Journal of Glaciology, Vol. 61, No. 229, 2015 doi: 10.3189/2015J0G14J236 815

A novel pollen-based method to detect seasonality in ice cores:

a case study from the Ortles glacier, South Tyrol, Italy

Daniela FESTI," Werner KOFLER,! Edith BUCHER,? Luca CARTURAN,?
Volkmar MAIR,* Paolo GABRIELLI,>® Klaus OEGGL'

Unstitute of Botany, University of Innsbruck, Innsbruck, Austria

2z’3iolo(gfische5 Labor der Landesagentur fir Umwelt, Autonome Provinz Bozen Sidtirol, Leifers, Bolzano, Italy

3Department of Land, Environment, Agriculture and Forestry, University of Padua, Padua, Italy
*Amt fir Geologie und Baustoffpriifung, Autonome Provinz Bozen Siidltirol, Bolzano, Italy
5Byrd Polar and Climate Research Center (BPCRC), The Ohio State University, Columbus, OH, USA
®School of Earth Sciences, The Ohio State University, Columbus, OH, USA
Correspondence: Daniela Festi <Daniela.Festi@uibk.ac.at>

ABSTRACT. We present novel results of pollen analyses performed on a 10 m firn core retrieved from
Alto dell’Ortles glacier (3840 ma.s.l.), Eastern Italian Alps, in 2009. The objective was to identify and
quantify pollen grains retained in the ice to detect annual and interannual variations in the pollen
spectra, thus enabling construction of an accurate pollen-based timescale. Up to now, this has been
achieved by pollen diagram interpretation. Here we present a statistical approach developed to extract
the seasonal/annual signal contained in the pollen spectra of an ice core. The method is based on
principal component analyses of pollen assemblages obtained by high-level taxonomical identification.
We apply this approach to the Ortles samples, demonstrating that seasonal and yearly variations of the
pollen spectra are easily detectable and provide valuable information that can help improve the
chronological model of the firn core. This approach can potentially be used for deeper cores as well as
other types of archives (e.g. varved sediments), allowing faster, more objective estimation of yearly and

seasonal variations than with classical percentage pollen diagrams.
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INTRODUCTION

Chronological control of ice-core records is of crucial
importance for correct interpretation of the determined
physical, biochemical and chemical proxies. Annual-layer
counting of seasonal variations in chemical species and
oxygen isotope ratios 8'%0) is a powerful method (Dans-
gaard, 1964) but cannot always be successfully applied to
alpine glaciers (Schwikowski and others, 1999, 2014; Olivier
and others, 2006) because it requires a near-homogeneous
accumulation rate throughout the year (Eichler and others,
2000). The use of absolute time markers (e.g. Sahara dust
horizons and the AD 1963 *H peak), as well as radiometric
methods such as 2'°Pb, radiocarbon from carbonaceous
aerosol particles (Jenk and others, 2009; Siegl and others,
2009) and accelerator mass spectrometry dating, all con-
tribute to the development of robust depth—age models for
alpine glacier ice cores. In this context, biological proxies
have been considered with varying degree of success. For
instance, snow algae have proven to be useful for detecting
seasonality (Uetake and others, 2006), but are of limited
applicability for ice-core dating, as after 8 years they have
been shown to endure autolysis and bacterial decomposition
(Yoshimura and others, 2000). Cyanobacteria, bacteria and
fungi are easily transported downwards by meltwater percol-
ation due to their small size (Uetake and others, 2006).
Moreover, according to Uetake and others (2006), bacteria
and fungi seem able to grow within the deeper strata even
after their deposition, thus altering the seasonal signal. In
contrast, palynological analyses of snow and ice samples
have revealed that pollen retains a high potential for ice-core
dating (Nakazawa, 2004; Nakazawa and others, 2005;

Uetake and others, 2006; Santibafnez and others, 2008;
Nakazawa and others, 2011, 2012), providing information
about the paleo-environments and past atmospheric circula-
tion (Bourgeois, 2000; Liu and others, 2005, 2007; Yang and
others, 2008). The use of pollen as a chronological constraint
presents clear advantages, some of which are specifically
associated with alpine glaciers. First, plants have distinct
flowering periods from spring to late summer/fall, allowing us
to link the snow/ice layers entrapping the corresponding
pollen with a precise flowering season. Consequently, layers
with a pollen content <5 grainscL™" are most likely to repre-
sent winter accumulation (Haeberli and others, 1983). Pollen
deposition occurs independently of precipitation, because
pollen is also deposited when no snow/rain deposition
occurs. In addition, since alpine glaciers are normally
located within a few km of the pollen source, samples as
small as 10 mL usually contain a sufficient amount of pollen
grains to perform the analyses (Nakazawa and others, 2005,
2011). In contrast, in arctic ice the minimum sample volume
required is 1L (McAndrews, 1984; Bourgeois, 2000).

