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Relative Pollen Productivity is an essential parameter for quantitative reconstruction of
past land cover from pollen records, but published studies have produced a range
of different values for the same taxa. Heathland habitats have limited plant diversity
and strong spatial patterning, therefore are useful case studies to investigate aspects
of pollen dispersal and deposition, but the estimated spatial area “sensed” by pollen
records in these habitats also varies widely between studies. In this study, we estimate
pollen productivity from two different microhabitats in a heathland ecosystem in order
to investigate the role of local environmental conditions in any observed differences.
Vegetation survey was carried out using the Crackles Bequest Project method, pollen
assemblages from moss samples counted using standard methods, and relative pollen
productivity and estimated source area derived using Extended R-Value analysis.
Analysis of the data suggests that at least two pollen source areas exist at the sites
studied, reflecting scales of landscape organisation. Microhabitat does not appear to
have a marked effect on estimates of Relative Pollen Productivity in this heathland
system. This study confirms earlier findings that the estimates obtained for some taxa
from heathlands are substantially different than those from agricultural landscapes,
especially Poaceae. The findings suggest that the factors controlling Relative Pollen
Productivity are still not fully understood, and that differences between locations
may reflect real, habitat-led differences. Further investigation of this parameter, which
is central to reconstruction of past land cover from pollen records whether overtly
incorporated via an algebraic model or less explicitly present via ecological narrative,
biomisation or modern analog approaches, is clearly necessary.

Keywords: multiple pollen source areas, Relative Source Area of Pollen (RSAP), extended R-value (ERV) analysis,
Scotland, Relative Pollen Productivity (RPP), heathland

INTRODUCTION

Reconstruction of past land cover from pollen records is currently an important research area (e.g.,
Gaillard et al., 2008, 2010), since most research questions about past vegetation are concerned with
land cover, not with pollen per se. The translation of pollen records into meaningful measures of
past vegetation which can be compared with other data or models, or used to inform ecological
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understanding, conservation planning, or the context of
archaeological sites is challenging since the relationship between
pollen assemblages and the vegetation which produced the pollen
grains is complex (e.g., Jackson, 1994; Bunting et al., 2013). One
approach which is currently producing interesting results and
growing in use is the model calibration approach, which uses
an algebraic model of the relationship between pollen deposited
at a point and vegetation surrounding that point. The model is
first calibrated against a modern dataset where vegetation cover
and pollen assemblages can be directly measured and compared,
then the calibrated model is applied to pollen assemblages from
the sedimentary archive to obtain quantitative reconstructions
of properties of the unknown past vegetation cover (e.g., Sugita,
2007a,b; Middleton and Bunting, 2009). This approach assumes
that the relationship between parent plant and pollen assemblage
is constant for a given taxon across the geographic range of the
taxon as well as over time, and therefore that modern calibration
terms can be used for past situations.

Most work in this area has been built on the development
of a simple linear model, the history of which is reviewed
elsewhere (e.g., Gaillard et al., 2008). The current model takes the
basic form:

yik = αiψik + ωi (1)

where yik is the pollen influx of taxon i at point k in the
landscape, αi is the pollen productivity of taxon i (usually
expressed as a relative pollen productivity term rather than
an absolute value), ψik is a measure of the abundance and
distribution of plants producing pollen classed as taxon i in the
landscape around site k within a specified distance often defined
by the radius z (e.g., a distance weighted measure of abundance)
and ωi is the background pollen influx of type i, that is, the
regionally averaged pollen component originating from source
plants growing beyond the specified distance, beyond radius z.

The model is calibrated using the Extended R-Value (ERV)
method (Parsons and Prentice, 1981; Prentice and Parsons, 1983;
see methods) against a modern dataset consisting of paired
measurements of yik and ψik collected for a range of locations
within a region; the distribution of these sampling points aims to
capture a range of values of both yik and ψik, and can then be
applied to reconstruct past land cover. This approach produces
estimates of productivity expressed relative to a reference taxon,
which are termed Relative Pollen Productivity (RPP) values
(αi) in this paper. Other authors (e.g., Mazier et al., 2012) use
the abbreviation PPE (pollen productivity estimate) to refer to
the same output.

Biologically, the assumption that a single measure of RPP
can be assigned to a taxon across its range is problematic. In
many cases, pollen taxa can be sourced from multiple plant
species or genera (e.g., Quercus pollen in the United Kingdom
can originate from Quercus robur, Quercus petraea or various
non-native ornamental species of oak, whilst Rubiaceae pollen
can originate from several different Galium species or from
Sherardia arvensis, and Poaceae pollen can come from most wild
grass genera). Different taxonomic mixtures of source plants are
known to have varying flowering frequencies, flower abundances
and other aspects of reproductive biology, as well as growth

height and architecture of the flower-bearing structures, therefore
are likely to also have variations in pollen production and
dispersal. Even within a single species, variations in resource
allocation in response to environmental variation is expected to
affect flowering—individual plants in stressful environments may
flower more or less than individuals of the same genotype grown
in less stressful conditions (May et al., 2017). The flowering of
species also varies across the geographic range, with some plants
showing substantial range in terms of the balance of reproductive
strategies between sexual (pollen requiring) and asexual (e.g.,
vegetative, non-pollen requiring), and others showing reduced
occurrence of flowering at range margin positions (e.g., Hicks,
2006; Kuoppamaa et al., 2009; Nielsen et al., 2010). All models
are wrong, and this simplifying assumption of constant RPP is
not entirely unjustified—the pollen signal reflects quite a wide
spatial area, and is therefore likely to average the range of local
habitats, and it is possible during vegetation survey to record
flowering plants differently from non-flowering ones, especially
where there are clear habitat differences (e.g., woodland versus
open land) and through analysis of modern datasets identify
which members of a palynological equivalent plant taxon group
are typically contributing to the pollen signal and which are not.

