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ORIGINAL ARTICLE
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Abstract Relevant source area of pollen (RSAP) and

pollen productivity for 11 key taxa characteristic of the

pasture woodland landscape of the Jura Mountains, Swit-

zerland, were estimated using pollen assemblages from

moss polsters at 20 sites. To obtain robust pollen produc-

tivity estimates (PPEs), we used vegetation survey data at a

fine spatial-resolution (1 9 1 m2) and randomized loca-

tions for sampling sites, techniques rarely used in

palynology. Three Extended R value (ERV) submodels and

three distance-weighting methods for plant abundance

calculation were applied. Different combinations of the

submodels and distance-weighting methods provide

slightly different estimates of RSAP and PPEs. Although

ERV submodel 1 using 1/d (d = distance in meters) best

fits the dataset, PPE values for heavy pollen types (e.g.

Abies) were sensitive to the method used for distance-

weighting. Taxon-specific distance-weighting methods,

such as Prentice’s model, emphasize the intertaxonomic

differences in pollen dispersal and deposition, and are thus

theoretically sound. For the dataset obtained in this project,

Prentice’s model was more appropriate than other distance-

weighting methods to estimate PPEs. Most of the taxa have

PPEs equal to (Fagus, Plantago media and Potentilla-

type), or higher (Abies, Picea, Rubiaceae and Trollius

europaeus) than Poaceae (PPE = 1). Acer, Cyperaceae,

and Plantago montana-type are low pollen producers. This

set of PPEs will be useful for reconstructing heterogeneous,

mountainous pasture woodland landscapes from fossil

pollen records. The RSAP for moss polsters in this semi-

open landscape region is ca. 300 m.

Keywords Pasture woodland landscape �
Relevant source area of pollen (RSAP) �

Pollen productivity estimates (PPE) �

Extended R value submodels �
Distance-weighting methods �

Pollen-vegetation relationship � Moss polsters

Introduction

Fossil pollen records offer great potential for estimating

past vegetation composition and abundance around a
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pollen sampling point (e.g. Gaillard et al. 2007; Sugita

et al. 1999; Andersen et al. 2006). The reliability of such

vegetation/landscape reconstructions requires a detailed

understanding of the spatial scale represented by pollen

assemblages, involving the differentiation between local

and regional pollen input (Sugita 1994, 2007a, b). Pollen

productivity and dispersal characteristics are two of the

most important factors influencing the pollen representa-

tion of the surrounding vegetation (e.g. Prentice 1985;

Sugita 1994). Pollen productivity estimates (PPE) for

major plant taxa within forested areas have been produced

in various regions in northern Europe and North America

(e.g. Bunting et al. 2005; Calcote 1995). Sugita et al.

(1999) and Broström et al. (1998, 2004, 2005) explored the

pollen-vegetation relationship in open and semi-open

landscapes of southern Sweden. Pollen productivity for key

tree and herb taxa of the region were estimated (Sugita

et al. 1999; Broström et al. 2004). Relevant source area of

pollen (RSAP) for small lake basins (Sugita et al. 1999)

and moss polsters (Broström et al. 2005) was calculated.

Studies on the pollen-vegetation relationship and estimates

of pollen productivity and RSAP have been limited in

central Europe until recently. Soepboer et al. (2007a)

produced PPEs for a number of tree and herb taxa using

pollen assemblages from lake surface sediments in the

agricultural landscape of the Swiss Plateau and evaluated

them by a simulation approach (Soepboer et al. 2007b, this

volume).

The present study is the first contribution to the devel-

opment of robust tools for the reconstruction of past land-

cover/vegetation abundance in the mountainous landscapes

of central Europe. The pasture woodland vegetation of the

Jura Moutains, Switzerland, is a complex mosaic of trees,

shrubs and open grassland. This semi-open landscape

patchiness is at the origin of a very high vegetation het-

erogeneity and biodiversity (Gobat et al. 1989). Spatial

patterns of vegetation are the result of ancient, traditional

land-use practices combining cattle grazing and forestry.

Sjögren (2005, 2006) and Sjögren and Lamentowicz (2007)

suggests that these pasture woodland landscapes came into

existence in the 17th and 18th centuries. Therefore the

functioning of this ecosystem is partly contingent on a

significant history of human impact, thus requiring that

integrated strategies for conservation and sustainable

management of ecosystems incorporate an understanding

of both short and long term responses to climate and human

activities. Therefore there is a need for appropriate tools to

reconstruct past vegetation abundance/land cover as a

means to answer questions related to possible links

between human-impact, climate change, degree of land-

scape openness and patchiness, and biodiversity.

Our study uses 20 pollen assemblages (moss polsters)

and related vegetation abundance data collected for each

plant taxon in distance increments of 1 m, out to 1500 m,

from each of the 20 pollen sampling points. Firstly this

very detailed vegetation survey was used to assess how

goodness of fit and parameter estimates using Extended R

value (ERV) submodels are influenced by distance-

weighting functions such as inverse distance (1/d), inverse-

squared distance (1/d2) and Prentice’s (pollen dispersal)

model (Calcote 1995; Webb III et al. 1981; Prentice 1985;

Prentice and Webb III 1986; Sugita 1994). Secondly it was

used to compare parameters and model-data goodness-of-

fit using the three ERV submodels currently available

(Parsons and Prentice 1981; Prentice and Parsons 1983;

Sugita 1994), and thirdly to estimate PPEs for selected

plant taxa and the size of the RSAP for moss polsters in the

study area.

Theoretical background

Pollen productivity estimates (PPEs)

The pollen-vegetation relationship can be described as a

linear function as below, when pollen loading, y, and plant

abundance, x, of individual taxa are measured in absolute

units (Andersen 1970; Prentice 1985, 1988; Sugita 1993,

1994).

yik ¼ aixik þ xi; ð1Þ

where

yik: represents pollen loading of species i at site k,

xik: plant abundance of species i,

ai: pollen representation factor for species i (species-

constant), and

xi: background pollen loading for species i (species-

constant).