Nakazawa (2004) and Nakazawa and others (2005,
2011) explored the possibility of using seasonal taxonomic
variation of the pollen spectra as a time control on a mid-
latitude glacier firn core retrieved from the Russian Altai.
Although these studies are based on only three pollen types
(Pinaceae, Betula and Artemisia), they showed that pollen
variability in ice provides a good indication of the season-
ality and helps to set annual boundaries. Based on these
encouraging results we aimed to further develop the
potential of palynological studies on ice cores by develop-
ing a different methodological approach.
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Fig. 1. (a) Geographical setting of Ortles mountain and of Solda aerobiological station. (b) Close-up of Alto dell’Ortles glacier, where the

2009 shallow firn core was retrieved.

The present paper presents a novel statistical approach to
define seasonality. It is based on accurate taxonomical
identification and quantification of pollen content, and is
supported by a daily modern pollen-monitoring technique.
This palynological method has been developed on ice
samples from a 10 m firn core collected from Alto dell’Ortles
glacier, a mid-latitude alpine glacier located in the Eastern
Alps (Fig. 1). The aim of the analyses was to determine the
presence and composition of pollen content in the firn core,
to quantify it and to detect the annual and interannual
variability of the pollen spectra to ultimately establish a
pollen-based timescale. The method has been developed as
a base for future research on the 75m long ice cores
extracted from Alto dell’Ortles during fall 2011 (Gabrielli
and others, 2012).

STUDY AREA

Alto dell’Ortles glacier (46°30'32” N, 10°32’41" E) is located
in the Eastern Alps close to the border between Italy, Austria
and Switzerland (Fig. 1). It covers a total surface area of
1.04 km? at 3018-3905 m a.s.l. on the northwestern slope of
Ortles mountain (3905 ma.s.l.), making it the highest glacier
in the Eastern Alps. The maximum ice thickness in the upper
part of the glacier is ~75m (Gabrielli and others, 2012),

presenting an excellent lamination of the exposed ice layers
down to bedrock (Gabrielli and others, 2010).

From a climatic perspective this area is characterized by
a continental precipitation regime with exceptionally low
mean annual precipitation, reaching minimum values of
440-530 mma~" north of Ortles mountain, in the Vinschgau
valley (Fliri, 1975). This region is indeed characterized by a
so-called ‘dry inner alpine’ climate. Here the treeline is
located at ~2100ma.s.l. and is formed by Pinus cembra
(arolla pine) and Larix decidua (larch) forest. Above this
altitude, Pinus mugo (mountain pine) stands and Alpine
grass mats predominate (Peer, 1995).

METHODOLOGY
Pollen analyses of snow samples

In June 2009 a first extensive glaciological survey was
performed on Alto dell’Ortles glacier at 3830 ma.s.l., where
a 10m shallow core was collected by drilling with a
lightweight hand auger. The shallow core was divided into
samples of ~10cm length, which were transported, frozen,
to the University of Venice. The samples were cut in half
cross section in a cold room, melted in a class 1000 clean
room and poured into 1L low-density polyethylene (LDPE;
Nalgene) plastic bottles (Gabrielli and others, 2010).
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From each sample an aliquot of ~35 mL was dedicated to
pollen analyses, performed at the University of Innsbruck.
Here the entire aliquots were processed with acetolysis
(Erdtman, 1960), the pollen content was concentrated by
hydro-extraction (centrifugation) and then prepared in
glycerine as is standard procedure in fossil pollen analyses
(Faegri and Iversen, 1989). In contrast to Nakazawa and
others (2011), whose analyses were based on three pollen
types (Betulaceae, Pinaceae and Artemisia), here the
complete pollen content of the samples has been identified
and quantified, in order to enable a better definition of the
seasonal pattern and to allow more detailed statistical
analyses. In fact, a complete pollen spectrum contains much
information about seasonality and allows us to avoid
misinterpretation of absence/presence of a single pollen
taxa. For example, if in a sample deposited during late
summer a pollen type typical of late summer is missing, the
pollen spectrum will still provide the seasonal information
as it contains other taxa that also flower in late summer.

