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ABSTRACT: Pollen accumulation rates (PARs) provide a potential proxy for quantitative tree volume (m3 ha�1)
reconstruction with reliable absolute pollen productivity estimates (APPEs). We obtained APPEs for pine, spruce and
birch at their range limits in northern Finland under two temperature periods (‘warm’ and ‘cold’) based on long-term
pollen trap and tree volume records within a 14-km radius of each trap. APPEs (mean� SE;� 108 grains m�3 a�1) tend
to be higher for the ‘warm’ periods (pine 123.8� 24.4, birch 528.0� 398.4, spruce 434.3� 113.7) compared with the
‘cold’ periods (pine 95.5� 37.3, birch 317.3� 282.6, spruce 119.6� 37.6), although the difference is only significant
for spruce. Using an independent temperature record and the APPEs obtained, we reconstruct a low-frequency record
of pine volume changes over the last 1000 years at Palomaa mire, where a high-resolution record of Pinus PARs is
available. Five phases are distinguished in the reconstruction: moderate pine volume, AD 1080–1170; high volume,
AD 1170–1340; low volume, AD 1340–1630; very low volume, AD 1630–1810; and rising pine volume, AD 1810–
1950. These phases do not coincide with periods of high or low June–July–August temperatures, and thus appear to
reflect regional variations in tree volume, while high-frequency changes within each time-period block show
variations in PARs in response to temperature. Copyright # 2012 John Wiley & Sons, Ltd.
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reconstruction.

Introduction

Reconstructions of past vegetation from fossil pollen assem-
blages are increasingly being based on pollen accumulation
rates (PARs, grains cm�2 a�1) (Seppä and Hicks, 2006;
Giesecke and Fontana, 2008; Kuoppamaa et al., 2009a) rather
than using the more classical approach based on pollen
percentages. Although several technical issues remain, such as
inherent difficulties in evaluating accumulation rates of
sediments, within- and between-site variations in pollen
concentrations and PARs, the use of PARs overcomes some
of the problems involved in using pollen percentages in
vegetation reconstruction. The changes in PARs of individual
taxa through time, in theory, reflect population abundance of
each taxon in an absolute unit within the source area of the
deposited pollen (Davis and Deevey, 1964; Prentice, 1985;
Sugita, 1994). This is particularly helpful in situations where the
vegetation is species poor and dominated by one or two tree
taxa. Furthermore, extensive dispersal of pollen from forested
communities into unforested ones can be problematical for
estimating the dynamics of forest limits and landscape
openness based on percentage data. PAR-based reconstruc-
tions can potentially be more informative for those situations.
There are three main factors that affect the relationships

between plant abundance and pollen deposition, and thus
PAR-based reconstruction, at a given site: (i) the amount of
pollen produced by individual trees, (ii) the density and age
of the trees within the pollen source area and (iii) the distance of
each tree from the point where the pollen is deposited. The
amount of pollen produced by a tree depends on its age and

growth form (e.g. growing as a canopy or an understorey tree).
In addition, there is considerable annual variation in response
to temperature conditions, particularly at the range limits of
trees (Hicks, 2001; Hicks et al., 2001; Huusko and Hicks,
2009). When temperature conditions are favourable an
individual tree may produce far more pollen than it will under
unfavourable temperature conditions, while with particularly
harsh conditions it may not produce any pollen at all. In the
short term (1–5 years), forest composition, age and location do
not change significantly, with the exception of large-scale
felling or destruction by fire, so the greatest influence on pollen
deposition would be temperature-induced changes in pollen
production. In the long term (50s to 100s of years), however, it
is changes in the density, age and biomass of the trees that will
have a greater influence on pollen deposition, even if these are
ultimately caused by climate.

The main aim of this study was to evaluate the extent to
which the PAR record from a small mire at Palomaa in northern
Finland (Fig. 1) can be used to reconstruct past changes in tree
volume (m3 ha�1). This region is ideal for this project. Based on
the extensive pollen-monitoring records using a network of
pollen traps over the past 25 years (Hicks, 2001), Sugita et al.
(2010) obtained absolute pollen productivity estimates (APPEs)
(grainsm�3 a�1) – an important parameter for the reconstruc-
tion of past changes in tree volume in the region – for Pinus,
Picea and Betula spp. Huusko and Hicks (2009) show,
however, that there is a strong correlation between both Pinus
and Picea pollen deposition and July temperature of the year
before pollen emission in the same region. For Pinus, in years
where July temperature falls below 12 8C, its pollen deposition
in the following years falls by more than 50%. For Picea, the
comparable threshold is a July temperature of 13 8C. The
relationship between PAR and a temperature threshold,
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although significant over a relatively wide geographical area
(northern Finland), is stronger at the forest limit than within the
main range of the tree (Huusko and Hicks, 2009).
Based on these results we are able to evaluate the pollen–tree

volume relationships in ‘warm’ and ‘cold’ periods according
to the threshold of the July temperature of the previous year
(TJuly-1) for those taxa in the region. If APPEs differ between the
‘warm’ and ‘cold’ periods, those two sets of APPEs would
influence tree volume estimates reconstructed from the fossil
PAR record. In addition, an independent temperature record
over the last 1000 years is available in the region, based on a
combined set of nine tree-growth parameters (Young et al.,
2012). Thus, it is possible to evaluate objectively the effects of
the temperature-dependent differences, if any, in APPEs on the
tree volume reconstruction.
This study first evaluates APPEs of Pinus, Picea and Betula

