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Abstract

Aims: The aim of this study is to explore the migration (colonization of new areas) and subsequent population expansion (within

an area) since 15 ka cal BP of Abies, Fagus, Picea, and Quercus into and through the Alps solely on the basis of high-quality pollen

data.

Methods: Chronologies of 101 pollen sequences are improved or created. Data from the area delimited by 45.5–48.11N and

6–141E are summarized in three ways: (1) in a selection of pollen-percentage threshold maps (thresholds 0.5%, 1%, 2%, 4%, 8%,

16%, and 32% of land pollen); (2) in graphic summaries of 250-year time slices and geographic segments (lengthwise and transverse

in relation to the main axis of the Alps) as pollen-percentage curves, pollen-percentage difference curves, and pollen-percentage

threshold ages cal BP graphed against both the length and the transverse Alpine axes; and (3) in tables showing statistical

relationships of either pollen-percentage threshold ages cal BP or pollen expansion durations (=time lapse between different pollen-

percentage threshold ages cal BP) with latitude, longitude, and elevation; to establish these relationships we used both simple linear

regression and multiple linear regression after stepwise-forward selection.

Results: The statistical results indicate that (a) the use of pollen-percentage thresholds between 0.5% and 8% yield mostly similar

directions of tree migration, so the method is fairly robust, (b) Abies migrated northward, Fagus southward, Picea westward, and

Quercus northward; more detail does not emerge due to an extreme scarcity of high-quality data especially along the southern foothills

of the Alps and in the eastern Alps. This scarcity allows the reconstruction of one immigration route only of Abies into the southern

Alps. The speed of population expansion (following arrival) of Abies increased and of Picea decreased during the Holocene, of Fagus it

decreased especially during the later Holocene, and of Quercus it increased especially at the start of the Holocene.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. General introduction

Published palynological reconstructions of post-gla-
cial migration routes of forest trees in and around the
e front matter r 2004 Elsevier Ltd. All rights reserved.
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European Alps (or parts of them) vary considerably in
the degree of geographic detail shown. In studies
covering most of Europe (such as Huntley and Birks
(1983) for major European trees, Gliemeroth (1997) for
Picea and Quercus, and Brewer et al. (2002) for Quercus)
the Alps present little differentiation. On the other hand,
relatively much geographic detail is shown by regional
studies such as Burga and Perret (1998); repeated in
Burga and Hussendörfer (2001) dealing with Picea and
Abies in Switzerland and a sequence of studies in the
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southwestern French and Italian Alps for Abies (Clerc,
1988; Brugiapaglia, 1996; Nakagawa, 1998). The studies
on a sub-continental scale are for mountain regions
disappointingly coarse because the relief has not or
insufficiently been taken into account and because of the
limited number of pollen sites used, leading to the
feeling that more may be possible for the Alps with the
additional pollen sites that we have at our disposal. The
detailed studies, on the other hand, make use not only of
pollen data in a geographic context but also of present-
day circumstantial evidence such as (1) growth require-
ments in relation to climate and soil as well as
competitive characteristics of tree species, (2) distribu-
tion of sub-specific tree taxa (sub-species, races, growth
forms), (3) present-day climatic and geologic conditions
of mountain valleys potentially functioning as migration
routes in the past, (4) mountain ridges potentially
hindering tree migration, and (5) inferred palaeo-climate
during periods of tree migration. The results are
appealing because they are wonderfully detailed and
intuitively plausible, but they have the major disadvan-
tage that the method to construct them fails to explain
the inferred tree migration routes in terms of past or
present environment, because this would involve circu-
lar argument of the worst sort. The present study
endeavours to find out how much detail can be extracted
from the data without over-stretching them, and focuses
both on migration and on population expansion,
concentrating on four tree taxa (Abies, Fagus, Picea,
and Quercus). We lay weight on the distinction between
‘migration’, indicating the occupation of new areas, and
‘population expansion’, indicating the increase of plant
populations. (Population expansion has therefore no
spatial component, but describes a phase in population
dynamics.) Our effort is to let the pollen data speak for
themselves, i.e., without entering into speculations not
supported by the data. We put emphasis on data quality,
accepting palynological evidence only from sites that
have a radiocarbon-based time scale and have less than
500 years between sample midpoints. We deal with a
relatively large body of high-quality data compared to
earlier studies, including data stored in ALPADABA
(Alpine Palynological Data-Base, housed in Bern,
Switzerland; see van der Knaap and Ammann, 1997)
and additional, partly unpublished data.

The Alps are of special interest in the reconstruction
of post-glacial tree migration for two reasons. One
reason is that some of the refuges of those trees are
thought to be located at the southern edge of the area
studied or very close by (see, e.g., Huntley and Birks,
1983; Bennett et al., 1991). A refuge is understood here
as the region to which a tree population was reduced
during the part of the last glaciation most unfavourable
for that tree, just prior to its subsequent migration and
expansion. Another reason of interest is that the Alps
have undoubtedly interacted with tree migration,
because of the relief modifying tree migration and
population expansion compared to the situation in
lowland Europe. The Alps are usually considered as a
barrier, slowing down or changing the route of
migration.

This study is part of the EU project FOSSILVA
(Dynamics of forest tree biodiversity: linking genetic,
palaeogenetic, and plant-historical approaches), which
aims among other things to study tree migration and
population expansion in western Europe. The Alps are
studied separately because they pose their own specific
problems of spatial and temporal scales.

A complicated process of tree migration and popula-
tion expansion is to be expected in the Alps because of
the strong relief resulting in heterogeneity in climate,
geology, and soils, which control both phytogeographic
regions and altitudinal vegetation belts. This leads to the
existence or formation of migration barriers (altitudinal,
climatic) locally interrupted by mountain passes, migra-
tion facilitation along valley bottoms and slopes,
varying conditions of competition among trees, and
the possibility of multiple immigration routes into the
region studied.

We concentrate on the last 15 millennia (calibrated)
for which a reasonable amount of high-quality data are
available, excluding older periods. The part of the Alps
and surroundings 45.5–48.11N and 6–141E has been
studied in more detail with graphic and statistical
methods.

1.2. Separating tree immigration and population

expansion in pollen diagrams

It is beyond reasonable doubt that pollen percentages
can be helpful to detect geographical patterns in tree
migration on a European scale (References in Introduc-
tion). For individual sites, however, the first arrival of a
tree near a site cannot be reliably determined on the
basis of pollen alone. For that, macrofossils are needed
(Birks and Birks, 2000). In most pollen sites, however,
macrofossils were not studied. Presence of macrofossils
generally indicates the presence of the tree near the site,
but absence does not necessarily prove the absence of
the tree, because macrofossils can be absent in sediment
samples even if the tree species grows close (e.g., very
few trees, low production of macrofossils, macrosample
too small, ineffective transport of macrofossils from tree
to sediment, or decomposition of macrofossils). Our
results are based on pollen only, because the number of
tree-macrofossil records in the study area is too small to
reconstruct geographic patterns in population dynamics
or to modify the reconstructions based on pollen.
Geographical maps with ages at which pollen-percen-
tage thresholds are crossed (Figs. 2–8) may give
impressions of tree migration and population expansion,
but they do not prove anything definitely for individual
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sites. Data on such maps are nevertheless valuable
because they are based on high-quality pollen data
produced and presented in a standardized way (as
described below).

A tree can occur locally (as shown by macrofossils)
even with very low pollen percentages (o1%, or even
o0.5%; e.g., Picea in La Grande Basse, Vosges
Mountains, France; Schweizer et al., 2004). A low
threshold should therefore be chosen to reflect tree
migration. There is a limit, however, to how low a
pollen-percentage threshold can be usefully chosen. The
timing BP of a very low pollen-percentage threshold
(0.5%) may cause problems in the interpretation,
because (1) the role of chance is larger than with a
higher threshold (low pollen percentages having a large
counting error and a high sensitivity to the pollen sum),
(2) low amounts of pollen may reflect long-distance
transport and may therefore vary with extreme weather
conditions (strong winds) rather than depend on the
proximity of trees, (3) the influence of reworked pollen is
larger, or (4) the influence of contamination (in the field
and/or in the laboratory) is larger.