Pollen identification was performed using a light micro-
scope at 400x and 600x magnification, using the reference
collection of the Institute of Botany, University of Innsbruck,
as well as standard identification keys (Moore and others,
1991; Faegri and others, 1993; Beug, 2004) and a pollen
atlas (Reille, 1992). Pollen grains, microcharcoal and non-
pollen palynomorphs (NPPs) were quantified using the
Online Pollen Counter (OPC; Lawton, 2010), an application
that allows faster counting by replacing manual counting.
OPC includes a reference catalogue of European pollen and
non-pollen palynomorphs and provides pollen count files
that can be downloaded and/or stored in a database. The
application has been developed by the Institute of Botany,
University of Innsbruck, and is accessible only by members
of the institute. Finally, the pollen diagram was drawn with
C2 software by Juggins (1991).

Pollen analyses at Solda aerobiological station

Pollen deposited on Alpine glaciers derives mainly from the
vegetation growing at lower altitudes in the nearby valleys.
In order to gain qualitative and quantitative information
about the pollen load around Ortles mountain, the daily
pollen data for the years 2008-10 from the aerobiological
monitoring station at Solda (1850 ma.s.l.) were analysed.
Data were collected following the requirements of aero-
biological monitoring (EAS, 2011), and a pollen calendar for
Solda was established.

RESULTS
Pollen assemblages in ice samples

The pollen content per firn sample was variable; total counts
ranged from O to 1663 grains per sample (mean + SD:
88 £211; median: 12), and concentration varied between
0 and 47 grainsmL™"' (mean + SD: 2.51 + 6; median: 0.34).
These values are in agreement with observations from other
glaciers in temperate regions (Vareschi, 1934; Godwin,
1949; Heusser, 1954; Ambach and others, 1966; Borthen-
schlager, 1970; Haeberli and others, 1983; Liu and others,
1998) and are much higher than the pollen concentration
recorded in polar ice (0.01-0.1 grainsmL™'; Bourgeois,
2000). Pollen grains were well preserved and their
identification led to a pollen spectrum characterized by
64 pollen types (Fig. 2). Cryptogam spores have also been
identified and quantified, including three spore types of fern
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(Polypodium, monolete and trilete spores), lycopods
(Huperzia selago and Selaginella selaginelloides) and fungi
(Ustulina deusta and Sporormiella).

The pollen assemblages are dominated by Pinus sp.
(pine), Pinus cembra (arolla pine), Picea (spruce), Alnus
(alder), Alnus viridis (green alder), Ostrya (European hop-
hornbeam), Betula (birch), Fraxinus (ash), Quercus robur-
type (oak), Corylus (hazel) and Poaceae (true grasses). The
concentration value of arboreal pollen (AP) generally
prevails over the concentration of non-arboreal pollen
(NAP). There are five distinct firn layers, with high pollen
concentrations alternating with layers of low pollen content.

Predominant pollen types characterizing the spectrum
reflect the main regional vegetation types growing on both
sides of Ortles mountain at different altitudes: for example,
alpine grass mats (Poaceae), subalpine and montane conifer-
ous forests (Larix decidua, Picea abies, Pinus cembra, Pinus
sylvestris/mugo), submontane and colline thermophilous
deciduous forests (Corylus avellana, Fraxinus excelsior,
F. ornus, Ostrya carpinifolia, Quercus robur-type). The neo-
phytes Ambrosia and Eucalyptus are also recorded. Ambro-
sia is naturalized in the Siidtirol region since 1980 and also
grows in nearby Vinschgau valley (www.florafauna.it).

Microcharcoal particles display sporadic occurrence
along the core, as they are present in only two samples
(643.5 and 778.5 cm). Spores are poorly represented, except
for sample 91 cm, which contained exclusively monolete
spores. The remaining cryptogam spore types occur spor-
adically: for example, spores of the coprophilous fungus
Sporormiella in samples 10.5-572.5 and 988.5cm, and
spores of the fungus Ustulina in only one sample (864.5 cm).

