sylvestris can also withstand extremely cold winter tem-
peratures, for example in highly continental central
Siberia (Tchebakova et al. 2010). Because of its tap root,
however, pine avoids permafrost soils that thaw less
than 1 to 2 m during summer, and thus in the coldest
areas it is restricted to deeply thawing sandy soils in large
river valleys (Tchebakova et al. 2010; Troeva et al.
2010). In the area of Mecklenburg–Vorpommern, the
formation of permafrost during the Younger Dryas is
indicated by the drowning of small and medium-sized
lake basins and by ice-wedge casts (Kühn 2003; Kaiser
2004). These phenomena are not known in the Bran-
denburg area. The demise of pine in Mecklenburg–
Vorpommern during the Younger Dryas was thus
possibly related primarily to the re-establishment of
permafrost. This hypothesis is supported by the situa-
tion in the Netherlands, where at least discontinuous
permafrost existed (Isarin 1997). Pine was mostly rare,
but possibly more abundant in the large river valleys
(Hoek 2000). Large rivers prevent the formation of
permafrost and are thus the primary site of pine in the
permafrost areas of Central Siberia today (Tchebakova
et al. 2010).

Shrub and herb vegetation

Many herbal taxa are barely represented in pollen
records as they produce little pollen, which is further-
more poorly dispersed by wind. Reconstructions of
past herbal vegetations are thus inevitably fragmen-
tary. These limitations and the presence of pollen
attributed to steppe (e.g. Artemisia and grasses) as well
as of pollen attributed to tundra vegetation (e.g. erica-
ceous dwarf shrubs) lead to controversial interpreta-
tions of the character of open vegetation in glacial cold
periods (Yurtsev 2001; Bocherens 2003). For Beringia,
Elias et al. (1996) suggest the presence of vegetation
similar to present-day arctic tundra. Guthrie (2001)
points to a tundra steppe and argues that steppe
elements, specifically grasses, sustained the megaher-
bivores of that time, including woolly mammoth,
woolly rhinoceros and horse. The establishment of
steppe vegetation is related mainly to dry soil condi-
tions, not to temperature regime (Yurtsev 2001). The

tundra-steppe (or mammoth steppe) is considered to
have no modern analogues (Guthrie 2001).

For the Younger Dryas, PARs of steppe taxa
(Artemisia and Gramineae) are over all the study area
one order of magnitude higher than at the northern tree
line in Fennoscandia today (Fig. 5). Considering that
we compare regional pollen deposition from small and
medium-sized lakes from the study area with pollen
deposition in Scandinavian pollen traps with also local
pollen deposition, these differences may even be under-
estimated. We exclude the possibility that the high
PARs are largely attributable to long-distance trans-
port (cf. Heikkilä et al. 2009): in the north of the study
area, PARs of Artemisia and Gramineae are as high as
or slightly lower than those of Pinus. Pine is a much
stronger pollen producer and formed extended forests
just 100 km south of these sites. It thus appears that
steppe elements were present in the study area. The lack
of modern PAR data from continental areas hampers a
detailed interpretation with respect to the abundance of
steppe taxa.

PARs indicate that ericaceous dwarf shrubs, a
typical element of tundra vegetation, did not expand (in
the south) or expanded only slightly (in the north)
during the Younger Dryas. Also in the northern part of
the study area, PARs remain one order of magnitude
lower than in pollen traps from northern Fennoscandia
(Fig. 5; cf. Hättestrand et al. 2008). Higher values in
the traps might (partly) originate from (extra)local
pollen deposition, namely from ericaceous dwarf
shrubs growing in the vicinity of the traps. As
the results are similar for most of the pollen traps (cf.
Hättestrand et al. 2008), such (extra)local effects are
probably small. The data set on dwarf birch, a further
prominent element of tundra vegetation, is too frag-
mentary to reconstruct its response to the Younger
Dryas cooling in detail. Percentage values of Betula
nana type pollen are highly elevated during the
Younger Dryas (Table 2), but that may result mainly

Table 2. Proportion and PAR of Betula pollen attributable to
Betula nana in Allerød and Younger Dryas sections from northern
Germany. Proportions were estimated using size statistics.

Site Weitsche Scharnhagener
Moor

Kieshofer Moor

Location 53°0′N 54°27′N 54°7′N
11°07′E 10°08′E 13°20′E

Reference F. Turner,
pers. comm.
2011

Usinger (1981) Present study

Allerød – – ~2.5%/~65
grains cm-2 a-1

Younger
Dryas

>70% ~70%
(PAR: ~800)

~30%/~60
grains cm-2 a-1
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from the decline of tree birch. At Kieshofer Moor,
PARs of Betula nana are just as high during the
Younger Dryas as during the Allerød (Table 2). Salix
pollen represents species growing in mesic or wet con-
ditions, including dwarf shrubs from the tundra but
also shrubs and trees from wetlands. Comparatively
high PARs of Salix (cf. Fig. 5), which are not corre-
lated with landscape hilliness indicate that Salix played
a much greater role in the vegetation than it does at the
northern forest limit today. Whether that represents
tundra vegetation rich in Salix dwarf shrubs or thickets
along streams and wet depressions cannot be deduced.
Higher PARs in the south of the study area and during
the warmer Allerød may indicate that high Salix pollen
deposition derived primarily from more warmth-loving
vegetation.

Cyperaceae and Thalictrum pollen is produced
from species of tundra as well as from steppe vegetation.
As for grasses, high values of these pollen types in glacial
periods have been attributed to steppe vegetation
(Andreev et al. 2004). Correspondingly, Younger Dryas
PARs of Cyperaceae and Thalictrum, like that of
Artemisia, are much higher than at the present northern
forest limit in Fennoscandia (Fig. 5) and correlate posi-
tively with landscape hilliness (Fig. 3). The sharp decline
in PARs of Filipendula all over the study area (Fig. 5)
suggests that the corresponding species suffered sub-
stantially from the Younger Dryas cooling.

PAR data suggest that Juniperus persisted or may
have expanded slightly during the Younger Dryas,
especially in the north. It remained more widespread
in the south. Severe winter conditions, which damage
needles and immature cones of Juniperus (Thomas
et al. 2007), may have limited its expansion in the north
so that it gained only limited benefit from the forest
opening.

In the study area, the Younger Dryas cooling and the
consequent demise of forests (namely north of 53°)
thus had surprisingly little effect on the shrub and herb
vegetation. Patches of dry steppe and mesic tundra veg-
etation, which apparently already existed during the
preceding Allerød, largely persisted into the Younger
Dryas. It appears that low precipitation, which has
been assumed for the Younger Dryas but not the
Allerød (Goslar et al. 1993; Isarin et al. 1998; Brauer
et al. 2000), is not the primary key for the presence of
steppe vegetation. The increase of PARs with land-
scape hilliness (Fig. 3) indicates that, at least in the
north of our study area, steppe taxa existed primarily in
hilly landscapes, supposedly on warm and dry southern
slopes. Whereas high solar insolation resulting from
orbital changes allowed widespread and continuous
expansion of steppes in SE Europe throughout the
Lateglacial and early Holocene (Wright et al. 2003), it
supported only the presence of azonal steppe vegeta-
tion in central Europe, on sites with the highest solar
insolation and thus driest soils. Low atmospheric CO2

levels during the Lateglacial may have been a further
factor. In low-CO2 conditions plants increase their sto-
matal conductance and their number of stomata, so
that evapotranspiration and water losses increase
(Cowling & Sykes 1999; Woillez et al. 2011). The
general rareness of ericaceous dwarf shrubs, which
require permanently high atmospheric humidity, indi-
cates that water stress also affected the shrub and
herbal vegetation on less exposed sites. Increased
clastic sedimentation in lakes in the north suggests that
the shrub and herbal vegetation was more open than in
the south (de Klerk 2008).

The European arctic tree line during the Lateglacial
and today

The tree line may be defined as the line connecting the
uppermost (or northernmost) forest patches (Körner
2007). The potential tree line corresponds to a mean
temperature of the growing season of 6–7°C (Körner
2007), but the actual tree line may be retreated because
of unfavourable soil conditions or the absence of well-
adapted taxa. The present-day arctic (or northern) tree
line of the world is mostly dominated by spruce (Picea
glauca and P. mariana in North America and Picea
obovata in Eurasia). In the most continental parts of
Eurasia, with extremely cold winters and permafrost
soils, spruce is substituted by larch (Larix sibirica and
L. dahurica; Troeva et al. 2010), whereas in the most
oceanic climates of northern Fennoscandia and Kam-
chatka, spruce is substituted by tree birch (Betula tor-
tuosa and B. ermanii). The absence of spruce from the
tree line in oceanic climates is poorly understood but
might relate to unfavourable respiratory losses during
recurrent warm spells in the middle of winter (Oksanen
et al. 1995). The absence of spruce at the Fennoscan-
dian tree line has also been attributed to its slow post-
glacial immigration, which was delayed by the Scandes
mountains as well as by unfavourable soil conditions
(Oksanen et al. 1995).

During the Lateglacial, pine and tree birch were the
dominant tree species of central Europe. In the Allerød
period, which was characterized by a warm and fully
oceanic climate, tree birch was – as it is in Fennoscan-
dia today – the dominant tree-line taxon of central
Europe. It possibly formed continuous forests at about
56–57°N (Björck & Möller 1987), approaching the
southern limit of the Scandinavian inland ice. Pine
forests also occurred, especially on sandy soils further
south (Theuerkauf & Joosten 2009).

During the Younger Dryas the continuous birch
forests largely opened up, and only isolated stands per-
sisted, possibly at sites providing shelter from the
winter cold. Such stands may also have existed in
southern Scandinavia (Björck & Möller 1987), suggest-
ing that at least periodically summer warmth was suf-
ficient to support tree growth – which, however, was
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possible only in sheltered sites. The actual tree line
thus possibly shifted southwards only to a limited
extent. Pine was expelled from areas north of 53°N,
probably by the development of permafrost (see
above).

Thus, while cold winters hampered the occurrence of
pine and birch (see above), low winter temperatures
have been suitable for the cold-adapted taxa spruce and
larch. During the Younger Dryas, spruce did indeed
expand from its eastern glacial refugia in Russia
(Väliranta et al. 2010) westwards into the Baltics (cf.
Heikkilä et al. 2009) and northern Poland (Latałowa
& van der Knaap 2006). Pollen attributed to spruce
has also recurrently been found in Younger Dryas sec-
tions from the study area, for example at Löddigsee
(Jahns 2007) and Reinberg (de Klerk 2008), but low
pollen percentages (<0.5%) and accumulation rates (~3
grains cm-2 a-1) do not support the widespread presence
of spruce in the study area: values up to 10% from
Hoher Birkengraben (de Klerk 2002) possibly represent
inwashed older pollen. Single stands still may have
existed (cf. Kullman 2002). The assumption that
Younger Dryas winters were too cold for spruce is
contradicted by the presence of spruce in the Baltics,
where winters were similarly cold (Isarin & Renssen
1999). It is, however, so far unknown whether Younger
Dryas winters were, as in truly continental climates,
continuously cold. Warm spells, which may be related
to the still short distances to ice-free parts of the Atlan-
tic Ocean, may have been disadvantageous for spruce
(Oksanen et al. 1995). Future studies may reveal
whether the expansion of spruce halted in northern
Poland or the Baltics because of such unsuitable
climate (or soil) conditions or because the species was
just too slow to arrive in central Europe.

Larch does not appear to have occurred west of
its present range in Russia during the Lateglacial
and Holocene and has correspondingly not been re-
corded in Younger Dryas sediments of the study area
(Kullman 1998). Isolated stands of larch, which do not
register in pollen records, did exist in Fennoscandia
during the early Holocene (Kullman 1998). Scattered
stands of larch thus may have existed in the study area
during the Younger Dryas.

Climate implications

The most prominent feature of Younger Dryas vege-
tation in the study area is the sharp northern limit of
pine at 53°N. We suggest that this limit relates to the
re-establishment of permafrost in the north, which
implies that areas north of 53°N were significantly
colder and had a thinner snow cover than areas farther
south. De Klerk (2008) suggests that this ecotone was
caused by the proximity of the inland ice, which still
covered large parts of Scandinavia (Fig. 6). The
absence of such a sharp gradient in the preceding

warmer periods of the Lateglacial contradicts this
assumption. We alternatively suggest that the sharp
vegetation and climate ecotone at 53°N relates to the
cold Younger Dryas winters induced by the southward
expansion of Atlantic sea ice and a strong westerly
circulation (Fig. 6; Isarin et al. 1998; Isarin & Renssen
1999; Brauer et al. 2008). During winter, sea ice
extended as far south as 52°N (Isarin et al. 1998;
Broecker 2006), that is, to about the latitude of the
northern pine forest limit in NE Germany. Air masses
arriving from ice-covered regions were extre-
mely cold (-30 to -35°C) and dry. Air masses originat-
ing from open parts of the Atlantic were warmer and
moister (Isarin & Renssen 1999; Brauer et al. 2008). In
the strongly zonal circulation of the Younger Dryas,
extremely cold and dry air masses may have pre-
vailed at latitudes north of the sea-ice limit, with
warmer and moister air masses farther south. The
extremely cold and dry conditions with a thin snow
cover may have enabled the formation of permafrost
and expelled pine from areas farther north. To verify
this hypothesis, the distribution of permafrost and pine
needs to be studied in other areas. Towards the Atlantic
Ocean, pine is, however, rare to absent also from south-
ern areas (Fig. 6). This might reflect too cool summer
conditions in the vicinity of the ocean, which is also
responsible for the lowering of the present tree line in
Fennoscandia towards the Atlantic (Moen 1999).