Lang (1992) refers to Birks (1986) following Watts
(1973), who ‘gave a rather convincing scheme for
interpreting the phases of tree invasion and expansion
from pollen-stratigraphic patterns, which is valid for
anemophilous trees with medium to high pollen
production’, as follows: ‘The pollen curve shows the
absolute, empiric, and rational limit in correlation with
absence of the taxon, its approach to the area limit,
immigration, establishments, expansion, stabilization,
and recession’ (Table 1). The scheme might not apply
for extremely high pollen producers like Pinus and
possibly Quercus because of massive long-distance
transport of pollen, or for extremely low pollen
producers like Acer, Taxus, and Ilex, which are severely
under-represented in the pollen assemblage and may go
unnoticed when tree abundance is low to moderate. The
absolute and empiric limits (but not the rational limit)
are sensitive to the pollen sums used and to the total
influx of other pollen types in the pollen sum. They are
therefore of limited value when diagrams with widely
differing pollen sums are used in regions different in
Table 1

Phases of tree invasion and expansion from pollen-stratigraphic patternsa

Pollen curve Pollen behaviour

6 (Decline) Decline

5 Secondary peaks Later maxima

5 First peak First maximum

4 Rational pollen limit Rapid increase

3 Empiric pollen limit Closed (continuous) curve

2 Absolute pollen limit First scattered occurrences

1 No pollen No occurrences

aModified from Lang (1992).
overall vegetation composition (as is the case here). For
the purpose of this paper it is important to distinguish
between immigration or invasion (i.e., the first arrival of
a tree at or near a locality, implying areal increase) and
population expansion (i.e., population build-up in a
region). The distinction is especially important if the
population expansion is very slow (or if a time lapse
occurs between immigration and population expansion).

Modelling is another approach to study the effects of
tree immigration and population expansion in the pollen
record. Davis and Sugita (1997, p. 191) modelled pollen
dispersal using Sugita’s (1994) POLLSCAPE simulation
model. The output, validated through comparison with
pollen records, suggests that small quantities of fossil
pollen deposited just prior to the first marked increase in
deposition may represent pollen blown in from an
advancing population front rather than the local
establishment of a small population, whereas actual
invasion in the simulations was recorded by a steep
increase in pollen loading (= influx, deposition) and
pollen percentages. On the other hand, small isolated
plant populations away from the main population front
are hard to detect in the pollen record, and may therefore
go unnoticed. This is a drawback in the use of pollen
records for the reconstruction of tree migration.

Various pollen-percentage threshold values have been
used to study tree migration. Gliemeroth (1997) studied
the Holocene immigration of Picea and Quercus into
Europe. In order to separate tree migration (arrival) from
mass population expansion, she refrained from present-
ing isopollen maps on which the separation was
considered not to be possible, but presented for each
tree a migration map in steps of 1000 years (calibrated)
based on a pollen-percentage threshold of 2% of total
land pollen (considered to represent ‘the first traces
pointing to the very beginning of immigration’) and a
mass-expansion map in steps of 1000 years based on a
pollen-percentage threshold of 7%. To ensure a reliable
chronology, she used pollen diagrams with at least five
radiocarbon dates selected from a database of 1700
diagrams (Gliemeroth, 1995), supplemented by diagrams
with less radiocarbon dates but with good pollen-
stratigraphic dating in order to fill geographic gaps.
Phases of populations Time

Recession m
m

Stability m
Expansion (= building up of population) m
Immigration (= first arrival) and establishment m
Approaching area limit m
Absence m
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Comparison of the two types of map allowed her to
estimate the time needed from immigration to mass
expansion.

In pollen maps of Picea and Abies covering the Swiss
and French Alps, Wegmüller (1977) used the first
continuous pollen curve (o5% of total land pollen
but mostly 1–2%) as an indication of immigration, and
the threshold of 5% pollen to mark the beginning of
population expansion.

Burga and Perret (1998) mapped and discussed the
immigration patterns of Abies, Fagus, and Picea in
Switzerland. For Abies they used 10% of total land
pollen to mark the beginning of mass population
expansion, and lower but undefined percentages to map
migration. For Fagus they used 5% pollen to mark ‘the
beginning of mass population expansion shortly after
immigration’. For Picea they used mostly 2–5% pollen to
map migration and 10% pollen to show population
expansion. For Quercus they used 5% pollen to mark
mass population expansion, and, following Huntley and
Birks (1983), 2% pollen to mark local presence.

In this study, we use a range of tree pollen-percentage
threshold values (0.5%, 1%, 2%, 4%, 8%, 16%, and
32%) and discuss their significance in terms of tree
immigration and population expansion.
2. Description of study area and data

2.1. Alps

The entire European Alps are of interest for the study
of tree migration and population expansion. This paper
discusses the part of the Alps that has a sufficient density
of high-quality data. Suitable sites in the southwestern
Alps are geographically very scarce compared to the
central Alps, so this area is excluded. Very few data
from the Alps east of 141E are available. We include,
however, a stretch of lower-lying land north of the Alps
for which data are available. The part of the Alps and
surroundings studied in more detail by graphic and
statistical methods is delimited by 45.51 and 48.11N and
by 61 and 141E.

The Alps form a mountain chain stretching in an arc
from SW to E over 1200 km long 140–240 km wide, and
0.2� 106 km2 in surface area (Ozenda, 1988). The Alps
are partly glaciated today (see maps Figs. 1A–B), and
they were strongly glaciated during the Last Glacial
Maximum. The Alps are shared by (from west to east)
France, Italy, Switzerland, Germany, Liechtenstein,
Austria, and Slovenia. The general macroclimate varies
within the Alps with longitude, latitude, and position
within the mountain system, coarsely generalized as
follows: (sub-)oceanic climate in the west, and (sub-
)continental climate in the east; (sub-)mediterranean
climate (mild in winter) in the south, temperate and
cooler climate in the north. The position within the
mountain system involves local mass effects (Mont
Blanc massif, Matterhorn–Monte Rosa massif, Bernese
Oberland) along with rain-sheltered inner-alpine parts
with azonal continental traits (strongest in the interior
valleys such as Brianc-onnais in France, Valais in
Switzerland, upper Inn valley in Austria, and Vintsch-
gau in South Tyrol in Italy). Meso-climate varies in a
way usual in mountains mainly with altitude and
exposure, showing gradients in temperature, precipita-
tion, and radiation, resulting in gradients in duration of
growing season and temperature sums.

Schmidli et al. (2002, p. 1051) describe the general
pattern of precipitation in the Alps as follows: ‘The main
features of the spatial distribution are two high-precipita-
tion bands extending along the northern and southern rim
of the Alpine ridge, and drier conditions in the interior of
the mountain range and over the adjacent flatland. The
maximum along the southern rim is divided into two
major wet zones, one centered over southern Switzer-
land–northern Italy and the other over eastern Italy–Slo-
venia. The monthly precipitation patterns exhibit
pronounced seasonal and inter-annual variations (..).’.

2.2. Sites

The data used are derived from: ALPADABA (Alpine
Palynological Data-Base, housed in Bern, Switzerland);
EPD (European Pollen Database, housed in Arles,
France); authors, including mostly insufficiently pub-
lished or unpublished data; other data contributors
(listed in Acknowledgements). Where necessary written
permission to use the data has been obtained.

Study sites include lakes and mires. Fig. 1A shows the
study sites and their numbers. Fig. 1B shows the study
sites and their elevation in 100-m classes.

This paper concentrates mainly on the Holocene but
reaches back into the Late Glacial (15 cal ka BP) as far
as high-quality data are available. Suitable data of Late
Glacial age are in fact far scarcer than Holocene data. A
large proportion of published (and unpublished) Late
Glacial data is less suitable for our purpose for various
reasons: insufficient or missing radiocarbon control
(often due to calcareous character of the sediment,
scarcity of organic matter, or low sedimentation rates),
presence of reworked pollen (falsifying results), very low
pollen sums counted (often due to low pollen concen-
trations), or low temporal resolution.
3. Methods

3.1. Dating and time scales

The data used consist of 107 pollen diagrams from
101 sites, in which 8930 pollen spectra were analysed.
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Fig. 1. (A–B) Maps of area with sites studied. Sites are shown as light brown dots. Glaciers are outlined in blue. Rivers and shores are drawn in red.

Country boundaries are drawn as thick black lines. Approximate northern and southern foot of the Alps are sketched with thin black lines.

Coordinates are degrees Greenwich. Labels of sites are placed on sites or close to it. (A) Site numbers. Original publications of pollen diagrams and of

chronologies (site no. in brackets): Unpublished, by co-authors of this paper (45; 54; 95); Ammann, 1989 (15); Avigliano et al., 2000 (101); Beaulieu,

1977 (4; 91; 92; 96; 97; 98); Beaulieu and Goeury, 1987 (89); Beckmann, in press (45); Bortenschlager, 1970 (66); Bortenschlager, 1976 (84);

Bortenschlager, 1984a (65; 66; 68; 72; 80; 82); Bortenschlager, 1984b (72); Brugiapaglia, 1996 manuscript (24; 29; 31); de Valk, 1981 (9; 10); Fäh, 1986

(53); Gaillard, 1984, 1985 (3); Gehrig, 1997 (60; 63); Gobet et al., 2000 (50); Gobet et al., 2003 (54); Hadorn, 1994 (5); Heeb and Welten, 1972 (25; 27;

30); Heuberger, 1977 (77; 79); Hüttemann and Bortenschlager, 1987 (79); Juvigné and Gewelt, 1987 (89); Küttel, 1977 (48); Küttel, 1979 (39; 40);

Küttel, 1989 (47); Krisai et al., 1991 (86; 88; 87); Lotter, 1988 (44); Lotter, 1985 (23); Lotter and Boucherle, 1984 (23); Lotter and Fischer, 1991 (22);