Pollen assemblage of Solda daily monitoring

Daily airborne pollen data collected at Solda for the years
2008-10 have been used to make a pollen calendar
representing the Ortles mountain region. Mean daily pollen
concentration (grainsm™) has been calculated for every
main taxon and plotted; for the same taxa the beginning of
the flowering period for each year was established using the
empirical pollen concentration threshold as the starting
point, mean and standard deviation of the day when
flowering starts were also calculated and are displayed in
Figure 3. Taxa can be roughly divided into three groups,
each corresponding to a flowering season. The first group
includes pollen taxa occurring in spring (days 60-166,
March to mid-June) as Corylus avellana (hazel), Fraxinus
excelsior (common ash) and F. ornus (manna ash), Betula
(birch), Ostrya carpinifolia (European hop-hornbeam), Quer-
cus robur (French oak) Q. petraea (sessile oak) and
Q. pubescens (downy oak), Larix decidua (larch), Picea
abies (spruce) and Salix (willow). Pinus (pine) also partially
belongs to this group since it shows a peak in the spring
corresponding to P. sylvestris (Scots pine), P. nigra (black
pine) and P. mugo (mountain pine).

The second group is characterized by early-summer
flowering taxa (days 167-212; mid-June to July), such as the
second peak of Pinus (corresponding to P. cembra, arolla
pine), Castanea sativa (chestnut), Poaceae (true grasses) and
Urticaceae (nettle family). However, the flowering period of
the latter two also extends to the late summer. The third
group corresponds to late-summer flowering species (days
213-273; August to September) and includes Artemisia
(mugwort), Ambrosia (common ragweed) and Cannabaceae
(hemp family).
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Fig. 2. Pollen concentration (grains mL™") diagram of the Ortles firn core. Pollen types are ordered according to their flowering season: spring
taxa in green, early-summer taxa in magenta, late-summer taxa in yellow, pollen with no distinctive seasonality in grey. Dots are displayed
for pollen concentration values <0.05 grainsmL™". Pollen sum includes terrestrial arboreal and non-arboreal pollen.
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The results show that the pollen assemblages of the firn
core from Ortles mountain are in good agreement with those
recorded at Solda station, therefore allowing further com-
parison.

DISCUSSION
Detecting seasonality

A first attempt to reveal seasonal variability in the Ortles-core
pollen spectrum has been made by compiling the main
pollen types according to their flowering period (Fig. 2) as
suggested by Solda’s pollen calendar (Fig. 3). Figure 2 shows
the variability of the pollen spectrum along the Ortles firn
core. From the bottom of the core an annual pattern starting
with the occurrence of spring types (i.e. Betula, Ostrya;
Pinus), followed by early summer (i.e. Poaceae) and finally
late-summer types (i.e. Artemisa, Ambrosia), appears five
times, indicating five different flowering years. Given that the
core was taken in June 2009, the complete sequence
encompasses the years 2005-09 as follows: depths
1010.5-988.5 cm correspond to flowering year 2005; depths
888.5-807.5cm to flowering year 2006; depths 728.5-
572.5 cm to flowering year 2007; depths 542.5-320.5 cm to
flowering year 2008; and part of 2009 is included in depths
from 186.5m to the surface. Samples corresponding to a
flowering year are intercalated by several others presenting
low pollen concentration, mostly <0.5 grainsmL™', likely
indicating winter precipitation. Our observed winter con-
centration value is in congruence with that found on Colle
Gnifetti by Haeberli and others (1983). The annual division
based on the pollen assemblage variation observed in
Figure 2 differs from the tentative chronology based on
isotopes @' 80, dD) and anthropogenic contaminants (SO42_,
NO;~, NH,") developed by Gabrielli and others (2010) as
their age estimation encompasses 6 years instead of 5.

As expected, the annual pollen signal is thinned with
increasing depth, i.e. only 22 cm correspond to flowering
year 2005, while 2008 is represented by 222 cm. This most
likely reflects firn compaction or/and intense summer
ablation. The thinning apparently prevents the preservation
of a clear seasonal pollen record during 2005 and 2006.
Nevertheless, a distinct annual palynological signal is
retained within the first 10m of depth of Alto dell’Ortles
glacier and is detected according to variations of pollen
assemblage displayed in the pollen diagram.

The empirical method described above is convenient for
gaining basic seasonal information on the chronology of
short cores but is unsuitable for longer cores because of the
complexity of the pollen assemblages. For this reason a
statistical approach based on pollen data has been devel-
oped, in order to provide an efficient tool for dating the 75 m
cores extracted from Ortles mountain in 2011.