spp. during the ‘warm’ and ‘cold’ periods in the region over
the last 25 years, using the long-term monitoring records of
15 pollen traps (Hicks, 2001; Sugita et al., 2010) and present-
day tree volume estimates within a 14-km radius from each
trap. Secondly, we use a high-resolution 1000-year record of
PARs from a small mire at Palomaa to reconstruct the changes
in Pinus volume in the region by taking into account the
independent climate record and APPEs obtained in the first step
of the study.
Hereafter, we use the term ‘pollen loading’ to represent the

amount of pollen deposited in pollen traps and on the mire
surface, assuming that all post-depositional mechanisms and
factors that affect the composition and abundance of pollen
in peat are negligible (Sugita, 1994; Sugita et al., 2010). It is
known that there are differences between the pollen deposited
in a trap and pollen incorporated in an adjacent moss (Lisitsyna
et al., 2012) or pollen extracted from an adjacent peat profile
(Bennett and Hicks, 2005) but this is primarily in the proportion

of the dwarf shrubs and is only relevant when the results
are expressed as percentages. The PAR of Pinus is not
affected. Kuoppamaa et al. (2009b) show that although there
is a smoothing of about 5 years for Pinus PARs recorded in a
high-resolution peat profile compared with the Pinus PAR
record in a pollen trap, the July temperature signal was still
retained. The ‘smoothing’ occurs because a 1-year slice from
the peat actually represents somewhat more or sometimes
less than a calendar year (flowering season). At Palomaa the
‘smoothing’ as recorded by the dating in the upper 30 cm of the
profile is� 2 years (T. Goslar, Poznan University, Poland, pers.
comm., 2011). For reconstruction purposes, we also assume
that PARs are equivalent to the pollen loading in the model
applied for estimating the changes in tree volume of Pinus at
Palomaa.

Methods

Current dataset

Pollen traps and pollen loading data

The pollen trap dataset used here comprises records from
15 sites (Fig. 1; Hicks, 2001; Sugita et al., 2010) and covers the
period 1982–2007. The network of 15 pollen traps extends
from the birch-dominated region in the north, through the pine-
dominated area to the mixed pine–spruce–birch region in the
south, ranging from �708 to �668300N in latitude and from
�298200 to �240E in longitude (Fig. 1).
Pollen data have been collected annually after the end of the

flowering season (September) following a standardized pro-
cedure (Hicks et al., 1996, 1999) in accordance with the Pollen
Monitoring Programme (http://www.pollentrapping.net). The
pollen loading of the traps was calculated using added exotic
marker grains (Hicks, 1994). For data analysis, we use the
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original pollen loading data from each year during the entire
monitoring period. Three sets of site combinations are
considered to evaluate the regional differences in pollen
productivity (Sugita et al., 2010): (i) northern plots (n¼ 8) from
the pine- and birch-dominated regions, (ii) southern plots
(n¼ 7) from the region of mixed pine, spruce and birch, and (ii)
all plots (n¼ 15) combining the northern and southern plots.
Moreover, to assess whether themean July temperature of the

previous year (TJuly_1) affects absolute pollen productivity
estimates (APPEs), we selected two distinct sampling periods for
each species, i.e. ‘cold’ and ‘warm’ sampling years, based on
the threshold value 12 8C (for Pinus and Betula) and 13 8C (for
Picea) (Fig. 2), using temperature data from the monitoring site
at Kevo (Fig. 1). The number of pollen traps available varies
from seven to 15 in any given year and the number of sampling
years varies from five to 20 between cold and warm periods.

Meteorological data

Meteorological data (monthly temperature) from Kevo (north-
ern plot, Fig. 1) are available for the pollen monitoring period.
The temperature record is assumed to be relevant for all the sites
(northern and southern sites), even though, because of their
geographical location, the southern plots have slightly higher
temperatures than the northern plots. It is clear that for the
whole of the area considered annual temperature variations
are synchronized (Huusko and Hicks, 2009). The mean July
temperature of the previous year (TJuly_1) of pollen emission
varies between 10.7 and 17.2 8C through the pollen monitoring
period (Fig. 2).

Vegetation data

We used tree volume estimates (m3 ha�1) for pine (Pinus
sylvestris), spruce (Picea abies) and birch (Betula pubescens
subsp. pubescens and B. pubescens subsp. czerepanovii treated
as one taxon) previously published by Sugita et al. (2010). The
original vegetation database was compiled in 1992–1994 by
the National Land Survey of Finland (2002), which gives the
average volume (m3ha�1) of the growing stock based on field
plot data, optical area satellite images and digital maps (Katila
and Tomppo, 2001). It specifies tree volume classes at every
25-m� 25-m grid cell in a 123-km� 181-km area for the

northern plots and in six ca. 20-km� 20-km for the southern
plots. The tree volume classes have been reclassified according
to Räsänen et al. (2007) to estimate tree volume in each grid cell
(Sugita et al., 2010). There have been no dramatic decreases in
tree abundance due to fire or felling around the pollen trap sites
during the pollen monitoring period, so the plant volume data
are assumed to reflect the surrounding vegetation during the
whole period (1982–2007).

According to the Prentice model of pollen dispersal and
deposition (Prentice, 1985), >80% of pine and birch pollen
and>95% of spruce pollen is considered to come fromwithin a
14-km radius for a sedimentary basin <1.0 ha (Sugita, 1993).
Thus, mean tree volume (m3 ha�1) was calculated at 25-m
intervals from each pollen-trap location out to 14 km using all
the available vegetation data (Sugita et al., 2010).