Lotter et al., 1992 (44); Lotter et al., 1996(?) (26); Markgraf, 1969 (34); Mitchell et al., 2001 (2); Nicol–Pichard, 1987 (90); Nicol–Pichard and Dubar,

1998 (94); Oeggl, 1988 (83); Pini, 2002 (55); Ravazzi, 2002 (101); Reille, 1991 (1; 11; 13); Richoz, 1997 (7); Rösch, 1983, 1985 (49); Schneebeli, et al.,

1989 (53); Schweizer et al., in preparation (8); Seiwald, 1980 (73; 74; 75; 76; 78); Tinner, 1998 (50; 51); Tinner and Conedera, 1995 (51); Tinner et al.,

1999 (50; 51); Valsecchi, 1999 manuscript (101); van der Knaap and Ammann, 1997 (revised chronologies of: 14; 15; 16; 17; 19; 21; 22; 25; 27; 32; 33;

34; 36; 37; 38; 39; 40; 41; 42; 43; 46; 57; 59; 62); van der Knaap et al., 2000 (12; 13); van der Knaap and van Leeuwen, 2001 (45); van der Knaap et al.,

in press (26); Vorren et al., 1993 (67); Wahlmüller, 1985 (64; 69; 81); Wahlmüller, 1988, 1992 (85); Wahlmüller, 1990 (71); Watson, 1996 (99; 100);

Wegmüller and Welten, 1973 (17); Wegmüller and Lotter, 1990 (22); Weirich and Bortenschlager, 1980 (70; 79); Welten, 1977 (16); Welten, 1982a (6;

14; 16; 17; 18; 19; 20; 21; 22; 26; 27; 32; 33; 36; 37; 38; 39; 40; 41; 42; 43; 46); Welten, 1982b (56; 57; 58; 59; 61; 62); Wick, in preparation (52); Zbinden

et al., 1989 (15; 44).(B) Elevations of sites in 100-m classes (midpoints;70.5). (C) Transverse and lengthwise geographic segments to which sites are

assigned; for explanation see text. Drawn grid lines delimit geographic segments. First digit of site labels is transverse geographic segment

(approximately W–E); second digit is lengthwise segment (approximately S–N); sites outside geographical segments are labelled 0. Labels may refer

to several sites lying close together.
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The chronologies are based on 883 physical dates
(radiocarbon dates and Laacher See tephra) supplemen-
ted by 427 dates based on pollen stratigraphy and
chrono-correlation of sites lying close together. The first
author of the present paper is responsible for most
chronologies, partly published elsewhere (Van der
Knaap and Ammann, 1997; Van der Knaap et al.,
2000). Other chronologies were made by Lotter and
Birks (2003) (site 35), Walter Finsinger (manuscript in
prep.) (site 95), Gobet et al. (2003) (site 54), Lotter in
Van der Knaap et al. (2004) (site 26), Tinner (1998) (sites
50, 51), and 7 Lucia Wick (2004) (site 52).

A calibrated time scale (years or ka BP; before AD
1950) is used. Radiocarbon years are calibrated with
CALIB, versions 3.X and 4.X using the INTCAL98
calibration data set (Stuiver et al., 1998a,b). Calibrated
radiocarbon dates and calibrated inferred pollen 14C
ages lay at the basis of the calibrated time scales. The
reason to calibrate is that this results in the closest
approximation to accurate calendar-year time scale, and
that depth-age models are only meaningful and useful
when based on calibrated dates (Telford et al., 2004).

The depth-age modelling of individual pollen dia-
grams is based on calibrated radiocarbon dates, coring
date (providing an age for the top of the core), and
inferred biostratigraphic dates. The latter have been
used with caution, because there is a risk of circular
reasoning. Biostratigraphic dates based on inferred tree-
migration ages are therefore not used. We used only
pollen trends that depend with reasonable certainty
directly on climatic forcing of a known age, including
the transitions Oldest Dryas to Bølling, Allerød to
Younger Dryas, and Younger Dryas to Preboreal
(Holocene). The most commonly used inferred date is
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the Younger Dryas/Preboreal transition. Accurate
radiocarbon dating of this transition is problematic
because sediment accumulation is mostly slow, and if
this does not pose a problem the 14C plateau in the
period of interest requires wiggle-match dating (e.g.,
Gulliksen et al., 1998). We based the biostratigraphic
dating of the Younger Dryas/Preboreal transition
on the decline of pollen associated with steppe plants
(mostly Artemisia and Chenopodiaceae). Another case
where we accept inferred biostratigraphic dates is when
several pollen diagrams of the same site are available
and some have radiocarbon dates. Biostratigraphic
chrono-correlation among such diagrams can be ac-
cepted, so that radiocarbon dates in different diagrams
may complement each other. This is the case for
Rotsee, Lac de Seedorfsee, and Nussbaumer Seen (sites
44, 7, 49).
3.2. Temporal resolution and data selection

Only parts of pollen diagrams with sufficient temporal
resolution are used. Temporal resolution of a pollen
sample is considered sufficient if the average distance of
the sample midpoint to the two neighbouring sample
midpoints is less than 500 years; on average it is 116799
years (1s standard deviation).

Six study sites have more than one pollen diagram.
The diagrams vary within the site in dating control and/
or temporal resolution. Results from diagrams or parts
of diagrams with less dating control and/or lower
temporal resolution are not used.
3.3. Selection of reliable pollen data

Excluded are samples that are ‘suspect’ because of
high tree-pollen percentages followed by a period of zero
percentages. This phenomenon may reflect natural
fluctuations in tree-population sizes, but the chances
are larger that it is caused by either reworking
of pollen from older sediments eroded in the catchment,
or contamination of the pollen samples during
handling in the field or laboratory. For practical reasons
we excluded therefore any of the following cases:
(1) High tree pollen percentages in the early Late
Glacial soon disappearing a few spectra higher,
which may well be caused by reworking. (2) Elevated
tree pollen percentages in the Younger Dryas followed
by low values, which even if not reworked are very
unlikely indicative of tree-population expansion. They
may, e.g., be caused by low local (or regional) pollen
production, because of which regional (or extra-regio-
nal) tree pollen reaches elevated percentages. (3) Tree
pollen maxima of short duration (one or a few spectra)
prior to the first increase of the pollen type. Such
maxima are suspect especially for several tree taxa
together, and suggest sample contamination during
handling. In order to reduce the subjectivity in exclusion
of pollen samples, we applied these rules with rigour,
avoiding exclusion of data that simply do not fulfil
expectations but are otherwise not unusual biostrati-
graphically. Wegmüller (1977) used similar criteria to
exclude ‘doubtful’ samples in his construction of
migration and population-expansion maps for Picea

and Abies.
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3.4. Calculation and smoothing of pollen percentages

Pollen percentages are calculated on a pollen sum
(100% by definition) including all pollen and spores of
vascular plants growing usually on dry soils. Excluded
from the pollen sum are pollen and spores of obligate
aquatic plants and also of notorious mire plants with a
high production of pollen or spores (e.g., Cyperaceae,
Monolete fern spores, Thelypteris palustris). Such a
pollen sum is similar to that in a majority of published
pollen diagrams, although spores are often excluded in
their total. Our reason to include spores that with high
probability can be connected with dry-soil Pteridophyta
is that there is no ecological reason to treat Pteridophyta
differently from other herbs, whereas purely taxonomic
considerations are irrelevant; Pteridophyta are in our
climate actually herbs in their growth form.

In order to smooth out random fluctuations in pollen
percentages (including statistical counting errors and
weather-determined pollen-production or -transport
fluctuations), data were smoothed prior to determina-
tion of pollen-percentage threshold ages cal BP and
expansion duration (defined below). For smoothing we
used a data window moving through time. The data
window contains up to five consecutive samples, but is
limited to a maximum time interval of 500 years between
the midpoints of the lower and upper sample in the data
window. Pollen percentages and sample ages are
averaged for each position of the data window. Smaller,
nested data windows including the basal accepted level
of the pollen diagrams were added in order to extract
maximum information from the basal 5 pollen samples.

3.5. Determination of pollen-percentage threshold ages

cal BP and expansion duration

Pollen-percentage threshold age cal BP is defined as
the calibrated age of the first (smoothed) pollen sample
in which the tree studied (Abies, Fagus, Picea, or
Quercus) reaches a defined pollen-percentage threshold.
Thresholds applied are 0.5%, 1%, 2%, 4%, 8%, 16%,
and 32%. A threshold age is not used if this concerns the
basal pollen sample of a pollen sequence used (after
exclusion of ‘suspect’ pollen samples), because the pollen
sequence may start after the actual immigration or
population expansion of the tree studied. The threshold
age is set to –1 if the threshold is never reached in a
pollen sequence covering at least the period 1900–1000
cal BP. This period was selected as the youngest
millennium that excludes the many pollen diagrams
younger than 1000 BP (see van der Knaap et al., 2000),
in which the threshold is not reached due to anthro-
pogenic deforestation prior to 1000 BP.

