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Abstract. Samples of modem pollen were analysed for their stable carbon isotope composition and
compared with environmental variables to assess the potential of this method as a new quantitative
terrestrial palaeoindicator. Results demonstrate a strong positive correlation (r 2=O .68) between the
temperature during a development period (approximately 4 weeks) prior to efflorescence and 63 poCllen.
Owing to variations in the chemical composition of the pollen grains and associated post depositional
diagenesis we favour the isolation of the sporopollenin exina for isotopic analysis. A broad similarity
in isotopic response was observed between three European tree genera, however significant absolute
differences in 6 Cpo11, preclude any meaningful interpretation or palaeoenvironmental inference
based solely upon a potentially variable bulk pollen sample. Consequently, we propose the isolation
and analysis of a single genus when examining samples from antiquity. Preliminary extraction
methods indicate that this approach is feasible using manual separation/hand picking methods and
standard combustion continuous-flow isotope ratio mass spectrometry. If these initial results are
representative of wider plant response, 6'3 CPo11en may be used to reconstruct environmental change
during pollen development and provide an indication of variations in mean annual temperature.

1. INTRODUCTION

Pollen stratigraphy is one of the most widely used and powerful tools in palaeoclimatic
research [ 1-4]. Whilst interpretations of conventional pollen records have shown a remarkable
degree of consistency, it is recognised that there are several possible sources of error that
require careful consideration. These include spatial and temporal variations in the source of
pollen production, its development, dispersal, deposition and preservation, as well as changes
in the climatic relationship of modem and palaeo-pollen assemblages and time lags between
an environmental event and its manifestation in the palaeo-record. This latter factor is
particularly significant in situations where the environmental forcing is either too short in
duration or too low in magnitude to overcome local vegetative inertia [5].

The physiological and environmental factors influencing carbon isotope fractionation during
photosynthesis are directly linked to the carbon stable isotope composition (613C) of the
resulting photosynthate [6-8]. This relationship has been successfully exploited to include
653C analysis of a range of bulk and organ specific plant material as palaeoenvironmental
proxies [9-1 1. The theoretical basis for this association was modelled by Farquhar [ 12] who
was able to demonstrate environmental control on 6 3C through modification of stomatal
conductance and/or assimilation rate. Since the dominant source of carbon is the same, the
fundamental principles linking 613C, climate and plant response should also apply to 613 oln

Pollen, like wood. comprises a variety of distinct chemical components [13], a cellulose
intine, polysaccharide outer layer, a central nucleus and a sporopollenin exine. The relative
proportions of these components vary between both species and degree of diagenesis [14-16].
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Amundson and co-workers [ 17] were able to demonstrate that the (b1 C of raw pollen could be
linked to the host plant material. As it is likely that these components have differing isotopic
values resulting from the different processes occurring during their formation or through
preferential diagenesis, it may therefore be necessary to isolate a single component of the
pollen grain for isotopic analysis. From these initial investigations we have developed this
work to demonstrate that this signal is also preserved in a single component of the pollen
grain, the sporopollenin exine [ 18]. The pollen exine is particularly resistant to diagenesis [ 19]
and also carries the morphological information essential to the correct identification of the
parent plant genus/species. It was therefore decided that isolation and analysis of the
sporopollenin exine would provide the most reliable signal for the meaningful interpretation
of a palaeosequence.

The term sporopollenin was first used by Zetzsche [20] to describe the resistant component
remaining after digestion of spores and pollen grains, ("sporonin" and '"pollenin"). Although
the exact structure of sporopollenin is not fully known it has been suggested, based upon
infra-red spectroscopy, that it most likely comprises P-carotenoid esters of approximate
formula C9olH-1420 27. [13] Potential therefore exists for the measurement of three isotopic
species from this material. This paper describes some of our initial investigations
methodological refinements and results from a study to assess the potential for stable isotope
analysis of pollen as a quantitative terrestrial palaeoindicator.