Synthesis of multiple published sets of RPP values from
broad biogeographic regions (e.g., north-west Europe, Mazier
et al., 2012; extra-tropical China, Li et al., 2018) show
considerable variation between studies, but used these data to
recommend standardised sets of RPP values which are then
applied throughout the region. The potential reasons for these
variations are many. The range of data collection strategies used
is considerable—for example pollen samples might come from
mosses, soil samples or traps (e.g., Lisitsyna et al., 2012), and
vegetation data can be recorded at different spatial intervals and
using different methods and measurement types. Data analysis
using the ERV method also requires specification of a reference
taxon. Poaceae is most often used, since the pollen type is
readily identified, found in almost all samples, and originates
from a dominant plant taxon. However, the Poaceae pollen
type can originate from the majority of wild grass species,
and therefore from plants with a wide range of ecological
requirements and traits.

Calluna-dominated heathland vegetation communities have
previously been used as model systems for exploring controls
on estimated values of RPP. Bunting and Hjelle (2010) showed
that vegetation survey method can alter RPP estimates markedly
by surveying vegetation around sample points in heathland
using several different methods, and comparing RPP estimates
obtained from the same pollen data when paired with the
resulting different vegetation datasets. Heathland systems are
particularly suitable for use as model systems for several reasons:

• They have a relatively limited flora and a wide
geographic range.
• A widespread, monospecific pollen type (Calluna vulgaris)

is available to use as a reference taxon – although the
climatic and habitat range of the taxon suggests that it
is highly adaptable, and therefore likely to have more
intraspecific variation in at least some traits than a
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species with a narrower niche, it is less variable than
the Poaceae family.
• They have a relatively simple vegetation structure with

a low canopy, which makes the model assumption of
above-canopy pollen transport more robust. An additional
advantage is that modern vegetation recording is relatively
rapid compared with a multi-layered woodland or a highly
diverse meadow, meaning more data can be collected.
• They typically support abundant natural pollen traps

(mosses), mostly of the preferred polster/hummock
forming growth form (Boyd, 1986).
• These natural pollen traps are mostly found in gaps in the

ericaceous canopy, therefore the potential complications
caused by gravity deposition from a canopy taxon or
dilution of pollen deposition through impaction on
overhanging vegetation (Tauber, 1965, 1967) are reduced.
• Wetter parts of heathlands are peat-forming, and heathland

areas tend to be characterised by a larger number
of surviving sedimentary basins than the landscape
as a whole due to both acidic preserving conditions
and lower suitability for intensive human activity than
surrounding land cover types, meaning that they are
likely to be the source of sedimentary archives and
Holocene pollen records.

Table 1 summarises published and unpublished estimates of
RPP for selected heathland taxa in northern Europe. European
reviews (Broström et al., 2008; Mazier et al., 2012) incorporate
studies including multiple landscape elements, e.g., grazed and
mown grassland, cropland, woodlands of different types, and
heaths, and most carried out ERV analysis using a dataset
including both tree and herb taxa. Hjelle (1998) studied only
herbaceous taxa, but sampled grasslands as well as heathlands
and used a rooted frequency vegetation survey method which
is known to alter the apparent RPP of some taxa (Bunting
and Hjelle, 2010); Bunting (2003); Bunting (unpublished) has
presented RPP estimates from heathland systems in western
Scotland, and Bunting and Hjelle (2010) presented estimates
from coastal Norway, both using just the heathland taxa in
their analyses. Clear differences in estimated RPP between these
areas are noted (see Table 1), but methodological differences in
vegetation survey and differences in site characteristics may also
have a major effect (particularly for Moine Mhòr, where Molinia
caerulea tussocks dominated part of the site where cutting and
draining had created a hummocky heathland in poor condition –
the hummocks and apparent hydrological fluctuations are
considered to have affected the pollen taphonomy). In this study
we chose to estimate RPP within heath communities only in order
to investigate the effect of local habitat conditions on RPP without
the added complications of additional plant communities which
do not support the same taxa.

All studies where data analysis included only heath taxa
produced sub-10m estimates of the Relevant Source Area of
Pollen (RSAP – Table 1; sensu Sugita, 1994, the radial distance
from the sample point marking the outer limit of the area where
changes in the position of plants relative to the sample point affect
the pollen assemblage, even if the proportions of plants within

the area remain the same). A study of herbaceous pollen types
from grazed and mown grasslands in Southern Sweden found an
RSAP of 200 m (Broström et al., 2004), and in open community
landscapes such as the Chinese steppe RSAPs of around 2000 m
are reported (Li et al., 2018). Most of the heathland studies cited
in Table 1 either included woodland patches in their analysis
or did not collect vegetation data at greater distances, so could
not determine whether the RSAP was real or an artefact of
sampling strategy. The Lygra study (Bunting and Hjelle, 2010) is
an exception where vegetation data to a distance of 1000m from
the sampling points were included in the analysis.