Pollen-percentage expansion duration is defined as the
time elapsing between one threshold age cal BP and the
next, including 0.5–1%, 1–2%, 2–4%, 4–8%, 8–16%,
and 16–32%. It is a measure of the speed of population
expansion. The expansion duration is set to –1 if the
upper threshold is never reached in a pollen sequence
covering at least the period 1900–1000 cal BP.

Results that are very similar between pollen diagrams
of the same site or of sites lying close together are
combined (by averaging the ages). Results for two
pollen diagrams are considered very similar if they
concern the same tree taxon and threshold and are less
than 400 year different; results for three pollen diagrams
are very similar if the difference between minimum and
maximum is less than 600 year.
3.6. Maps and graphic geographic summaries of pollen-

percentage data and threshold ages cal BP

PanMap (1998) is used for drawing the geographical
maps (Figs. 1ff).

Although the results of pollen-percentage threshold
ages cal BP and expansion duration are shown here on
maps in a geographic context (Figs. 2–8), geographic
trends are in most cases only weakly visible. Geographic
trends are therefore summarized in a number of
different ways, each exposing different underlying
features in the data.

In order to summarize the data and results graphi-
cally, spatial segments are designed (Fig. 1C). To
optimize these geographic segments according to the
orientation of the Alps, both the length axis through the
Alps and the transverse axis perpendicular to it have
been slightly tilted compared to Lat/Long directions to
an approximately WSW–ENE length axis and an
approximately SSE–NNW transverse axis. The length
axis is devised to traverse both the western and the
eastern inner-Alpine regions and thus to separate the
southern from the northern Alps more effectively than a
strict W–E axis does. (Schmidli et al., 2002 used a
similar division between southern and northern Alps for
the study of regional precipitation.) This makes a
difference especially in the study of trends in south–
north direction. The length axis runs through 461N, 61E
and 471N, 121E. Both the length and the transverse axes
runs through 461N, 61E; this point is the arbitrary zero
point for graphic and calculation purposes. Coordinates
of sites on the length axis are calculated as
(1E–6)+(1N–46)/6 (in which 1E and 1N are degrees
Greenwich Latitude and Longitude), on the transverse
axis as (1N–46)–(1E–6)/6. On the basis of these axes, the
pollen sites in the area delimited by 45.5–48.11N and
6–141E are classified in eight transverse geographic
segments of identical width on the length axis and
similarly in eight lengthwise geographic segments on the
transverse axis (Figs. 9–16).

Summarizing of pollen data is done in the following
three ways (left, central, and right parts of Figs. 9–16):



ARTICLE IN PRESS

8394

91
87

89

10198

9880 8887 9080 86 88938585 96
90 1028885 107 8499 8880 8079 88 8485 84 788876 587773 7681

-1
87 656972 78 62

75 77 6385 77
69 9183 868578 556871

7361
6661

75 7263

65

Abies: ≥0.5% pollen;  centuries BP cal. (500-yr moving window)

6° 8° 10° 12° 14°

6° 8° 10° 12° 14°

48°

47°

45°

44°

46°

48°

47°

45°

44°

46°

Fig. 2. Abies; threshold 0.5%. Maps showing the ages cal BP that pollen-percentage thresholds are reached in 100-yr classes (cal BP), calculated in

moving time windows (see text for details) for various thresholds (0.5%, 1%, 2%, 4%, 8%, 16%, and 32%); the selected maps shown have threshold

ages with statistically significant relationships with longitude and/or latitude (see Table 2).

W.O. van der Knaap et al. / Quaternary Science Reviews 24 (2005) 645–680 653
(1)
 Left parts of Figs. 9–16 show average pollen
percentages per 250 year in geographic segments.
Pollen percentages are summarized for each of the
four trees by averaging pollen percentages per tree
per 250-yr time slice per site, followed by averaging
the results per tree per time slice per geographic
segment.
(2)
 Middle parts of Figs. 9–16 show average pollen-
percentage change per 250 year in geographic
segments. Increases or decreases of tree-pollen
percentages are summarized for each of the four
trees by averaging pollen percentages per tree per
250-yr time slice per site, calculating the increase or
decrease in pollen percentages per tree per time slice
per site, which is done by subtracting the averaged
pollen percentage in the underlying time slice from
that in the time slice, and averaging the results per
tree per time slice per geographic segment.
Note that the average pollen-percentage change values
(middle parts of Figs. 9–16) are not directly derived
from the average pollen percentage values (left parts of
Figs. 9–16). This results in some apparent discrepan-
cies, because results of all time slices contribute to the
average pollen percentages, whereas only the upper of
each pair of adjacent time slices within sites contribute
to the average pollen-percentage change.
(3)
 Right parts of Figs. 9–16 show LOWESS-smoothed
pollen-percentage threshold ages cal BP. SYSTAT 5.02
(1993) is used for implementation. Pollen-percentage
threshold ages cal BP are related graphically to site
position on either the transverse or the lengthwise axis,
and graphically smoothed by LOWESS (span 0.4).
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3.7. Statistical testing of geographical and temporal

patterns

Pollen-percentage threshold ages cal BP and pollen-
percentage expansion duration (concepts explained in
Section 3.5) may show geographic patterns (in relation
to latitude, longitude, and elevation) because of tree
migration and population expansion. In order to assess
this statistically, linear regressions are carried out for the
Alps north of 45.51N, east of 61E, between either pollen-
percentage threshold age BP or pollen-percentage
expansion duration as dependent variable and latitude,
longitude, and elevation as independent variables.
Regressions include simple linear regression between
dependent and each independent variable, and multiple
linear regression between dependent variable and step-
wise forward selected independent variables. SYSTAT
5.02 (1993) is used for implementation. Results are
shown in Tables 2 and 3. Temporal patterns in pollen-
percentage expansion duration are statistically explored
by simple linear regression in Table 4.
4. Results

4.1. Tree migration and population expansion in relation

to space (Tables 2 and 3, Figs. 9–16)

Geographic aspects of tree migration and population
expansion (in three dimensions: latitude, longitude,
elevation) are explored statistically in two ways. Table
2 shows how the timing of tree migration and population
expansion is related to space. Table 3 shows how the
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speed of tree-population expansion is related to space
(Fig. 17).

The results in Tables 2 and 3 should be interpreted
with caution because of a possible bias in the data, as
some regions of the Alps important for tree dynamics
are insufficiently covered, and there may exist geogra-
phical trends in the types of sites, which may vary with
the pollen-percentage thresholds.

Statistical significance (Po0:05) of simple linear
regression amounts to ca. 39.5% of cases tested in
Table 2 and to ca. 26% in Table 3, which lies markedly
above the chance expectation of 5%. The proportion of
explained variance (adjusted multiple R2 ) in multiple
linear regression after stepwise forward selection is
generally high in Table 2, low in Table 3.
-1

50
8

18

17

-1

30
8925

57

69
71

983 6957
56 7066

5550 5074 76 7296 72 9859 55 7172 64 77
62 64

53 565670 57
58 49 75

887165
60

77

-1
818

Picea: ≥0.5%  pollen; centuries BP cal. (500-yr moving w

6° 8° 10

6° 8° 10

48°

47°

45°

44°

46°

(A)

Fig. 4. (A) Picea; threshold 0.5%, (B) Picea; threshold 4%, (C) P
Table 2 shows statistical linear relationships between
pollen-percentage threshold ages cal BP of the trees
studied and latitude, longitude, and elevation. The
proportion of explained variance is extremely high for
Picea (67–76%) and high for Abies (mostly 27–49%),
Quercus (mostly 30–42%), and Fagus (mostly 20–50%).
Statistical significance is strong, in decreasing order, in
the relationships of Picea to longitude, Abies to latitude,
Quercus to elevation, and Fagus to latitude.

4.2. Population expansion in relation to age (Table 4,

Fig. 17)

Average doubling times of pollen percentages as
shown graphically in Fig. 17 are a proxy of doubling
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icea; threshold 32%. See caption to Fig. 2 for explanation.
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times of tree populations. Average population doubling
times range from 0.45 ka in Abies to 1.22 ka in Quercus,
but the error bars larger than the actual values prevent
further interpretation (see figure caption). Any trends in
Fig. 17 should be interpreted with caution not only
because of the large error bars but also because the
selection of sites is different for each data point.
Therefore, the slightly increasing trends in Abies, Fagus,
and Picea may be spurious. The longer durations of
population doubling of Quercus above 8% pollen
coincide with a small number of records (see Table 3).