The slope (i.e. pollen representation factor ai) of this linear

function represents the pollen productivity of an individual

taxon, when the plant abundance, xik, is properly measured

by taking into account:

1. distance between the sedimentary basin where pollen

samples are collected, and source plants,

2. total plant abundance at given distances,

3. species-specific pollen dispersal and deposition in

given atmospheric conditions,

4. the size of the sedimentary basin.

The intercept (i.e. background pollen loading, xi) repre-

sents pollen loading coming from beyond the area in which

plant abundance is surveyed and measured.

When pollen percentages, instead of pollen loading, are

used, this relationship becomes non-linear because of the

‘‘closed universe’’ of pollen percentage data (Fagerlind

480 Veget Hist Archaeobot (2008) 17:479–495

123



1952; Prentice and Webb III 1986). The ERV model, with

its three submodels, was developed to estimate ai in

equation (1) for individual taxa when only pollen per-

centages are available (Parsons and Prentice 1981; Prentice

and Parsons 1983; Sugita 1994). One taxon is set to unity

(a = 1), and the PPE of the other taxa are calculated rel-

ative to this reference taxon. The submodels differ in their

assumptions about the background pollen component. ERV

submodels 1 and 2 (Parsons and Prentice 1981; Prentice

and Parsons 1983) are designed for datasets where both

pollen and vegetation data are expressed in percentages.

ERV submodel 1 assumes that the background pollen term

is constant when expressed as a percentage, whereas ERV

submodel 2 assumes that the species specific background

component is constant relative to the total plant abundance

of all the taxa involved. ERV submodel 3 (Sugita 1994) is

used when pollen data are expressed in percentages while

the vegetation data is in absolute values; the model

assumes constant background pollen loading. All three

submodels can be used for any dataset and should give

comparable results if the background pollen loading is low

compared to the total pollen loading (Jackson and Kearsey

1998). Large differences in pollen productivity between

taxa, and in vegetation composition among sites might

strain the approximation of submodel 1, while submodel 2

will be less appropriate when there are large differences in

total plant abundance among sites (Prentice and Parsons

1983).

Relevant source area of pollen (RSAP)

The size of the pollen source area reflected in pollen

assemblages from similarly-sized lakes and mires varies

from region to region. It depends mainly on the spatial dis-

tribution (local and regional) and size of vegetation patches

(Sugita 1994; Bunting et al. 2004; Broström et al. 2005;

Nielsen and Sugita 2005). Sugita (1994) proposed the ‘‘rel-

evant source area of pollen’’ (RSAP) as a sound theoretical

definition of the spatial scale of vegetation represented by

pollen assemblages. TheRSAP can be defined as the distance

at which the goodness-of-fit of the pollen-vegetation rela-

tionship to the model (e.g. ERV submodels) doesn’t improve

(Sugita 1994). This also means that the differences in pollen

abundance among similarly-sized sites represent differences

in plant abundance within the RSAP, superimposed on a

constant pollen background coming from beyond the RSAP

(Sugita 1994, 1998, 2007b). The RSAP was estimated for

various basin sizes and vegetation types using both empirical

and simulated pollen-vegetation datasets (Sugita 1994; Su-

gita et al. 1999; Broström et al. 2005; Bunting et al. 2005;

Calcote 1995; Nielsen and Sugita 2005).

Materials and methods

Study area

The study was conducted in pasture woodlands of the

Swiss Jura Mountains located in the Parc Jurassien Vaudois

(6� 130 5000E, 46� 320 5000N) and its surroundings. The area

comprises the montaine and subalpine zones with eleva-

tions between 1,100 and 1,550 m a.s.l. The climate is

suboceanic with mean annual temperatures of 3–5�C

(Bloesch and Calame 1994), and an annual precipitation of

1,600 mm (including 400 mm of snow) regularly distrib-

uted over the year. The soils are relatively dry due to the

presence of calcareous layers with a high permeability

(Gallandat et al. 1995). The vegetation season is short

(120–135 days).

Pasture woodlands are traditional, semi-natural eco-

systems with natural regeneration of grassland and

woodland. The modern landscape is characterized by a

gradient in the degree of openness, from open grassland

to semi-open wooded pasture and relatively opens forests

(more than 60% of the total vegetation cover is char-

acterised by arboreal vegetation). The forest patches are

located mainly on rock outcrops and steep slopes,

whereas grasslands are located on level surfaces or in

anticlinal valleys. Coniferous forest, with Picea abies,

scattered Abies alba and Acer pseudoplatanus, is the

dominant vegetation type above 1,300 m a.s.l. Deciduous

forests dominated by Fagus sylvatica are found on south-

facing slopes below 1,400 m a.s.l., where there is no

longer any cattle grazing. Part of the vegetation of the

Parc Jurassien Vaudois was surveyed and mapped by

Vittoz (1998). Thirty-two plant communities were

described in terms of vegetation unit, structure and

species composition (554 vascular plants) using the

integrated synusial approach (Gillet and Gallandat 1996).

Selecting the location of sampling sites

Sites for collection of pollen and vegetation data were

selected to represent past pasture woodland landscapes in

terms of species composition and vegetation structure.

Broström et al. (2005) show the importance of random

selection of site locations in the landscape to obtain reliable

RSAP and PPE. Therefore the centre of each of the 20 sites

was randomly placed on the existing vegetation maps

(Fig. 1), with the constraints that each site centre was at

least 200 m from the edge of the existing vegetation maps,

and that the site centres were at least 400 m apart. Thus a

200 m radius circle around any site centre did not overlap

with that round any of its neighbours.
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Pollen data

Moss polsters are commonly used as surface samples in

studies of pollen-vegetation relationships (e.g. Broström

et al. 2004; Bunting et al. 2005). They are assumed to

record an average of several years of pollen deposition (e.g.

Bradshaw 1981; Heim 1970), which is recommended to

avoid annual variations in pollen productivity (Hicks 2001;

Hicks et al. 2001; Räsänen et al. 2004; Van der Knaap et al.