2. METHODOLOGY

In conventional palynology the cellulose intine is removed during sample preparation through
the acetolysis (acetylation) process [2 1]. Amundson et al. [ 17] have shown that this process,
can lead to the contamination of the sample material by the reagents used for acetylation or by
the incomplete removal of cellulose acetate (a by-product of the acetolysis reaction). For this
reason we developed a carbon free alternative to acetylation that could be used to prepare
pollen grains for stable carbon isotope analysis in which the cellulose is removed from the
pollen grain through the addition of concentrated sulphuric acid Ill 8]. We recommend such
steps that isolate a single component for palaeoapplications, although the accompanying
methodology and protocol may require significant variation depending upon the sample and
its surrounding sediments.

In addition to the isolation of a single component, we investigated also the necessity for the
isolation and analysis of a single genus/species over the hypothetical measurement of a bulk
pollen sample. Samples of Pinus slvestris, Picea abies and Betula pendula pollen were
collected from mixed plant communities along an altitudinal transect in Switzerland. Both raw
and extracted pollen grains were analysed to establish the nature or presence of a species
effect through differences in bulk pollen chemistry or similarity in response between sites. A
significant difference in 613C pollen between genera would necessitate the isolation of a pure,
single genus sample for isotopic analysis.

To investigate the nature of the pollen isotope signal samples of modern Pinus sylvestris
pollen were collected across a network of 13 European sites (Table ). Pinus sylvestris has one
of the widest distributions of any tree species. It is also a significant pollen producer and can
be easily recognized and sampled in the field by relative non-experts. The trees sampled
originated principally from botanical gardens and arboreta. Sampling across such a wide
network was only made possible through the invaluable support and collaboration of many
colleagues (Table ). Ideally sampling should be standardized to limit collection to natural or
semi-natural communities, however this was not always possible. The strategy adopted did,
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however, facilitate location and comparison of the resulting pollen isotope data with existing
climatic datasets.

Samples were collected during or shortly after florescence, sieved to remove any remnant
flower heads or similar large impurities, vacuum dried and stored in a freezer to prevent
mould growth. Relatively little is known about isotopic variation during pollen development,
however, since significant shifts are known to occur within individual trees, leaves and
branches. samplers were instructed to collect pollen from a number of flower heads around a
number of trees where possible in an attempt to accommodate such variation until a more
accurate quantification of these effects can be made.

Table . Sample location, approximate timing of pollen development, 6 3 Cp,011, and
meteorological data used in this study.

613c m11 n Developmen Developme
Location Latitude Longitud PDB t Period nt Period Sample Collection

(0'N) e (E) (%o) (Month) Temperatur
e (C)

Murmansk 68.57 33.02 -28.84 June/July 10.60 Botanical Garden Murmnansk
Rovaniemi 66.33 25.50 -28.48 June 11.03 R. Jalkanen
Helsinki 60.18 24.57 -26.48 May/June 12.40 M.Kotilainen
Uppsala 59.90 17.60 -27.99 May/June 11.14 K. Bremer
Tallin 59.25 24.47 -26.30 May/June 12.28 J. Ellia
Daw~yck 55.25 -02.50 -26.69 May 11.29 D.Knott
Crowthome 51.23 -00.49 -26.00 May 13.42 A. Loader
Wroclaw 51.05 16.52 -24.55 May 14.70 B. Bogacz
Halle 51.50 11.90 -27.97 April 10.10 Botanical Gardens, Halle
Freiburg 48.00 07.35 -26.52 May 13.66 Botanical Gardens, Freiburg
Dresden 51.07 13.47 -26.05 May 14.76 Tech. University, Dresden
Kiel 54.18 10.10 -27.38 May 12.43 Botanical Gardens, Kiel
Utrecht 52.06 05.07 -28.48 April 09.40 Botanical Gardens, Utrecht
Meise 50.56 04.20 -27.23 April 09.31 Botanical Gardens, Meise
Thessaloniki