This paper has three aims:

1) To estimate RPP for common taxa in a heathland area
using the standardised Crackles Bequest Project method of
vegetation survey (Bunting et al., 2013);

2) To investigate whether local habitat conditions affect the
estimates of RPP obtained;

3) To test the assumption that heathlands have a RSAP
of less than 10 m.

MATERIALS AND METHODS

Field Site and Sampling Strategy
The chosen field area is the Coigach peninsula in north-west
Scotland (Figure 1). The low lying gently undulating topography
minimises possible topographic or altitudinal effects on pollen
assemblage formation at the larger scale. The landscape is
dominated by heathland, managed by a mixture of low-density
extensive grazing of sheep and deer and occasional burning, with
small patches of commercial forestry and fragments of native
woodland. Sample points were identified using a semi-stratified
approach. Sample points were chosen to ensure a gradient of sites
across the peninsula (to allow for the possibility of a climatic
gradient from coastal to inland locations which might affect
results). At each location sampling areas were randomly selected
and then sample points were placed within patches of relatively
uniform heathland which were identified as being wetter or drier
in the field. Sample locations were at least 200 m apart, and moss
polsters were collected and placed into sample bags (Bunting
et al., 2013). A total of 18 samples were collected.

Vegetation Survey and Data Processing
Vegetation survey around each sample point (see Figures 1B,C
for locations) followed the Crackles Bequest Project protocol
(Bunting et al., 2013), using a standardised layout of 21 1mx1m
quadrats within 10 m radius (zone A), then community mapping
and composition recording between 10 m and 100 m (zone
B). All vegetation was recorded as vertical cover estimated by
eye. Beyond 100 m (zone C) vegetation maps were extracted
from the land cover mapping provided in LCM2015 (Rowland
et al., 2017), the closest available date to the fieldwork.
Vegetation composition for the LCM2015 communities was
extrapolated from the field-mapped communities (see Table 2 for
community compositions).
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TABLE 1 | Comparison of Relevant Source Area of Pollen and Relative Pollen Productivity (reference taxon recalculated where necessary to Calluna vulgaris) for other studies from heathland dominated landscapes.

Region Moine Mhòr
Scotland

NW Scotland Norway (Lygra) Norway (grazed
sites)

Central
Sweden

Southern
Sweden

Denmark NW Europe general
set PPE.st2

Code
(Figure 8)

MMS NWS NorL NorG CSw SSw Den NWE

Reference Bunting
(unpublished)

Bunting (2003) Bunting and Hjelle
(2010)

Hjelle (1998)* von Stedingk
et al. (2008)

Broström et al.
(2004)

Nielsen (2004) Mazier et al. (2012)

Sample site character Heavily cut lowland
raised mire; very
grassy

Open heathland Open heathland Coastal heathland Coniferous/birch
woodland,
alpine tundra

Grasslands Agricultural land,
heathland,
deciduous
woodland

Based on structured
synthesis of values from
multiple habitats

Pollen sample Moss polsters Moss polsters Moss polsters Moss polsters Moss polsters Moss polsters Lake sediments Various

vegetation data
weighting
PS = Prentice-Sugita
model

PS d−2 PS PS PS PS on data from
AD1800 maps

PS

RSAP (m) 4 2 1.5–3.5 “short” Includes trees c. 200 Includes trees Varied

Veg data maximum
extent (m)

10 4 1000 5 1500 1500 2000 Varied

RPPCalluna: Where results for both ERV sub-models were reported, results are presented as “model 1/model 2”. - = no value reported

Calluna vulgaris 1 1 1 1 1 1 1 1

Vaccinium-type (or
Ericaceae)

0.00/0.00 0.1/0.2 0.3 − 0.2 − − 0.1

Empetrum nigrum − − − − − − − 0.1

Myrica gale 0.02/0.1 0.3/0.3 − − − − −

Poaceae 172.4/20.9 0.1/0.02 0.9 0.5 3.3 0.2 0.6 1.2

Cyperaceae 0.3/0.1 1.0/1.0 1.6 0.3 3.0 0.2 − 1.1

Potentilla-type 38.3/3.7 0.7/0.6 3.8 0.0 0.5 − 1.5

Rubiaceae − − − 0.0 0.8 − 3.2

* Indicates study where vegetation data was collected using a rooted frequency approach. All other studies used a cover % approach.
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FIGURE 1 | (A) Location of the field area within Britain; (B) location of the Coigach peninsula and the sampling site at Blughasary (BH); (C) distribution of sampling
sites on the Coigach peninsula. BA = Brae of Achnahaird; BF = Bad Fhluich; CM = Cnoc Mòr; MF = Meall an Fheadain; MT = Mòine Tomach; LO = Loch Osgaig;
LR = Loch Raa; RM = Rubha Mòr.

Vegetation data was stored and processed using the Survey
programme (Middleton, unpublished), and extracted in the form
of concentric rings for distance weighting using the Prentice-
Sugita model and comparison with the pollen data. Fall speeds for
Calluna vulgaris, Cyperaceae, Poaceae and Potentilla-type were
taken from Mazier et al. (2012), and for Drosera rotundifolia-
type, Empetrum nigrum, Myrica gale-type, Pteropsida (monolete)
indet. and Vaccinium-type were calculated using Stokes’ Law
with Falck’s correction (Gregory, 1973) based on measurements
of 30 grains from pollen slides collected in the region. Wind
speed was set to 3 m/s. Ring widths for 0–10 m followed
the Crackles Bequest Project protocol (Bunting et al., 2013).
A ring width of 10m was used for 10–100 m, then 50 m widths
were used to 2500 m.