Fossil dataset

The small mire of Palomaa (3.32 ha; 69816039.0200N,
27811039.0900E, 104m a.s.l.) is located just north of the current
northern limit of continuous pine forest so that the regional
vegetation is formed by both pine and the two subspecies of
birch (Betula pubescens subsp. pubescens and B. pubescens
subsp. czerepanovii). The northern limit of spruce is some
100 km to the south (Hicks, 2001) (Fig. 1). This location
corresponds with the 12 8C July temperature isotherm (Huusko
and Hicks, 2009) and the 600 growing degree-days above 5 8C
isoline. The mire is a string mire where the wet flarks are
dominated by Eriophorum vaginatum, Trichophorum caespi-
tosum and Carex spp., while the strings, which are mostly
composed of Sphagnum fuscum, support Betula nana,
Empetrum nigrum, Vaccinium uliginosum, Vaccinium oxy-
coccus, Ledum palustre, Andromeda polifolia and Rubus
chamaemorus.

The area is remote from habitation and the only disturbance
to the natural vegetation is a road which runs past the mire at
a distance of 150m. This road, originally of gravel, was built
in AD 1959, surfaced some 20 years later and rebuilt and
realigned in 1989–1991. Ditching along the roadside in
connection with the road building and the construction of a
culvert to take water under the road may have influenced
the hydrology of the mire over the last 50 years (W. Finsinger,
Montpellier University, France, pers. comm., 2011).

Figure 2. Division of the period
AD 1982–2007 into ‘cold’ and
‘warm’ years on the basis of mean
July temperature of the year
before pollen emission (TJuly-1),
which is known to affect pollen
production and deposition
(Huusko and Hicks, 2009).
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Fossil pollen accumulation rates

A peat monolith for high-temporal-resolution pollen analysis
was dug with a spade in 2005 from a Sphagnum fuscum
string hummock. The depth of peat obtained was 52 cm, of
which 45 cm proved to cover just over the last 200 years (W.
Finsinger, pers. comm., 2011). To extend the record further
back in time a second peat monolith was taken adjacent to
the first in 2007 by means of a Clymo corer (Clymo, 1998).
This extended the peat profile down to a depth of 64 cm. Of
this second peat core, 14 cmwas analysed, covering 800 years,
so that the combined record used here covers the last
1000 years. Both profiles were dated with radiocarbon
analyses (30 samples of Sphagnum, both stems and branches
but with other plant material and humus removed) which
showed that the AD 1963 bomb peak of atmospheric 14C
concentration occurs at a depth of 26 cm in both so that
the depths between themmatch (T. Goslar, pers. comm., 2011).
A robust age–depth model was established using the program
developed by Goslar et al. (2005, 2009). From frozen peat
blocks 3� 5 cm in surface area, 249 samples were cut as a
continuous series, 135 from the first monolith and 114 from
the Clymo core with the two peat sections overlapping by
seven samples (1.4 cm and 41 years). Sample thickness in the
monolith was either 0.4, 0.3 or 0.2 cm and in the Clymo section
was consistently 0.2 cm. This means that for the past 50 years
each sample represents close to 1 year of sediment accumu-
lation based upon the age–depth model, and for the 50-year
period before that around 2 years. The temporal resolution then
decreases so that for the period 100–500 years ago each sample
represents from 4 to 7 years and for the period 500–1000 years
ago 10–15 years (T. Goslar, pers. comm., 2011). Using fast-
growing peat and sampling in very thin consecutive slices, it is
possible to produce near-annual PAR series for the last 50 years,
but even these ‘annual’ series do not correspond to annual
flowering periods.
To calculate the pollen concentration in the individual peat

samples, marker grains (Lycopodium tablets, Stockmarr, 1971)
were added at the beginning of the chemical preparation. The
concentration value for each sample was converted to PARs by
dividing by the number of years that each sample represents.
The standard error (SE) on this PAR estimate is a combination
of a set of factors: the SE on the number of added Lycopodium
spores per tablet, the error due to the ratio calculation between
the marker grains added and the marker grains counted
(Mosimann, 1965; Maher, 1981), the calibration error on
the radiocarbon measurement, and the range of error on the
age–depth chronology (T. Goslar, pers. comm., 2011). The
following equation is used to estimate the SE of PAR according
to the delta method (Stuart and Ord, 1994):

SEðPARÞ ffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C � SEðrÞð Þ2 þ r � SEðCÞð Þ2 þ 2 � C � r � covðC ; rÞ

q

(1)

where PAR represents the pollen accumulation rates [grains
cm�2 a�1], C the pollen concentration [grains cm�3], r the
sediment accumulation rates [cm a�1], SE(PAR) the standard
error of the pollen accumulation rates [grains cm�2 a�1], SE(C)
the standard error of the pollen concentrations [grains cm�3],
SE(r) the standard error of the sediment accumulation rates
[cm a�1] and cov(C,r) the covariance of C and r. We assume
that the pollen concentration C and sediment accumulation
rates r are independent variables for this model to approximate
SE of PARs. In reality C and r may not be completely
independent; however, we treat these two variables as
independent for the sake of simplicity. Accordingly, it is
reasonable to assume that the covariance term in Eq. (1) is

negligible. Equation (1) then becomes:

SEðPARÞ ffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

C � SEðrÞð Þ2 þ r � SEðCÞð Þ2:

q

(2)

SE(C) was estimated according to Maher’s model (1981), with
the assumption that there is no error in volume estimate of
sediment, as it was not possible to calculate the error on the
sample volume. SE(r) was calculated on the basis of the age–
depth model (T. Goslar, pers. comm., 2011). For data analysis
this study did not use the section of the profile after AD 1959. For
the last 50 years the peat accumulation has been so fast that for
some sections of the peat each sample represents slightly less
than 1 year and the pollen content is very low. In the post AD
1959 section it was often impossible to achieve a statistically
acceptable terrestrial pollen sum, and in many samples the
number of marker grains encountered was unacceptably low.
The complete 1000-year pollen record indicates that pine and

birch were the only trees present in the region and that pine has
always been overwhelmingly dominant (W. Finsinger, pers.
comm., 2011). Picea pollen is recorded in small amounts but the
tree itself cannot have been present nearby, as the pollen
quantities during this period are of the same order as at the
present day. Moreover, the bedrock of this region produces soil
and edaphic conditions which are unsuitable for spruce (Sutinen
et al., 2005). Therefore, sprucewas omitted from the tree volume
reconstruction. The negligible charcoal record indicates that
there have been nomajor fires. The vast majority of the charcoal
particles recorded were smaller than 40mm in size and the
quantity of these was generally <20 particles cm�2 a�1.