The speed of population expansion in relation to the
age cal BP for the expansion is explored in Table 4. This
table lists results of simple linear regression between
pollen-percentage threshold ages cal BP and the time
elapsing from this (lower) threshold to a later (upper)
threshold. Positive correlation implies that the speed of
tree-population expansion was faster when the expan-
sion started later, negative correlation that it was slower.
Similar to Tables 2 and 3 and for the same reasons, the
results in Table 4 should be interpreted with caution; ca.
25% of cases tested are statistically significant (Po0:05)
and ca. 37% of cases tested have P-value o0.10, both of
which lie markedly above chance expectations (which
are 5% for statistical significance, or about 1 case per
tree taxon).
5. Interpretation

5.1. Tree migration and population expansion in relation

to space (Tables 2 and 3, Figs. 9–16)

In the spatial relationships (latitude, longitude, and
elevation) of tree migration (Table 2) and population
expansion (Table 3), the results in terms of positive or
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negative statistical relationship and statistical signifi-
cance or not are mostly similar for the steps of pollen-
percentage thresholds from 0.5% to 8%. In other words,
the statistical results are relatively independent of the
level of pollen-percentage threshold chosen. The choice
of the pollen-percentage threshold used is therefore not
that important for the study of spatial patterns (or
direction) in migration and/or population expansion.
The timing of reconstructed migration and of recon-
structed population expansion, however, does depend
on the threshold chosen. This result is nevertheless
encouraging, because it indicates that the method of
using pollen-percentage thresholds has some robustness
with regard to spatial patterns. In this perspective, the
use of 4% pollen for Picea by Ravazzi (2002) and 2–5%
by Burga and Perret (1998) to track Picea migration
directions are good choices.
Today most trees have an altitudinal distribution of
maximum abundance at a certain elevation and
decreasing abundances at both higher and lower
elevations. The trees studied have their maximum
abundances today at elevations increasing in the
sequence Quercus (colline zone)–Fagus (colline and
montane zones)–Abies (montane and lower sub-alpine
zones)–Picea (montane and sub-alpine zones) (Landolt,
1983). Provided that the present-day altitudinal abun-
dance reflects the ecological optimum of each tree (past
and present), it is possible that tree migration was faster
and/or population expansion stronger at optimum
elevation and slower both at lower and at higher
elevation, rather than linear relationships with elevation.
Inadequacy of linear regression with elevation is
indicated in Table 2 by the scarcity of P-values o0.05
for Abies, Picea, and Fagus. The situation may be
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different for Quercus, as this tree has its optimum today
at a low elevation comparable to the elevation of the
lower-lying sites studied.

5.1.1. Abies (Figs. 2, 9, 10)

Migration: The positive significant linear relationships
between Abies pollen-percentage threshold ages cal BP
and latitude (Table 2) indicate a northward movement
of the tree in the course of time. This is also apparent
from the map (Fig. 2) and the graphs (Fig. 9). In the
latter, the southernmost lengthwise geographic segment
1 shows an early increase, the intermediate segments
show intermediate increases, but they are hardly
differentiated among each other, and the northernmost
lengthwise segment 8 shows a late increase. Fig. 2 shows
that the earliest points lay in central South Switzerland
(46.0–46.51N, 8–91E). This region marks therefore the
immigration of Abies into the Swiss Alps from the
south, approximately via Ticino and Simplon Pass (app.
9–101E). Some of the decisive data points lay close to the
southern margin of the Alps (ca. 461N, 91E), whereas
sites in such a position are lacking for a long stretch
both east and west of central South Switzerland.
Therefore, even if there have been other immigration
routes of Abies northward into the (presumably Italian)
Alps, they are not recorded in the data available. The
lengthwise geographic segments 2 and 3 show lower
Abies percentages, indicating weaker population expan-
sion than adjacent segments (Fig. 9). Segments 2 and 3
cover the inner-Alpine dry valleys in which Abies is rare
(western Alps, e.g., Valais) or absent (eastern Alps, e.g.,
Engadin, upper Inn-valley) today. These environments
were apparently always less suited for Abies than the
peripheral, wetter parts of the Alps. The northward
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migration of Abies may therefore have taken routes
around the two inner-Alpine areas rather than through
them. The map Fig. 2 may suggest a northward
migration route of Abies through the Alps between the
two inner-Alpine areas (app. 9–101E), but it cannot
prove it due to scarcity of data points along the northern
edge of the Alps.

The relationships of Abies with longitude (W–E
direction) are less strong than with latitude (Table 2).
In simple linear regression between pollen-percentage
threshold ages cal BP and longitude, statistical relation-
ships are mostly significant and positive, but the
significance is lower (higher P-values) than with latitude,
and in multiple linear regression the relationships with
longitude are not significant. These results indicate a
weakly pronounced eastward trend. The lack of data
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16–32%; the selected maps shown have expansion durations with statisticall
points for most of the southern margin of the Alps,
however, prevents us from explaining this in terms of
tree migration.

Population expansion: Abies reached its highest
abundance in West Switzerland (W of 8.51 E), both in
the Northern Alps and in the Jura Mountains. This
reflects well its present-day abundance distribution.

5.1.2. Fagus (Figs. 3, 6, 11, 12)

Migration: The results of Table 2 indicate a south-
ward movement of Fagus in the course of time, but not
an east- or westward movement. This would suggest that
Fagus immigrated from the north into the Alps. For the
reconstruction of Fagus migration in Switzerland, Burga
and Perret (1998) used 5% pollen to mark the beginning
of mass population expansion shortly after immigration.
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However, in many pollen diagrams Fagus pollen shows
a marked initial increase following a longish tail of
scattered grains or low percentages. The interpretation
of this tail determines how tree immigration should be
separated from population expansion on the basis of
pollen. A point of consideration is whether the tail
reflects (a) the very slow building up of a tiny population
until the population reaches a critical size enabling
strong and rapid population expansion, (b) a tiny but
stable population that expands only when circumstances
change, or (c) pollen transported from remote popula-
tions that had expanded earlier. Human impact is
frequently invoked as a cause for the rapid population
expansion as indicated by the marked pollen increase,
especially north of the Alps (see, e.g., Küster, 1997).
Inside the Alps, however, the role of humans in the first
population expansion is still a matter of speculation (see,
e.g., Gardner and Willis, 1999; Küster, 1999). If human
impact indeed has been the trigger for the first
population expansion, but also if there has been a
different trigger (such as climatic change, as postulated
by Tinner and Lotter, 2001 for 8.2 cal ka BP at two sites
north of the Swiss Alps), the tree may have been locally
present in small numbers for a long period of time but
unable to expand in the absence of the trigger. In any
case, the significance of the tail of scattered pollen grains
or low percentages as an indication of the presence or
absence of trees near the site should be decided on
macrofossil evidence, which is, however, scarce or
absent, so the significance of the tail remains unclear
for the moment.

Population expansion: The negative significant linear
relationships of Fagus with latitude indicate that the
population expansion was earlier (Table 2) and faster
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(Table 3) in the north than in the south. This can also be
observed on the map (Fig. 3). The graphs show that
population expansion was much stronger north than
south (Fig. 11, left), but as explained above they are not
informative concerning tree migration. The smallest
Fagus population expansion took place in lengthwise
geographic segments 2 and 3 (Fig. 11) covering the
inner-Alpine dry valleys, which indicates that these dry
and continental environments were as unsuited for
Fagus in the past as they are today. The statistical
relationships with elevation suggest that the population
expansion of Fagus was slower (Table 3) and likely also
later (Table 2) with increasing elevation. This is in
accordance with the present-day altitudinal distribution,
since at lower elevation especially north of the Alps
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Fagus dominates many forests, at middle elevation it
grows well but mostly admixed with Abies, whereas at
higher elevation it is mostly absent (Landolt, 1983).

5.1.3. Picea (Figs. 4, 7, 13, 14)

In contrast to Fagus, we must assume (in absence of
indications to the contrary) that population expansion
of Picea followed directly upon immigration indepen-
dent of a trigger such as climatic shift or anthropogenic
disturbance. A low pollen-percentage threshold marks
therefore both the approximate immigration age and the
beginning of population expansion. The negative
significant linear relationships between Picea pollen-
percentage threshold ages cal BP and longitude (Table
2) indicate that the tree migrated westward. Population
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expansion started therefore later in this direction, but it
was also slower (Table 3). This is also apparent from the
maps (Figs. 4A–C) and the graphs (Fig. 14). The graphs
(Fig. 14) show that increasingly smaller populations
built up towards the west. Fig. 4 seems to indicate that
the westward migration was delayed around 101E, but
scarcity of data points between 101 and 91E makes this
uncertain. The mostly negative but rarely significant
correlation between pollen-percentage threshold ages cal
BP and elevation (Table 2) seem to suggest that tree
migration and/or population-expansion progressed
from high elevation downwards. Markgraf (1972) came
to the same conclusion on the basis of five sites in Valais,
a small region in the central Swiss Alps (sites 18, 21, 33,
34, and 37 in Fig. 1A). The correlation of Picea

with latitude (Table 2) seems contradictory between
simple and multiple linear regressions: positive in simple
regression suggesting a southward movement,
negative in multiple regression suggesting a northward
movement. A speculative explanation is that the
westward migration along the Alps caused automati-
cally a slight southward migration due to the southwest-
curved Alpine arch, which led to positive correlation in
simple linear regression with latitude, whereas in multi-
ple linear regression the westward movement is
accounted for by the strong correlation with longitude,
so that the possibly ‘true’ northward movement can
emerge.