Statistical approach

In order to condense the complex information of the Ortles
pollen profile, a principal component analysis (PCA) has
been performed on the pollen dataset, aiming to extract
three principal components indicative of the flowering
seasons. The PCA was performed with SPSS software (IBM
Corp, 2012), and pollen concentration values (grains mL™)
have been used. The first three components of the PCA
explain 90.5% of the variance. The first axis explains 67.2%
of the variance, the second 17.7% and the third 5.4%.
Component loadings were obtained for every taxon for the

819

100

10
1 Corylus
| "N
100 200 300
100
10
Betula ‘
17 9246 | i
100 200 300
100
10
Ostrya
11 96+4 l i
100 200 300
100
10 )
Larix decidua
1710645 | l] |
100 200 300
100

10
Picea abies
1111945 h ‘

} 100 00 300
100 ¢
104
Pinus
1712044 ‘ ‘ 1l
] 100 200

300

Pollen concentration ( grains m?)

100+
10
Urticacae
1112445 “ ”l
100 0 300
100
10+
| Poaceae
1112445 ki ik
100 200 300
100
10
Castanea sativa
1715947 I i _‘
100 200 300
100
10
Cannabaceae
1721443 | .
100 200 300
100
10
Artemisia
1122746 ) L
100 200 300
100
10
| Ambrosia
1723043 |
300

100 200
Day of the year

Fig. 3. Pollen-monitoring data of Solda (1906 ma.s.l.), at the base of
Ortles mountain. In black: 3 year mean (2008-10) daily pollen
concentrations (grains m~ of air) of main taxa. In grey: daily pollen
concentration values (grainsm™ of air) for 2008-10. Below every
taxon name, the beginning of the flowering season (day of the year)
and standard deviation is reported. Days above 300 are omitted,
because there is no pollen release outside the vegetation period.

three principal components (Table 1), and component
scores were extracted.

Component loadings are, by definition, nothing other
than a correlation coefficient between factors and variables
(Backhaus and others, 1996). Hence, in this specific case
their values give a measure of the correlation of each pollen
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samples. (c) 8D values determined in the Ortles core. (d) NO;~ values measured in the Ortles core (Gabrielli and others, 2010).

taxa with the three principal components (PC1, PC2 and
PC3). Loadings typically present values from -1 to 1: the
higher the value the higher the correlation. According to

Table 1. Component loadings of the first three principal com-
ponents (PC) based on pollen concentration data in the Ortles firn
core. Loading values showing correlation >0.5 are shown in bold

Pollen taxa PC1 PC2 PC3

Salix 0.919 0.043 0.070
Ostrya T. 0.913 -0.080 0.025
Betula 0.872 -0.064 0.074
Larix 0.735 0.122 0.035
Populus 0.702 -0.039 0.126
Juglans 0.690 0.263 -0.116
Corylus avellana 0.660 -0.175 0.148
Fraxinus excelsior 0.677 -0.146 -0.015
Cupressaceae 0.649 0.274 -0.119
Quercus robur T. 0.582 0.469 -0.020
Picea 0.537 0.417 0.042
Fagus 0.516 0.345 0.073
Castanea sativa -0.108 0.860 0.018
Plantago sum 0.156 0.851 0.221
Gramineae 0.107 0.733 0.481
Pinus cembra -0.019 0.720 0.306
Eucalyptus -0.156 0.646 -0.002
Pinus 0.144 0.603 0.092
Artemisia -0.062 0.024 0.933
Monolete spores 0.131 0.060 0.894
Urticaceae 0.168 0.301 0.795
Chenopodiaceae T. -0.090 0.435 0.778
Ambrosia -0.092 -0.087 0.739
Cannabaceae 0.086 0.087 0.589

Spring Early summer  Late summer

component loadings, PC1 correlates mainly with spring
flowering taxa (such as Ostrya, Betula, Corylus), PC2 with
early-summer taxa (Castanea, Plantago, Poaceae) and PC3
with late-summer taxa (Artemisia, Ambrosia). Consequently
PC1 represents the spring component, PC2 the early
component and PC3 the late-summer component.

Component scores give the coordinates of the objects
with respect to the principal component axes. Figure 4
displays the variations of the component scores for all PCs
along the core. As each PC condenses the seasonal
information of the pollen spectrum, score values should be
interpreted as follows: a sample (depth) presenting high
component score values for a specific PC is characterized by
a pollen content reflecting predominantly the season
corresponding to that particular PC. Figure 4 also provides
a comparison with pollen concentration values and main
chemical species 6D and NO;~ (Gabrielli and others, 2010).
Table 2 shows Pearson correlations between pollen and
chemical proxies.