2001). However, contradictory views have been presented

as to the time span of pollen deposition retained in mosses,

which has been estimated to be between one and 15 years,

depending on the type/species of moss collected and the

part of the moss used for analysis (Boyd 1986; Bradshaw

1981; Caseldine 1981; Crowder and Cuddy 1973; Cundill

1991; Heim 1970; Mulder and Janssen 1998, 1999; Räsä-

nen et al. 2004). In order to avoid moss samples that would

include primarily the pollen rain of the year of sampling,

the whole moss (both green and brownish part) down to the

soil was sampled. It was assumed that the whole moss

registers more than one year of pollen rain.

Several subsamples of moss from one or different species

were collected within a circular area of 0.5 m radius around

the centre of each site and amalgamated into one sample per

point (Broström et al. 2004). All 20 samples were processed

following standard methods (Faegri and Iversen 1989). A

minimum of 850 pollen grains (aquatics and spores exclu-

ded) per sample was counted and identified (microscope at

4009 magnification) by Jacqueline van Leeuwen (Institute

of Plant Sciences, Bern, Switzerland) to the lowest taxo-

nomic level possible using pollen keys (Moore et al. 1991;

Punt et al. 1976–1995; Reille 1992–1998) and the reference

collection at the Institute of Plant Sciences.

Vegetation data

Since reliable PPEs are obtained when pollen samples are

compared with the surrounding vegetation at or beyond the

relevant source area of the pollen sample (RSAP), the

vegetation survey should cover an area larger than the

RSAP (Broström et al. 2004, 2005). A simulation approach

(Sugita 1994; Sugita et al. 1999) was applied to estimate

the RSAP using simple, hypothetical landscapes similar to

the pasture woodlands of the study area. Simulations show

that the predicted RSAP is the area within a 700–800 m

radius for moss polsters (Mazier 2006). Accordingly, we

surveyed the vegetation composition from each pollen

sampling point out to a radius of 1,500 m. Plant abundance

was estimated in concentric rings of various widths out to

the 1,500 m limit. This strategy enables us to calculate the

distance-weighted plant abundance of individual taxa,

which is required to calculate PPEs using ERV submodels.

We used a modified version of the vegetation survey

scheme described in Broström et al. (2004) for our

mountainous landscape (Fig. 2). The vegetation was sur-

veyed in the summer of 2003 at three different spatial

scales in as much detail as possible using time and cost-

Fig. 1 The study area in the

pasture-woodland landscape of

the Jura Mountains,

Switzerland. Location of 20

sample points (dots) for

collection of pollen samples

(moss polsters) randomly

distributed on the existing

vegetation maps. The limit of

the area used for the complete

vegetation survey data outside

the vegetation maps, up to

1,500 m from each sampling

point, is indicated
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effective methods, combining field observations, existing

vegetation maps, and classification of aerial photos:

1. Vegetation survey within the area between 0 and 10 m.

Because of the limited dispersal of most herb pollen,

precise vegetation data is needed at this scale. The method

was inspired by the ‘‘walking in circles’’ approach of

Broström et al. (2004). The percentage cover of each plant

species (trees, shrubs and herbs) was estimated visually

within a metre-wide concentric ring for each quadrat (N–E,

E–S, S–W and W–N). The use of quadrats (not applied by

Broström et al. 2004) makes visual estimation of percent-

age cover in the field easier. An average of the percentage

covers for the four quadrats was calculated for each

1-m-wide concentric ring.

2. Vegetation data within the area between 10 and 100 m.

Since vegetation maps and species composition were

available for each vegetation type mapped (Table 1—taxa

compositions within each vegetation type according to

Vittoz 1998), herb composition within each concentric ring

was extracted from the digital vegetation maps using a

Geographical Information System (GIS). Precise data for

trees were obtained in the field from 12 equally spaced

transects from the pollen sampling point out to 100 m

using a compass and measuring tape. Along each transect,

the cover of tree crowns was estimated within a 1 m wide

band. An average of the tree percentage covers along the

12 transects was calculated for each concentric 10 m ring.

3. Vegetation data between 100 and 1,500 m.

Vegetation outside the 100 m radius was extracted from

Colour Infra Red (CIR) aerial photographs (July 1986) at

a scale of 1:10,000. Species composition of vegetation

units not existing in the two surveys described above

were surveyed in the field or extracted from the forest

inventory of the canton of Vaud. The data on species

composition of the vegetation units was obtained at the

same degree of detail used for the survey between 10 m

and 100 m. The identified vegetation units were digitized

into vector format using ARCVIEW (version 9.0). The

software calculated the percentage coverage of each

vegetation type in each concentric ring (increment 1 m)

which can be converted to plant abundance using the

data from Table 1.

Analytical methods

Selection of taxa included in the analysis

Raw pollen counts and plant abundance data from 20 sites

were used for the calculation of PPEs. In order to under-

stand the pollen-plant relationship at the taxonomic level

used in pollen analysis, plant taxa were grouped according

to pollen morphological types (Table 2—taxa used in the

final analysis). The resulting pollen-vegetation dataset

includes 20 sites and 28 plant taxa (six tree taxa and 22

herb taxa). These taxa were recorded in both pollen and

vegetation data and in both modern and fossil pollen

assemblages (Sjögren, personal communication).

The 28 selected taxa represent 53–85% of the total

pollen count and 64–71% of the total plant cover at each

site. Some of the taxa excluded from the analysis con-

tribute significantly to the total pollen count, such as

Pinus, Quercus, Fraxinus and Betula; these four taxa

represent between 10 and 22% of the pollen spectra.

However, they were rarely or never found in the vege-

tation of the study area (Vittoz 1998). Pinus, Betula and

Fraxinus were found as isolated trees at some places in

the study area. In the composition of the vegetation

extracted from the vegetation map within 1,500 m from

each site centre, some taxa (e.g. Valeriana, Melampyrum,

Rubus) were often found in the vegetation. Because these

taxa are rarely found in the modern and past pollen

spectra (Sjögren, personal communication) they were not

included in the analysis.