Our data are insufficient to decide whether the
migration of Picea into the Jura Mountains took place
via a northern route or a southern route or both. The
westernmost data point on the maps (No. 1 on Fig. 1A)
might support a southern route, but the support is weak
because of moderate data quality (low pollen sums).
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expansion durations with statistically significant relationships with longitude and/or latitude (see Table 3).
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The youngest dates are located to the northwest in the
Vosges Mountains. Picea in the Vosges Mountains may
have originated either from the Black Forest lying to the
east or from the Jura Mountains lying to the south.

5.1.4. Quercus (Figs. 5, 8, 15, 16)

Statistical relationships of Quercus pollen-percentage
threshold ages cal BP with latitude or longitude (Table
2) are weak. They provide a weak indication that the
tree migrated from south to north, which is also
suggested by Figs. 5 and 15. The weakness of this trend
seems to contrast with the clear south-to-north migra-
tion of Quercus on a European scale reconstructed by
Brewer et al. (2002). This is only partially explained by
the difference in scale, including the smaller distances of
migration in the Alps combined with a high speed of
migration. An additional explanation lies in the
ambiguity of Quercus pollen percentages in terms of
absence or presence of trees. In several sites thresholds
up to 2% are crossed already in the Late Glacial. The
significance of such thresholds in terms of absence/
presence of trees near the site is ambiguous, because the
high pollen production and effective long-distance
pollen transport of Quercus in a period with restricted
local vegetation (especially at high-elevation sites) make
it uncertain whether or not oaks grew near the site even
with such pollen percentages. Quercus pollen production
and percentages may also have fluctuated during the
Late Glacial parallel to fluctuations in temperature, as
has been shown for a mountain area in the western
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Fig. 9. Abies; summary of pollen data in lengthwise geographic segments. Data used lie in the area delimited by 45.5–48.11N and 6–141E (Fig. 1C). Horizontal line at 11.5 cal ka BP marks Late

Glacial–Holocene boundary. Left: Average pollen % in 250-yr time slices (calibrated) in lengthwise geographic segments (explanation see text); calculation see text. Centre: Average pollen-

percentage change per 250 year (calibrated) in the same geographic segments; calculation see text (section 3.6). Right: Pollen-percentage threshold ages cal BP in the same geographic segments scaled

along transverse geographic axis smoothed by LOWESS tension 0.4; Cases of threshold-never-reached are not shown.
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Fig. 10. Abies; summary of pollen data in tranverse geographic segments. Data used lie in the area delimited by 45.5–48.11N and 6–141E (Fig. 1C). Horizontal line at 11.5 cal ka BP marks Late

Glacial – Holocene boundary. Left: Average pollen % in 250-yr time slices (calibrated) in tranverse geographic segments (explanation see text); calculation see text. Centre: Average pollen-percentage

change per 250 year (calibrated) in the same geographic segments; calculation see text (Section 3.6). Right: Pollen-percentage threshold ages cal BP in the same geographic segments scaled along

lengthwise geographic axis smoothed by LOWESS tension 0.4; Cases of threshold-never-reached are not shown.
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Fig. 11. Fagus; summary of pollen data in lengthwise geographic segments. See caption of Fig. 9 for explanation.
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Fig. 12. Fagus; summary of pollen data in tranverse geographic segments. See caption of Fig. 10 for explanation.
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Fig. 13. Picea; summary of pollen data in lengthwise geographic segments. See caption of Fig. 9 for explanation.
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Fig. 14. Picea; summary of pollen data in tranverse geographic segments. See caption of Fig. 10 for explanation.
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Fig. 15. Quercus; summary of pollen data in lengthwise geographic segments. See caption of Fig. 9 for explanation.
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Fig. 16. Quercus; summary of pollen data in tranverse geographic segments. See caption of Fig. 10 for explanation.
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Fig. 17. Cumulative doubling times of pollen percentages. X-axis

shows thresholds to which the pollen-percentages are doubled (e.g.,

1% represents doubling from 0.5 to 1%, 2% is 1–2%, etc.). Y-axis

shows cumulative average duration in years of doubling of pollen-

percentages with 1s error bars starting from 0.5%; number of records

for each pollen-percentage doubling is listed in Table 3. Average

doubling times of pollen percentages are calculated using all threshold

intervals as follows: Abies 0.4570.56 ka (N ¼ 306); Fagus 0.727
0.86ka (N ¼ 251); Picea 0.5070.74ka (N ¼ 339); and Quercus 1.227
1.77ka (N ¼ 213).
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Mediterranean (van der Knaap and van Leeuwen, 1997,
p. 248). It can therefore not be excluded that oaks have
migrated to the vicinity of several sites prior to the study
period (the last 15 cal ka BP).

Quercus pollen has low percentages throughout the
Holocene in lengthwise geographic segments 2 and 3
(Fig. 15) covering the inner-Alpine dry valleys. Quercus

trees are abundant at lower elevation in western, but not
in eastern inner-Alpine valleys today. Average 250-year
time-slice pollen percentages in the few sites that lay
below 1100 m elevation indicate that the situation was
the same also in the past. Such percentages are in many
cases above 10–15% in low-lying western inner-Alpine
sites (Sites 6, 16, and 38 in Fig. 1A), whereas they are in
all cases below 2–5% in low-lying eastern-Alpine sites
(78 and 85 in Fig. 1A).

The statistical relationships indicate unambiguously
that the Quercus population expansion was earlier
(Table 2) and faster (Table 3) at low than at high
elevation. This agrees with the present-day optimum of
Quercus trees at lower elevation.
5.2. Population expansion in relation to age (Table 4,

Figs. 9–17)

The speed of population expansion in relation to
expansion age is explored in Table 4.

Abies has five cases of positive statistically significant
correlation (Table 4), implying that population expan-
sion was faster around sites where it had started later.
We may tentatively connect this with the character of
Abies as a climax tree; the gradual development of the
forests from 9 to 5 cal ka BP (when the majority of
immigration and population expansion took place; see
Figs. 9 and 10, right), especially soil maturation, may
have favoured Abies population expansion.

Fagus has three cases of negative statistically sig-
nificant correlation (Table 4), implying that population
expansion was slower around sites where it had started
later. About two-thirds of the Fagus immigration and
population expansion took place between 8 and 5 cal ka
BP (see Figs. 11 and 12, right), prior to notable human
impact on the landscape, when the majority of tree
species had already immigrated and some had com-
pleted their population expansion, whereas others were
still in the process of expansion. Competition with an
increasing number of other tree species may therefore
have contributed to the slower Fagus population
expansion starting later. About one-third of the Fagus

immigration and population expansion took place after
5 cal ka BP. Human impact on the landscape was
steadily increasing in this period, which may have
caused the Fagus population expansion to slow down.
This is in agreement with the hypothesis of Küster
(1997) that the transition from a shifting pattern of
farming to permanent farming is not favourable for the
expansion of Fagus.

Picea has eight cases of negative statistically signifi-
cant correlation (Table 4), implying that population
expansion was slower around sites where it had started
later. Most of the Picea immigration and much of its
population expansion took place during the first half of
the Holocene (see Figs. 13 and 14, right), in which
period many other tree species also immigrated and
expanded. One explanation could therefore be that
Picea has advantages as a pioneer tree, expanding faster
in the absence of competitors and slower when other
tree species had immigrated. Some of the Picea

immigration and population expansion took place after
5 cal ka BP, when, similar to the case of Fagus,
increasing human impact may have slowed down the
process more and more. An alternative explanation may
be that the climate turned less favourable for Picea,
either in course of time or spatially from east to west
coinciding with the direction of migration.

Quercus has three cases of positive statistically
significant correlation (Table 4), implying that popula-
tion expansion was faster around sites where it had
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Table 2

Linear regression of pollen-percentage threshold age cal BP of Abies, Fagus, Picea, and Quercus versus Latitude, Longitude, and Elevationa

Data Simple linear regression Multiple linear regression after step-wise forward selection

Positive/negative correlation and

P-value

Positive/negative correlation and

P-value

Tree Threshold

(%)

No. of

records

Latitude

(S-N)

Longitude

(W-E)

Elevation

(m)

Latitude

(S-N)

Longitude

(W-E)

Elevation

(m)