Given that the core was drilled in mid-June 2009, years
and seasons can be counted backwards. A first peak in spring
and early-summer components occurs at 70 cm and corres-
ponds to high 8D and NO;~ values. Subsequently a moderate
peak in spring component PC1 (110.5cm) occurs and is
followed by a weak increase in spring and late-summer
components PC3 (176.5-166.5cm). At depth 176.5-
166.5cm, pollen of both spring (Alnus, Corylus, Fraxinus,
Ostrya, Quercus) and late-summer taxa (Cannabaceae and
Urticaceae) are present, causing both components to in-
crease. Since the core was drilled in June, there is no late-
summer pollen in the layers above these samples, which
rules out possible transport of late-summer pollen by
percolation or ablation. According to the Solda pollen
calendar, small values of Urticaceae pollen may sporadically
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occur also during spring, while a reasonable explanation for
the occurrence of Cannabaceae pollen in the spring layer is
that they represent long-distance wind transport. Finally, the
increase of 3D values also suggests that the samples represent
the onset of flowering year 2009, triggered by the tempera-
ture increase. These samples overlay a 1.5m thick layer
(186.5-335.5cm) of winter snow characterized by pollen
concentrations below 0.5 grainsmL™', as well as component
values close to zero.

Flowering year 2008 shows a very clear seasonal signal:
from 345.5 cm to 399.5 cm two peaks in late-summer com-
ponent occur and a coincident increase of NO5~ (anthropo-
genic aerosol component) is recorded. Pearson correlations
(Table 2) also show that NO;~ correlates with the late-
summer component (r=0.262, p<0.01), supporting the
hypothesis formulated by Gabrielli and others (2010),
according to which anthropogenic contaminants are de-
posited on Alto dell’Ortles glacier mainly during summer,
due to intense atmospheric convection from lower altitudes.
The early-summer component peaks at 410.5 and
462.5cm. However, at depth 435.5cm, pollen concen-
tration and 8D drop abruptly, presenting values similar to
the winter. This was perhaps a short cold spell within the
same flowering season. In fact, a spring component peak
occurs from 482.5 to 502.5cm, marking the onset of
flowering year 2008. Here the pollen-based and isotope-
based chronologies (Gabrielli and others, 2010) show the
most significant discrepancy in the core: in fact according to
the isotopes the flowering year 2008 was split into two years
(2007 and 2008). This divergence is due to the fact that in
the isotope- and chemistry-based chronology sample,
435.5cm has been considered to represent an entire cold
season, thus erroneously identifying spring 2008 as the
whole 2007 warm period.

Principal components for flowering year 2007 also
display a clear seasonality pattern: a peak in the late-
summer component occurs at 572.5cm where samples
show very low pollen content, similar to winter. However,
an increase in nitrate values suggests that these samples still
represent the warm season. This shows the advantage of the
statistical approach, and the importance of using more than
one marker for dating. In 2007 the early-summer com-
ponent peaks twice, once at 623.5cm and once at
699.5 cm. The latter increase is accompanied by a spring
component peak and a much lower increase of the late-
summer component. In contrast, a clear peak in spring
component occurs at 728.5cm and is coincident with a
major increase in D, thus reflecting the start of the 2007
warm season. Samples from 738.5 to 797.5cm show
component values close to zero as well as pollen concen-
tration <0.3 grainsmL™', indicating non-flowering period
and/or winter accumulation.

The core record of flowering year 2006 is thin: a
moderate increase of the late-summer component at
815.5-807.5 cm is recorded. The very low pollen concen-
tration points to a winter deposition due to long-distance
transport or pollen displaced by percolation. However, the
peak is supported by an increase in 8D (Fig. 4), which
indicates that deposition likely occurred at the end of the
warm season. At 864.5cm depth, spring and late-summer
components present positive peaks, while the early-summer
component has a negative peak. However, the pollen
assemblage reflects a stronger spring signal. These peaks
are coincident with an increase in 8D that reflects a rise in
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Table 2. Pearson correlation coefficients calculated for the Ortles
firn pollen content and chemical species. Significant correlations
are highlighted in bold (** correlation is significant at p<0.01; *
correlation is significant at p <0.05)