Palaeoclimate data

The most robust independent palaeoclimate data available
are a reconstruction of mean June, July and August (JJA)
temperature based on a combination of tree growth parameters,
i.e. ring width, maximum late wood density and annual height
increments (nine proxy series in all), from four sites along a
transect from the west coast of Norway to the Kola peninsula at
around 698N (Young et al., 2012). As Palomaa is located at
698N this temperature record based on tree-growth patterns in
the period AD 800–2004 is highly appropriate for comparison.
Analysis of the instrumental temperature records at Kevo in
northern Finland (Fig. 1) during the period 1962–2008 shows
that the correlation between average JJA temperature and July
temperature is high and that whenever July temperature is
12 8C, mean JJA is 11 8C.

Data analysis

Absolute pollen productivity

Absolute pollen productivity was estimated for pine (Pinus
sylvestris), spruce (Picea abies) and birch (Betula pubescens,
without separating the subspecies of pubescens and czerepa-
novii) for each of two distinct temperature periods (‘cold’
and ‘warm’, based on TJuly-1). The cutoff between ‘warm’
and ‘cold’ was set at 12 8C for Betula and Pinus, and 13 8C for
Picea, as discussed above. Absolute pollen productivities
(grainsm�3 a�1) are estimated based on the pollen loading data
from the traps and the distance-weighted plant abundance
(m3ha�1) of individual taxa in a 14-km radius around all trap
sites, using Prentice’s model of pollen dispersal and deposition
(Prentice, 1985). For distance weighting, the radius of the
sedimentary basin of all traps was set to 0.1m, a size
comparable with the cover of the traps used for monitoring.
As in Sugita et al. (2010), we assumed a wind speed of 3.0m s�1

based on meteorological data from Kevo, neutral atmospheric
conditions and fall speed of pollen (m s�1) of 0.056 for Picea,
0.031 for Pinus, and 0.024 for Betula.

Copyright � 2012 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 27(6) 564–574 (2012)
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A linear regression method specifically designed to use
more than one value of y for each value of x (Sokal and Rohlf,
1981) was applied to test the relationship between distance-
weighted plant abundance in volume around each site (x), and
the pollen loading values from individual years (y). Slope
(absolute pollen productivity), intercept (background pollen
loading), and their standard errors (SE) and 95% confidence
intervals (CI) are calculated using the method described in
Sokal and Rohlf (1981). One-way ANOVA is used to evaluate
the differences in pollen loading (original and square-root-
transformed values) between sites for each temperature and set
of samples. It has been shown that the differences in the results
using the two datasets of pollen loading values are small (Sugita
et al., 2010), and therefore we present the regression results
using original pollen loading data.

Reconstruction of tree volume

When the vegetation is assumed to be homogeneous, mean
plant abundance (tree volume) and its SE within a given area
can be calculated based on pollen loading at the given site,
pollen productivity in absolute units and using a model for
pollen dispersal and deposition (Sugita, 1994).
Pollen loading of species i at site k, yi,k [grains cm�2 a�1],

coming from between distance R (i.e. site radius) and Zmax (i.e.
the maximum spatial extent of the source plant within which
most of the pollen originates, and assuming that pollen coming
from beyond this distance is negligible), is expressed as:

yi;k ¼ Pi �

Z

Zmax

R

xi;kðzÞ � giðzÞ � dz: (3)

Here, Pi represents pollen productivity in absolute unit
[grains m�3 a�1], xi,k(z) the mean plant abundance of species
i at distance z for site k in absolute units [m3 ha�1], z [m] the
distance from a point at the centre of the Palomaa mire, and
gi(z) a pollen dispersal–deposition function.
When the surrounding vegetation is assumed to be

homogeneous between R and Zmax, Eq. (3) can be rewritten as

yi;k ¼ Pi � xi �

Z

Zmax

R

giðzÞ � dz (4)

where x i is the mean plant abundance of species i, which is not
a function of distance. When Prentice’s model (Prentice, 1985)
appropriate for describing pollen loading on mires is used,
Eq. (4) becomes

yi;k ¼ Pi � x i � e�bi �R
g

� e�bi �Z
g

max

h i

: (5)

Mean plant abundance (tree volume) of species i is then
expressed as

x i ¼
yi;k

Pi � e�bi �Ry � e�bi �Z
y
max

� � : (6)

When x i is estimated using Eq. (6), its SE can be
approximated using the delta method (Stuart andOrd, 1994) as:

SEðx iÞ ffi
yi;k

Pi � e�bi �Ry � e�bi �Z
y
max

� �

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SEðyi;kÞ

Yi;k

� �2

þ
SEðPiÞ

Pi

� �2
s

: (7)

Because pollen loading yi,k and pollen productivity Pi are
independently measured and estimated in this study, we
assume that those two variables are independent and that
the covariance, cov(yi,k,pi), is zero in this model. yi,k, can
represent PARs in this reconstruction formula, assuming that
the post-depositional effects on pollen loading of species i at
site k are negligible. Note that Eqs (4)–(7) only apply when
the vegetation is assumed to be homogeneous, i.e. the
abundance of species i, x i , is the same at all distances from
the site out to Zmax. This does not apply in heterogeneous
vegetation.