For the purpose of the PPEs calculations, the vege-

tation data (percentage cover from field survey and/or

Fig. 2 Design adapted from Broström et al. (2004) for the collection

of vegetation data from 0 up to 1,500 m from each pollen sampling

point. a Within 0–10 m distance (increment 1 m): vegetation survey

per quadrate and visual estimation of plant cover, (b) within 10–

100 m (increment 10 m): extraction from vegetation maps and

database (Vittoz 1998) for herb cover and field survey for tree cover

along 12 transects equally distributed and, (c) beyond 100 m

(increment 1 m): interpretation of vegetation types CIR-aerial photos

based on Vittoz’s classification (1998)
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GIS) were recalculated on the sum of the 28 selected

taxa. The dominant taxa in the vegetation within

1,500 m from the site centre are Picea, Poaceae, Fagus,

Acer, Cyperaceae and Abies. In the pollen assemblages,

the dominant taxa are Picea, Poaceae, Fagus and Abies.

Some taxa such as Alchemilla, Asteraceae SF Cicho-

rioideae, Sorbus and Vaccinium are well represented in

the vegetation but underrepresented in the pollen

assemblages. Other taxa are poorly represented in both

pollen and vegetation data. As a consequence, 17 taxa

were excluded from the final analysis because either they

didn’t present a spread of values (proportions) within the

vegetation-pollen datasets which is required for the cal-

culation (Broström et al. 2004), or their pollen

frequencies and/or plant abundance values were less than

1% at several sites. The excluded 17 taxa represent 29–

33% of the vegetation and 3–19% of the pollen assem-

blages. One site/pollen sample with an unusually high

pollen value for Potentilla type was excluded. Statisti-

cally speaking, the number of sites should be twice the

number of taxa used (Sugita, personal communication).

Therefore, further analyses were restricted to 19 sites and

11 (four tree and seven herb) taxa from the original 28

selected.

Table 1 Species composition of the vegetation types extracted from Vittoz (1998)

Percentages were adjusted to 28 pollen taxa which were recorded in both the pollen and plant datasets

484 Veget Hist Archaeobot (2008) 17:479–495
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Extended R value (ERV) models to estimate pollen

productivity

The parameters in Eq. (1), the pollen representation factor

(ai) and the background component (y-intercept), are esti-

mated for individual taxa, using erv_v6.1.exe, an ERV-

model program (Sugita, unpublished; Sugita 1994; Sugita

et al. 1999; Nielsen and Sugita 2005). Three ERV sub-

models are available. Each submodel estimates relative

pollen productivity and background pollen by comparing

one set of pollen data with multiple vegetation data sets,

each collected from different distances around the pollen

sampling points. When plant abundance is properly dis-

tance-weighted, the pollen representation factor (ai) can be

considered as the pollen productivity estimate of individual

taxa (Prentice 1985; Sugita 1994). We used three different

methods to calculate distance-weighted plant abundance at

given distances (see the next subsection), and then used the

plant abundance data as inputs into the ERV-model

program.

The meaning and dimension of the intercept (the back-

ground component) vary among ERV submodels:

ERV submodel 1—The background component repre-

sents the proportion of pollen loading coming from

beyond the area of vegetation data compared, relative to

the total pollen loading for each taxon (Parsons and

Prentice 1981).

ERV submodel 2—The background component repre-

sents the ratio of pollen loading, which comes from

beyond the area of the vegetation data used for data

analysis, to the total sum of plant abundance within the

area of the vegetation data (Parsons and Prentice 1981).

ERV submodel 3—The background component represents

the amount of pollen loading coming from beyond the area

of the vegetation data used for data analysis (Sugita 1994).

The ERV-model program uses a maximum likelihood

method to calculate PPEs and background components,

assuming that pollen proportions follow a multinomial

distribution (Parsons and Prentice 1981; Sugita 1994). The

program calculates the ‘‘likelihood function scores’’

(Prentice and Webb III 1986; Sugita 1994), which repre-

sent the negative value of the Support function (Sugita

1994). This means that the lower the ‘‘likelihood function

score’’, the higher the probability of getting a good fit of

the observed data (pollen and vegetation) to the model

using the estimated parameters (Bunting et al. 2004; Sugita

1994). The likelihood function scores are plotted as a

function of distance from the pollen sampling point, and

the distance where the curve reaches an asymptote that

represents the ‘‘relevant distance’’, or the radius of the

‘‘relevant source area of pollen’’ (RSAP) (Sugita 1994,

1998, 2007b; Sugita et al. 1999). In other words, it is the

distance (or the radius of the vegetation survey) beyond

which the fit of the pollen-vegetation data to the model

doesn’t improve (e.g. Sugita 1994). Therefore, the best

PPEs will be obtained using the vegetation data from the

area around the sampling site that represents the RSAP.

Although the identification of this distance is usually

estimated visually (Broström et al. 2004, 2005; Bunting

et al. 2004; Bunting et al. 2005), a more objective approach

has been developed to find the appropriate value (Sugita

2007b). It has been used previously by Nielsen and Sugita

(2005), Sugita (2007b) and was chosen in this study as

well. It uses a moving-window linear regression to identify

Table 2 Plant taxa in the vegetation survey harmonized to pollen morphological types

Pollen morphological

type

Corresponding plant taxa

in vegetation

Diameter of pollen

grains (lm)

Fall speed

(m/s)

Reference for fall

speed of pollen

Abies Abies alba 0.12 Eisenhut 1961

Acer Acer pseudoplatanus 0.056 Sugita 1993, 1994

Cyperaceae Cyperaceae 0.035 Sugita et al. 1999

Fagus Fagus sylvatica 0.057 Gregory 1973

Picea Picea abies 0.056 Eisenhut 1961

Plantago media Plantago media 28.9 0.024

Plantago montana-type Plantago atrata 32.2 0.030

Poaceae Poaceae 0.035 Sugita et al 1999

Potentilla-type Fragaria vesca, Potentilla aurea,

P. crantzii, P. erecta

0.018 Broström et al. 2004

Rubiaceae Cruciata laevipes, Galium anisophyllum,

G. odoratum

0.019 Broström et al. 2004

Trollius europaeus Trollius europaeus 21.3 0.013

The fall speed of pollen types used in Prentice’s model is extracted from the literature or calculated with Stoke’s law (Gregory 1973) (see text for

more explanations)
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the distance at which the slope of the likelihood function

scores becomes not significantly different from zero for

consecutive intervals of e.g. 100 m. The RSAP is defined

as the mid point of the window.