40.30 22.57 -24.09 April 15.07 A Gerasimidis
Nice 43.38 07.12 -25.22 April 12.80 Botanical Garden, Nice
Lyon 45.42 04.57 -27.70 April 10.74 P.Berthet
Bordeaux 44.50 -00.42 -26.99 April 11.05 M.Vautravers
Mulhouse 47.45 07.21 -27.56 April 09.89 Botanical Garden, Mulhouse
Nantes 47.10 -01.35 -28.26 April 09.61 C. Figeneau
Nancy 42.38 07.12 -29.61 April 09.26 P. Romaric
Sofiya 42.38 23.22 -27.00 April 12.61 P. Geber
Zagreb 45.48 15.58 -27.26 April 11.60 M. Jurkovic
Madrid' 40.27 -03.32 -29.04 March/April 11.10 Botanical Garden, Madrid
Zurich 47.13 08.20 -29.11 April 08.57 Botanical Garden, Zurich
Le Chesnay 48.57 2.27 -27.73 April 09.40 D. Lobreau-Callen
Moveto 46.13 08.45 -26.72 April 10.40 N. Loader
Vienna 48.15 16.22 -30.63 April 11.80 F. Tocl

.Samples collected after cessation of florescence.
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The stable carbon isotope ratios of the archived pollen were determined using a VG-SIRA I
isotope ratio mass spectromneter interfaced with a FISONS NA 1600NC (The Godwin Institute
for Quaternary Research, Cambridge) and a Europa ANCA-GS1L combustion isotope ratio
mass spectrometer (Environmental Dynamics Institute, University of Wales, Swansea).
Results are expressed as per mil (%o) deviations from the Pee Dee Belemnite standard [22,23].
Repeat analyses of a laboratory standard pollen yield a reproducibility typically less than 0. 1
per mil (1 standard deviation).

The 613 Cpoijen data are compared with temperature from meteorological stations nearest to the
collection sites (Table ). Although the pollen initial is formed in the growing season of the
previous year, a period of between 4-6 weeks immediately prior to pollen release is believed
to represent the period during which the majority of pollen mass is accumulated [24]. The
average temperature during this period, hereafter referred to as 'development period
temperature' was correlated against 61 3C poiien. Although development period temperature may
be a physiologically relevant and useful indicator for some palaeoclimate analyses the
relationship between 61 3Cpoiien, and a more stationary climate indicator, mean annual
temperature (MAT), was also determined.

3. RESULTS

Carbon isotope analyses of selected pollen samples suggest that when operating under
standard conditions a. 500 spruce exina approximate to 9 micrograms of carbon. To what
extent such samples sizes are representative of the local signal is yet to be determined,
however it demonstrates that for carbon isotope analysis relatively small samples are required
(Figure 1).
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FIG. 1. Relationship betwveen sample sizes (No. Picea abies pollen grains (filled triangles). and
reference material (filled squares)) and mass spectrometer peak area. Open triangle represents a
sample comprising 1, 000 Pin us sy'lvestris grains.
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FIG. 2. Relationship between 13 Cpoiien and site altitude for three European tree genera; Picea abies
(triangles), Betula pendula (diamonds) and Pinus sylvestris (squares. The significant offset between
the three trend lines demonstrate the requirement for analysis of pollen from a single genus.
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FIG. 3. Relationship between 13 Cpoi11, and development period temperature (with standard error
confidence interval). Open circles and filled triangles represent the 'southern group' (including
Madrid) and 'northern group' respectively.
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FIG. 4. Relationships between 63C,1 , and (a) mean annual temperature and (b) latitude for the
'northern' (black triangles) and 'southern' (grey' circles) groups. The data for Madrid (black square)
may, be associated with another, more southern group.