We find only small latitudinal differences in shrub
and herbal vegetation, which confirms that only small
latitudinal trends in summer temperatures existed.
Coleopteran assemblages suggest July temperatures of
only 9°C, which seems too low to explain the wide-
spread occurrence of forests in the south and of scat-
tered forests in the north. Temperature estimates based
on plant macrofossils instead suggest 12–13°C (Isarin
& Renssen 1999). The presence of steppe vegetation is
in agreement with such rather low summer tempera-
tures. Azonal steppe vegetation is presently found even
in the Arctic, where it depends primarily on dry soils
conditions and is largely independent of the tempera-
ture regime (Yurtsev 2001).

Conclusions

We used a data set of 69 sites to refine earlier reconstruc-
tions of Younger Dryas vegetation across a major
ecotone in central Europe. For the first time, the data set
includes pollen accumulation rate data from 14 sites,
which allowed us to modify earlier interpretations.

During the Younger Dryas, a sharp northern limit of
pine forests existed in central Europe at about 53°N.
Pine was possibly expelled from areas further north by
the formation of permafrost, resulting from markedly
colder and drier conditions. These conditions may have
been caused by the southward expansion of ice cover
on the Atlantic.
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Tree birch was strongly impacted over a much larger
area, and its occurrence became restricted to sheltered
sites, possibly because of a shortened growing season or
increased frost incidence during the growing season.
Dryness was apparently not a primary limiting factor.

The herbal vegetation on dry southern slopes was
rich in steppe elements (e.g. Artemisia and Gramineae).
The herbal vegetation of flat, humid sites remains
largely unknown; mosses and dwarf birch may have
played a major role. Ericaceous dwarf shrubs were rare.

The downscaling method (Theuerkauf & Joosten
2009) again showed its ability to substantially increase
the spatial resolution of the vegetation reconstruction.
With careful site selection (Giesecke & Fontana 2008),
the approach even allows the interpretation of hitherto
neglected small site-to-site differences in pollen accumu-
lation rates in terms of fine-scale vegetation patterns. We
found that during the Younger Dryas, trees, shrubs, but
also several herbal taxa, preferentially grew (or flow-
ered) in the hillier part of the landscape of NE Germany.
The use of PAR, however, demands an improved under-
standing of whether and how the pollen productivity of
species is influenced by climate variables.

Tracking the Younger Dryas tree line in other parts of
Europe will improve our understanding of the Younger
Dryas climate system, as the most pronounced changes
will have occurred over the tree-line ecotone.
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shown (cf. Fig. 1). Substrate abundances were calcu-
lated using distance weighting by 1.
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the pollen sample sites (x-axes). Only southern sites are
shown (cf. Fig. 1). Substrate abundances were calcu-
lated using distance weighting by 1.

Fig. S7. Correlation coefficient r (y-axis) of the cor-
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a b s t r a c t

The warming at the Younger DryaseHolocene transition (w11,600 cal. BP) triggered the rearrangement
of vegetation across Europe. To better understand that response, we analysed both an extended fossil
pollen data set and robust present-day site parameters from NE Germany in a data model comparison
approach. This approach allowed to quantify past plant abundances in sub-regional landscape patterns,
as defined by soil types and relief. Betula was the first tree taxon to expand from scattered stands that
already existed during the Younger Dryas. The major tree taxa Betula and Pinus fully established after 200
e400 years as largely separated stands of Pinus onwell drained sandy and Betula on fertile morainic soils.
Corylus started to spread after 11,200 cal. BP, yet the final expansion was delayed until w10,800 cal. BP.
Corylus established on gleyic soils, from which it largely expelled Betula. Throughout the first two
millennia of the Holocene, open grasslands existed on fine grained soils, where seasonal dryness pre-
vented the establishment of deciduous trees.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In Central Europe thepresentwarmperiod, theHolocene, started
approximately 11,600 cal. BP (Brauer et al., 1999). Within a few de-
cades or even years, the cold continental climate of the Younger
Dryas with mean January temperatures approaching �20 �C
changed into a temperate climate with mild winters and warm
summers (Renssen, 2001), which triggered an instant response of
various biota, including algae and insects but also woody plant taxa
(e.g. Ammann et al., 2000). The overall forest succession in Europe is
long known (Firbas, 1949). North of the Alps succession includes a
first period dominated by Betula and Pinus, followed by the main
expansion of Corylus atw10,450 cal. BP and the expansion of further
warm temperate taxa including Tilia, Quercus and Alnus after
w9500 cal. BP (Giesecke et al., 2011). Firbas (1949) but also recent

authors (Tallantire, 2002; Giesecke et al., 2011) suggest the initial
presence of uniform and open Betula-Pinus forests, into which Cor-
ylus expanded as an understorey element. Whether differences in
soil conditions and relief topography resulted, as in the preceding
Lateglacial (Theuerkauf and Joosten, 2009, 2012), in the formation of
separate vegetation units, is yet unknown. In the first centuries after
the warming, forest succession was interrupted or reversed during
the Rammelbeek phase (Behre, 1966; Björck et al., 1997; Bos et al.,
2007; de Klerk et al., 2007). This interruption has been attributed
to the cold Preboreal oscillation recorded in Greenland ice cores
(Van der Plicht et al., 2004; Rasmussen et al., 2007). Bohncke and
Hoek (2007) instead detect two interruptions in early Holocene
vegetation succession and suggest that the first of these in-
terruptions, which they interpret to be the Rammelbeek phase,
started well after the Preboreal oscillation. The magnitude of pollen
fluctuations differs: while large fluctuations are observed in areas
with expanding forests such as Germany and Denmark only small
fluctuations occur in areaswith still open vegetation such as Iceland
and southern Sweden (Björck et al., 1997). The early succession and

* Corresponding author. Tel.: þ49 3834 864509; fax: þ49 3834 864501.
E-mail address: martin.theuerkauf@uni-greifswald.de (M. Theuerkauf).
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abundance of Corylus in NW and Central Europe is restricted to the
early Holocene e it has not been observed in earlier interglacials
(Tzedakis, 2005; Finsinger et al., 2006). Among other causes the
introduction by Mesolithic humans has been suggested (Firbas,
1949; Zoller, 1960). Furthermore, increased hunting activities of
modern humans may have affected forested succession due to
reduced grazing pressure. The widespread synchronous expansion
of Corylus across large parts of Europe around 11,450 cal. BP
(Giesecke et al., 2011) suggests however that the expansion was
mainly controlled by climate in away that initial populations spread
soon after the Holocene warming, but only expanded widely after a
shift tofinally suitable climate conditions (Rudolph,1930; Tallantire,
2002; Giesecke et al., 2011). Whether and where such initial pop-
ulations did exist is not known, nor which climate parameter was
responsible for such drastic vegetation change over an extensive
area with large differences in climatic conditions today. Finally, the
Holocene warming induced the (re)formation of closed forests, as
reflected in a shift in herbivore communities from open vegetation
grazers (reindeer) to forest browsers (red deer; Terberger et al.,
2004) and corresponding adaptations in human cultures (Weber
et al., 2011). How open the forests were, is still unknown. Wild
horse (Equus ferus), which is usually considered to be an obligate
grazer in open landscapes although survival in open Pinus forests
may not be excluded, was present until w9500 cal. BP (Sommer
et al., 2011). The presence of wild horse may thus indicate but
cannot proof the presence of open steppe vegetation.

To improve the understanding of forests patterns, migrational
pathways and openness of early Holocene vegetation we here
combine a data-model comparison approach designed to translate
pollen percentage values into past plant abundances (Theuerkauf
et al., 2012) and a downscaling approach designed to detect small
scale vegetation patterns related to robust patterns in landscape
parameters (Theuerkauf and Joosten, 2009). We apply these ap-
proacheswithpollenpercentagedata fromNEGermany to explore1)
whether and what kind of forest communities existed during the
early Holocene, 2) whether and where initial populations of
temperate woody taxa, e.g. Corylus, existed and 3) where exactly
open, grass-rich vegetation typeswere situated.Wehypothesize that
in contrast to the common notion of uniform Betula-Pinus(-Corylus)
forests rather distinct vegetation types on distinct site types existed.

2. Material and methods

The study area in NE Germany (w200 � 300 km) stretches from
the Baltic Sea southwards to the latitude of Berlin (Fig. 1). Most of
the study area was ice covered during the Weichselian glaciation
and is thus characterised by glacial till, terminal moraines and
sanders. We employ a large pollen percentage data set, supple-
mented by pollen accumulation rate data (PAR; Table 1; Fig. 1). To
explore patterns in the early Holocene vegetation on a sub-
landscape level we introduce the extended downscaling approach
(EDA), which combines the downscaling approach (Theuerkauf and
Joosten, 2009) and a simulation approach (Theuerkauf et al., 2012).
In that approach, we compare fossil pollen data from 62 sites with
pollen deposition simulated on the basis of the present-day pattern
of landscape units, defined by soil and relief parameters. In an
iterative process, the initially random species composition of each
landscape unit is adjusted to arrive at best fit between simulated
and fossil pollen percentage values.

2.1. Fossil pollen data

Pollen data from the early Holocene period were extracted from
53 previously published and 9 newly produced pollen diagrams
(Table 1; Fig. 1). We only selected sites with prevailing aerial pollen

deposition, i.e. lakes and peatlands with nomajor inflow.Modelling
excluded coastal sites where rising water levels may have sub-
stantially changed relief and substrate patterns since the Younger
Dryas (Hoffmann et al., 2005; Lampe et al., 2005), as well as very
small sites (with prevailing [extra]local pollen deposition) and sites
from the Brandenburg area, from which insufficient digital map
data are available. New pollen data were derived from 9 (recently
terrestrialised) lakes representing the different landscapes of the
study area. To focus on regional atmospheric pollen deposition we
selected 10e100 ha large, circular (palaeo) lakes without inflow.We
cored with a chamber corer (chamber of 1 m length and 7 cm
diameter). Preparation (Fægri and Iversen, 1989) of the pollen
samples (0.25 ml volume) included addition of one Lycopodium
tablet (Lund University, batch-Nr. 938934, Nw10679 Lycopodium
spores), treatment with 10% HCL, 20% KOH, sieving (120 mm) and
acetolysis (7 min). Samples containing clastic sediments were
additionally treated with HF. Samples were mounted in silicone oil.
Counting was carried out with 400-� magnification. Percentages
were calculated using an upland pollen sum including POACEAE but
excluding CYPERACEAE pollen. A minimum of 300 pollen sum grains
was counted per sample. To clearly separate between plant taxa
and pollen types, the latter are written in SMALL CAPS (cf, Joosten & de
Klerk, 2002).

We divided the early Holocene into three pollen stratigraphical
zones. The Younger DryaseHolocene transition is recognised by
sharply declining pollen percentages of JUNIPERUS, ARTEMISA and POA-
CEAE and the increase of FILIPENDULA. The first zone (BETULA maximum)
includes samples with elevated percentage values of BETULA pollen
just following that transition. The second zone (PINUS maximum)
includes samples with maximum percentages of PINUS pollen and
still low percentages of CORYLUS pollen (<5%). The third zone (CORYLUS

maximum) includes all samples with high values of CORYLUS pollen.
As both the Younger DryaseHolocene transition and the main
expansion of Corylus are climate driven, simultaneous events across
Central Europe (Giesecke et al., 2011) we consider these zones as
largely coeval across the study area. For each diagram, the pollen
counts of all samples in each zone were summed up (cf. Table 1) to
calculate mean percentage pollen values. PARs were calculated for
the three sites from the study area with the highest sample reso-
lution, i.e. Löddigsee (cf. Jahns, 2007), Kieshofer Moor and
Potremser Moor. Age depth models are constrained bio-
stratigraphically by the onset (12,700 cal. BP; indicated by an in-
crease in JUNIPERUS, ARTEMISIA and POACEAE) and the end (11,600 cal. BP;
cf. Brauer et al., 1999; indicated by a decline in JUNIPERUS, ARTEMISIA

and POACEAE and an increase in FILIPENDULA) of the Younger Dryas, by
tephra layers and radiocarbon dates (Fig. 2). For comparison, pollen
data from the high resolution record of Lake Müritz (Mür2, only
pollen percentage data; cf. Lampe et al., 2009), the annually lami-
nated sequence of Meerfelder Maar (western Germany; cf. Stebich,
1999) and the wiggle match dated sequence of Haelen (The
Netherlands, cf. Bos et al., 2007) are shown. The lower part of the
Haelen sequence has not been dated, the sediment accumulation
rate for that section was estimated to 0.1e0.2 mm yr�1. In all data
sets, PARs are presented as original values and running means over
three depths (Fig. 3).