PPEs for each taxon are obtained by averaging all the

PPE values of the taxon and their standard errors between

the RSAP and the maximum surveyed distance (Broström

et al. 2004); this is done to smooth out variations in the

PPE values obtained for distances larger than the RSAP.

Poaceae is set as the reference taxon (a = 1.0) since it is

present in all the sites and has the largest gradient in both

pollen and vegetation proportions. The other ten taxa are

calculated relative to Poaceae.

Distance-weighting methods

A series of ERV-model analyses were run using the

three ERV submodels and different distance-weighting

functions applied to the vegetation data, i.e. 1/d (Prentice

and Webb III 1986), 1/d2 (Calcote 1995; Webb III et al.

1981), and taxon specific distance-weighting (Prentice

1985; Sugita 1994). In this study, Prentice’s model

(Prentice 1985) was used for taxon specific distance-

weighting. It was developed for the case of pollen

deposition at one point in the centre of a circular basin

(Prentice 1985, 1988) and is therefore relevant to pollen

data from moss polsters (Sugita 1993). The model takes

into account the distance between the plant and the

pollen sampling point, and the transportability of the

pollen grain specific to each taxon. It expresses the

movement of small particles from a ground source, using

an atmospheric diffusion model (Sutton 1953); the latter

integrates a turbulence parameter, a vertical diffusion

coefficient, wind speed and fall speed of each pollen

taxon. In the models, the two first atmospheric factors

are treated as constants, using the prescribed values for

neutral atmospheric conditions (Chamberlain 1975; Pre-

ntice 1985). Wind speed was set to 3 m/s, consistent

with many other simulation and empirical studies (Bro-

ström et al. 2004; Bunting et al. 2004; Sugita 1994;

Sugita et al. 1999). Such a value can be considered as an

average of wind speed recorded in our study (Bloesch

and Calame 1994); however, wind speed can vary

greatly in the area (from 2.1 to 7.8 m/s), depending on

the exposure and elevation of the sites. Values for the

fall speed of pollen (Table 2) are taken from the litera-

ture (Broström et al. 2004; Eisenhut 1961; Gregory

1973; Sugita 1993, 1994). When not available in the

literature, they were estimated from size measurement

(following Beug 2004) and Stoke’s law (Gregory 1973).

The fall speeds of pollen for individual taxa required for

calculations in this paper are listed in Table 2.

Parameter values and data sets used

Percentage cover of the selected 11 taxa in the vegetation

was available for each 1 metre increment between 0 and

1,500 m around each of the selected pollen sampling points

(19). ERV submodel 3 (Sugita 1994) requires absolute

plant abundance; in this study, percentage cover for each

taxon was transformed into projection area (m2/m2), which

was considered a reasonable measure of absolute plant

abundance.

In order to calculate distance-weighted plant abundance,

it is necessary to set up the size of the ‘‘sedimentary basin’’

(Prentice 1985; Sugita 1994). However the radius of the

basin, R, is difficult to determine for moss polster sites.

Taxon-specific weighting methods, such as Prentice’s

model, would weight heavily the amount of plant abundance

within a few cm when R = 0 m (Mazier 2006; Sugita

unpublished). Thus, setting R = 0 m appears inappropriate.

Our preliminary analysis shows that, when R[ 0 m and

R\ 2–5 m, estimates of RSAP and PPEs using pollen data

from moss polsters and distance-weighted plant abundance

become robust and consistent (Mazier 2006). In this paper,

we set R to 0.5 m, as in Broström et al. 2004, 2005. The

implications of the size selection of the basin radius for moss

polster samples on the PPEs and RSAP estimates will be

further discussed and published elsewhere.

Results

Relevant source area of pollen

The estimates of RSAP using three ERV submodels and

three distance-weighting functions, as well as the corre-

sponding likelihood function scores (i.e. the average of all

Table 3 Estimates of relevant source area of pollen (m) using the

moving-window method (Sugita 2007b), and applying various com-

binations between ERV submodels, and distance-weighting methods

ERV submodel 1 ERV submodel 2 ERV submodel 3

Relevant source area of pollen (m)

1/d 244 644 706

1/d2 64 261 291

Prentice’s

model

284 604 694

Likelihood function scores

1/d 15,567 15,615 15,615

1/d2 15,812 15,906 15,906

Prentice’s

model

15,609 15,682 15,682

The likelihood function scores corresponding to the estimated radius

of the RSAP are an average of the likelihood function scores of the

RSAP distance up to the maximum vegetation distance survey
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scores between the RSAP distance and the maximum dis-

tance of the vegetation survey) are presented in Table 3.

Figure 3a shows the likelihood function score plots obtained

with the three submodels using one of the distance-weighting

functions (1/d). All plots are approaching an asymptote.

ERV submodels 2 and 3 produced comparable values of

RSAP and likelihood function scores, independent of the

distance-weighting used (Table 3). Regardless of the ERV

submodel, the distance at which the asymptote is reached is

shortest when 1/d2 is used as distance-weighting (Fig. 3b).

ERV submodel 1 produces lower estimate of RSAP and

likelihood function scores than the two other submodels.

Because the lowest likelihood function scores theoretically

correspond to the best goodness-of-fit between data and

model (Sugita 1994), the ERV submodel 1 with inverse

distance-weighting (1/d) might be the best method of cal-

culating PPEs in the case of our dataset.