Pollen Analysis Methods
Moss polsters were collected from the centre of each survey area,
sealed in ziplock bags and stored at 4◦C in the dark. Samples were
prepared for pollen analysis using standard methods (Moore
et al., 1991) and counted under ×400 magnification, with ×1000
used for critical identifications. A base sum of 1000 total land
pollen grains was counted. Taxonomy follows Bennett (1995-
present), and identifications were made with the aid of the keys of
Moore et al. (1991) and Beug (2004) and the reference collection
at the University of Hull.

Sample Grouping
Sample habitat was summarised into a small number of
habitats on the basis of the vegetation within the inner 10m
survey area, and samples grouped using WinTWINS (Hill and
Šmilauer, 2005). Vegetation data from the 21 quadrats in
the inner 10m radius area was area-weighted (i.e., weighted
according to the area of each ring) to give a single average

for each sample as input for grouping. In order to explore
how vegetation communities mapped onto pollen assemblages,
Principal Components Analysis was carried out using CANOCO
v4.5 (Lepš and Šmilauer, 2003) with a square root transformation
on the pollen assemblages, using all 45 pollen types recorded.

Extended R-Value Analysis
Calibration of the pollen-vegetation equation (Equation 1) is
achieved through regression analysis allowing estimation of the
parameters αi and ωi, as long as yik and ψik are both measured
independently for each taxon i. However, measuring pollen
influx in absolute terms is non-trivial – measuring the length
of time that pollen accumulates in natural traps such as lake
surface sediments or moss polsters, or running pollen traps
for a period of 5-10 years to minimise annual variation (e.g.,
Räsänen et al., 2004; Lisitsyna and Hicks, 2014), is both difficult
and costly. Pollen analysts typically present and handle data
as proportions, pik (proportion of taxon i at site k), where∑i

1 pik = 1, therefore the values of pik are interdependent.
Depending on the methods used for recording vegetation data
(ψik), this term can also be interdependent across the taxon
set. Where variables are interdependent, single-taxon regression
analysis is not effective, and an iterative approach to estimating
the values of the parameters αi and ωi is adopted (Parsons
and Prentice, 1981; Prentice and Parsons, 1983). This iterative
calibration process is generally referred to as ERV analysis. The
basic approach is to modify Equation 1 as follows:

pik = fkaixik + zi (2)

where pik is the proportion of taxon i recorded at point k in
the landscape, αi is the relative pollen productivity of taxon i,
χik is a measure of the abundance and distribution of plants
producing pollen classed as taxon i in the landscape around site
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k within a specified distance (e.g., a distance weighted measure
of abundance) and zi is the corrected background pollen term for
type i, that is, a term expressing the regionally averaged pollen
component originating from source plants growing beyond
the specified distance. The term fk is a site-specific correction
factor calculated from a combination of α and z values for
all taxa present.

Three “models,” variants on Equation 2, have been proposed,
and are differentiated by how the site specific correction factor
is built into the equation and how the term zi is calculated.
Models 1 and 2 assume that the term χik is based on proportion
data and is therefore also interdependent for all i (Parsons
and Prentice, 1981; Prentice and Parsons, 1983) whilst model
3 assumes that χik is measured independently for each taxon
(Sugita, 1994).

Output from ERV analysis comprises a likelihood function
score for the best fit solution identified, and estimates of αi and
zi for all taxa. By carrying out ERV analysis using χik values
obtained from different zones around the sample points k, it is
possible to investigate how the fit of the model changes as the
spatial area considered changes. When the vegetation survey zone
for χik is defined using a radial distance z from point k, and
ERV analysis is carried out for multiple values of z, plots of the
changes in the likelihood function score are used to estimate
a ‘best fit’ distance, a point beyond which adding vegetation
data does not improve the fit of the parameterised model to the
calibration dataset, which is termed the Relevant Source Area of
Pollen (RSAP). This provides a measure of the spatial resolution
of the pollen signal, and is used in some reconstruction methods
(Sugita, 2007b).

Taxa were selected for ERV analysis on the basis of being
present in both pollen and vegetation data for at least 4 locations,
and from inspection of scatter plots of their abundance in
the pollen and vegetation datasets. Six taxa characteristic of
heathlands are included in the final analyses presented here
(Calluna vulgaris, Cyperaceae, Myrica gale, Poaceae, Potentilla-
type and Vaccinium-type), giving a revised pollen count base
sum of 529-964 grains (mean 796 grains). Extended R-Value
analysis was carried out using PolERV (Middleton, unpublished),
which uses the same analysis code as Sugita’s software (Sugita,
1994). 200 iterations were run at each distance. Calluna vulgaris
was selected as the reference taxon, being both monospecific
and widely recorded across the landscape. The two primary
WinTWINS clusters (wet heath and dry heath) were then
separately subjected to ERV analysis using the same method to
determine whether estimated RPP values differed under different
growing conditions.

RESULTS

Summary of Main Features
Pollen samples and vegetation data were collected from eighteen
sites (Figure 1), and the pollen assemblages and vegetation
composition are summarised in Figure 2.