From a comparison of the three European plant genera analyzed it is also apparent that
significant differences exist between their raw carbon isotope signals. These off-sets are likely
to relate to differences in the processes operating during photosynthesis and the role of stored
photosynthate in pollen development. Although significant scatter is apparent from the pollen
collected along the transect (some of which could be related to variations in aspect) it is
interesting to note that the overall trends are similar. Nevertheless these findings emphasize
the importance of a "single genus approach" when analyzing palaeosequences (Figure 2).
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A strong positive linear relationship was observed between 6 13C pollen and development period
temperature (Figure 3). This is in agreement with most temperature related associations found
in studies of tree ring 6' 3C [25], and may be explained theoretically through a relative increase
in carboxylation fractionation, resulting from a decrease in stomatal conductance and/or an
increase in assimilation. The slope of the temperature regression (0.61 %o/ C) is steeper than
those generally observed with tree ring 613C, uggesting greater temperature sensitivity. This
may reflect the fact that the majority of pollen formation occurs in a considerably shorter time
window than tree rings, and the timing of this formation is highly temperature dependent [26].

Figure 4a describes the relationship between 613C polle and MAT. The data cluster around two
regression lines that display similar maxima and minima for both temperature and 6 13C. If
these data are compared with site latitude (Figure 4b) it is evident that these clusters are
associated with geographical location; one being composed of pollen from the relatively cold,
northern sites (>-50 N) and warmer, southern sites (<-50 N). Each group shows an increase
in 613CP,011en with increasing temperature and decreasing latitude, but the slope of this
relationship is steeper for the northern group, again suggesting greater temperature sensitivity.
Enhanced temperature sensitivity with increasing latitude is also observed in tree-ring studies
[27,28], and is to be expected given that temperature is typically more limiting at higher
latitudes.

Although it is clear that the two linear relationships between 613C and MAT are the result of
the close association between latitude, MAT and development period temperature, it is not
apparent from these data why there are two groupings and what causes the switch between
groups. The reason for this shift (from -- 30 %o to -- 25 %o) appears to be related to a change in
the timing of the development period from April/May to May/June. During this switch MAT
remains approximately equal but development period temperature changes from -9 C
(southern group minimum) to -15 C (northern group maximum). These temperatures and
associated 61'3C~o01 en values may therefore represent temperature thresholds for pollen
development. It is also possible that this shift in response might represent the emergence of an
additional (as yet undetermined) limiting factor to pollen development within the harsher
higher latitude environment. Luomajoki [29] identified early (<63 N) and late (>63 N)
flowering populations of Pinuis sylvestris across Finland. In the more northerly group anthesis
occurred later than in the south and required a lower actual threshold, but greater proportion
of the annual heat sum. Significant hybridisation and genetic differences in Pinus sylvestris
are known to occur across Europe [3 0,3 1. It is possible that the observed trends in 6'3 Cpoien
response reflect such genetic differences.

4. CONCLUSIONS

This pilot investigation represents an early attempt to determine the nature of the relationship
between 613C pollen and external environmental controls. In doing so it has identified several
important questions, methodological issues and areas of further study that must be addressed
before a meaningful interpretation of the palaeorecord can proceed.

Through a spatial study we demonstrate a statistically significant relationship between
6'3 Cpoiien and development period temperature. Whilst it is likely that temperature is not the
only factor influencing 613C in pollen, this preliminary work suggests that a link (direct or
indirect) appears to exist which may, in future, be exploited in the palaeo-record. Carbon
isotope analysis of pollen from different plant genera show a degree of similarity, however the
off-set between each is such that variations in pollen type within bulk samples could result in
ambiguous pollen derived isotopic time series. Where possible a single genus is therefore

396



recommended for stable isotope determination. Analysis of sporopollenin extracts from
spruce and pine grains reveal that the absolute quantities of pollen required for measurement
of 6 Cpoiien are within realistic limits for manual selection/hand picking. Variations in the
resistance of the pollen components through time emphasizes the need for extraction and
analysis of a single component of the pollen grain when applying these methods to the
palaeorecord.

Further research is already underway to assess variations in response at species level and to
refine the pollen development and statistical models used in this study through incorporation
of additional environmental factors including altitude, site hydrology, insolation,
photosynthetic relative humidity and cumulative degree-day totals.
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