2.2. Simulated pollen data

The landscape of the study area has mainly been shaped by
glacial activity during the last ice age. We thus assume that the
present-day pattern of soil substrates and relief basically already
existed during the Early Holocene. Site data were extracted from
the digital soil map (“Bodenübersichtskarte”), the map of the nat-
ural environment (“Naturraumkarte”) and a digital elevation
model. The digital soil map (on a scale of 1:200,000) records
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superficial sediments as well as soil classification units. Both layers
were simplified into three major categories (Table 2). We further-
more extracted patterns of soil wetness and soil nutrients from the
map of the natural environment (on a scale of 1:50,000). Again,
both parameters were simplified and reclassified into three major
categories (Table 2). Processes such as decalcification and podzo-
lisation certainly have changed the character of soils since the early
Holocene, but the rough differentiation used here (podzol, brown
earth and gleyic soils) will still largely represent robust factors that
led to the formation of these soil types, e.g. substrate type and
water level. Also soil wetness and soil nutrients may change in
response to climate and vegetation cover. We still assume that the
general pattern of wet versus dry and rich versus poor sites has
been largely constant.

Relief parameters were derived from the Shuttle radar topog-
raphy mission data set (SRTM; http://www2.jpl.nasa.gov/srtm/),
providing a spatial resolution of three arc seconds (w90 m) with an

average vertical error ofw5m. Altitudes in the study area currently
vary from 1 to 178 m asl. The digital elevation model was converted
into a map of slopes, which were classified into three categories
(Table 2). For each resulting, reclassified map layer (soil substrates,
soil units, soil wetness, soil nutrients, slopes) we divided the area
until 30 km distance from each site into concentric 1 kmwide rings.
Within each ring, the abundance (area) of each map category (cf.
Table 2) was determined using an ArcView 3.2 (ESRI, Redlands, CA,
USA) script. Map data were only extracted from 30 km from each
site because for many sites larger rings would have covered
neighbouring areas, for which no soil data is available. Data for
larger rings until 100 km distance were interpolated linearly
assuming that in the largest ring (99e100 km) the composition of
each landscape parameter is the mean composition of all 30 km
circles, i.e. similar for all sites. We modelled pollen deposition in
each of the 62 sites using these ring data of landscape parameters
(Table 2) until 100 km from each site. Simulations were run for

Fig. 1. Sample sites in NE Germany.
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Pinus, Betula and Corylus (as the major woody taxa of the early
Holocene) and open vegetation (represented by POACEAE pollen) for
each stratigraphic zone. Simulations were run for each of the five
landscape parameters (soil substrates, soils units, soils wetness, soil
nutrients, slopes) separately (Table 2).

Each simulation run started with a random vegetation compo-
sition in the three categories of the respective landscape parameter
(cf. Table 2). Pollen deposition of each pollen type at each site was

then calculated e in an iterative process e as the sum of pollen
produced per unit area in each ring around that site times a
respective distance weighting factor. For each taxon, pollen pro-
duction per unit area in a ring is the mean abundance of that taxon
in the ring times its relative pollen productivity (PPE; Table 3). As
far as possible we used PPEs determined for the study area
(Theuerkauf et al., 2012), taking into consideration that PPEs of
Betula (w4) are possibly over-estimated. In four scenarios (Table 3)

Table 1
Study sites in NE Germany used in the simulation approach. Columns IeIII show pollen sums for the three time slices BETULA, PINUS and CORYLUS maximum.

Site Latitude Longitude Size ha I II III Reference

Meckleburg-Vorpommern
Ahlbecker Seegrund 53�390 14�130 600 e 1035 3250 Kloss in de Klerk, 2005
Arkona 54�410 13�250 <1 1966 1653 626 Lange et al., 1986
Bixbeerenbruch 53�210 13�130 3.8 600 604 247 Müller, 1961
Blänck-Bruch bei Carpin 53�210 13�130 3.4 396 e 317 Müller, 1961
Crednersee 54�290 13�360 1 736 1142 916 Lange et al., 1986
Daschower Moor 53�300 12�090 2 e 1713 1158 Dommain, present study
Drewitzer See 53�320 12�210 180 477 735 681 Theuerkauf/Schult, unpublished
Hoher Birkengraben 54�150 12�530 100 4826 13307 20310 de Klerk, 2002
Fauler See bei Goldenbaum 53�200 13�150 3.6 1194 e 435 Müller, 1961
Frankenthal 54�190 13�170 25 1601 1192 763 Lange et al., 1986
Fürstenseer See-Moor 53�180 13�110 0.5 e 1104 374 Müller, 1961
Gingster Moor 54�270 13�160 15 1180 764 e Lange et al., 1986
Glashütte 53�350 14�120 1 e e 1593 Kaiser et al., 2003
Gorinsee 53�360 14�140 10 714 829 1120 Theuerkauf, present study
Grob Radener Binnensee 53�440 11�520 18 e 799 629 Jeschke and Lange, 1987
Grob Rehberg/Müritz 53�380 12�300 1 385 364 423 Schoknecht, 1996
Grosser Ploetzensee 53�210 13�300 5 906 1746 387 Homann et al., 2002
Grober Serrahnsee 53�210 13�120 90 800 802 1026 Müller, 1961
Heinrichswalder Damm 53�380 13�450 100 690 985 563 Kloss in de Klerk, 2004a
Hüttendamm 53�390 13�500 100 494 391 2268 Kloss in de Klerk, 2004a
Kargowseen 53�310 12�340 10 1494 1993 4767 Schoknecht, 1996
Kieshofer Moor 54�080 13�200 20 1119 1096 1078 Theuerkauf, present study
Klaedener Plage 53�380 12�030 20 765 1732 365 Theuerkauf, present study
Kleiner Fauler See 53�380 14�130 15 1893 2717 460 Herking, 2004
Klinker Plage 53�310 11�410 20 856 1258 650 Theuerkauf, present study
Löddigsee 53�250 11�550 150 1032 4111 5994 Jahns, 2007
Moor am Schwarzen See 53�200 13�130 e 600 e 260 Müller, 1961
Moorer Busch 53�540 11�060 4 288 593 1592 Fukarek in de Klerk, 2007a
Moosbruch 53�360 13�550 100 485 691 622 Kloss in de Klerk, 2004a
Moosbruch 53�210 13�100 e e e 342 Müller, 1961
Neubrück 53�160 13�140 1.2 1479 882 1802 Müller, 1961
Plasterinsee 53�180 13�110 e 594 e 449 Müller, 1961
Postbruch III 53�190 13�170 15 784 588 982 Müller, 1961
Potremser Moor 53�590 12�170 15 768 1278 1008 Theuerkauf, present study
Rappin 54�300 13�240 100 1198 e 1726 Lange et al., 1986
Rugensee 53�430 11�230 51 e e 2116 Dörfler, unpublished
Schönwolder Moor 53�380 11�020 120 730 1274 3275 Theuerkauf, present study
Schulzensee 53�150 12�510 40 1903 1663 959 Dörfler in Schwarz, 2006
Serrahn 112 53�210 13�120 0.4 192 592 231 Müller, 1961
Stinthorst/Müritz 53�300 12�390 7 2982 1981 2009 Schoknecht, 1996
Tetel 54�250 13�270 1 299 500 1087 Lange et al., 1986
Teufelsbruch 53�220 13�120 8.2 300 891 562 Müller, 1961
Teufelsmoor am Schwarzen See 53�200 13�140 4.1 600 e 873 Müller, 1961
Teufelsmoor bei Horst 54�030 12�250 <1 799 787 1231 Precker and Knapp, 1990
Tiefer See 53�470 12�170 15 e 1785 1147 Dörfler in Schwarz, 2006
Tollensetal 53�360 13�150 100 1527 679 1488 Kloss, unpublished
Waldsee 53�180 13�170 3.8 594 594 388 Müller, 1961
Weibes Moor 53�190 11�330 3 301 882 505 Theuerkauf, present study
Brandenburg
Amtssee Chorin 52�530 13�530 10 1746 1050 1278 Schoknecht, unpublished
Kesselmoor bei Bienenwalde 53�030 12�460 1.5 3205 2046 971 Kloss in de Klerk, 2004b
Blankensee 52�130 13�070 280 133 486 550 Kleinmann et al., 2002
Schönhagen 52�130 13�080 15 855 e 1775 Kloss in de Klerk, 2007b
Byhlegurer Bagen 51�530 14�100 <1 1164 607 628 Strahl, 2005
Diebelsee 52�550 13�440 1.5 512 1011 657 Schlaak and Schoknecht, 2002
Felchowsee 53�030 14�080 140 3065 3173 662 Jahns, 2000
Gabelsee 52�250 14�180 10 1720 3098 4295 Jahns, unpublished
Grober Krebssee 52�510 14�060 12 e 5711 2148 Jahns, 2000
Grobes Postluch 52�520 13�490 2 6306 e 876 Schoknecht in Schlaak, 1993
Schulzensee Zechow 53�030 12�540 0.5 510 1478 771 Schoknecht in Gärtner, 1998
Seddiner See 52�160 13�010 252 198 98 e Strahl, 2005
Siethener See 52�170 13�120 80 295 969 959 Müller, unpublished
Unter-Ückersee 53�150 13�510 1000 5644 6580 2488 Jahns, 2001

M. Theuerkauf et al. / Quaternary Science Reviews 90 (2014) 183e198186

Lateglacial and Early Holocene vegetation of NE Germany - Paper IV



79Author's personal copy

PPEs of Betula were thus adjusted to 1 (scenario II and IV) and 2
(scenario I and III). For Corylus, PPEs were not available from the
study area. Estimates from other areas vary strongly (cf. Soepboer
et al., 2007; Broström et al., 2008), which may e besides method-
ological reasons e reflect that pollen productivity of Corylus is low
when growing as an understorey taxon but high when growing as a
tree (Tallantire, 2002). Assuming that Corylus primarily occurred
tree like in the early Holocene (Tallantire, 2002), we set the PPE of
Corylus equal to that of Betula (cf. Andersen, 1970). To consider
uncertainties in PPEs, we ran four PPE scenarios (Table 3).

The distance weighting factor for each ring was derived from a
Lagrangian stochastic (LS) model on pollen dispersal (cf. Kuparinen
et al., 2007; Theuerkauf et al., 2012). For each pollen type, 20,000
pollen flight trajectories were calculated in the model software
(friction velocity u* ¼ 0.6 m s�1, Obukhov-length L ¼ �40 m;
further parameters follow Kuparinen et al. (2007); for fall speed of
pollen see Table 3). To fit with ring data, dispersal distances were
binned within the 1 km steps. Pollen from sources farther than
100 kmwas disregarded. In our approach we focus on atmospheric
pollen deposition and neglect pollen transport and mixing in the
water column. Pollen deposition at each site was transformed into
percentage values based on the sum of the four pollen types
included. We optimized the overall fit between modelled and
empiric pollen percentages by adjusting the vegetation composi-
tion for each parameter class using the Solver Addin in MS Excel. To
increase the weight of rarer pollen types the similarity between
simulated and empirically observed pollen percentage values
(calculated on the same pollen sum) was calculated as the square
root of the Euclidian distance times the empirical pollen percent-
ages. Error estimates were calculated by bootstrapping over 100
model runs. For each run, a subset of the original data was
randomly drawn (with replacement). To consider errors in the
pollen counts and thus in the empirical pollen percentage values
we estimated the standard deviation (Mosimann, 1965) and with
that the normal distribution of the pollen percentages. A random
pollen percentage from this distributionwas used in each bootstrap
run. 90% confidence limits were calculated by excluding the 5
lowest and highest estimates from the 100 model runs.

3. Results and interpretation

We here combine results from the analysis of vegetation pat-
terns on a sub-landscape level, based on numerous pollen per-
centage diagrams from the northern part of the study area, with
PARs from Kieshofer Moor, Löddigsee and Potremser Moor. The
age-depthmodels (Fig. 2) suggest and stable trends in PARs confirm
that sediment accumulation rates in latter three sites were largely
stable throughout the early Holocene. Still, sample to sample
fluctuations in PARs (Fig. 3) may indicate short-lived fluctuations in
sediment accumulation and/or errors resulting from sampling,
sample preparation or the exotic marker. We thus base our in-
terpretations only on trends in running means over three samples
that show steady and similar trends in all three data sets and thus
appear largely reliable. At all three sites, overall pollen deposition is
low during the Younger Dryas (1000e3000 grains cm�2 year�1) but
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Table 2
Simplified classification of the five landscape parameters (relative abundance of
each category in brackets).

Soil substrates Soil units Soil wetness Soil nutrients Slopes

Sand (36.8%) Podzol (9.1%) Dry (45.9%) Poor (19.5%) Flat (86,1%)
Loam (44.4%) Brown earth

(62.4%)
Intermediate
(22.3%)

Intermediate
(49.0%)

Gently (12,6%)

Sand/loam
(18.8%)

Gley (28.5%) Very wet
(31.8%)

Rich (31.5%) Steep (1.3%)
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starts to increase at the Younger DryaseHolocene transition to
arrive at high levels (20,000e50,000 grains cm�2 year�1) within
two to four centuries. The increase is most pronounced in PINUS and
BETULA pollen, although also PARs of herbal taxa, including POACEAE,
increase. The increase in BETULA pollen is assumingly primarily
attributable at tree birch. Macrofossil evidence from the neigh-
bouring SchleswigeHolstein (Usinger, 2004) suggests that initially
primarily Betula pubescens expanded, yet so far there is no evidence
from the study area itself.