The WinTWINS analysis identified three groups of samples
(Figure 3), which show geographic overlap (see Figure 1). All
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FIGURE 2 | Pollen percentages and % vegetation cover within 10 m of the sample point for samples collected in this study. Vegetation cover is grouped into
palynological equivalents. Sample locations and codes are shown in Figure 1.

samples have high abundance of Calluna vulgaris. Cluster 1A
(WinTWINS group 00) has high abundance of Calluna vulgaris,
intermediate Cyperaceae abundance, and comparatively low
Poaceae abundance, along with the most Erica cinerea of the three
clusters. Cluster 1B (01) has the highest Cyperaceae abundance
and lowest Calluna vulgaris abundance of the three clusters, with
comparatively low Poaceae abundance, and occasional presence

of Myrica gale. Cluster 2 (10/11) has relatively low abundance of
Cyperaceae, highest Poaceae and high Calluna vulgaris, and most
samples also have quite strong presence of Myrica gale. Cluster 2
consists of sites from the wettest parts of the heathland mosaic,
and Cluster 1 of samples from drier locations. Cluster 1 is then
divided between sites with higher abundances of Erica cinerea
which showed some visible signs of soil erosion and/or past peat
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FIGURE 3 | Visual representation of WinTWINS clustering based on % areal cover of vegetation within 10 m radius of the pollen sampling point. Sample locations
and codes are shown in Figure 1.

cutting in the field (1A), and sites with higher abundances of
Carex sedges and apparently intact soils (1B).

Habitat and Pollen Assemblages
Figure 4 shows the results of PCA analysis of the pollen data, with
symbol coding showing the WinTWINS clusters based on the
vegetation data. The first two axes together explain 70.4% of the
variance with eigenvalues of 0.363 and 0.341, respectively. Axis
1 separates sites with higher proportions of Calluna vulgaris and
Drosera rotundifolia from sites with higher levels of Cyperaceae,
Poaceae and Myrica gale-type. Cluster 1A samples are more
likely to be found at the negative end of this axis and Cluster
1B more likely on the positive end along with most Cluster 2
samples, but there is overlap between the three clusters. This
axis appears to be dominated by local wetness, with wetter
sites at the right hand side. Axis 2 is dominated by Pinus
and Sorbus-type, both background pollen types (in the sense
that mature individuals of their source plants were not present
within 100m of any survey location), suggesting that this axis
is effectively geographical. It separates LR1 and LR2 from the
other samples, probably reflecting the relative abundance and
proximity of native woodland stands around Loch Raa compared
with all other sites.

Although Clusters 1A and 1B are ecologically separable, we
combined them for ERV analysis due to the small number
of samples in Cluster 1B. Figure 5 shows scatter plots of the
nine most abundant taxa recorded in both the vegetation and
pollen datasets (excluding the three arboreal taxa, Betula, Pinus
and Sorbus-type). Calluna vulgaris is clearly a suitable reference
taxon for Cluster 1, with a clear gradient of values, but may be
problematic for Cluster 2, where the gradient of vegetation values
is comparatively short. On the basis of scatter plot inspection,

Drosera, Empetrum nigrum and Pteropsida (monolete) indet.
were excluded from further analysis, and the remaining six taxa
were used for ERV analysis as presented in the next section.

Extended R-Value Analysis
Likelihood function scores for ERV models 1 and 2 are shown
in Figure 6 for all datasets, plotted against two different distance
scales. Figure 7 summarises the RPPCalluna estimates obtained
(also given in Table 3).

Likelihood Function Score and Pollen Source Area
The likelihood function score (lfs) plots are not as expected
(Figure 6). An ‘ideal’ lfs plot would show a monotonic fall to
a clearly defined single asymptote, which is used to identify the
RSAP for the studied assemblages. However, these plots show an
initial sharp fall within a few metres of the sampled point, then
rise abruptly. The whole dataset plot flattens out by around 60 m,
then rises gently and steadily to 2500 m. The same pattern is
seen with both ERV models for all samples and for the two local
habitat clusters.

We interpret this pattern as showing multiple pollen source
areas (PSA) within the datasets – that is, multiple distances at
which a local “best fit” between vegetation and pollen data is
obtained using the ERV model fitting approach. The changes in
survey method with increasing distance from the sample point
are not considered to be the main cause of these effects, since
most PSAs identified are located within a survey method zone
rather than at the edge of one. Zone A surveys the area to 10 m,
and the first PSA is at a radius of 1–3 m or so, then zone B surveys
the area to 100 m and the second PSA has a radius of 55–65 m for
all samples and for Cluster 2, and for Cluster 1 of around 125 m.
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FIGURE 4 | Principal Components Analysis of pollen assemblages (percentage data, square root transformation). Colour/fill of sample locations denotes the
WinTWINS vegetation cluster each belongs to. Only the nine most abundant pollen types are shown on the figure for clarity.

Estimates of Relative Pollen Productivity and
Background Contribution
Table 3 summarises the RPPCalluna values at both of these
apparent source areas, and values are plotted in Figure 7.