Pollen-vegetation relationship

The ERV submodels try to find the best linear relationship

between pollen and vegetation by adjusting the parameters,

i.e., PPE and background pollen. Results from ERV sub-

model 2 and 1/d2 are not presented below, since firstly

ERV submodels 2 and 3 produce comparable results (not

shown), and secondly 1/d2 shows higher likelihood func-

tion scores independent of the ERV submodel used,

Fig. 3 Likelihood function

score plots for (a) three ERV

submodels and 1/d as distance-

weighting function, (b) ERV

submodel 1 and three distance-

weighting function (Prentice’s

model, 1/d and 1/d2). The RSAP

is identified by the moving-

window linear regression

approach (Sugita 2007b)
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suggesting that the distance-weighting method is not

appropriate for our dataset and analysis.

The goodness-of-fit of the data to the model-estimated

relationship can be visualized on scatter diagrams (pollen

versus vegetation). The results are plotted on the axes of

pollen proportion and adjusted vegetation pollen proportion

(ERV submodel 1) and the axes of relative pollen loading and

absolute vegetation abundance (ERV submodel 3).

Pollen proportion versus vegetation proportion (Fig. 4a)

Figure 4a shows the relationship between original

(uncorrected data) pollen proportion and distance-

weighted plant proportion (Prentice’s model and 1/d) for

the 11 selected taxa. Poaceae, Fagus and Picea show a

large variation in proportions among the 19 sites in both

pollen (0.0–0.4 or 0.8) and plant proportion (0.0–0.4 or

0.7). Poaceae show a comparable variation with both

distance-weightings. Cyperaceae is characterised by an

intermediate variation in pollen (0.0–0.1) and vegetation

(0.0–0.2). Rubiaceae and Trollius are equally represented

in both pollen (0.0–0.07) and vegetation (0.0–0.05). Four

other taxa (Acer, Plantago media, Plantago montana-

type and Potentilla-type) are less frequent in the pollen

data (0.00–0.07) than in the vegetation data (0.0–0.2). In

general, the two methods of distance-weighting produce

similar patterns.

Fig. 4 Scatter plots of pollen

and vegetation data for the 11

taxa included in the analysis,

within the radius of the relevant

source area (see Table 3). The

results obtained with Prentice’s

model and 1/d distance-

weighting are both shown. (a)

Original data of pollen

proportion versus vegetation

proportion, (b) ERV submodel 3

with relative pollen loading

versus absolute vegetation

proportion, (c) ERV submodel 1

with pollen proportion versus

adjusted vegetation proportion
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ERV submodel 3—relative pollen loading versus absolute

vegetation abundance (Fig. 4b)

ERV submodel 3 estimates two parameters from the linear

pollen-vegetation relationship (relative pollen loading

versus absolute plant abundance), i.e. the slope (ai) and

intercept (xi) for each individual taxon (Eq. 1). The linear

relationship is established for the RSAP for each distance-

weighting method (Fig. 4b); both methods result in a

RSAP of ca. 700 m (Table 3). ERV submodel 3 appears

not to improve the pollen-vegetation relationship, except

for Picea. For some taxa (such as Abies, Acer, Cyperaceae,

Plantago montana-type and Potentilla-type) the submodel

does not produce any linear relationship, and the plots look

different depending on the distance-weighting used. For

example, the pollen-vegetation relationship for Abies

shows a higher slope (i.e. a higher PPE) when Prentice’s

model is used than when 1/d is applied.

ERV submodel 1—pollen proportion versus adjusted

vegetation proportion (Fig. 4c)

Using the ERV submodel 1, the relationship between pol-

len proportion and adjusted vegetation proportion is

established for the RSAP obtained when 1/d and Prentice’s

model are applied, at ca. 250 and 300 m, respectively

(Table 3). Figure 4c shows similar linear relationships,

suggesting that good data-model fits are achieved with both

distance-weighting methods. However, some discrepancies

Fig. 4 continued
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are observed for Abies, Picea and Trollius europaeus.

When using 1/d, the plots for these taxa indicate lower

slopes, especially for Abies, which means that the obtained

PPE is lower when 1/d rather than Prentice’s model is used

(Fig. 5).

Therefore, the ERV submodel 1 produces consistent

linear relationships for most taxa, suggesting that this

model fits best to our dataset.

Pollen productivity estimates

PPEs were calculated for the 11 selected taxa using dif-

ferent combinations of the submodels and the distance-

weighting functions (Table 3). Two different distance-

weightings, 1/d and Prentice’s model, were compared when

ERV submodels 1 and 3 were used (Fig. 5). The two dis-

tance-weighting methods, independent of the submodel

used, produced similar PPE values when standard errors

are taken into account, except for Abies, Picea and Trollius

europaeus that have higher PPEs when Prentice’s model is

applied. In general, ERV submodel 1 produces higher PPEs

than ERV submodel 3. However, PPEs overlap when

standard errors are considered, except for Picea and Trol-

lius europaeus.

Using ERV submodel 1 with 1/d, Acer, Cyperaceae,

Plantago montana-type and Potentilla-type have lower

PPEs than Poaceae, i.e. below 1. Abies, Fagus, Plantago

Fig. 4 continued
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media and Trollius europaeus have relative PPEs between

1.0 and 1.5. Picea and Rubiaceae have significantly higher

PPEs, between 3.3 and 6.5. Using ERV submodel 1 and

Prentice’s model, the results are very similar, expect for

Abies, Picea and Trollius europaeus that have higher PPEs.

Discussion

Distance-weighting method

One of the key challenges in applying ERV submodels is

the choice of appropriate ways to measure vegetation

composition when developing calibration data sets for

parameter estimation, such as PPE and the background

pollen component. Widespread aerial dispersal of pollen

requires that some form of distance-weighting be applied to

the vegetation data in order to approximate a ‘‘pollen

sample’s view’’ of the landscape (e.g. Prentice and Webb

III 1986). Distance-weighting applied in pollen-vegetation

calibration and landscape reconstruction has varied widely,

ranging from equal weighting to all individual plants at all

distances (Calcote 1995; Jackson 1990; Nielsen and Sugita

2005; Prentice et al. 1987), to giving a greater weight to

nearby vegetation by inverse distance-weighting (1/d)

(Broström et al. 2004; Nielsen and Odgaard 2005; Nielsen

and Sugita 2005; Prentice and Webb III 1986) or inverse-

squared distance (1/d2) (Broström et al. 2004; Bunting

et al. 2005; Calcote 1995; Jackson and Kearsey 1998;

Nielsen and Sugita 2005; Webb III et al. 1981), and

application of pollen dispersal models such as in Prentice’s

model (Prentice 1985) and Sugita’s model (Sugita 1994;

Broström et al. 2004, 2005; Bunting and Middleton 2005;

Calcote 1995; Nielsen 2004; Nielsen and Odgaard 2005;

Nielsen and Sugita 2005).