3.1. The initial warming (11,600e11,500 cal. BP)

Most pollen diagrams from the study area show an increase in
BETULA pollen percentages during the initial Holocene warming; it
obviously results from a somewhat faster increase in pollen accu-
mulation rates (PAR) of BETULA compared to PINUS (Fig. 3). Both birch
and pine obviously did expand rapidly in response to the Holocene
warming, yet birch expanded somewhat faster. Stands of birch
possibly did exist across the study area also during the preceding
Younger Dryas, assumingly in scattered stands in the shelter of hills
(Theuerkauf and Joosten, 2012), and possibly allowed a rapid
reforestation from local populations in the early Holocene. Pine
instead was largely absent at least from the northern part of the
study area (Theuerkauf and Joosten, 2012), which may explain its
overall slower expansion. Within the first century of the Holocene,
PARs of BETULA (and thus possibly also coverage of tree birch) arrive
at 50e60% and PARs of PINUS at only 15e30% of the early Holocene
maxima (Fig. 4), suggesting that forests still covered less than 50%
of the landscape. Our simulations arrive at a much higher overall
forest cover of 54e92% (birch: 27e49%, pine: 27e43%; Fig. 4,
Table 4) and thus too low coverage of open vegetation (31e37%
with a PPE of 0.15 and 19e24% with a PPE of 0.3), which may
indicate that PPEs are unsuitable for this zone. Simulations indicate
that birch primarily occurred on sites with gleyic soils that are
presently, and may have been in the past, influenced by stagnant-
and ground water (Table 4). We also find higher BETULA pollen
percentages towards the west of the study area (w75%;
Fig. Supplement 1) than in the east (30e60%), fitting the overall

Central European trend with highest BETULA pollen percentages in
western Germany (Fig. 5), i.e. in more oceanic climates. Both ob-
servations suggest that humid conditions supported the early Ho-
locene expansion of birch. Only Löddigsee and Lake Müritz (Fig. 3)
show oscillations similar to the Rammelbeek oscillations with a
decline in BETULA pollen percentages and consequently higher
values of PINUS and POACEAE afterw11,500 cal. BP and the recovery of
BETULA values after w11,400 cal. BP. The Rammelbeek oscillations
are mainly known from NW Germany (Behre, 1978; Merkt and
Müller, 1999) and The Netherlands (Bos et al., 2007). In Löddigsee
the drop in BETULA pollen percentages at around 11,500 cal. BP
corresponds to a short-lived (w100 years) decline in PARs of BETULA

from10,000 to 5000 grains cm�2 year�1. In Haelen/The Netherlands
a simultaneous short-lived decline from 2000 to 500
grains cm�2 year�1 is observed (Fig. 3). Whether that decline rep-
resents a true decline in standing birch biomass is unclear;
considering the pace of changes in PAR values it may also (partly)
represent reduced pollen productivity in response to an unfav-
ourable climate. The Rammelbeek oscillation is commonly inter-
preted as a shift from forested to open, steppic vegetation and back
to forested vegetation within about century (e.g. Behre, 1966, 1978;
van Geel et al., 1981; Merkt and Müller, 1999). PARs of POACEAE
indeed increase around 11,500 cal. BP, but then remain high even
while and after birch and pine reach their maximum extension at
around 11,000 cal. BP (see next chapter). The increase in PARs of
POACEAE is thus not a short-lived response to a supposed forest
opening. It instead may represent a permanent establishment of
open wetland or steppic vegetation. Higher deposition of POACEAE

Table 3
Fall speed of pollen (taken from Eisenhut, 1961 and Gregory, 1973) and pollen pro-
ductivity estimates (PPEs) as used in four simulation scenarios.

Pinus Betula Corylus Open vegetation

Fall speed (m s�1) 0.031 0.024 0.025 0.035
Scenario I 1 2 2 0.15
Scenario II 1 1 1 0.15
Scenario III 1 2 2 0.30
Scenario IV 1 1 1 0.30

Fig. 4. Reconstructed range of overall cover of Pinus, Betula, Corylus and open vegetation (grey shading, primary y-axis) and PARs of their corresponding pollen types as mean values
from Kieshofer Moor, Potremser Moor and Löddigsee (dashed line, secondary y-axis) during the three stratigraphic zones (BETULA, PINUS and CORYLUS maximum) of the early Holocene.
Results presented for four PPE scenarios (Table 3) with scenario 1 (dark grey) and 2 (light grey) in the upper row and scenario 3 (dark grey) and 4 (light grey) in the lower row.
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Table 4
Species coverage (in %, as confidence intervals) for the three stratigraphic zones of the early Holocene, calculated with the extended downscaling approach. The approach has
been applied separately on five maps (soil substrates, soils units, soil wetness, soil nutrients and slopes), each with three map categories (Table 2). Calculations have been
repeated with four PPE scenarios (Table 4).

BETULA maximum PINUS maximum CORYLUS maximum

Pinus Betula Corylus Open Pinus Betula Corylus Open Pinus Betula Corylus Open

Scenario I
Sand (36.8%) 31e49 17e28 0e2 26e50 73e97 0e1 0e2 3e27 68e83 9e17 0e1 2e22
Loam (44.4%) 0e43 25e43 0e1 21e73 9e43 34e53 0e5 9e57 0e9 8e24 40e56 23e47
Sand/loam (18.8%) 38e94 0e32 0e5 0e59 10e55 15e47 0e19 2e51 2e42 0e28 23e52 6e57
Resulting total cover 19e55 17e35 0e2 19e62 33e65 18e33 0e7 5e45 25e42 7e22 22e35 12e40
Pozol (9.1%) 0e55 2e49 0e8 7e92 82e1 0e0 0e0 0e21 73e1 0e3 0e0 0e23
Brown earth (62.4%) 33e47 19e31 0e0 23e48 50e70 4e12 0e2 17e45 47e54 13e18 1e7 24e38
Gley (28.5%) 28e61 16e46 0e1 0e49 1e39 41e63 0e6 0e51 0e0 1e18 70e89 0e26
Resulting total cover 29e52 17e37 0e1 15e52 39e64 14e25 0e3 11e45 36e43 8e17 21e30 15e33
Dry (45.9%) 43e56 9e17 0e1 29e47 75e99 0e0 0e2 0e25 62e79 12e20 0e4 3e23
Intermediate (22.3%) 0e19 49e91 0e2 4e51 0e37 38e60 0e8 8e52 0e19 9e31 32e54 14e52
Very wet (31.8 %) 8e48 10e48 0e1 15e81 3e39 30e51 0e3 13e62 0e20 0e9 42e63 17e55
Resulting total cover 22e45 18e43 0e1 19e59 35e66 18e30 0e4 6e43 28e47 8e19 20e34 10e40
Poor (19.5%) 10e52 15e38 0e3 13e72 75e100 0e2 0e3 0e26 55e85 11e26 0e3 0e3
Intermediate (49%) 37e71 7e28 0e0 10e45 55e80 2e13 0e3 10e37 41e58 0e15 0e14 22e56
Rich (31.5%) 0e35 29e55 0e3 25e67 0e23 46e70 0e6 16e5 0e0 8e27 52e78 0e39
Resulting total cover 20e56 15e38 0e2 15e57 42e66 15e29 0e4 10e39 31e45 5e21 16e32 11e46
Flat 26e40 25e34 0e0 30e48 46e64 19e23 0e2 13e33 34e43 8e13 2e23 26e35
Intermediate 56e100 0e24 0e4 0e38 62e100 0e6 0e14 0e32 46e93 8e54 0e0 0e3
Steep 0e87 0e36 0e37 0e70 0e100 0e38 0e37 0e64 0e64 15e100 0e24 0e43
Resulting total cover 29e47 22e33 0e1 26e47 47e68 17e21 0e4 11e33 35e49 8e19 18e20 23e32
Overall species cover 24e51 18e37 0e1 19e55 39e66 16e28 0e4 9e41 31e45 7e19 19e30 14e38
Scenario II
Sand (36.8%) 27e42 3e43 0e2 17e40 72e87 0e8 0e4 7e27 54e63 17e29 0e9 5e27
Loam (44.4%) 0e24 40e65 0e1 23e56 0e17 55e74 0e6 16e45 0e0 4e31 56e76 0e30
Sand/loam (18.8 %) 33e82 0e43 0e7 0e52 4e41 20e67 0e25 6e52 0e21 0e37 30e79 3e61
Resulting total cover 16e42 29e53 0e2 16e49 27e47 28e48 0e9 11e40 20e27 8e31 31e52 2e35
Pozol (9.1%) 0e33 6e72 0e10 16e87 100e100 0e0 0e0 0e4 73e100 0e24 0e4 0e24
Brown earth (62.4%) 28e37 32e46 0e1 19e40 49e57 12e25 0e3 19e37 32e38 24e29 9e14 24e31
Gley (28.5%) 17e46 26e64 0e1 0e50 0e9 56e90 0e8 7e42 0e0 0e6 93e100 0e0
Resulting total cover 22e39 28e53 0e2 13e47 40e47 23e41 0e4 14e35 27e33 15e22 32e38 15e22
Dry (45.9%) 39e48 20e34 0e1 19e40 77e89 0e9 1e4 3e21 52e58 22e33 0e11 5e22
Intermediate (22.3%) 0e2 52e100 0e2 0e48 0e0 55e100 0e9 0e43 0e0 6e34 39e75 0e42
Very wet (31.8%) 0e19 34e64 0e3 25e60 0e15 49e69 0e4 19e49 0e1 0e7 60e79 19e39
Resulting total cover 18e29 32e58 0e2 17e48 35e46 28e48 0e5 7e35 24e27 11e25 28e47 8e32
Poor (19.5%) 5e40 20e49 0e4 15e74 75e100 0e5 0e3 0e25 45e74 19e42 0e8 0e25
Intermediate (49%) 31e61 24e48 0e0 0e36 45e59 8e32 1e5 12e40 25e42 13e30 7e28 16e44
Rich (31.5%) 0e27 35e73 0e3 20e57 0e0 60e100 0e6 0e40 0e0 0e21 66e97 0e27
Resulting total cover 16e46 27e56 0e2 9e50 37e48 23e48 0e5 6e37 21e35 10e30 24e46 8e35
Flat 18e27 40e47 0e1 28e39 38e51 32e37 0e3 15e27 22e29 15e22 31e35 19e26
Intermediate 49e100 0e28 0e7 0e36 51e100 0e17 0e18 0e32 56e100 0e44 0e0 0e0
Steep 0e100 0e42 0e41 0e55 11e100 0e39 0e36 0e53 0e73 3e100 0e25 0e43
Resulting total cover 21e36 35e45 0e2 25e39 39e57 28e35 0e5 13e28 26e37 13e25 27e31 17e23
Overall species cover 19e38 30e53 0e2 16e47 36e49 26e44 0e6 10e35 23e32 12e27 28e43 10e29
Scenario III
Sand (36.8%) 42e59 22e32 0e1 12e33 84e99 0e2 0e2 0e16 78e88 10e17 0e2 0e12
Loam (44.4%) 5e51 32e50 0e0 8e55 14e48 39e56 0e5 6e41 0e12 14e28 44e61 12e37
Sand/loam (18.8%) 30e100 0e39 0e4 0e45 9e57 15e51 0e16 4e51 6e38 0e24 21e57 4e53
Resulting total cover 23e63 22e41 0e1 8e45 39e68 20e35 0e6 3e34 30e45 10e23 23e39 6e31
Pozol (9.1%) 0e57 10e50 0e6 1e87 87e100 0e0 0e0 0e14 69e100 0e16 0e11 0e17
Brown earth (62.4%) 42e54 26e34 0e1 14e30 67e78 6e15 0e2 8e25 56e64 16e22 3e9 10e22
Gley (28.5%) 29e64 20e49 0e0 0e47 4e39 40e71 0e6 0e43 0e0 0e15 74e94 0e26
Resulting total cover 34e57 23e40 0e1 9e40 51e69 15e30 0e3 5e29 41e49 10e19 23e33 6e23
Dry (45.9%) 55e66 13e20 0e1 14e30 89e100 0e0 0e2 0e11 73e82 14e22 0e4 0e1
Intermediate (22.3%) 0e23 47e100 0e3 0e47 0e37 39e61 0e9 12e49 0e17 7e35 34e56 9e47
Very wet (31.8%) 4e45 24e59 0e1 10e57 13e42 36e54 0e2 9e44 0e20 0e11 53e67 12e45
Resulting total cover 27e50 24e50 0e1 10e42 45e68 20e31 0e4 6e30 34e48 8e21 24e36 6e29
Poor (19.5%) 16e62 19e40 0e3 9e60 84e100 0e2 0e2 0e18 64e85 12e30 0e2 0e2
Intermediate (49%) 43e85 12e36 0e0 0e29 70e86 3e15 0e3 3e23 53e70 3e16 4e17 9e32
Rich (31.5%) 0e50 30e63 0e2 7e61 0e15 50e77 0e6 15e45 0e1 8e29 54e83 0e32
Resulting total cover 24e69 19e45 0e1 4e45 51e66 17e32 0e4 6e29 38e51 6e23 19e35 4e30
Flat 35e44 31e37 0e0 21e31 58e65 21e25 0e2 11e17 43e50 9e15 24e27 13e19
Intermediate 59e100 0e28 0e3 0e33 60e100 0e21 0e13 0e33 46e92 8e54 0e0 0e0
Steep 0e86 0e43 0e42 0e63 6e100 0e39 0e37 0e50 0e66 9e100 0e25 0e41
Resulting total cover 37e51 27e36 0e1 18e32 58e69 18e25 0e4 10e19 43e55 9e20 21e24 11e17
Overall species cover 29e58 23e43 0e1 10e41 49e68 18e30 0e4 6e28 37e50 9e21 22e33 7e26
Scenario IV
Sand (36.8%) 33e47 36e49 0e2 8e28 82e93 0e9 0e4 0e15 61e68 20e30 0e10 0e15
Loam (44.4%) 0e29 50e74 0e2 10e41 0e12 61e82 0e6 11e36 0e1 12e32 62e82 0e18
Sand/loam (18.8%) 32e93 0e43 0e7 0e41 2e44 23e63 0e25 4e49 0e18 0e34 31e79 3e50
Resulting total cover 18e48 35e59 0e3 7e36 31e48 31e52 0e9 6e31 22e29 13e32 33e55 1e23
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pollen may however also represent the expansion of stronger
pollen producing grasses, including possibly Phragmites australis
(Bos et al., 2005). In the study area, only Löddigsee und Lake Müritz
(Mür2) show the Rammelbeek oscillation. Löddigsee is a paleolake
connected to the river Elde. Mür2 has been cored in a western bay
of Lake Müritz, which today has a small inflow in about one km
distance from the sample site. Certainly at Löddigsee, but possibly
also in Mür2, pollen deposition is influenced by fluvial transported
pollen so that the presence of the Rammelbeek oscillation may
primarily represent changes in riverine vegetation. The absence of
the Rammelbeek oscillation in closed basins, e.g. Kieshofer Moor
and Potremser Moor, indicates that the terrestrial vegetation of NE
Germany developed largely uninterrupted during the first cen-
turies of the Holocene.