At PSA1, the shortest source area with the lowest lfs (therefore
the best ERV model-data fit), the range of estimated RPPCalluna
values is generally greater. Myrica gale-type always has estimated
values above 1 and Vaccinium-type values below 1, around
0.2. Cyperaceae estimated values are around 1.5 except for the
analysis run using model 2 on the all sample dataset. Poaceae
values are unexpectedly low—effectively zero for some distances.
Potentilla-type values are the most variable. At PSA2, the pattern
of results differs slightly. Cyperaceae is below 1 for the full dataset
and for Cluster 1, but averages 1 for Cluster 2. Poaceae again
has unexpectedly low values, and Potentilla-type now averages
around 1. Vaccinium-type is similar for all clusters.

The proportion of pollen found to come from beyond each
PSA is also given in Table 3 (6zi, the sum of the background
term, which differs in mathematical definition between models 1
and 2). As would be expected, values at PSA1 are generally higher
than values at PSA2. In several cases the background component
has a value of zero, which can be interpreted as showing that all
pollen from the selected taxa originated within the PSA distance.

The background pollen component is typically on the order of 40-
60% at the RSAP for landscapes with mosaic woodland land cover
(Sugita, 1994), but here is noticeably lower. This suggests that
the pollen signal of these heathland surface samples is strongly
local in character, partly as a result of the small size of individual
patches within the heath vegetation mosaic.

DISCUSSION

Pollen Source Area(s)
This study set out to calibrate the widely used Prentice-Sugita
pollen dispersal and deposition model for common heathland
taxa by applying the ERV method to different subsets of a
dataset of 18 samples. Standard practice is to carry out ERV
analysis at multiple distances, identify the RSAP from a plot of lfs
against distance, then use either the values of the RPP coefficients
estimated at that distance or a mean of the values estimated at
that distance and all greater distances with similar lfs values. The
standard lfs curve is monotonic and asymptotic, but in this study
analysis produced a more complex curve.

We argue that this is not an artefact of small sample size
or data collection strategy, but represents a real phenomenon
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FIGURE 5 | Scatter plots of pollen proportion (on a base sum of these nine taxa) against distance-weighted plant abundance within 95 m radius of the sampling
point for nine taxa considered for analysis. Drosera, Empetrum nigrum and Pteropsida (monolete) indet. were excluded from the final dataset. Blue circles denote
samples in Cluster 1, green triangles samples in Cluster 2 (see Figure 3 and text for details).

in the way in which pollen assemblages record the surrounding
vegetation which may result from multiple levels of structure
within the vegetation mosaic. Bunting et al. (2004) showed that
mosaic structure and patch size had a strong effect on RSAP
values in simulated vegetation communities, and within this
landscape it is possible to identify multiple levels of patterning,
from the fine scale variability of individual tussocks, dwarf
shrubs and mossy hollows which repeats on a 1-5m scale
to the larger scale distribution of wet and dry communities
reflecting the undulating meso-scale topography along with
large-scale patches of water, woodland, plantation, moorland,
road and rock which make up the landscape as a whole.
The two pollen source areas identified appear to reflect this
landscape characteristic. Different modes of pollen dispersal and
deposition may be more or less important at the different PSAs,
and may not all be modelled equally well by the Prentice-
Sugita model.

This identification of multiple pollen source areas within
a single dataset may also explain some of the apparent
contradictions in the literature, where very different RSAPs
are defined for similar landscapes. Reported RSAP for studies

including only heathland communities are between 1 and 5 m
(Table 1; a similar distance to that estimated for Empetrum
nigrum alone by Tallis, 1997) whilst studies of other open
vegetation types (Broström et al., 2004; Li et al., 2018) reported
much larger RSAPs. This study suggests that multiple Pollen
Source Areas may exist, depending on the scale of study, which
may explain much of this apparent contradiction. This idea
has significant implications for site selection and reconstruction
strategies which we will explore below.

Sugita (1994) found that the estimated background pollen
rain component at RSAP is 40–60%, whereas here even the
shortest identified PSA has a much lower background pollen
component (see Table 3), again suggesting that the pollen signal
of the heathland pollen taxa recorded by these surface samples is
strongly local in character.

Problems with ensuring consistent mapping of vegetation
beyond 100 m were encountered, and extrapolation of
community composition is not always sound, especially for
the wet heath communities, since not all wet heaths have the
Myrica gale-type dominance recorded within the 100 m zone.
There is definitely scope to make better use of remote sensed
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FIGURE 6 | Likelihood function scores for the full dataset and the two clusters, plotted against two different distance scales to show key features (see text for
discussion).

data to improve vegetation mapping (e.g., Middleton et al., 2012)
in this wider zone which should be explored in future studies.

Relative Pollen Productivity
RPPCalluna values vary somewhat according to both which
definition of the pollen source area is used and which subset
of data are used for analysis. Figure 7 visually summarises the
variations in estimated RPPCalluna of the studied taxa. Vaccinium-
type and Poaceae always have RPPCalluna less than one, and

Myrica gale-type always has RPPCalluna above 1. Potentilla-type
and Cyperaceae show more variability, with values ranging from
0.7 to 1.9 for Potentilla-type and from 0.6 to 1.5 for Cyperaceae.
This range of values is less than that seen in Bunting and Hjelle’s
(2010) investigation of the effects of different vegetation survey
methods, but still sufficient to make a marked difference in
simulated pollen assemblages or reconstructed vegetation cover.