All the necessary parameter values for the calculation are the
same as those used for calculation of pollen productivity: wind
speed of 3.0m s�1, neutral atmospheric conditions and fall
speed of pollen of 0.031m s�1 for Pinus. Zmax is set to 14 km.

Results

Absolute pollen productivity

The absolute pollen productivity (regression coefficient)
estimated for the ‘cold’ and ‘warm’ periods is shown in
Fig. 3 and Table 1 for all three taxa and all three sets of samples
(northern plots, southern plots and both plots combined).When
the cold and warm periods are considered separately, the
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relationships between pollen loading and distance-weighted
plant abundance for all three taxa do not differ significantly
between the three set of samples considering the 95% CIs
(Table 1).
Table 1 shows that pine and spruce have statistically

significant relationships (r2, P< 0.05) between pollen loading
and distance-weighted plant abundance when all plots are
used, whereas the relationship for birch is only significant when
using data from the warm years (TJuly-1 above 12 8C) and from
the northern plots. For birch the lower bounds of the 95% CI of
the regression coefficients using data from the two temperature
periods are below zero (except when using the northern plots
and warm years), and thus the APPEs are not significantly
different from zero. Therefore, the APPEs of birch are

considered to be unreliable and cannot be used for tree
volume reconstruction at Palomaa site.
For years with a TJuly-1 of above 12 8C, the APPEs (mean�

SE;� 108 grains m�3 a�1) of pine and spruce are highest using
the northern plots (pine¼ 164.6� 30.6, spruce¼ 634.6�
108.9), lowest using the southern plots (pine¼ 86.0� 35,
spruce¼ 246.9� 230.1) and intermediate using both plots
(pine¼ 123.8� 24.4, spruce¼ 434.3� 113.7). For years with a
TJuly-1 below 12 8C, the same pattern emerges except for the
APPE of spruce, which is highest when using data for all plots,
lowest using the southern plots and intermediate using the
northern plots. For the two taxa, the lower bounds of the 95%CI
of the regression coefficients using the southern plots are below
zero independent of the temperature interval used. For pine, the

Table 1. Regression results and pollen productivity estimates using regression analysis with pollen loading data and distance-weighted plant
abundance data.

Taxon, and
Pollen trap data

F-value (P-value)
among samples

r2 for linear
regression (P-value)

Regression
coefficient (95% CI)

Intercept
(95% CI)

Pinus
Temperature threshold above 12 8C
All plots (15 sites) 4.99 (5.79�10�8)��� 0.66 (2.12�10�4)��� 123.8� 24.4

(71.1 to 176.5)
1690.6�1136.8

(�550.9 to 3932.1)
Northern plots (8 sites) 5.78 (8.74�10�6)��� 0.83 (1.71�10�3)�� 164.6� 30.6

(89.6 to 239.6)
1442.3� 900.3

(�340.2 to 3224.8)
Southern plots (7 sites) 4.94 (2.24�10�4)��� 0.54 (5.89�10�2)NS 86.0�35.3

(�4.7 to 176.1)
1623.3�1116.4

(�296.7 to 4143.3)
Temperature threshold below 12 8C
All plots (15 sites) 23.03 (4.67�10�13)��� 0.34 (2.36�10�2)� 95.5�37.3

(15.0 to 176.0)
559.9�1656.6

(�2810.4 to 3930.3)
Northern plots (8 sites) 24.50 (2.05�10�7)��� 0.40 (9.23�10�2)NS 131.1� 65.5

(�29.2 to 291.4)
336.6�1531.9

(�2910.8 to 3584.0)
Southern plots (7 sites) 25.53 (1.30�10�7)��� 0.31 (1.97�10�1)NS 82.7�55.65

(�60.3 to 225.7)
662.5�1816.1

(�3169.3 to 4494.2)
Betula
Temperature threshold above 12 8C
All plots (15 sites) 1.53 (0.10�10�1)NS 0.12 (2.08�10�1)NS 528.0�398.4

(�332.8 to 1388.7)
1075.3�1154.1

(�1201.7 to 3352.2)
Northern plots (8 sites) 1.49 (1.78�10�1)NS 0.64 (1.65�10�2)� 485.9�147.5

(125.0 to 846.8)
861.9�315.4

(236.7 to 1487.1)
Southern plots (7 sites) 1.42 (2.18�10�1)NS 0.25 (2.56�10�1)NS 1220.8� 951.9

(�1226.1 to 3667.6)
1001.6�1469.4

(�1926.3 to 3929.5)
Temperature threshold below 12 8C
All plots (15 sites) 1.42 (1.10�10�2)� 0.09 (2.82�10�1)NS 317.3�282.6

(�293.3 to 927.8)
843.7�845.1

(�873.7 to 2561.1)
Northern plots (8 sites) 1.85 (1.42�10�1)NS 0.21 (2.53�10�1)NS 394.8�312.4

(�369.6 to 1159.3)
594.8�688.0

(�856.8 to 2046.3)
Southern plots (7 sites) 3.96 (1.16�10�2)� 0.13 (4.32�10�1)NS 409.8�480.3

(�824.7 to 1644.4)
975.4�805.4

(�723.9 to 2674.7)
Picea
Temperature threshold above 13 8C
All plots (15 sites) 5.08 (8.31�10�8)��� 0.53 (2.12�10�3)�� 434.3�113.7