Pollen
concentration

PC1 spring PC2 PC3
early summer late summer

grainsmL™'
Pollen 1
concentration
(grains mL’1)
PC1 spring 0.567"" 1
PC2 0.685" 0.000 1
early summer
PC3 0.139 0.000 0.000 1
late summer
3D (%o) 0.394" 0.094 0.386 0.226"
8180 (%o) 0.400" 0.101 0.385" 0.234"
NO;™ (ppb) 0.287"" 0.034 0.173 0.262"

air temperature. The onset of the flowering year 2006 and of
the warm season is set at 878.5 cm and is characterized by a
low peak in spring component. Although the flowering year
2006 is quite condensed, a seasonal signal is detectable in
the pollen record. Samples from 888.5 to 978.5cm depth
show component values close to zero and pollen concen-
tration values <0.2 grainsmL™', hence representing the non-
flowering period and/or winter accumulation.

The core record of flowering year 2005 is also very thin
(~30cm). Samples 1010.5-988.5 cm present a coincident
peak in spring and early summer, followed by a peak in the
late-summer component. 8D values also indicate the warm
season.

Combining these new results with those obtained by stable
isotopes enables a correction of the tentative chronology
developed by Gabrielli and others (2010) for the shallow firn
core extracted in 2009, leading to the identification of five
summer seasons instead of the six which were recognized
using only the isotopes. Consequently, the accumulation rate
which was previously estimated at ~800 mmw.e.a™' be-
comes ~1070mmw.e.a™".

2008 At Solda

In order to validate the statistical approach developed for
the firn core, the principal component method was tested on
the Solda daily airborne pollen-monitoring data. For a direct
comparison the test must be implemented on a time period
where the Ortles and Solda data overlap: the year 2008. The
aim of the test was to verify the degree of similarity between
the PC pattern obtained for the firn core and the PC pattern
obtained from the daily airborne pollen monitoring at Solda.
If patterns show high similarity then the PC pattern for the
firn core can be considered representative of the original
deposition pattern. If this is proven to be the case, then
correlations between Solda PCs, Solda’s airborne pollen
concentration and Solda’s meteorological parameters could
provide useful information to better understand the factors
involved in pollen deposition on the glacier. The advantage
of using Solda’s airborne pollen-monitoring data is that they
have sufficient temporal resolution, which enables a direct
comparison with meteorological parameters (temperature
and precipitation) measured at the site by Ufficio Idrografico
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Fig. 5. (a) Principal component scores of pollens for 2008 in the Ortles samples (spring component in green; early-summer component in
magenta; late-summer component in yellow). (b) Principal component scores calculated for the daily pollen-monitoring data of Solda in
2008 (PC1: early-summer component in magenta; PC2: spring component in green; PC3: late-summer component in yellow). (c) Total
airborne pollen concentration at Solda for 2008. (d) Mean air temperature measured at Solda during 2008.

della Provincia Autonoma di Bolzano. Finally, this informa-
tion can also be indirectly used to improve our under-
standing of chemical proxy behaviour in the firn core

Table 3. Component loadings of the first three principal com-
ponents (PC) based on Solda’s airborne pollen concentration in
2008. Loading values showing correlation >0.5 are highlighted in
bold

Pollen taxa PC1 PC2 PC3

Betula -0.166 0.639 0.031
Quercus -0.016 0.895 0.268
Fraxinus ornus 0.031 0.818 0.260
Juglans 0.009 0.731 0.262
Ostrya carpinifolia -0.208 0.601 0.013
Fraxinus excelsior -0.270 0.564 -0.085
Salix 0.015 0.412 -0.153
Polygonaceae 0.835 0.044 -0.172
Umbelliferae 0.801 -0.017 -0.050
Urticaceae 0.752 -0.164 0.291
Plantago 0.713 0.131 0.013
Castanea sativa 0.688 0.003 -0.080
Poaceae 0.687 -0.034 -0.085
Cupressaceae 0.664 0.532 -0.008
Pinus 0.608 0.076 -0.074
Artemisia 0.002 -0.269 0.829
Cannabaceae 0.025 -0.238 0.739
Asteraceae 0.203 -0.187 0.779

Early summer Spring Late summer

according to deposition time, and possibly their relation
with meteorological parameters.