One possible explanation is that these changes are the result
of poor study design; sample size for Cluster 2 is small, the
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FIGURE 7 | Comparison of estimates of Relative Pollen Productivity (reference taxon is Calluna vulgaris) obtained using different combinations of sample dataset
(ALL = all samples, C1 = Cluster 1, C2 = Cluster 2—see Figure 3 for definition of clusters) and Extended R Value sub-model (ERVm1 = Extended R-Value
sub-model 1)—see text for details. Dashed line at 1.0.

TABLE 3 | Estimates of Pollen Productivity relative to Calluna vulgaris produced by this study (see also Figure 7).

All samples Cluster 1 (n-12) Cluster 2 (n = 6)

ERV model 1 ERV model 2 ERV model 1 ERV model 2 ERV model 1 ERV model 2

Pollen source area 1 (m) 2.3 2.3 1 1 2.3 2.3

RPPCalluna(Cyperaceae) 1.5 ± 0.1 0.8 ± 0.0 1.5 ± 0.2 1.4 ± 0.0 1.4 ± 0.2 1.4 ± 0.1

RPPCalluna(Myrica gale-type) 2.2 ± 0.1 1.5 ± 0.0 1.9 ± 0.1 2.0 ± 0.1

RPPCalluna(Poaceae) 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

RPPCalluna(Potentilla-type) 1.6 ± 0.1 1.1 ± 0.1 1.9 ± 0.3 1.9 ± 0.1 0.8 ± 0.1 0.7 ± 0.1

RPPCalluna(Vaccinium-type) 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0

“Background” sum (6zi ) as % 0.2 0.1 4.9 0.3 0.0 0.0

Pollen source area 2 (m) 55 55 65 65 125 125

RPPCalluna(Cyperaceae) 0.8 ± 0.1 0.7 ± 0.0 0.6 ± 0.1 0.6 ± 0.0 1.1 ± 0.2 1.1 ± 0.1

RPPCalluna(Myrica gale-type) 1.4 ± 0.1 1.4 ± 0.1 1.9 ± 0.2 2.0 ± 0.3

RPPCalluna(Poaceae) 0.1 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

RPPCalluna(Potentilla-type) 1.0 ± 0.1 0.9 ± 0.1 1.0 ± 0.2 1.0 ± 0.0 0.9 ± 0.1 0.9 ± 0.1

RPPCalluna(Vaccinium-type) 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0

“Background” sum (6zi ) as % 0.1 0.1 2.9 0.0 0.0 0.0

scatter plots (Figure 5) show a limited range of vegetation cover
for the reference taxon, and Myrica gale-type is excluded from
the analysis of Cluster 1. Whilst a larger number of samples
would doubtless strengthen our conclusions, we consider that the
patterns observed are real properties of the dataset, and should be
considered seriously.

A second explanation is that these variations reflect actual
differences in the RPP of the affected taxa, or of the reference
taxon, in the different habitats represented by the two groups
of samples. Calluna vulgaris flowering phenology is known to
be altered by moisture availability (Jentsch et al., 2009) and
flowering intensity can be affected by even small changes in
nitrogen deposition (Phoenix et al., 2012), therefore variations
in flowering and hence pollen production between the wetter

and drier soil conditions represented in the habitats sampled
by Clusters 1 and 2 might be expected. Local-scale changes
in the pollen productivity of Calluna vulgaris would affect the
RPPCalluna values of all other taxa, especially at PSA1 (since
the heterogeneity of patches is most marked at those scales;
Clusters 1 and 2 were defined on the basis of vegetation
composition within 10m of the sampling point, and sample
locations were placed within distinct plant communities).
However, RPPCalluna(Poaceae) and RPPCalluna(Vaccinium-type)
are consistent across all three datasets and at both distances,
which suggests that, if the variation is driven by differential
pollen productivity, the difference observed is due to variations
in the pollen production of Cyperaceae and Potentilla-type.
For Cyperaceae, this may reflect differences in the species
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present rather than, or in addition to, microhabitat effects.
For Potentilla-type, where only Potentilla erecta was recorded
in the vegetation communities included in this analysis, the
variation is likely to be due to microhabitat effects such as
different amounts of flowering in different habitats (taxon
presence was mapped on the basis of leaf cover). This could
be usefully explored in a future study by quantifying the
flowering and pollen production of Calluna vulgaris and other
key taxa in contrasting habitats (e.g., Waller et al., 2012
applied a similar approach to explore pollen productivity of
selected woody taxa in response to different stages of the
coppicing cycle).

Comparison With Other Studies
Results from other published work are presented in Table 1,
recalculated where necessary to RPPCalluna, and included
graphically in Figure 8 for the four taxa where multiple
comparators exist.

The value for Poaceae is much lower than the value in
the standard north-west European dataset (Mazier et al., 2012,
PPE.st2), which is reasonable given that in this landscape
grasses are relatively rare and subject to heavy grazing, in
contrast to most of the landscapes where RPP studies have
been done. It is interesting though not surprising that results
from the Assynt dataset (Bunting, 2003) are very similar to
this study – sample sites used were within a few tens of
kilometres of each other. Bunting (2003) used a different
vegetation survey method (maximum distance 4m), and sampled
locations were either small basin mires or blanket peat on
sloping ground near gullies supporting woodland fragments,
but the RPPs seem to be reasonably robust. The range of
values for RPPCalluna(Cyperaceae) and RPPCalluna(Poaceae) from
previous studies in heathland-rich areas is wide. The highest
values come from a Central Swedish montane region (von
Stedingk et al., 2008), where Calluna is not a dominant taxon.
RPPCalluna(Potentilla-type) values are generally lower than those

FIGURE 8 | Comparison of Pollen Productivity relative to Calluna vulgaris for heathland taxa from multiple studies (see Table 1 for more details). Orange bars—this
study, black—north-west European PPE.st2 values (Mazier et al., 2012), grey—single region studies (Table 1). Dashed line at 1.0, note varied y-axis scales, and x
indicates that a taxon was not included in the original study.
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reported here other than a very high estimate from coastal
Norway (Bunting and Hjelle, 2010), and RPPCalluna(Vaccinium-
type) values are broadly comparable in all studies where
they were reported.