(188.7 to 679.9)
67.3�159.1

(�247.0 to 381.7)
Northern plots (8 sites) 3.83 (1.06�10�3)�� 0.85 (1.12�10�3)�� 634.6�108.9

(368.2 to 900.9)
26.9�15.8

(�4.4 to 58.2)
Southern plots (7 sites) 2.28 (4.71�10�2)� 0.19 (3.32�10�1)NS 246.9�230.1

(�344.5 to 838.4)
208.0�308.8

(�408.9 to 824.8)
Temperature threshold below 13 8C
All plots (15) 7.47 (3.73�10�9)��� 0.44 (7.23�10�3)�� 119.6� 37.6

(38.4 to 200.8)
9.2�54.0

(�98.5 to 116.9)
Northern plots (8) 2.88 (1.66�10�2)� 0.66 (1.47�10�2)� 106.4� 31.4

(29.6 to 183.3)
5.9�4.2

(�2.5 to 14.3)
Southern plots (7) 5.82 (3.75�10�4)��� 0.23 (2.73�10�1)NS 103.6� 84.1

(�112.6 to 319.9)
21.1�110.1

(�203.6 to 245.7)

Dimension of absolute pollen productivity (i.e. regression coefficient) and background pollen loading coming from beyond 14 km radius (i.e. intercept)
is [�108 grains m�3 a�1] and [grains cm�2 a�1], respectively. Pollen loading from pollen traps from different geographical areas (northern plots,
southern plots and both combined) and from different temperature intervals is tested for differences (NS, P<0.050; � 0.010�P< 0.05;
�� 0.001�P< 0.01; ��� P< 0.001).
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lower bound using the northern plots for cold years is also
below zero. For those cases, the APPEs are not significantly
different from zero; however, the other estimates, especially
when using all plots, are considered as robust.
Based on the estimates using both plots, spruce produces

more pollen during the ‘warm’ years than in the ‘cold’
years. For pine, the APPEs for those two periods are not
significantly different considering the 95% CI (Table 1),
although there is a tendency for slightly higher values for the
‘warm’ years (Fig. 3). The SE on the ‘cold’ year estimates
are larger than on the ‘warm’ year estimates, probably due to
the lower number of sampling years included in the analysis,
as there were 20 ‘warm’ and only five ‘cold’ years for Pinus
(see Fig. 2).

Reconstruction of tree volume

In Fig. 4 the reconstructed tree volume of pine using ‘warm’
and ‘cold’ APPEs (based on all traps, Fig. 4c) is compared with
the reconstructed regional mean JJA temperature, which is
smoothed with a 15-year Gaussian filter (Young et al., 2012),
hereafter referred to as dendro JJA (Fig. 4a). The 11 8C cut-off
line identifies those points in time when July temperature
was probably around 12 8C (see above). Figure 4(b) shows
the changes in PARs. Between AD 1070 and 1950 the
reconstructed tree volume of Pinus within a 14-km radius
around the Palomaa site varied between 51.2 (� 22.1) and
2.41 (� 0.7) m3 ha�1 (Fig. 4c). There is a tendency for
differences in tree volume reconstructions using the APPEs
based on warm and cold years for the early part of the record
until AD 1650; however, the curves are not significantly
different considering the SE estimates. The SEs on the
reconstructed tree volume are larger when the APPE for cold
years is used and largest for the periods AD 1070–1300 and AD
1920–1950 (Fig. 4c).
Figure 5(a) shows a composite curve produced by taking the

reconstruction based on APPEs for the ‘warm’ years for those
periods where the dendro JJA curve exceeds the 11 8C threshold
and the APPEs for the ‘cold’ years for those periods where JJA
temperature falls below 11 8C. This composite curve is plotted
overlaying the dendro JJA curve. The curve shows distinct
periods of similar tree volume with abrupt changes between
them (blocks A–E, Fig. 5b). These are AD 1080–1170
(reconstructed tree volume 22.9� 10.1–38.5� 17m3 ha�1),
AD 1170–1340 (28� 6.9–51.2� 22.1m3 ha�1), AD 1340–
1630 (8.1� 3.6–28.3� 12.4m3 ha�1), AD 1630–1810 (<
11.6� 4.9m3 ha�1) and from AD 1810 to 1950 increasing
values up to 25.9� 12.1m3 ha�1. These blocks are not distinct
in the dendro JJA curve but within each block there are clear
relatively short-term peaks and lows that do correspond
between the temperature and reconstructed tree volume curves
(Fig. 5a), for example high peaks at AD 1270, 1570, 1630,
1760, 1830 and 1940, and distinct lows at AD 1150, 1250,
1350, 1460, 1560, 1610, 1720, 1770 and 1840.

Discussion

Impact of temperature on absolute pollen
productivity

It is known from pollen trap studies not only from this region
(Autio and Hicks, 2004; Barnekow et al., 2007; Huusko and
Hicks, 2009) but also from other parts of Europe (Andersen,
1980; Nielsen et al., 2010; van der Knaap et al., 2010) that
interannual variations in climate conditions affect the pollen
loading of different tree species to the pollen traps. The effects
vary between regions and species, and can depend both on
temperature and precipitation, and on conditions within the

flowering season and during the year before, when pollen is
formed. For northern Fennoscandia, the most widely reported
and strongest relationships are found with summer (July)
temperature of the previous year (Autio and Hicks, 2004;
Barnekow et al., 2007; Huusko and Hicks, 2009).

It thus seems clear that temperature does affect the
production and release of pollen for certain tree species,
particularly at the northern range limit, as seen for Picea (Fig. 3).
In the present study, we analysed whether this had a significant
impact on the quantitative relationship between pollen loading
and tree volume. This was the case for Picea, where the slope of
the relationship between tree volume and pollen loading (i.e.
the APPE) was higher for years where TJuly-1 was above 13 8C
than for years below this threshold.