Comparing the obtained estimates of RSAP using these

different distance-weighting methods and the three ERV

submodels indicates that these methods produce signifi-

cantly different results (Table 3). When 1/d2 is applied, the

likelihood function scores decrease rapidly and reach an

asymptote at a shorter distance than the two other methods

(Fig. 3b). This was also shown by Bunting et al. (2005) and

Jackson and Kearsey (1998). Although Calcote (1995)

concluded that 1/d2 produced robust results, this distance-

weighting method produces the highest likelihood function

scores in our case, suggesting that the goodness of fit of our

pollen-vegetation data to the model is not as good with this

method as with the other two (1/d and Prentice’s model).

When 1/d and Prentice’s model are applied, the curves of

likelihood function scores are very similar, and an

asymptote is reached at around the same distance (RSAP).

However 1/d results in the lowest likelihood function

scores independent of the ERV submodel used and pro-

duces the best goodness of fit between the pollen-

vegetation data and the ERV model, which was also the

case in the study by Nielsen (2004) in Denmark. Therefore,

Fig. 5 Pollen productivity

estimates (PPEs) with standard

deviation for eleven key taxa of

the pasture-woodland

vegetation. Poaceae is set to

unity. PPE values for the other

taxa are expressed relative to

Poaceae. The PPEs obtained

with ERV submodels 1 and 3

and both Prentice’s model and

1/d distance-weighting function

are shown
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1/d is more appropriate to calculate PPEs, and is theoreti-

cally sound (Sugita 1994).

When 1/d and Prentice’s model are applied, PPEs are

similar for most pollen taxa when standard errors are taken

into account, except for Abies, Picea and Trollius europa-

eus (Fig. 5). PPEs are influenced by the distance-weighting

used in the case of very heavy (Abies, Picea) and very light

(Trollius europaeus) pollen types. Abies produces 3.8 times

more pollen with Prentice’s model than with 1/d (a & 1.0).

Prentice’s model integrates the aerodynamic properties of

Abies, with a high fall speed of 0.12 m s-1, which implies

that distance-weighted vegetation proportions become

lower than when 1/d is used, therefore the PPEs get higher.

Moreover, the differences observed in the likelihood func-

tion scores are not large, so the PPE values obtained with

Prentice’s model might be preferred and considered as more

robust (Broström et al. 2004; Bunting and Middleton 2005;

Soepboer et al. 2007a). Soepboer et al. (2007a) observed the

same trend for Abies in their dataset when applying the

Sugita model (Sugita 1994) and 1/d as distance-weighting

to calculate PPEs using surface pollen assemblages from

small lakes of the Swiss Plateau.

It should be stressed here that both the distance-

weighting method and the size of increments for the veg-

etation input (width of the circles) could affect PPEs

(Jackson and Kearsey 1998). Vegetation weighting obvi-

ously depends on the size of the increments, as it is a

function of the distance from the pollen sampling point; the

finer the vegetation data increment, the greater the pro-

portional weight on the vegetation near the site of pollen

deposition. In this study, very detailed vegetation data are

available for each 1 metre increment between 0 and

1,500 m around each of the selected sampling points. This

fact has to be taken into account when PPEs obtained in

different studies are compared.

ERV models

ERV submodels 2 and 3 give very similar results for PPEs

and pollen-vegetation relationships (not shown in this

paper). In ERV submodel 3, the input vegetation data are

expressed as mean plant abundance per unit area, whereas

in ERV submodels 1 and 2, the vegetation data are

expressed as proportions of total area (percentages). When

non pollen producing areas (rocks, roads, water, etc.) are

not included in the analysis, which is the case here, the two

ways of expressing the vegetation (projection area per unit

area and percentages) are the same values (not the same

dimension), i.e. the input vegetation data is the same in

both cases. This could explain the similar results as ERV

submodels 2 and 3 include similar equations to linearize

the pollen-vegetation relationship.

ERV submodels 1 and 3 produce quite similar PPEs,

except for Picea and Trollius europaeus. ERV submodel 1

seems to be the most reliable model in our semi-open

landscape. In theory, ERV submodel 3 is considered to be

especially appropriate for the analysis of pollen-vegetation

data in small scale studies (i.e. moss polsters and forest

hollows), when accurate measurements of plant abundance

are available (Sugita 1994). Therefore, it was used to cal-

culate PPEs in other regions (Broström et al. 2004; Bunting

et al. 2005; Soepboer et al. 2007a). In our case, ERV sub-

model 1 is more appropriate because the dataset does not

include well-dispersed pollen types such as Pinus and

Betula involving high background pollen for these species.

Moreover, submodel 1 is strengthened when the dataset

includes vegetation data from a sampling area that is large

enough to minimize the effect of background pollen. In

other words, submodel 1 is robust as long as the background

pollen deposition for each taxon is a small proportion of the

total pollen deposition at each site (xi\\pik in equation 1)

(Prentice and Parsons 1983; Sugita 1994). In theory, as the

vegetation sampling radius increases to incorporate more

distant pollen sources, the background pollen component

decreases and the PPEs become more stable and consistent.