Implications for Palaeoecological
Research
A primary implication of this study is that it is important when
working with palaeoecological data to be aware that the pollen
source area is a multi-faceted concept, and the pollen signal has
considerable spatial complexity. In this case, the highly local
nature of the signal of heathland taxa may be masked within
a pollen assemblage which includes elements found only in
the wider landscape, such as trees, or may not be considered
during narrative interpretation of records. Separating which parts
of the signal originate from local or extra-local pollen sources
is a known challenge for pollen records collected from mires
(e.g., Bunting and Tipping, 2004), and the clear detection of a
strong, short source area within mire type communities in this
study emphasises the importance of considering local conditions
before interpreting the wider record. Further empirical study
of modern surface samples collected from mire basins, rather
than just from surface mosses within a heathland landscape, and
associated vegetation data from multiple scales, would offer a
better insight into how substantial the problem is, and could be
coupled with testing the effectiveness of other proxies such as
non-pollen palynomorphs in detecting the local and extra-local
community types.

This study shows that estimating RPP values remains
problematic—whilst standard values have been proposed based
on comparison of multiple studies, without better understanding
what controls variation in pollen production by plants within
the same pollen type, decisions about which values to include or
exclude risk missing some important features of the system they
aim to quantify. Random sampling has been demonstrated to
be more appropriate than selective sampling for RPP estimation
via ERV analysis (Broström et al., 2005), but since sedimentary
records are by their nature non-randomly located, understanding
how local habitat affects pollen production and pollen assemblage
characters is important. Ensuring that the full range of growth
contexts of a species are sampled improves the likelihood that
the RPP estimate will reflect the average value across the whole
landscape. A particular concern raised by these findings is that,
as the surface hydrology changes due to wetland evolution
or regional climate change, the RPP of some of the taxa
recorded may also change, presenting an additional challenge for
reconstruction of past vegetation. An example of another case
where unintended selective sampling may have affected the RPP
estimates is Alnus in Europe. Values estimated from extensive
alder-carr woodlands in a floodplain system (Bunting et al., 2005)
were found to be three times higher than those reported from a
non-wetland landscape (Broström et al., 2004).

Further Work
This study illustrates that there is still a great deal to be
understood about the natural variability of the parameters

used in current models of pollen dispersal and deposition. All
models require simplifying assumptions, and all models are
to some degree “wrong” (Box and Draper, 1987). All pollen-
based land cover reconstructions make some assumption about
pollen production, whether overt or covert, and the vast majority
assume that production is constant and therefore that changes in
pollen proportions at different points in a core sequence imply
changes in the abundance or position of the pollen-producing
plants rather than a change in the amount of pollen produced
by one taxon relative to another. Our findings suggest that
the assumption of constant RPP may not be tenable in some
cases (see also Theuerkauf et al., 2015). Given the importance
of this assumption for both the many uses of pollen dispersal
and deposition models and for wider interpretation of pollen
records, further research is needed to determine how widespread
this phenomenon is, and whether it can be incorporated into
reconstruction approaches.

Further research could include replicating the type of study
presented here using a wider range of sampling locations within
the same type of landscape (to include woodland, grassland etc. as
well as types of heath) and a larger number of samples, working
with different types of natural pollen traps (e.g., small lakes,
valley mires) or studying a different ecosystem which also has a
range of habitat types occupied by a similar suite of palynological
equivalent plant types. Another approach to this problem is to
include studies of actual flowering and pollen production of
plants in the field (e.g., Waller et al., 2012), or to carry out
experimental studies to determine the effects of environmental
factors on pollen production.

CONCLUSION

1) Analysis of heathland pollen data suggests that at least two
pollen source areas exist within the dataset, reflecting scales
of landscape organisation.

2) Microhabitat does not appear to have an effect on estimates
of Relative Pollen Productivity in the heathland system
which can be detected over the variation due to differences
in source area and data analysis method. Since these RPP
values were collected from a single habitat, they should
be used with caution for reconstruction of past landscape
scale land cover.

3) This study confirms earlier findings of markedly different
values of Relative Pollen Productivity for some taxa
in Atlantic heathlands, especially Poaceae, which is
substantially lower than values estimated from other parts
of Europe in agricultural landscapes.

4) The findings suggest that the factors controlling Relative
Pollen Productivity are still not fully understood, and that
differences between locations may reflect real, habitat-led
differences. The assumption of constant Relative Pollen
Productivity, with variations seen in the data explained
as the result of sampling and methodology, needs to
be re-examined. Further investigation of this parameter,
which is central to reconstruction of past land cover
from pollen records whether overtly incorporated via an
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algebraic model or less explicitly present via ecological
narrative, biomisation or modern analog approaches, is
clearly necessary.
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