For Pinus and Betula there was a tendency for APPEs to be
higher for years above the TJuly-1¼ 12 8C threshold than below,
but the differences were not statistically significant. Other
temperature cut-off values were tried during exploratory data
analysis but they did not show clear trends. For Pinus the July
temperature, when the flowering buds are formed, and
the pollen loading of the following year are highly correlated
in the region (Autio andHicks, 2004; Huusko andHicks, 2009).
Other climatic factors, such as early spring temperature in the
flowering year, where buds may be damaged by frost, and
weather during the flowering period, would also have some
impact on pollen loading (McCarroll et al., 2003). For Betula
this can be explained by the occurrence of different subspecies,
each with different temperature requirements, as reflected by
their different geographical distributions. Betula in this region
comprises two subspecies: B. pubescens subsp. pubescens and
B. pubescens subsp. czerepanowii, which are found growing in
areas with slightly different temperature regimes (the mountain
birch, B. pubescens subsp. czerepanowii, is dominant in the far
north while the tree birch, B. pubescens subsp. pubescens, is
more common in the southern half of the northern plot and
areas further south). The vegetation survey used for these
analyses does not separate the subspecies and, for this reason,
the pollen types have also been combined. This may partly
explain the above-mentioned features of the results for Betula.
Another possible explanation could be that its flowers are
differentiated early (before July) in the summer before flowering
(Andersen, 1974). The pollen loading of Betula in traps has
been shown to be related to previous year June temperature
both in Finland (Autio and Hicks, 2004; Hicks, 2006) and in
Denmark (Nielsen et al., 2010), although Dahl and Strandhede
(1996) found a positive relation to temperature for a longer
period, May–July of the previous year, in southern Sweden. In
the present study, we divided the years based on July
temperature, as this is most strongly related to the temperature
signal it is possible to reconstruct from tree-growth proxies
(McCarroll et al., 2003; Young et al., 2012). The dendro and
pollen records are linked at the near annual time resolution,
because both correspond statistically significantly to TJuly-1.
Using the long needle production record and the instrumental
July temperature record it is possible to successfully predict
PARs (Jalkanen et al., 2008). Although temperatures in the
different summer months are correlated, there could be an
effect on Betula pollen productivity of June temperature
variations which is missed by this analysis. However, even
using all years together, the relationship between Betula pollen
loading in the traps and volume in the surrounding vegetation is
not significant (Sugita et al., 2010).

The robustness of the tree volume reconstruction

Reconstruction of tree volume using the model presented here
is based on the assumption that the surrounding vegetation is
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Figure 4. Reconstructed tree volume (m3ha�1) of pine within a 14-km radius of the Palomaa mire using absolute pollen productivity during cold
(blue) and warm (red) years (c), in relation to mean July temperature below and above 12 8C, respectively. The original PAR curve (black) used as the
basis for the reconstruction is also shown (b). The dendro-based reconstruction of mean JJA temperature (Young et al., 2012) for Europe at 698N is
illustrated at the top (a). Periods of distinctly high summer temperature are highlighted by shading. This figure is available in colour online at
wileyonlinelibrary.com/journal/jqs.
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homogeneous. This assumption only partly holds true for the
current study site, as it is located at the edge of the ecotone
between the mixed boreal forest where pine is dominant, and
the birch-dominated forest to the north (Fig. 1). However,
within 14 km of individual sites mixed pine–birch vegetation is
dominant across most of the landscape, with the exception of
non-pollen-producing water bodies, and this situation also
holds true out to 50 km away from the site. Pinus and Betula are
the only abundant tree species in the region and these occur in a
mixture throughout without large well-defined vegetation
patches, such as are often present in more human-impacted
landscapes. Therefore, it is reasonable to assume that the
vegetation in the Palomaa region is homogeneous for themodel
calculation.

Tree volume changes relative to changes in
summer temperature

When the ‘warm’ and ‘cold’ values of APPEs are selected on the
basis of the dendro JJA temperature curve, the variation of
the tree volume estimates becomes smaller, which is feasible
based on our current understanding of the forest dynamics
in the region. The low-frequency curve of the tree volume
estimates (Fig. 5a) shows five distinctive time-periods
(blocks A–E in Fig. 5b) that do not coincide with periods of
high or low JJA, and thus appear to be capturing regional
variations in tree volume. Meanwhile, a number of the high-
frequency changes, which are visible within each time-
period block (Fig. 5a, red and black dashed vertical lines),
show variations in pollen loading, or PARs, in response to
July temperature. This dual signal is to be expected with a
record of this temporal resolution as tree volume can only
increase slowly while pollen production varies from one year
to the next.
A time lag between a change in JJA temperature and the

change in tree volume is to be expected; however, the rates and

directions of changes in PARs would differ from those in pine
volume. For a dense, mature mixed-age forest to be established
a long warm period is required. On the other hand, if a mature
forest is taken as the starting point, when temperature drops tree
volume will not change immediately but the trees themselves
will produce far less pollen or even stop flowering. This state
can potentially continue for well over 100 years (R. Jalkanen,
Finnish Forest Research Institute, Rovaniemi, Finland, pers.
comm., 2011). Eventually, if cold conditions persist some of the
trees will die but, more significantly for the forest as a whole,
during a long cold period no new seedlings will be produced
and gradually the age structure of the forest will change, so that
only middle-aged and old trees exist. If temperature then
increases, the majority of these trees can immediately increase
their pollen production and seed production can once more
take place. New seedlings will start the regeneration of the
population but these new trees cannot produce pollen until
they are around 25 years old. Thus, the change in PAR in
response to a climate cooling can be very fast, while a longer
lag is expected in response to a warming. This difference in
rate of change is seen in Fig. 5. The period of greatest tree
volume between AD 1170 and 1340 comes some 100 years
after the two really warm phases of AD 1080–1110 and 1150–
1180, while the period of lowest tree volume between AD 1630
and 1810 starts with a sudden fall some 20–50 years after
the dramatic fall in JJA temperature that marks the start of the
Little Ice Age. During this very cold phase many of the trees will
have stopped flowering altogether, although, as the fossil tree
record shows (Young et al., 2012), some were still present.
Sudden drops to Pinus PAR values of less than 150 grains cm�2 a�1