3.2. Main expansion of Betula and Pinus (w11,450e11,000 cal. BP)

PARs of BETULA and PINUS rapidly increase to maximum values
until w11,100 cal. BP, indicating that birch and pine reached their
maximum extension at latest by that time. In contrast to the
initial warming the abundance of either taxon was independent
of longitude (and latitude; Fig. S1). Instead, simulations suggest
that the distributional pattern of pine and birch well corre-
sponded to the present, and thus possibly past, pattern of soil
parameters. The sharpest results, with the best fit and highest
correlation coefficients between modelled and empiric values,
are observed in simulations based on soil substrates and soil
nutrients and in those scenarios where the pollen productivity of
birch is equal to that of pine (Table 4). These simulations indicate
that pine dominated on poor sandy soils (72e87% coverage)
while birch dominated on morainic till (55e74% coverage). Re-
sults are less sharp in scenario I and III, where pollen produc-
tivity of birch was assumed to be twice that of pine. Also
simulations based on soil wetness and soil units produce less
sharp results (Table 4), but still indicate that pine was abundant
to dominating on currently dry, podzolic soils and brown earth
whereas birch dominated on wetter and gleyic soils. Yet, also
pine may to some extent have occupied gleyic soils. No domi-
nance of either taxon is indicated for soils of intermediate
character, such as loamy sands, which however cover only small
parts of the study area (Table 4). Overall it appears that, with the
exception of some rarer site types, pine and birch formed largely
separated forest communities. In the best scenario (II), the total
cover of pine is estimated to 35e47%, that of birch to 26e47% of
the study area (Fig. 4).

3.3. The expansion of Corylus and vegetation patterns during its
maximum extension (10,000e9000 cal. BP)

In Potremser Moor, first pollen grains of CORYLUS are recognised
just after the onset of the Holocene. The absence of similarly early
occurrences in most other sites and the presence of pollen of
further deciduous taxa (ALNUS, ULMUS) may indicate that this early
occurrence represents reworked pollen rather than early stands of
hazel. In all three PAR diagrams, PARs of CORYLUS markedly rise at
w11,200 cal. BP and soon reach values above 500
grains cm�2 year�1 (Kieshofer Moor and Potremser Moor) and
above 1000 grains cm�2 year�1 (Löddigsee; Fig. 3). As for birch,
which is possibly a similarly strong pollen producer, values above
250 grains cm�2 year�1 may represent regional presence (Seppä
and Hicks, 2006). Simulations for the second zone, which in-
cludes this early expansion period of hazel, suggest that hazel
covered 0e37% of the steepest sites while it was absent from the
flat sites (Table 4), which may indicate that early hazel populations
concentrated in the hilliest areas (Table 4). However, a similar result
for the first zone (Table 4) underlines that the results for rare plants
are problematic, possibly because only a few high resolution data
sets clearly capture the early expansion period of hazel. More such
data sets are required to reliably test the distributional pattern of
early hazel populations. A stagnation or slight retreat in CORYLUS PAR
values indicates that the expansion of hazel was for a short
time (w100 years) interrupted at w11,000 cal. BP. Until
10,000 cal. BP PARs of CORYLUS then finally rise to levels of w10,000
grains cm�2 year�1, representing the main expansion of hazel. In
Kieshofer Moor, PARs of CORYLUS further increased temporarily be-
tween 9500 and 9000 cal. BP reaching 30,000 grains cm�2 year�1.
Simulations indicate that during its maximum extension between
10,000 and 9000 cal. BP (Fig. 3), hazel was abundant to dominant
on patches of presently intermediately wet towet, gleyic and loamy
soils. The category of gleyic soils here includes both gleysols
(influenced by ground water) and stagnosols (influenced by stag-
nant water), which are similarly abundant. Considering that the
cover of hazel is reconstructed to be 70e100% on gleyic soils overall
(Table 4), hazel possibly did occur on gleysols and stagnosols. On
poor sandy soils, hazel was instead probably absent. Overall, hazel
may have covered 25e40% of the study area during this period
(Fig. 4, Table 4). For pine, simulations with substrate types, soil
units and soil wetness perform similarly well and indicate that pine
was as before concentrating and dominating on poor, sandy soils
that are today podzols. The total cover was somewhat lower than
during its maximum extension (26e41%; Fig. 4, Table 4) as the

Table 4 (continued )

BETULA maximum PINUS maximum CORYLUS maximum

Pinus Betula Corylus Open Pinus Betula Corylus Open Pinus Betula Corylus Open

Pozol (9.1%) 0e35 21e66 0e11 11e76 100e100 0e0 0e0 0e0 52e100 0e28 0e11 0e15
Brown earth (62.4%) 35e43 43e52 0e1 7e21 59e66 15e29 0e4 5e20 37e45 28e33 15e21 6e16
Gley (28.5%) 18e48 33e63 0e2 0e49 0e14 62e100 0e9 0e36 0e0 0e3 79e100 0e25
Resulting total cover 27e44 38e56 0e2 5e34 46e54 27e47 0e5 3e23 28e37 17e24 32e43 4e18
Dry (45.9%) 47e55 26e39 0e2 7e25 85e95 0e10 0e5 0e11 56e62 24e35 1e14 0e12
Intermediate (22.3%) 0e0 57e100 0e2 0e44 0e2 57e100 0e9 0e40 0e2 9e37 43e75 0e39
Very wet (31.8%) 0e25 49e82 0e3 9e41 0e16 57e76 0e5 12e36 0e3 0e11 70e87 8e27
Resulting total cover 22e33 40e66 0e2 6e34 39e49 31e51 0e6 4e25 26e30 13e28 32e51 3e23
Poor (19.5%) 17e46 30e55 0e4 6e44 9e100 0e4 0e3 0e10 53e77 20e44 0e3 0e19
Intermediate (49%) 36e64 29e56 0e0 0e17 54e63 14e34 0e5 4e27 31e44 17e32 13e34 3e24
Rich (31.5%) 0e31 45e78 0e3 16e48 0e0 62e100 0e8 0e35 0e0 0e21 66e100 0e20
Resulting total cover 21e50 34e63 0e2 6e32 44e50 26e49 0e6 2e26 26e37 12e31 27e49 1e22
Flat 24e33 48e55 0e1 15e23 44e52 37e41 2e3 9e14 27e34 18e24 35e39 10e13
Intermediate 47e100 0e37 0e8 0e38 67e100 0e0 0e8 0e26 56e100 0e45 0e0 0e0
Steep 0e88 0e44 0e43 0e63 0e100 0e38 0e38 0e55 0e66 1e100 0e23 0e40
Resulting total cover 26e41 42e53 0e2 13e25 46e58 32e36 2e4 8e16 30e42 16e27 31e34 9e12
Overall species cover 23e43 38e59 0e2 8e32 41e52 30e47 0e6 4e24 26e35 14e28 31e46 3e20
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minor stands of pine on gleyic, wet soils were outcompeted
whereas stands on poor, podzolic sandy soils were not affected by
the expansion of hazel (Table 4). Birch was strongly affected by the
expansion of hazel, with its overall cover nearly halving to 13e20%
(Table 4). Birch was apparently largely expelled from morainic and
wet soils (from w80% to <10% cover; Table 4), whereas on poorer
and drier sites, where it was largely absent before, birch expanded
to reach a cover of some 20% (Table 4).

3.4. Herbal vegetation

NAP upland pollen, which mainly consists of POACEAE pollen, is
the best indicator of vegetation openness in the present cultural
landscape (Theuerkauf et al., 2012). Remarkably, the rapid forest
formation in the early Holocene goes along with an increase in
PARs of NAP upland pollen, and specifically of POACEAE pollen
(Fig. 3). Jahns (2007) attributed this increase to the expansion of
reed beds (P. australis). Yet, PARs of POACEAE are closely correlated
to that of BETULA (r2 ¼ 0.58 in Kieshofer and Potremser Moor,
r2 ¼ 0.74 in Löddigsee), which suggests that grasses mainly
occurred in close relation to birch and thus primarily on terres-
trial sites. Pollen from wetland grasses generally also play only a
little role in lake surface pollen samples from the study area
(Theuerkauf et al., 2012). The increase in PARs of NAP upland
pollen may instead indicate that pollen productivity of herbal
vegetation was strongly reduced during the harsh conditions of
the Younger Dryas and increased in the warmer Holocene. One
would expect such response to be very fast, but herbal pollen
deposition increases mostly slower than that of BETULA. Alterna-
tively, the open vegetation of the Younger DryaseHolocene
transition may have been composed primarily of taxa producing
little pollen. Within the Poaceae family, only a few species are
strong pollen producers (Prieto-Baena et al., 2003). As a result,
we apparently arrive at too low estimates of open herbal vege-
tation (31e37% with a PPE of 0.15 and 19e24% with a PPE of 0.3;
Table 4) for the initial warming period. The persistence or even
spread of Juniperus and Artemisia points at still rather open
conditions: PARs of JUNIPERUS are temporarily elevated (from w50
grains cm�2 year�1 during the Younger Dryas to w200
grains cm�2 year�1 at the onset of the Holocene). Also PARs of
ARTEMISIA are elevated at the Younger DryaseHolocene transition
(Löddigsee) or shortly after (Kieshofer Moor). In contrast to
JUNIPERUS, ARTEMISIA shows further peaks at w11,150 cal. BP and
w10,900 cal. BP (Fig. 3). Although the synchronicity of these
peaks is intriguing, they partly base on a single sample and
should thus not be over-interpreted. Yet, they indicate that
Artemisia, which may represent a dry steppe vegetation, was still
present throughout the early Holocene. After w10,900 cal. BP,
PARs of ARTEMISIA remain well below Younger Dryas levels in
Löddigsee and Potremser Moor, but mostly above Younger Dryas
levels in Kieshofer Moor. In the second stratigraphic zone, during
which birch and pine arrive at their maximum extension around
11,000 cal. BP, overall cover of open herbal vegetation is esti-
mated to somewhat lower values of 8e41% (with the original PPE
of 0.15) and 2e28% (with a doubled PPE of 0.3; Table 4). The
cover is clearly lower on dry and poor podzolic sites (w0e20%),
but still high on gleyic soils (w10e50%; Table 4). Only small
differences are estimated between the second and third strati-
graphic zone, i.e. during the main extension of hazel. Overall
cover of open herbal vegetation remains at 8e43% (with a PPE of
0.15) and 2e28% (with a PPE of 0.3). Some reduction of openness
is indicated on gleyic soils, i.e. mainly on sites where hazel
expanded (Table 4). Wetland pollen types (sum of SPARGANIUM
EMERSUM TYPE, SPARGANIUM ERECTUM TYPE, TYPHA LATIFOLIA, THELYPTERIS, and
EQUISETUM) set in or markedly increase at the Younger Dryase

Holocene transition. In all three data sets, a prominent peak
exists around w11,000 cal. BP. Further smaller peaks are found in
the younger sections of Löddigsee.