In our case, the RSAP was estimated to ca. 300 m, and the

vegetation data was surveyed up to 1,500 m. Using ERV

submodel 3, the maximum likelihood estimates of back-

ground pollen loading can be directly converted, for each

taxon, into pollen proportion coming from beyond the

RSAP (Sugita 1994). Estimates of the background pollen

percentage were calculated for the 11 selected taxa using

Prentice’s model. The sum of average background pollen

percentages of all taxa represents only 20.7% of the total

pollen loading. Two main taxa (Picea and Poaceae) repre-

sent 17% (12.5 and 4.5% respectively) of the pollen coming

from beyond the RSAP. Therefore, the PPEs obtained using

submodel 1 can be considered as the most appropriate in the

case of our semi-open landscape. One should not forget that

the ERV submodels do not incorporate the effects of

topography on pollen dispersal, which could be a serious

problem in mountainous regions, such as our investigation

area. The relief of the area is composed of a succession of

tree-covered crests and elongated valleys with poor tree

cover. Wind speed might be significantly influenced by this

geomorphology, and the valleys can be compared to wind

corridors where wind speed might be higher than on the

wooded slopes. Bloesch and Calame (1994) showed that

wind speed varies greatly according to the exposure and

elevation of the sites (from 2.1 to 7.8 m/s). Nielsen (2004)

demonstrated that wind speed influences the pollen dis-

persal function, especially for pollen types with high fall

speeds. However, Nielsen and Sugita (2005) argue that

increasing the wind speed will mainly increase the part of

the pollen assemblages that makes up the regional
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background, which in theory should be the same among

moss polsters in our region (Parsons and Prentice 1981;

Prentice and Parsons 1983; Sugita 1994). Another question

that should be kept in mind is the possible influence of

vegetation pattern and height on wind speed. As the models

treat herb and tree pollen as if they originated from the same

level, the vegetation height is not taken into account in the

calculation so far, but it will be integrated in future models

(Bunting and Middleton 2005).

Pollen assemblages from moss polsters

Pollen assemblages from moss polsters may be sensitive to

annual variations in pollen production, as the exact number

of years represented is generally not known, and assump-

tions on that differ significantly between authors (Boyd

1986; Bradshaw 1981; Caseldine 1981; Crowder and

Cuddy 1973; Cundill 1991; Heim 1970; Mulder and

Janssen 1998, 1999; Räsänen et al. 2004). If pollen

assemblages from moss polsters do not represent an aver-

age of several years of pollen deposition, annual variations

in pollen productivity (Hicks et al. 2001; Van der Knaap

et al. 2000; Van der Knaap et al. 2001; Van der Knaap and

van Leeuwen 2003) could be critical for calculation of

PPEs. Significant interannual variation can be either cli-

mate- or land use-induced. In the same study area as ours,

Sjögren et al. (2006) used pollen accumulation rates from a

Sphagnum peat hummock to assess the variation in pollen

productivity related to climatic parameters over a period of

25 years (A.D. 1975–2000). This study reveals that pollen

productivity of many trees appears to be affected by cli-

matic conditions, however not during the main growing

season (summer). The pollen production of Abies is posi-

tively related to both winter and spring temperature, Acer

and Fagus are respectively positively and negatively cor-

related to winter temperature. The authors argue that frost

damage, failed hibernation and premature flowering are

more critical than summer warmth. They also emphasize

that the explanatory climatic variables affecting pollen

productivity could be different according to the location

and altitude of the site, i.e. the altitudinal limit could be

specific for each plant taxon involved. The question of the

possible role of interannual variation in pollen productivity

for the calculation of PPEs and their use in vegetation

reconstruction needs further research.

Conclusion

Pollen productivity estimates have been produced for 11

plant taxa characteristic of pasture woodland landscapes in

the Jura Mountains. In this semi-open vegetation, most of

the taxa have PPEs equal to (Fagus, Plantago media and

Potentilla-type), or higher (Abies, Picea, Rubiaceae and

Trollius europaeus) than Poaceae (PPE = 1).

The obtained PPEs and RSAP values show some dis-

crepancies depending on the ERV submodels and distance-

weighting function used. ERV submodel 1 with 1/d as

weighting function produces lower likelihood function

scores and would be, in theory, the most accurate model to

estimate PPEs and RSAP. However, PPEs also depend on

the distance-weighting used for heavy pollen taxa (e.g.

Abies). In this case, Prentice’s dispersal model is more

appropriate. Surprisingly, the best fit to our data was

obtained with ERV submodel 1. This is probably due to the

fact that well-dispersed pollen types are not included in the

selected dataset. The RSAP for moss polsters in our case is

ca. 300 m. This value is very close to that obtained in the

open and semi-open cultural landscapes (R = 400 m) of

southern Sweden (Broström et al. 2005). Because one of

the most influential factors on RSAP is vegetation structure

(or the grain of the vegetation mosaic) (e.g. Bunting et al.

2004, Broström et al. 2005), and given the vegetation data

was collected at very similar spatial scales, the similar

results in the Jura Mountains and southern Sweden would

imply that these two landscape types have comparable

vegetation structures/mosaics.

Our PPEs have been compared to other PPEs from

various regions and countries of Europe in the synthesis by

Broström et al. (2008, this volume). These regions differ in

terms of climate, geomorphology, plant species composi-

tion, and land-use characteristics at both local and regional

spatial scales, which might result in different background

pollen components. To fully understand pollen represen-

tation of different taxa and investigate the variation in

pollen productivity within and between species, both RSAP

for the basin studied (i.e. moss polsters, hollows, small

lakes) and the background pollen need to be considered.

These questions will be discussed elsewhere in more depth

(Broström et al. 2008, this volume).

The results presented in this paper are an essential

contribution to the development of robust tools for the

quantitative reconstruction of mountainous landscapes

consisting of a mosaic of trees, shrubs, and open grassland

in central Europe. Using the novel Landscape Recon-

struction Algorithm (Sugita 2007a, b), our PPEs will be

used to infer historical landscape patterns in the Jura

mountains from fossil pollen assemblages from several

peat bogs recently analysed (Sjögren 2005, 2006; Sjögren

and Lamentowicz 2007). This approach will help firstly in

assessing the processes (in terms of vegetation patterns,

composition, cover and openness) controlling the mainta-

inance of pasture woodlands and their biodiversity, and

secondly in suggesting management strategies for future

management of this type of landscape.
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