P-value Adjusted

multiple R2

Abies 0.5 68 +0.000 +0.007 �0.236 +0.000 0.000 0.490

1 68 +0.000 +0.011 �0.543 +0.000 0.000 0.414

2 65 +0.000 +0.025 �0.528 +0.000 0.000 0.408

4 55 +0.000 +0.015 �0.948 +0.001 +0.126 0.000 0.259

8 47 +0.003 +0.040 +0.174 +0.000 +0.007 0.000 0.274

16 35 +0.003 +0.397 +0.901 +0.003 0.003 0.214

32 16 +0.649 �0.224 �0.781 0.000

Fagus 0.5 71 �0.003 �0.633 +0.108 �0.003 0.003 0.105

1 66 �0.000 �0.295 +0.089 �0.000 0.000 0.211

2 56 �0.001 �0.757 +0.071 �0.001 +0.102 0.001 0.200

4 44 �0.003 +0.100 +0.001 �0.001 +0.000 0.000 0.391

8 33 �0.020 +0.080 +0.000 �0.002 +0.144 +0.000 0.000 0.501

16 23 �0.060 +0.260 +0.070 �0.012 +0.090 +0.011 0.008 0.366

32 9 +0.189 +0.310 +0.757 0.000

Picea 0.5 69 �0.476 �0.000 �0.078 +0.058 �0.000 0.000 0.708

1 71 �0.297 �0.000 �0.049 +0.046 �0.000 0.000 0.728

2 69 �0.135 �0.000 �0.030 �0.000 �0.049 0.000 0.691

4 62 �0.197 �0.000 �0.140 +0.020 �0.000 0.000 0.728

8 64 �0.030 �0.000 �0.274 �0.000 0.000 0.667

16 53 �0.010 �0.000 �0.986 �0.000 0.000 0.685

32 34 �0.125 �0.000 �0.443 +0.009 �0.000 0.000 0.762

Quercus 0.5 63 +0.000 +0.047 +0.002 +0.000 +0.000 0.000 0.415

1 63 +0.076 +0.164 +0.000 +0.000 �0.134 +0.000 0.000 0.359

2 59 +0.832 +0.333 +0.002 +0.101 +0.001 0.002 0.165

4 41 �0.744 +0.556 +0.000 +0.102 +0.000 0.000 0.304

8 32 +0.264 �0.749 +0.000 +0.073 +0.000 0.000 0.378

16 19 +0.449 �0.179 +0.251 0.000

32 2

aSites used lie 45.5–48.11N, 6–141E. Calculation of pollen-percentage threshold age cal BP is explained in text. No. of records is the number of sites

in which the pollen-percentage threshold is crossed. Latitude and longitude are in Greenwich coordinates. Positive or negative correlation are

indicated by+or�preceding P-value; the signs of the correlations have been reversed in order to make the results easier understandable intuitively.

Positive correlation for latitude indicates northward direction of migration or population expansion, for longitude eastward, and for elevation

upward. Statistical significance (Po0:05) in simple linear regression is indicated by bold print. In multiple linear regressions with stepwise forward

selection, positive or negative correlation and P-value are given for selected factors only. Adjusted multiple R2 is proportion of variance explained.

Regression was not possible for Quercus 32% due to N ¼ 2:
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started later. These three cases represent an early phase
of Quercus expansion (recorded as pollen-percentage
increase from 0.5–1% to 4–8%), and one-quarter to
one-third of the data points in each case have the
beginning of the population expansion (lower pollen-
percentage threshold) in the Late Glacial, whereas the
remaining data points in these cases are of Holocene age
(see Figs. 15 and 16, right). For the three statistically
significant cases, therefore, the climatic amelioration at
the beginning of the Holocene sufficiently explains that
Quercus population expansion was faster around sites
where it had started later. The results in Table 4 give no
clues about speed of Quercus population expansion
within the Holocene.
6. Conclusions and discussion

The method of using pollen-percentage thresholds for
the reconstruction of directions of migration and
population expansion appears to have some robustness,
as results are mostly similar for different thresholds
between 0.5% and 8%. For the reconstruction of ages of
arrival or migration, however, a pollen-percentage
threshold appropriate for the taxon should be chosen.
An appropriate choice should ideally be supported by
combined pollen-macrofossil studies. The results of
modern pollen surface samples in combination with
contemporary geographical distribution of trees may
also be helpful, though only to a small degree, because
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Table 3

Linear regression of pollen-percentage expansion duration of Abies, Fagus, Picea, and Quercus versus Latitude, Longitude, and Elevationa

Data Simple linear regression: Multiple linear regression after stepwise forward selection:

Positive/negative correlation and

P-value

Positive/negative correlation and

P-value

Tree Threshold:

%

No. of

records

Latitude

(S-N)

Longitude

(W-E)

Elevation

(m)

Latitude

(S-N)

Longitude

(W-E)

Elevation

(m)

P-value Adjusted

multiple R2

Abies 0.5–1 67 �0.531 �0.924 +0.104 +0.104 0.104 0.025

1–2 64 �0.388 +0.635 +0.172 0.000

2–4 55 �0.521 +0.005 +0.030 +0.111 +0.062 0.027 0.096

4–8 44 +0.625 +0.096 +0.008 +0.008 0.008 0.135

8–16 32 �0.176 �0.755 +0.632 0.000

16–32 16 �0.045 �0.525 �0.392 �0.045 0.045 0.204

Fagus 0.5–1 64 �0.010 +0.999 +0.030 �0.019 +0.061 0.006 0.126

1–2 56 �0.028 �0.986 +0.019 �0.040 +0.027 0.008 0.137

2–4 44 �0.140 +0.035 +0.000 �0.125 +0.000 0.001 0.264

4–8 32 �0.192 +0.619 +0.022 +0.022 0.022 0.135

8–16 22 �0.046 +0.131 +0.556 �0.024 +0.061 0.024 0.255

16–32 7 +0.308 �0.859 �0.538 0.000

Picea 0.5–1 69 �0.803 �0.026 �0.025 �0.062 �0.059 0.014 0.094

1–2 65 �0.989 �0.124 �0.044 �0.044 0.044 0.048

2–4 62 �0.062 �0.004 +0.910 �0.004 0.004 0.116

4–8 58 +0.709 �0.149 �0.282 �0.149 0.149 0.020

8–16 49 +0.384 �0.194 �0.532 0.000

16–32 31 �0.272 �0.001 �0.477 �0.001 0.001 0.294

Quercus 0.5–1 56 �0.546 +0.086 +0.020 +0.020 0.020 0.080

1–2 49 �0.713 +0.068 +0.150 +0.068 0.068 0.049

2–4 38 �0.087 +0.041 +0.001 +0.138 +0.005 0.002 0.254

4–8 27 �0.439 +0.028 +0.000 +0.056 +0.000 0.000 0.619

8–16 15 +0.809 �0.358 +0.932 0.000

16–32 2

aSites used lie 45.5–48.11N, 6–141E. Pollen-percentage expansion duration is the time lapse between two consecutive pollen-percentage threshold

ages cal BP. No. of records is the number of sites in which both pollen-percentage thresholds are crossed (also valid for Fig. 17). Latitude and

longitude are in Greenwich coordinates. Positive or negative correlation are indicated by+or � preceding P-value. Positive correlation for latitude

indicates northward trend (i.e., expansion duration increasing to the north), for longitude eastward, and for elevation upward. Statistical significance

(Po0:05) in simple linear regression is indicated by bold print. In multiple linear regressions with stepwise forward selection, positive or negative

correlation and P-value are given for selected factors only. Adjusted multiple R2 is proportion of variance explained. Regression was not possible for

Quercus 16–32% due to N ¼ 2:
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the modern, anthropogenic landscape, especially its
openness, is rather different from the mainly forested
landscape during the time of first arrival of the trees.

Linear regression is used to evaluate geographic
trends (latitude, longitude, and elevation) in pollen
data, but this may in some cases not match the trends,
such as optimum of trees at middle elevation of, e.g.,
Abies and Picea.

Migration directions reconstructed in this paper for
part of the Alps and surroundings 45.5–48.11N, 6–141E
include a northward migration by Abies, southward by
Fagus, westward by Picea, and northward by Quercus.
The results do not suggest the presence of refuge areas of
any of these trees in the region studied. The actual
migrations may have been earlier than assessed on the
basis of pollen, because there might be a time lapse
between the first arrival of a tree and the first traceable
population expansion. This time lapse might be con-
siderable especially for Fagus in some parts of the study
area. On a European scale, our results support migra-
tion reconstructions published earlier. In contrary,
detailed movements of trees into and through the Alps,
such as proposed by Burga and Perret (1998), Nakaga-
wa (1998), and others, are not supported by our data or
they do not emerge unambiguously. The northwestern
Alps are rather well studied, but in other parts of the
Alps there remains an extreme scarcity of high-quality
data (well-dated pollen diagrams with a high temporal
resolution), especially in a band along the southern
margin of the Alps south of Austria and in the eastern
Alps. New research should focus there in order to
reconstruct the movement of trees into and across the
Alps.