4. Discussion

4.1. Early Holocene forest development

During the Younger Dryas, the study area constituted the tran-
sition from forested areas in the south to treeless areas in the
northwest (Theuerkauf and Joosten, 2012). In the study area itself,
scattered tree stands possibly did exist and enabled the rapid
expansion of forests just after the onset on the Holocene. Also
Juniperus temporarily benefited from the warmer conditions but
within decades it was replaced by the developing forest. In the
initially treeless areas further north, including northern-most
Germany (Usinger, 2004), southern Scandinavia and the British
isles, Holocene forest formation instead only started after a pre-
woodland phase with e.g. Juniperus. Early Holocene forest devel-
opment in NE Germany appears largely unaffected by the distur-
bances of the Rammelbeek phase, a period characterized by a sharp
drop in BETULA pollen percentages and a peak in POACEAE pollen
percentages (Behre,1966; van Geel et al., 1981) most pronounced in
NWGermany and The Netherlands (Fig. 5). The Rammelbeek phase
is interpreted as a short-lived transition to more open, steppic
vegetation (Behre, 1966; van Geel et al., 1981; Bos et al., 2007),
supposedly triggered by a climatic shift to either cooler (Behre,
1966; Merkt and Müller, 1999) or more continental, dryer (van
Geel et al., 1981; Bos et al., 2007) conditions. If indeed climate
was the trigger e why had it so little effect in present study area?
And does the observed pattern (Fig. 5) help to understand the
causes of the Rammelbeek phase?

The Rammelbeek oscillations are most pronounced at the
apparent north-western limit of birch forests, i.e. the Rammelbeek
phase primarily corresponds to a retreat of the north-western for-
est limit of tree birch (Figs. 5 and 6). A cooling event in the North
Atlantic appears well suited to explain this pattern (Fig. 6) because
such events have much stronger effects at the Atlantic Sea board
than in more continental areas of Europe (Isarin et al., 1998). The
Rammelbeek phase is indeed synchronous to a negative excursion
of d18O values in Greenland ice core records (Van der Plicht et al.,
2004; Bos et al., 2007, Fig. 3) that represents a cold period across
Greenland and the North Atlantic region (Preboreal
oscillation¼ PBO; Björck et al., 1997). Colder conditions assumingly
result from a reduced North Atlantic thermohaline circulation
caused by melt water pulses (e.g. Renssen et al., 2007). Chironomid
based reconstructions indeed point at some lowering in July tem-
peratures during the Rammelbeek phase by about 0.5e1 �C (Brooks
and Birks, 2001; Lang et al., 2010), yet across Central and NW
Europe July temperatures appear to remain well above 12 �C and
thus above the limits of tree birch (Lang et al., 2010; van Asch et al.,
2012). Pollen based reconstructions (Haslett et al., 2006) instead
suggest low growing season temperatures at least across Ireland
until 10,500 cal. BP, preventing the spread of tree birch until that
time. During the cool PBO, these unfavourable growing season
conditions may have expanded towards The Netherlands and NW
Germany (Fig. 6). Discrepancies between chironomid and pollen
based climate reconstructions have been observed in the Lategla-
cial period by e.g. Lotter et al. (2012). The authors suggest that
vegetation is more sensitive to continentality and precipitation
whereas aquatic organisms are more sensitive to summer tem-
perature. Similarly, vegetation changes during the Rammelbeek
phase may be a response to changes in climate variables, e.g. onset
of the growing season (Wagner-Cremer and Lotter, 2011), which
may have less effect on chironomids. Yet discrepancies between
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pollen and chironomid based climate reconstructions may also
result from too low sample resolution. PAR data (Fig. 3) suggest that
birch declined within decades; the cooling event may thus have
been too short to be fully recognized in chironomid samples, which
are taken in 50 year (or longer) intervals (e.g. Lang et al., 2010).
Finally, cool conditions may have established only during separate
extreme years, which would have had lasting effects on tree stands
but ephemeral effects on the short-lived chironomids (or herbal
taxa, van Geel et al., 1981). Apart from that, divergent temperature
reconstructions may also relate to violations in underlying as-
sumptions. Pollen based climate reconstructions rely on the

assumption that species distributions are determined by climate
factors, yet the Holocene expansion of birch towards NW Europe
may not have been delayed by lowgrowing season temperature but
by e.g. unfavourable soil conditions or strong winds (cf. van Asch
and Hoek, 2012). We cannot proof this scenario nor evaluate how
much the presence/absence of tree birch drives the pollen based
climate reconstruction of Haslett et al. (2006).

It nonetheless appears difficult to explain the Rammelbeek
phase by a shift to a more continental climate. Increased con-
tinentality must have been caused by blocking of westerly air
masses, which would have similarly affected Central and Eastern

Fig. 5. Pollen percentages of Pinus, Betula and Poaceae during the first century of the Holocene (left) and changes during the following Rammelbeek phase (right). For data points
see supplementary material.
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Europe. Still tree birch declined primarily at its north-western
limits. In NE Germany possibly only birch stands in riverine envi-
ronments were affected. Such stands may have suffered from either
lowered or elevated water levels. There is indeed rich evidence for
low lake levels and thus dryer conditions during the Early Holocene
(Lorenz, 2007; Lampe et al., 2009; Kaiser et al., 2012), but the dry
period is usually poorly dated. Using annually laminated sediments
from Lake Hämelsee, NW Germany, Kleinmann et al. (1997) show
that the water level of this isolated lake dropped only after
11,160 cal. BP, suggesting that the Preboreal dry period only started
300 years after onset of the Rammelbeek phase. Usinger (2004) and
Bohncke and Hoek (2007) suggest the presence of a second, less
pronounced interruption in Early Holocene forest formation several
centuries after the Rammelbeek phase. This second interruption is
supposed to result from drier conditions (Usinger, 2004) e it thus
may be related to the dry period observed in Lake Hämelsee after
11,160 cal. BP. Dryness has considerably limited Lateglacial and
early Holocene forest development in SE Europe (Wright et al.,
2003; Connor et al., 2013). Dry events like that observed at
Hämelsee may represent periods during which these dry condi-
tions expanded from SE into Central Europe. Whether the early
Holocene drop in PINUS/peak in POACEAE pollen percentages observed
from Eastern Germany to the Baltic’s (Fig. 5) represents such dry
event needs to be verified by more precise dating. When fully

expanded, and possibly already during their expansion, birch and
pine in NE Germany formed largely separate forest communities,
which questions the existence of mixed Betula-Pinus forests as
hypothesised by Tallantire (2002) and Giesecke et al. (2011).
Whether this sharp differentiation is a peculiarity of the study area
because of the sharp contrasts in soil characteristics, needs to be
verified in further study areas. Hazel is the first thermophilous,
woody taxon immigrating into Central Europe after the last glaci-
ation. Its main expansion culminates remarkably synchronous
north and south of the Alps around 10,450 cal. BP (Giesecke et al.,
2011), so that a widespread climate shift is the most plausible
cause (Huntley, 1993). This explanation, however, requires that
hazel was present in low densities before that climate shift
(Tallantire, 2002; Giesecke et al., 2011). Across the study area, such
early stands possibly established at around 11,200 cal. BP, which
appears to correspond to awarmer period in the Greenland ice core
record following the coldest part of the Preboreal oscillations
(Fig. 3; Rasmussen et al., 2007). Based on present data we suggest
the hypothesis that the early stands mainly occurred in the hilliest
areas, where hazel may have benefitted from the warm microcli-
mate of southern slopes. Whether humans have played a role in the
establishment of these early stands can only be speculated. The
main expansion of hazel was then delayed and only started in the
study area after 11,000 cal. BP, possibly triggered by some warming

Fig. 6. Potential causes of interruptions in the early Holocene forest expansion. The short-lived decline of birch during the Rammelbeek phase just after 11,500 cal. BP is most
pronounced at its NW fringe. That decline is best explained by cooler conditions on the Atlantic caused by reduced thermohaline circulation during the Preboreal oscillation. The
decline of pine in central to eastern Europe may in turn result from dryer conditions, which possibly established after 11,200 cal. BP. Dryer conditions may be related to some
blocking of the westerlies and thus greater influence of continental dry air masses. Atlantic coastline drawn assuming a sea level of �60 m; Baltic Ice Lake drawn following
Jakobsson et al. (2007).
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that is indicated in rising d18O levels in Greenland ice core records
(Rasmussen et al., 2007, Fig. 3) and in biotic proxies from the north
Atlantic (Berner et al., 2010) and the Norwegian coast (Birks and
Ammann, 2000). Warmer conditions may have enabled hazel to
expand from its hypothesised niche on warmer slopes. The hy-
pothesis that the main expansion was triggered by higher tem-
peratures is supported by the fact that hazel expanded clearly
earlier than 11,000 cal. BP in the warmer climate of central Italy but
only after 10,000 cal. BP in NE Europe, where the final warming into
the Holocene thermal maximum was delayed due to the influence
of the remaining Scandinavian Ice Sheet (Lauterbach et al., 2011b).
As a small statured tree, hazel is commonly considered an under-
storey element in open and taller Betula-Pinus-forests (Tallantire,
2002; Giesecke et al., 2011). Yet, we observe that hazel primarily
expanded into birch-dominated forests on gleyic soils e and
obviously largely expelled birch from these sites. Corylus avellana is
more shade tolerant than B. pubescens and Betula pendula
(Niinemets, 2006) and may enter birch forests (Tallantire, 2002).
Once established, hazel may have suppressed the regeneration of
birch to eventually dominate. When fully expanded, hazel was
largely limited to gleyic soils, i.e. to sites that receive additional
wetness, suggesting that humidity was the main limiting factor.
Correspondingly, hazel declines later only during the expansion of
Alnus glutinosa (Jahns, 2007; Dörfler et al., 2012), which dominates
similar sites today. The question remains why in Central Europe
further thermophilous taxa expanded only after w10,000 cal. BP
(cf. Jahns, 2007; Voigt et al., 2008) and thus nearly 1000 years later
than hazel? A number of hypotheses have been suggested,
including unsuitable climate conditions, delayed migration or un-
developed soils. Climatic conditions are the most plausible expla-
nation (Huntley, 1993), yet it is still debated which climate
parameter has been critical. Huntley (1993) argues that mainly
continentality, i.e. a combination of still cold winter conditions and
repeated summer dryness (with recurrent fires), has delayed the
expansion of further taxa. Hazel is considered ‘more tolerant of
seasonal drought, cold winter and relatively cool summers’ than all
other broadleaved taxa (Huntley, 1993). However, in the more
continental climate of eastern Europe and eastern Scandinavia,
Ulmus expanded simultaneous or even earlier than hazel (Giesecke
et al., 2008; Lauterbach et al., 2011a). We alternatively suggest that
not continentality but low summer temperatures controlled the
expansion of thermophilous tree taxa. C. avellana requires less
summer warmth (700 �C GDD5 ¼ growing degree days above 5 �C;
Miller et al., 2008) than Ulmus glabra (850 �C), Tilia cordata and
Quercus robur (both 1100 �C). A stepwise increase in summer
warmth could thus well explain the observed forest development.
Pollen based climate reconstructions from Ireland (Haslett et al.,
2006) and southern Sweden (Giesecke et al., 2008) indeed show
a successive increase in GDD5 over the early Holocene, with values
exceeding 1000 �C at around 10,000 cal. BP. However, pollen based
reconstructions may be biased by other parameters that have an
effect on plant growths. More independent morphological proxies
for GDD5 have been developed (cf. Wagner-Cremer et al., 2010,
Weijers et al., 2013) but not yet applied to the early Holocene. Other
proxies usually arrive at monthly mean values (e.g. mean July
temperatures), which are not necessarily closely correlated with
GDD5. Furthermore, chironomid based climate reconstructions
show constantly low July temperatures for north western England,
with no increase after 10,000 cal. BP (Lang et al., 2010) whereas
Renssen (2001) models higher than today July temperatures
throughout the early Holocene for the Netherlands, suggesting that
summer temperatures were not responsible for the late expansion
of thermophilous trees. These disparities underline that more in-
dependent climate records (including GDD5) are needed to un-
derstand the early Holocene forest succession. The vegetation of

the early Holocene included further tree taxa that are poorly rep-
resented in the pollen record, e.g. Populus, Salix and Sorbus (Usinger,
2004; Odgaard, 2010; Kossler and Strahl, 2011; Overballe-Petersen
et al., 2013). Macrofossil evidence (Bos et al., 2007; Kossler and
Strahl, 2011) indicates that they played a significant role at least
in the wetland vegetation. Their (unrecognised) presence would
have some influence on the reconstructed coverage of Pinus, Betula
and Corylus, but not on the inferred site preferences of these taxa.