To test the similarity of PC patterns, a PCA was performed
using daily airborne pollen concentration values (grains m™)
of flowering year 2008 in Solda. The first three components
of the PCA explain 40.7% of the variance. The first axis
explains 16.1% of the variance, the second 15.6% and the
third 9%. Component loadings were obtained for every taxon
for the three principal components (Table 3), and component
scores were extracted. PC1 correlates mainly with early-
summer taxa (Poaceae, Polygonaceae, Plantago, etc.), PC2
with spring taxa (Betula, Quercus, Fraxinus, Ostrya, etc.) and
PC3 with late-summer taxa (Artemisia, Cannabaceae, etc.).
According to this interpretation, component scores for Solda
were plotted on a daily timescale (Fig. 5b). Figure 5a and b
provide a visual comparison between the variation of the
seasonal components for 2008 in Solda and in Ortles. The
Solda pattern is proven to be very similar to the ice-core
pattern and includes peaks in the three components: a major
peak in spring component occurs at day 131 (10 May), a
main early-summer peak at day 178 (26 June) and finally two
late-summer peaks at days 225 (12 August ) and 233 (20
August). The high similarity of the configuration supports the
fact that the PC pattern obtained for the Ortles core is
representative of the original deposition pattern.

To better understand factors involved in the timing of
pollen deposition on the glacier, Pearson correlation
coefficients (see Table 4) have been calculated considering
Solda’s PCs, daily airborne concentration at Solda, mean
daily temperature and daily precipitation at Solda. Airborne
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Table 4. Pearson correlation coefficients for Solda daily pollen monitoring and meteorological data for the year 2008. Significant
correlations are highlighted in bold (** correlation is significant at p<0.01; * correlation is significant at p <0.05)

PC1 early summer

PC2 spring PC3 late summer Pollen concentration

Mean daily temperature Precipitation

grainsm™ °C mmd™’
PC1 early summer 1
PC2 spring 0.000 1
PC3 late summer 0.000 0.000 1
Pollen concentration 0.791" 0.188™ -0.026 1
Mean daily temperature (°C) 0.601" -0.114 0.238" 0.427" 1
Precipitation (mmd™) -0.006 -0.078 0.034 0.004 0.079 1
pollen concentration at Solda correlates with mean daily =~ ACKNOWLEDGEMENTS

temperature (r=0.427, p<0.01). By contrast, daily precipi-
tation does not correlate significantly with the airborne
pollen concentration in Solda. As airborne pollen concen-
tration is a result of pollen production and dispersion, the
correlations point to the fact that both processes are likely
controlled by air temperature and are not very much
affected by precipitation. The fact that airborne pollen
concentration depends on temperature indirectly supports
the use of 3D and §'%0 as indicators of temperature in the
Ortles firn core; Ortles pollen concentration correlates well
with the 8D and 8'80 (see Table 2). In this context it is
interesting to observe that, in Solda, correlation coefficients
(Table 4) indicate a significant correlation between mean
daily temperature and the early- and late-summer com-
ponents (respectively r=0.601, p<0.01 and r=0.238,
p<0.01). In contrast, spring component does not correlate
with mean daily temperature. These results are consistent
with those obtained for the firn core considering 6D and
3'%0 as temperature proxies: in fact they both correlate with
early- and late-summer components (see Table 2) but not
with the spring component. Altogether the similarities of the
PC pattern and the correlations show a certain consistency
in terms of proxy data determined in the Ortles firn and
measured data for Solda.

CONCLUSIONS

The results obtained in this study confirm that pollen
analyses are a powerful tool for detecting annual and
seasonal snow deposition in ice cores. We have demon-
strated that an accurate and complete identification and
quantification of the pollen content is essential, as complete
pollen spectra contain much information about seasonality
and enable statistical analyses. The statistical approach
presented here is a novel methodology to detect seasonal
and yearly changes in the pollen spectra in an objective
manner. This method is potentially suitable for longer ice
cores, where the use of pollen diagrams characterized by
rich pollen spectra and thousands of samples is problematic
and makes it difficult to clearly identify patterns. Further-
more, the principal components statistical approach can
potentially be applied to other archives where the detection
of seasonality in pollen spectra is required, as is the case for
cyclic sedimentation (e.g. varved sediments). Finally, the
results of our analyses represent an important contribution
to the construction of a robust age—depth model for the 10 m
Ortles firn core and suggest that pollen analyses on the
deeper core will be useful.
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