should be interpreted bearing this in mind.
The location of the Palomaa mire is just north of the present

northern limit of continuous pine forest. In response to the
20th century change in climate (increase in the length of the
growing season rather than a clear increase in July temperature,
Finnish Meteorological office, Savolainen et al., 2011) the

Figure 5. (a) Composite tree
volume of pine (brown) produced
by taking the reconstruction
based on APPE for ‘warm’ years
for those periods where the den-
dro JJA curve exceeds the 11 8C
threshold and the APPE for ‘cold’
years for those periods where JJA
temperature falls below 11 8C,
plotted overlaying the dendro
JJA curve (green) which has been
smoothed with a 15-year Gaus-
sian filter (Young et al., 2012).
Periods of distinctly high summer
temperature are highlighted by
shading. The dashed lines
indicate high peaks and distinct
lows in tree volume. (b) The time
period blocks within which tree
volume is similar. (c) The circles
represent the 14-km pollen
source area around the Palomaa
mire to which the tree volume
reconstruction applies and the
horizontal line crossing each cir-
cle is the hypothesized position of
the northern limit of continuous
pine forest during that time block.
This figure is available in colour
online at wileyonlinelibrary.com/
journal/jqs.
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northern limit of pine forest in northern Finland is moving
northwards at a mean rate of 100m a�1 (6 km between 1935
and 1995, Sirén, 1998; Juntunen et al., 2002). That the pine
forest has also had amore northerly limit in the past is suggested
by the presence of isolated old pines north of Palomaa. One
nearby tree is at least 400 years old, which would place its
time of germination during the slightly warmer period of the
1500s. The present mean tree volume for pine at Utsjoki,
far north of the continuous pine forest area where discrete
patches of pine forest exist within the mountain birch
woodland, is 3m3 ha�1 (Tomppo et al., 2008) and for the
centre of the pine-dominated area south of 688N, well to the
south of Palomaa, 21.9m3 ha�1 (Katila and Tomppo, 2001),
although average values of 39.3m3 ha�1 are recorded for
northern Lapland as a whole (Ylimartimo, 2007). Our
reconstructed volumes for the modern time are in keeping
with the present-day range.
The falls in tree volume in our reconstruction (Fig. 5a) are

always abrupt and mostly of the order of 12m3 ha�1: from 39 to
26m3 ha�1 around AD 1070 over a period of perhaps 30 years
(sample resolution at this point is ca. 15 years), from 31 to 17m3

ha�1 around AD 1340 and from 18 to 5m3 ha�1 around AD
1630 and at least the latter two occur some time after the
dendro record shows a change to low temperatures (150 and
50 years, respectively). This must be because of the persistence
of trees once established, with perhaps the length of time
before the ‘collapse’ threshold is reached being related to both
the density of the forest before the temperature change and
the magnitude of the temperature drop. What we may also be
seeing is a movement of the continuous pine forest limit across
the Palomaa site (Fig. 5c).
For this study we have considered July temperature as the

main driver of pollen productivity and have used mean JJA
temperature for the climate record but we have not been able
to address the situation where both of these temperature
conditions are constant but the growing season is starting
earlier. With a longer growing season the trees also grow better
and potentially producemore pollen, and the tree linemay shift
northwards. It should also be remembered that the dendro JJA
temperature curve is one for a whole region at 698N but we are
dealing with a small area in the centre of that range.

Comparison with previous biomass
reconstruction

Very few reconstructions of tree volume of this type have been
attempted. Seppä et al. (2009) reconstructed biomass of
pine, spruce and birch from PARs calculated from the
sediments of two lakes in southern Finland. Their reconstruc-
tion is for the whole of the Holocene and is expressed in t ha�1.
The scale of the record is such that it is not possible to pinpoint
either Medieval times or the Little Ice Age. The last 1000 years
shows large fluctuations between 12 and 60 t ha�1, but the
difference in biomass unit and in the method of calculation
(the correlation between the PARs of the three tree taxa in the
surface sediments of the lakes and their present biomass record
for a zone out to only 4.5 km around the lake) make a
comparison difficult.

Conclusion

We conclude that, even when the errors on the calculations
are large, it is still possible to obtain a low frequency tree
volume change record for pine from its PAR record and that
the estimates of tree volume can be improved by considering
cold and warm periods independently. However, when the
temporal resolution of the record is such that individual

samples represent a period of time over which tree growth is
relatively small then the high-frequency record is still primarily
a record of changes in pollen productivity due to changes in
summer temperature. At times when summer temperature falls
well below the critical level for pollen production the PARs
underestimate tree volume because the absence of pollen
causes a ‘blind spot’ in the record, so Pinus PAR values of below
150 grains cm�2 a�1 cannot give the true picture of tree
volume. Because the PAR record always contains the dual
signal of tree volume and pollen productivity, knowing the
temporal resolution of the record, we can predict that the
low frequency reflects tree volume and the high frequency
temperature but we may not be able to put values on the
changes in these two signals without the backup of an
independent temperature record.
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