4.2. Forest openness and megafauna

While the primeval mid-Holocene forests of Central Europe
are regarded as largely closed (Birks, 2005; Mitchell, 2005; more
open conditions have been suggested by; Vera, 2000), the forests
of the early Holocene are mostly considered rather open (Firbas,
1949; Tallantire, 2002; Giesecke et al., 2011). We arrive at an
overall openness of 10e40% after the full expansion of birch, pine
and hazel which may either represent open forests with a dense
herbal layer (‘savannah’) or a mosaic of open vegetation within
dense forests (‘forest steppe’). The presence of wild horse
(E. ferus; Sommer et al., 2011), an obligate grazer in open land-
scapes, may suggest that truly open terrestrial habitats existed,
although Sommer et al. (2011) also discuss that wild horses lived
in open (pine) forests. Bos et al. (2005) discuss findings of
Bombardioidea spores as an indicator for the presence of large
herbivores (possibly also elk) living a semi-open landscape. In
the Netherlands and NW Belgium, Bombardioidea spores have
been found in Lateglacial and early Holocene deposits, but often
disappear as soon as the forests are getting denser, for example
at Well Aijen during the early Atlantic period (Bos, unpublished
data). The existence of open grass rich, steppe-like patches in the
study area is supported by high pollen deposition of ARTEMISIA.
Also pollen deposition of FILIPENDULA is elevated during the period
of assumingly rather open forests (Fig. 3). Some species that
produce this pollen type are indeed typical for open meadows of
the forest steppe (Filipendula vulgaris; Zlotin, 2003), but others
occur in wetland vegetation (Filipendula ulmaria). Finally, the
existence of (patches of) steppe-like vegetation is indicated by
the presence of chernozem, a typical soil type of the (forest)
steppe belt, which exists in different parts of the study area and
was possibly formed during the early Holocene (Fischer-Zujkov
et al., 1999). Forest steppes occur in continental climates with
hot and sunny summers and mainly convective (heavy) rainfall.
The early Holocene climate of Central Europe was possibly drier
than that of today because of the dry continental shelf, the in-
fluence of the Scandinavian Ice Sheet (Yu and Harrison, 1995;
Harrison et al., 1996; Lauterbach et al., 2011b) and higher solar
insolation during summer (Renssen, 2001), which may have
caused the suggested existence of a forest steppe like landscape.
We found that most herbal pollen derived from areas with
morainic soils, suggesting that steppic vegetation concentrated
there. Herbal taxa may have benefited from the higher fertility
but also from the better water supply provided by fine grained
soils during spring and early summer. During summer fine
grained soils may have dried-out as the rarer convective summer
rains poorly infiltrate and thus hardly contribute to ground water
recharge. As the prevailing deciduous trees with their shallow
root system would have suffered from summer dryness, more
open patches could result. Soil dryness is a major cause of mor-
tality for B. pubescens seedlings (Kullmann, 1986). Hazel, corre-
spondingly, could only exist on sites that received additional
water supply from ground water or surface flow. Pine dominated
forests on sandy soils were possibly less affected by seasonal
dryness because pine is able to reach deep water layers with its
tap root.
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4.3. Methodological considerations

We used dynamic modelling of pollen deposition based on
predefined vegetation patterns to arrive at quantitative, spatially
explicit reconstruction of the early Holocene vegetation. The
approach requires that the present day pattern of soil and relief
also prevailed during the study period. This assumption largely
applies to soil substrates and relief, which have mainly been
shaped during the Last Glacial period. Soil units, soil wetness and
soil nutrients are more variable in time, which limits the detail of
interpretation. We recognised, for example, that hazel expanded
on positions that have highest soil wetness today. We assume that
these sites where also the wettest terrestrial sites during the early
Holocene, yet in the at least periodically drier climate of the early
Holocene, absolute soil wetness may have been lower than today.
Our approach requires pollen productivity estimates. We used
PPEs partly estimated in the study area itself (Theuerkauf et al.,
2012), although the authors consider PPEs derived for Betula as
preliminary because of problems to estimate its abundance on a
landscape scale. Furthermore, it is still poorly understood how
pollen productivity is related to climate or stand structure
(Matthias et al., 2012). It is thus questionable whether these PPEs
are applicable to the early Holocene. Most prominently, our sim-
ulations appear to under-estimate vegetation openness during the
initial Holocene, which in turn indicates that PPEs used for open
vegetation are obviously too low. Whether that is related to
vegetation composition (with either low abundance of grasses as
the main pollen producer in open vegetation or presence of
grasses that produce little pollen), land use practices (with grasses
being regularly cut in the cultural landscape) or climate reasons is
unknown (cf. Broström et al., 2008). PPE studies in naturally open
vegetation types and different climate regions are necessary to
better understand these issues.

By using bootstrapping we could estimate the robustness of
reconstruction results, yet the sensitivity of the new approach is
still unknown. Simulation studies are needed to verify whether also
distributional patterns of rare taxa, which cover only some percent
of the total land area, can be reconstructed. The data set used in-
cludes a number of pollen diagrams with rather low sample reso-
lution. In these diagrams especially the first, short stratigraphic
zone with high BETULA pollen percentages (corresponding to the
Friesland phase; cf. Behre, 1966) is poorly delimited, which may
explain the less sharp results for this zone. Overall, the approach
appears to deliver robust results also when data sets of very
different quality and from different authors are combined. The fact
that major events are simultaneous in the three high resolution
data sets from the study area and in the laminated sequence of
Meerfelder Maar (Fig. 3), underlines that the discriminated strati-
graphic zones selected are coeval.

5. Conclusions

The rapid warming at the onset of the Holocene at 11,600 cal. BP
triggered a rapid succession from a largely open to a predominantly
forested landscape. The apparently stepwise expansion of (ther-
mophilous) tree taxa may be related to a stepwise character of the
warming. Pinus and tree Betula started to expand during an initial
warming period (between w11,600 and 11,500), with Betula
expanding exceptionally rapidly close to locations where stands
had existed during the Younger Dryas. Temporarily, stands of Cor-
ylus may have established at most favourable sites. A second
warmer period following the cold Preboreal oscillation from
11,200 cal. BP enabled the permanent establishment of Corylus. It
widely spread only after 11,000 cal. BP, mainly on sites that received
additional wetness from ground or surface water, where it expelled

Betula. Corylus did not enter the Pinus dominated forests on well
drained sandy soils. Further thermophilous taxa only expanded in
possibly again warmer conditions after 10,000 cal. BP. Because of
seasonal drought during summer, open, grass rich vegetation per-
sisted throughout the early Holocene, specifically on fine grained
soils. Overall, the early Holocene vegetation of the study area was
sharply differentiated by soil humidity and fertility. The presented
extended downscaling approach allows to reconstruct plant
abundances in major landscape units. The results appear robust for
the latter parts of the early Holocene but problematic for the initial
warming period, suggesting that the modern pollen productivity
estimates are not suited for that period of rapid climate change.
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Summary

Pollen deposition in lakes or mires is a function of plant abundances in the surroundings of these sites. The
pollen record is thus potentially a powerful proxy to reconstruct past terrestrial vegetation. However, quanti-
fying plant abundances from the (fossil) pollen record is strongly limited by the facts that plants produce pol-
len in very different amounts and that, depending on its fall speed, pollen is dispersed differently. The
interpretation of pollen data is furthermore complicated by the common use of percentage data because the
percentage abundance of a pollen type not only depends on the abundance of the corresponding taxon, but
also on the abundance of all other taxa included in the pollen sum. Finally, we cannot know whether a pollen
grain deposited at a site has arrived from proximate or distant sources, which implies that a single pollen
sample may reflect very different vegetation scenarios. Because proximate sources contribute more pollen to a
site than distant sources, the presence of a pollen type in a sample may for example correspond to a small
population of the corresponding taxon just at the site or to a much larger population in greater distance.
Present thesis suggests improving quantitative reconstructions of past vegetation by refined calibration of the
pollen-vegetation relationship (paper I) and application of the Downscaling Approach (papers II-IV).

Paper I addresses the questions of pollen production and dispersal by calibrating the pollen-vegetation rela-
tionship. The study primarily aims to calculate pollen productivity estimates (PPEs) of major tree taxa as
well as of open vegetation. It relies on pollen deposition in 50 small to medium sized lakes across NE Germany
and on present day vegetation in the larger surroundings of these sites. The availability of unique forest invent-
ory and land use data in the study area allowed to extract vegetation data on much larger scales (within 30
km, extrapolated to 100 km distance from each site) than in earlier studies (usually within 1 to 2 km distance
from each site) .

Data analysis employs the common extended R-value (ERV) approach and a new data-model comparison
method. The application of the extended R-value (ERV) approach requires homogenous regional vegetation
composition, a criterion that is usually not tested and assumingly does not apply in the diverse European
landscapes. The data-model comparison method does not assume similar background pollen deposition, but
requires vegetation data from large areas around each site and so. The new method produces similar PPEs for
two sub-data sets, which are also statically more reliable, and thus appears indeed more suitable than the ERV
approach.

Furthermore, for the first time PPEs have been calculated using three contrasting pollen dispersal options. For
several taxa, the resulting PPEs differ substantially, which proves that the underlying pollen dispersal model
is a crucial parameter. In calculations with the commonly used Prentice model, namely PPEs for taxa with
larger pollen grains and higher fall speed (Fagus and Picea) are obviously too high. It appears that the Pren-
tice model underestimates pollen deposition arriving from longer distances (~10 to 100 km), namely for these
larger pollen grains. The alternative Lagrangian-stochastic (LS) model is far more complex but also more flex-
ible because rather than calculating the full dispersal pattern at once, it simulates trajectories of single pollen
grains through a modelled atmosphere. The full dispersal pattern is than derived from a large number of sim-
ulated trajectories. LS models may be adjusted for example to variations in atmospheric conditions reflecting
patterns in the ground vegetation and to diurnal patterns. In paper I, calculations with a LS model produce
more reliable and realistic PPEs, suggesting that this LS model is better suited to describe atmospheric pol-
len dispersal. PPEs have earlier been estimated in a number of studies mainly from northern Europe, with
however very different results. Why PPEs from the various studies differ is still poorly understood. Paper I
suggests that the dispersal model employed in the calculations may be one inferring factor.

Papers II to IV address quantitative reconstructions of past vegetation. Using the newly developed Downscal-
ing Approach, the three studies explore fine scaled vegetation patterns in NE Germany during the Late Gla-
cial and early Holocene. The main assumption of the Downscaling Approach is that the present day pattern
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of abiotic site conditions (e.g. the pattern of soil substrates) existed, at least to a large extend, also during the
study periods. The basic principle of the approach is to test, whether pollen deposition in sites across a land-
scape is correlated to that site pattern.

In the first application of the approach (paper II) , the pollen to site pattern relationship was tested simply as
correlation between pollen percentages from the Allerød period with the distance weighted abundance of ma-
jor substrate types within 50 km distance from each site. Close correlation between PINUS pollen percentages
and the distance weighted abundance of sandy soils and between BETULA pollen percentages and the distance
weighted abundance of morainic till indicate that pine and birch formed rather separate stands on either sub-
strate type. As applied here, the approach assumes that pollen percentage values of PINUS and BETULA tend
to linearly represent the abundance of pine and birch. In the situation of the Allerød this assumption is robust
because vegetation has been dominated by these two tree taxa, which produce pollen in similar amounts and
have similar dispersal patterns. In more complex situations of the Younger Dryas (paper III) and early Holo-
cene (paper IV), pollen percentage values may not represent plant abundances linearly. For these two periods,
the Downscaling Approach was thus adjusted.

The cooling of the Younger Dryas induced significant changes in the vegetation of NE Germany, including the
apparent formation of a shift in vegetation composition from north to south. By combining pollen percentage
and pollen accumulation rate data paper III identified a sharp vegetation boundary between the Mecklenburg
and Brandenburg area at about 53 °N. South of that latitude only birch was strongly affected by the extreme
winter cold of the Younger Dryas whereas pine still formed extended forests. North of 53 °N both birch and
pine declined largely. The downscaling approach, here used with pollen accumulation rate data, suggests that
small stands could only exist in sheltered positions. Birch assumingly suffered from the very low winter tem-
peratures directly. Pine was instead assumingly expelled by the formation of permafrost. The sharp vegetation
boundary is thus apparently related to a climatic gradient and the southern permafrost limit, which itself may
result from the formation of sea ice on the North Atlantic north of 53°N during winter.