Abies: Results indicate that Abies migrated into the
Alps from south to north. Abies may have entered the
southern Alps at various points at different ages, but the
scarcity of sites at the southern foot of the Alps does not
allow us to reconstruct more than one, namely in central
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Table 4

Simple linear regression of pollen-percentage threshold age cal BP and pollen-expansion duration (= duration to higher threshold)a

Tree Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

Upper

threshold-
32% 16% 8% 4% 2% 1%

Abies Lower

threshold

0.5% +0.028 0.267 +0.004 0.243 +0.236 0.011 +0.035 0.072 +0.158 0.017 �0.907 0.000

N ¼ 15 N ¼ 29 N ¼ 41 N ¼ 49 N ¼ 60 N ¼ 64

1% +0.055 0.197 +0.005 0.231 +0.242 0.010 +0.056 0.055 +0.275 0.004

N ¼ 15 N ¼ 29 N ¼ 41 N ¼ 50 N ¼ 61

2% +0.291 0.015 +0.083 0.074 �0.818 0.000 +0.672 0.000

N ¼ 15 N ¼ 29 N ¼ 41 N ¼ 51

4% +0.438 0.000 +0.504 0.000 �0.046 0.077

N ¼ 15 N ¼ 29 N ¼ 40

8% +0.527 0.000 +0.327 0.000

N ¼ 15 N ¼ 32

16% +0.783 0.000

N ¼ 16

Fagus Lower

threshold

0.5% �0.950 0.000 �0.504 0.000 +0.351 0.000 +0.154 0.028 �0.021 0.079 �0.219 0.009

N ¼ 7 N ¼ 20 N ¼ 31 N ¼ 40 N ¼ 55 N ¼ 58

1% +0.696 0.000 �0.112 0.081 �0.439 0.000 +0.605 0.000 �0.199 0.014

N ¼ 7 N ¼ 21 N ¼ 30 N ¼ 40 N ¼ 51

2% +0.671 0.000 �0.014 0.242 +0.320 0.001 +0.202 0.017

N ¼ 7 N ¼ 21 N ¼ 32 N ¼ 41

4% +0.591 0.000 �0.032 0.179 �0.885 0.000

N ¼ 7 N ¼ 21 N ¼ 32

8% +0.594 0.000 �0.088 0.096

N ¼ 7 N ¼ 22

16% +0.529 0.000

N ¼ 7

Picea Lower

threshold

0.5% �0.027 0.167 �0.030 0.094 �0.057 0.057 �0.031 0.073 �0.119 0.026 �0.360 0.000

N ¼ 24 N ¼ 40 N ¼ 48 N ¼ 51 N ¼ 58 N ¼ 67

1% �0.020 0.173 �0.053 0.068 �0.055 0.055 �0.008 0.112 �0.057 0.045

N ¼ 26 N ¼ 42 N ¼ 50 N ¼ 53 N ¼ 60

2% �0.129 0.056 �0.187 0.019 �0.131 0.025 �0.023 0.072

N ¼ 26 N ¼ 43 N ¼ 55 N ¼ 58

4% �0.141 0.050 �0.227 0.012 �0.124 0.027

N ¼ 26 N ¼ 42 N ¼ 54
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Table 4 (continued )

Tree Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation Pos./neg. correlation

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

P-value Adjusted

multiple R2

Upper

threshold-
32% 16% 8% 4% 2% 1%

8% �0.043 0.116 �0.167 0.022

N ¼ 28 N ¼ 44

16% �0.020 0.154

N ¼ 29

Quercus Lower

threshold

0.5% �0.101 0.170 +0.017 0.205 +0.037 0.104 +0.084 0.046 +0.699 0.000

N ¼ 1 N ¼ 12 N ¼ 23 N ¼ 33 N ¼ 45 N ¼ 56

1% �0.106 0.163 +0.012 0.210 +0.100 0.052 +0.448 0.000

N ¼ 1 N ¼ 12 N ¼ 25 N ¼ 35 N ¼ 49

2% �0.211 0.060 �0.137 0.052 �0.546 0.000

N ¼ 1 N ¼ 13 N ¼ 26 N ¼ 38

4% �0.370 0.000 �0.228 0.020

N ¼ 1 N ¼ 13 N ¼ 27

8% �0.772 0.000

N ¼ 1 N ¼ 15

16%

N ¼ 2

aSites used lie 445.51N, 461E. Simple linear regression between pollen-percentage threshold age cal BP and pollen-percentage expansion duration (i.e., time lapse between age cal BP of one

threshold (lower threshold; rows) and any higher threshold (upper threshold; columns)). N= number of records, i.e., number of sites in which the expansion is recorded (i.e., both pollen-percentage

thresholds crossed). Positive or negative correlation are indicated by+or �. Positive correlation indicates shorter expansion duration when expansion starts later, negative correlation indicates

longer duration. Statistical significance (Po0:05) is indicated by bold print. Adjusted multiple R2 is proportion of variance explained. For Quercus upper threshold 32% the number of records N is

insufficient for statistical treatment.
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south Switzerland (Ticino) ca. 9.5 ka cal BP. Results
indicate that the inner-Alpine dry valleys have always
been less suited for Abies than the peripheral, wetter
parts of the Alps. The speed of Abies population
expansion increased during the Holocene, possibly as a
result of soil maturation favourable for this climax tree.

Fagus: Results indicate that Fagus migrated from
north to south into the Alps, but no west–east direction
is apparent. However, long periods of low pollen
percentages preceding the first marked increase make
it difficult to estimate the ages of establishment of the
tree near sites. Results indicate that population expan-
sion was earlier and faster in the north than in the south
of the study area (45.5–48.11N, 6–141E), and also faster
at low elevation than at high elevation. Results indicate
that the inner-Alpine dry valleys were as unsuited for
Fagus in the past as they are today. The speed of Fagus

expansion decreased during the Holocene, possibly as a
result of human impact hampering the full development
of forests in the later part of the Holocene.

Picea: Results indicate that Picea migrated from east
to west along the Alps. The speed of Picea population
expansion following arrival decreased during the Holo-
cene, and increasingly smaller populations built up
towards the west, for which at least three explanations
are possible: either population expansion of Picea as a
pioneer tree was slowed down through competition with
the increasing numbers of tree species and with
increasing soil maturation, or through westward migra-
tion the tree entered into areas with less suitable climate,
or the general climate became less favourable for Picea

during its migration.
Quercus. Results indicate that Quercus migrated very

early from south to north, but more detail is not possible
because of the high pollen production and effective
long-distance pollen transport of Quercus smearing the
signal. The speed of Quercus population expansion
increased during its migration, which can be related to
the climatic warming at the Younger Dryas–Holocene
transition.
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Zentralen Schweizer Mittellandes: Umwelt und erste Eingriffe des

Menschen in die Vegetation vom Paläolithikum bis zum Jungneo-
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Bortenschlager, S., 1984a. Beiträge zur Vegetationsgeschichte Tirols I.
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Lister, H.R. Bär, S. Jacomet, K.A. Hünermann, J.-M. Le Tensorer

und M. Primas. Otto Verlag Thun, Thun, Switzerland 805pp.

Clerc, J., 1988. Recherches pollenanalytiques sur la paléoécologie
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Rösch, M., 1983. Geschichte der Nussbaumer Seen (Kanton Thurgau)

und ihrer Umgebung seit dem Ausgang der letzten Eiszeit aufgrund

quartärbotanischer stratigraphischer und sedimentologischer Un-

tersuchungen. Mitteilungen der Thurgauischen Naturforschenden

Gesellschaft 45 pp. 1–110+17 figures.
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land. In: Lang, G., (Ed.), 1985. Swiss Lake and Mire Environments

During the Last 15 000 Years. Dissertationes Botanicae 87,

337–379.

Schmidli, J., Schmutz, C., Frei, C., Wanner, H., Schär, C., 2002.

Mesoscale precipitation variability in the region of the European

Alps during the 20th century. International Journal of Climatology

22, 1049–1074.

Schneebeli, M., Küttel, M., Fäh, J., 1989. Die dreidimensionale

Entwicklung eines Hanghochmoores im Toggenburg, Schweiz.

Vierteljahrsschrift der Naturforschenden Gesellschaft in Zürich 134
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Akademie der Wissenschaften, Wien.

Watson, C.S., 1996. The vegetational history of the northern

Apennines, Italy: information from three new sequences and a

review of Regional vegetational change. Journal of Biogeography

23, 805–841.

http://www.pangaea.de/Software/PanMap/


ARTICLE IN PRESS
W.O. van der Knaap et al. / Quaternary Science Reviews 24 (2005) 645–680680
Watts, W.A., 1973. Rates of change and stability in vegetation

in the perspective of long periods of time. In: Birks, H.J.B., West,

R.G. (Eds.), Quaternary Plant Ecology. Blackwell, Oxford,

pp. 195–206.

Wegmüller, S., 1977. Pollenanalytische Untersuchungen zur spät- und

postglazialen Vegetationsgeschichte der französischen Alpen (Dau-

phiné). Verlag Paul Haupt, Bern. 1985pp+5 diagrams.

Wegmüller, S., Lotter, A.F., 1990. Palynostratigraphische Untersu-

chungen zur spät- und postglazialen Vegetationsgeschichte der

nordwestlichen Kalkvoralpen. Botanica Helvetica 100, 37–73.

Wegmüller, S., Welten, M., 1973. Spätglaziale Bimstufflagen des

Laacher Vulkanismus im Gebiet der westlichen Schweiz

und der Dauphin, (F.). Eclogae Geologicae Helveticae 60 (3),

533–541.

Weirich, J., Bortenschlager, S., 1980. Beiträge zur Vegetations-
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