The warming of the Holocene again allowed the expansion of forests in the study area. Paper IV first uses high
resolution pollen (accumulation rate) data to study the successive forest formation, including the immigration
of hazel. The results show that (thermophilous) tree taxa expanded step wise, possibly reflecting the stepwise
character of the warming. Pine and tree birch started to expand during an initial warming period (between
~11,600 and 11,500). Temporarily, also first stands of hazel may have established. A second warmer period at
11,200 cal. BP, following the cold Preboreal oscillation, enabled the permanent establishment of hazel, yet it
widely spread only after 11,000 cal. BP. Further thermophilous taxa only expanded in possibly again warmer
conditions after 10,000 cal. BP. Paper IV then explores vegetation patterns and composition during these suc-
cessive stages using the extended Downscaling Approach. This version of the Downscaling Approach again
uses pollen percentage data. It addresses the problems related to differential pollen production, dispersal and
the use of percentage data by applying a simulation approach. Based on a pre-defined pattern of site types,
the approach searches for that vegetation composition, which in simulations produces pollen deposition most
similar to empiric pollen deposition from sediment cores. The approach reveals that initially pine and birch es-
tablished, as during the Allerød period, in largely separate stands with pine dominating on sandy soils and
birch dominating on fine grained soils. Also open vegetation persisted, possibly due to seasonal drought,
mainly on fine grained soils. Hazel later mainly spread on sites that received additional wetness from ground
or surface water; it did not enter pine dominated forests on well drained sandy soils. Overall, the early Holo-
cene vegetation of the study area was sharply differentiated by soil humidity and fertility.

For all three periods of the Lateglacial and early Holocene the Downscaling Approach thus helped to detect
vegetation patterns and species site preferences and with that allowed to better understand vegetation history
of NE Germany.
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Zusammenfassung

Der Pollenniederschlag in einem See oder Moor ist eine Funktion der Vegetation in der weiteren Umgebung
des Sees bzw. Moores. Pollenproben aus Seesedimenten und Torfen sind daher potentiell geeignet, vergangene
Vegetation in dieser weiteren Umgebung zu rekonstruieren. In der Praxis sind die Möglichkeiten der
Vegetations-Rekonstruktion jedoch durch Eigenschaften des Pollenniederschlags stark eingeschränkt. Zunächst
produzieren Pflanzenarten Pollen in sehr unterschiedlichen Mengen. Einzelne Arten sind daher im
Pollenniederschlag über- oder unterrepräsentiert. Zudem wird Pollen, in Abhängigkeit von seiner
Fallgeschwindigkeit, unterschiedlich weit verbreitet. Die Interpretation von Pollendaten wird darüber hinaus
durch die – häufig notwendige – Darstellung der Zähldaten in Prozent (als Anteil einer Pollensumme)
erschwert, da dieser Anteil jeweils nicht nur von der Häufigkeit des zugehörigen Taxons selbst, sondern auch
von der Häufigkeit aller anderen Taxa in der Pollensumme abhängt. Schließlich ist in einer Pollenprobe nicht
erkennbar, ob ein Pollenkorn von einer Pflanze aus der unmittelbaren Umgebung oder aus großer Entfernung
stammt. Weil außerdem von einem bestimmten Punkt aus betrachtet die Pollendeposition einer Pflanze in der
Nähe viel höher ist als die einer Pflanze in großer Entfernung, kann beispielsweise das Auftreten von 20 %
Erlenpollen in einer Pollenprobe aus einem See das Vorkommen einiger weniger Erlen am Ufer des Sees, aber
auch ausgedehnte Erlenwälder in größerer Entfernung repräsentieren. Die vorliegende Arbeit schlägt vor, durch
eine verfeinerte Kalibration der Pollen-Vegetations-Beziehung (Paper I) und durch die Verwendung des neu
entwickelten „downscaling“-Ansatzes (Paper II-IV) die Vegetation der Vergangenheit genauer zu rekonstruieren.
Paper I widmet sich Fragen der Pollenproduktivität und Pollenverbreitung. Die Studie vergleicht dazu den
aktuellen Pollenniederschlag in 50 kleinen und mittelgroßen Seen NO-Deutschlands mit der heutigen
Vegetation in der weiteren Umgebung (bis 30 km) dieser Seen. Im Gegensatz zu früheren Arbeiten wurden
Pollenproduktivitäten (PPEs) nicht nur mit dem klassischen Extended R-Value(ERV)-Ansatz ermittelt,
sondern auch durch Simulationen. Der klassische Extended R-Value (ERV)-Ansatz erschien ungeeignet, denn
er setzt voraus, dass der Hintergrund-Pollenniederschlag in allen verwendeten Seen gleich ist. In der
abwechslungsreichen Landschaft NO-Deutschlands ist diese Annahme nicht erfüllt. Da Vegetationsdaten
großräumig vorliegen, ist diese Annahme hier auch nicht notwendig. Im Gegensatz zur ERV-Methode liefert
der neue Ansatz robustere und konsistente Ergebnisse.

Die Berechnung von PPEs erfordert zudem Annahmen über die Verbreitung von Pollen. Bisherige Arbeiten
verwenden das Prentice-Sugita-Modell, das auf einem Gaußschen Fahnenmodell beruht. Moderne Ansätze, wie
z.B. „Lagrangian Stochastic“ (LS)-Modelle, finden bisher keinen Eingang in der Palynologie. LS-Modelle sind
wesentlich flexibler und können genauer an atmosphärische Bedingungen angepasst werden. In Paper I wurden
PPEs erstmals unter Verwendung unterschiedlicher Modelle (Prentice-Sugita-Modell und LS-Modell)
berechnet. Vor allem für Taxa mit großen Pollenkörnern unterscheiden sich die Ergebnisse deutlich. PPEs für
Fagus und Picea sind wesentlich höher - und offensichtlich zu hoch - wenn sie mit dem Prentice-Sugita-Modell
berechnet wurden. Vermutlich unterschätzt dieses Modell die Verbreitung insbesondere größerer Pollenkörner
über große Entfernungen (10-100 km). Die Wahl dieses (ungeeigneten) Verbreitungsmodells ist möglicherweise
eine Ursache für die in früheren Arbeiten sehr große Spannbreite ermittelter PPEs. Berechnungen mit dem
alternativen LS-Modell in Paper I ergeben realistischere und robustere PPEs. Daraus lässt sich schlussfolgern,
dass dieses Modell atmosphärische Pollenverbreitung besser beschreibt. Durch Anpassung etwa an Tagesmuster
der atmosphärischen Zirkulation und damit verbundener Pollenverbreitung kann dieses Modell zudem weiter
verbessert werden.

Paper II-IV widmen sich Fragen der quantitativen Vegetationsrekonstruktion. Vorrangiges Ziel der drei Studien
ist die Rekonstruktion kleinräumiger Vegetationsmuster im Gebiet NO- Deutschlands im Spätglazial und
frühen Holozän. Zentrales Werkzeug aller drei Studien ist der „downscaling approach“. Grundlage dieser neuen
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Methode ist die Annahme, das heutige Muster wichtiger Standortarameter (z.B. von Boden und Relief) in
NO-Deutschland eiszeitlich angelegt wurden und daher weitgehend ähnlich auch im Spätglazial und frühen
Holozän bestanden. Prinzip der Methode ist es zu testen, ob Unterschiede in der Zusammensetzung des
Pollenniederschlages in Seen und Mooren einer Landschaft mit Unterschieden in den Standorteigenschaften
(Boden und Relief) in der Umgebung dieser Seen und Moore korrelieren.

In der ersten Anwendung der Methode (Paper II) wurden Beziehungen zwischen Pollenniederschlag und
Standorteigenschaften direkt als Korrelation zwischen der Häufigkeit einzelner Pollentypen und der Häufigkeit
wichtiger Bodensubstrate, gewichtet nach ihrer Entfernung, innerhalb von 50 km Umkreis getestet. Eine enge
Korrelation zwischen Prozentwerten von Pinus und der Häufigkeit von Sand sowie zwischen Prozentwerten
von Betula und der Häufigkeit von Geschiebelehm und -mergel zeigen, dass Kiefer und Birke weitgehend
separate Bestände auf dem jeweiligen Substrat bildeten. Die hier verwendete Form des „downscaling approach“
setzt voraus, dass Prozentwerte von Pinus und Betula linear mit der Häufigkeit von Kiefer und Birke in der
Vergangenheit verbunden sind. Für das Allerød ist diese Annahme gerechtfertigt, da die Vegetation von zwei
Taxa (Kiefer und Birke) dominiert wird, die ähnlich viel Pollen produzieren. Für die beiden folgenden Peri-
oden Jüngere Dryas (Paper III) und Frühholozän (Paper IV) ist diese Annahme aufgrund einer anderen Vege-
tationsstruktur dagegen nicht erfüllt. Der Ansatz wurde daher in beiden Studien angepasst.

Das kalte Klima der Jüngeren Dryas führte zu deutlichen Änderungen der Vegetation NO-Deutschlands,
inklusive der Ausbildung eines Nord-Süd-Gradienten in der Vegetation. Paper III zeigt durch kombinierte
Analyse von Pollen-Prozentdaten und Pollen-Akkumulationsdaten, dass bei ca. 53 °N und damit etwa zwischen
Mecklenburg und Brandenburg eine scharfe Vegetationsgrenze bestand. Südlich dieser Grenze führte das
kältere Klima zu einem deutlichen Rückgang der Baum-Birken, hatte aber kaum Effekte auf die Kiefer.
Nördlich dieser Grenze führte das kältere Klima zu einer weitgehenden Öffnung der Landschaft. Der
„downscaling“-Ansatz, hier verwendet mit Pollenakkumulationsdaten, deutet an, dass Baum-Birken nur in
geschützten Lagen in hügeligen Landschaften vorkamen. Während der Rückgang der Baum-Birken
wahrscheinlich direkt durch das kalte Klima verursacht wurde, wurde der Rückgang der Kiefer wahrscheinlich
durch die Bildung von Permafrost verursacht. Die Vegetationsgrenze bei 53 °N reflektiert daher vermutlich
eine klimatische Grenze, die ihrerseits durch die maximale winterliche Verbreitung von atlantischem Meereis
bis ~53  °N verursacht wurde.

Das wärmere Klima des frühen Holozäns erlaubt dann die erneute Ausbreitung von Wäldern in NO-
Deutschland. Paper IV untersucht zunächst die sukzessive Ausbreitung von Bäumen anhand hochauflösender
Pollendaten (inkl. Akkumulationsraten). Die Ergebnisse zeigen eine schrittweise Ausbreitung, vermutlich in
Folge einer schrittweisen Erwärmung. Die Ausbreitung von Baum-Birken und Kiefern startete unmittelbar
nach Beginn des Holozäns (zwischen 11.600 – und 11.500 cal. BP). Möglicherweise konnten sich auch erste
Bestände der Hasel etablieren. Sie überdauerten aber die nochmals kühleren Bedingungen der „Preboreal
Oscillation“ nicht. Permanente Bestände der Hasel traten unter wieder wärmeren Bedingungen nach 11.200
cal BP. auf. Die Massenausbreitung der Hasel erfolgte dann aber erst nach 11.000 cal BP. Weitere Wärme
liebende Gehölze breiteten sich erst in vermutlich nochmals wärmeren Bedingungen nach 10.000 cal BP. aus.

Paper IV verwendet dann den „extended downscaling approach“, um das Vorkommen kleinräumiger
Vegetationsmuster und Vegetationsgemeinschaften in den verschiedenen Phasen der Bewaldung zu
untersuchen. Diese Variante des „downscaling approachs“ verwendet ebenfalls Pollen-Prozentdaten, aber
umgeht die Probleme mit diesen Daten durch Simulationen von Pollenniederschlag. Grundlage des Ansatzes
ist wiederum das heutige Standort-Muster bezüglich Boden und Relief. Der Ansatz ermittelt, bei welcher
Zusammensetzung der Vegetation auf den unterschiedlichen Standorten der simulierte Pollenniederschlag in
zahlreichen Seen und Mooren einer Landschaft der Zusammensetzung von Pollenproben aus der
Untersuchungszeit am meisten ähnelt.
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Der Ansatz zeigt, dass sich Kiefer und Baum-Birken zunächst in einem ähnlichen Muster wie im Allerød
etablierten, nämlich mit einer Dominanz von Kiefer auf sandigen Böden und Dominanz von Birke auf lehmigen
Böden. Vermutlich bestanden aufgrund saisonaler Trockenheit auch weiterhin Bereiche offener Vegetation, vor
allem auf lehmigen Böden. Die Hasel breitete sich dann vor allem auf Stau- und Grundwasser beeinflussten
Böden aus, von denen sie die Birke weitgehend verdrängte. Sie wanderte nicht auf sandigen Standorten (mit
Kiefer) ein.

Insgesamt erlaubte die Anwendung des „downscaling approach“ für drei Perioden des Spätglazials und frühen
Holozäns kleinräume Vegetationsmuster und Standortansprüche dominanter Taxa in NO-Deutschland zu
rekonstruieren. Diese Ergebnisse verbessern das Verständnis der Vegetation im nördlichen Mitteleuropa,
insbesondere in Zeiten rascher Klimaänderungen. Der Ansatz ist flexibel und kann mit Pollendaten
unterschiedlicher Qualität und Herkunft verwendet werden. Die Ausführung kann in Standard-Software
erfolgen. Das größte Hindernis ist derzeit die Qualität der verwendeten Pollenproduktivitäten (PPEs).
Verlässliche PPEs sind bisher nicht für alle wichtigen Taxa verfügbar. Zudem ist die Pollenproduktivität nicht
stabil, sondern kann durch Klima, Konkurrenz und Landnutzung beeinflusst werden. Wie sich PPEs durch
diese Parameter verändern, ist bisher aber weitgehend unbekannt.
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