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Abstract

Subfossil pollen from two co-existing Betula species in Iceland, B. nana and B. pubescens, is frequently found in sediments
and peat. Interpretation of the findings often depends on the ability to differentiate between the two species according to
pollen size and structure. Fresh pollen samples were prepared from 70 individual trees/shrubs which had been identified to
species by chromosome number. Grain diameters and pore depths were measured and ratios of grain diameter to pore depth
(D/P ratios) were calculated. The mean grain diameters of pollen from diploid B. nana and tetraploid B. pubescens were
20.42 and 24.20 pm, whereas mean pore depths were 2.20 and 2.81 pm respectively. Mean D/P ratios were therefore 9.55
for B. nana and 8.85 for B. pubescens. The difference between species was statistically significant for all three pollen
parameters. Grain diameter appeared to be the most useful parameter, as only about 20% of the samples were in the
overlapping region of the species distributions. Pollen size (grain diameter) was also positively correlated to tree
morphology, which was evaluated using species-specific botanical characters. Pollen samples from different locations/
populations in Iceland varied slightly in mean size and ratio. The size difference between pollen of B. nana and B. pubescens
in this study is less than other papers have reported, which may be due to the effect of introgressive hybridisation between

the two birch species in Iceland.
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Two birch species are found in Iceland: arctic dwarf
birch (Betula nana Linnaeus 1753) and downy birch
(Betula pubescens Ehrhart 1790). Betula nana is a
prostrate shrub up to one metre in height and has its
main distribution in the sub-arctic and alpine
regions of the Northern Hemisphere. The species
is represented by subspecies nana (Sukaczev) Hultén
in Europe (including Iceland) and western Asia, and
subspecies exilis (Sukaczev) Hultén in North
America and central and eastern Asia (Hultén &
Fries, 1986). Betula pubescens is a European species,
represented by subspecies pubescens Ehrhart, which
may grow up to 25 m tall with single or many stems,
and also by subspecies rorruosa (Ledebour) Nyman,
which is a shrub or low-growing tree found in the
mountain regions of northern Europe (Walters,
1964). The latter subspecies, so-called mountain

birch, is believed to be the result of introgressive
hybridisation with B. nana (reviewed in: Atkinson,
1992). Due to extensive and continuous morpholo-
gical variation of birch in Iceland (Thoérsson et al.,
2001; Anamthawat-Jonsson, 2003a), this tree birch
species is not divided into subspecies in this study
but is treated as one, Berula pubescens sensu lato.
Berula nana and B. pubescens are wind pollinated
and both species produce large quantities of pollen,
which can frequently be found in sediments and peat
proximate to their habitat. Their pollen morphology
is very similar. But since the species represent
different ecosystems, it is important to be able to
differentiate the pollen, especially when reconstruc-
tion of vegetation history is based on subfossil
pollen. Pollen size measurements on different
species of Berula have been published in several
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papers, for example Birks (1968), Maikeld (1999)
and Caseldine (2001). Pollen samples from trees/
shrubs, which are identified to species based on
morphological features, are normally used as a
reference for distinguishing subfossil pollen.
However, even if mean sizes differ markedly; size
frequency curves tend to overlap so much that
species separation becomes difficult. Species differ-
entiation by pollen structure is also possible
(Blackmore et al., 2003): for example by comparing
pollen pore depths and ratios of grain diameter to
pore depth (Birks, 1968; Mikeld, 1996; Clegg et al.,
2005). Species differentiation of subfossil pollen is
best accomplished using methods based on com-
bined parameters, together with appropriate statis-
tical analyses.

The aim of this paper was to establish a reliable
way of differentiating pollen of B. nana and B.
pubescens using samples of birch plants that were
identified to species based on cytotaxonomy rather
than morphology alone. Betula in Iceland has been
shown to be chromosomally stable — the genus
comprises three ploidy groups, i.e. diploid
(2n=2x=28) B. nana, tetraploid (2n=4x=56) B.
pubescens and a triploid (2n=3x=42) hybrid between
the two birch species (Anamthawat-Jonsson &
Tomasson, 1990; Thorsson et al. 2001). On the
other hand, all three groups are extremely variable
morphologically, due to bidirectional introgression
between the two species via triploid intermediates
(Thorsson et al.,, 2001; Anamthawat-Jonsson,
2003a). Such morphological variation has often
made species identification very difficult, and as a
consequence species references for pollen differen-
tiation can not be standardized. In this work we
made pollen measurements on samples from field
plants with known chromosome number, i.e. diploid
B. nana and tetraploid B. pubescens. These measure-
ments should allow us to estimate Berula species
composition in subfossil pollen samples more
reliably.

Material and methods

Pollen samples were collected in the spring of 2004
and 2005 from individual plants (trees or shrubs)
that had been verified by chromosome number and
morphological analysis. The method of chromosome
preparation from leaf buds followed Anamthawat-
Jonsson (200356). Diploid birch plants (with 28
chromosomes) were classified as Betula nana,
whereas tetraploid plants (with 56 chromosomes)
were treated as B. pubescens. The diploid group also
had morphological characteristics typical of B. nana
(low scores of morphology index, based on growth
form, habit and leaf morphology), whereas most
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tetraploid plants had B. pubescens morphology (high
scores, see the scale in Thorsson et al., 2001). The
plants were selected from ten different sites repre-
senting all major woodlands in Iceland (Table I).
Male catkins were either collected directly in the
field or from branches that were taken indoors to
allow fresh anthesis.

Samples of pollen were mounted in silicon oil after
preparation by standard methods (Feegri & Iversen,
1989) including sequential treatment in hot solu-
tions of 10% NaOH for 15 min, 10% HCI for 5-
10 min, 40% HF for 5 min and 10% HCI for
10 min, followed by acetolysis and dehydration in
ethanol and TBA buffer. Individual pollen grains
were examined under 400 x magnification with a
Nikon Eclipse-800 microscope and photographed
using Nikon DXMI1200F digital camera through a
frame size of 640 x 480 pixels. The digital image of
each pollen grain was measured using Image] soft-
ware (heep://rsb.info.nih.gov/ij/) and the measurement
was checked against the microscopic scale which
allowed precision of about 0.3 pum (Micrometer
2 mm 200Teile, Leitz Wetzlar). From each indivi-
dual tree, 120-130 pollen grains were photographed
and measured. Only triporate pollen grains (normal
grains with three pores) lying in polar view were
used. Two lines, grain diameter and pore depth,
were measured from each pollen grain (Figure 1).
Grain diameter (D) was defined as the distance from
the outside tip of the pore to the outer margin of the
facing wall, whereas pore depth (P) was defined as
the distance from the outside tip of the pore to the
inner margin of the nexine through the vestibulum.
When pollen shape was unbalanced, the largest
diameter and pore depth were used. The D/P ratio
was then calculated for each pollen grain. Nested
ANOVA, Tukey’s HSD test and Pearson’s correla-
tion coefficient were performed using SPSS 10.0.5
software (©)SPSS Inc., 1989).

Table I. Location of birch woodlands in Iceland where individual
trees were studied and their pollen measured. See also Figure 4.
The altitude is shown as the average level for the woodland. Note:
*Only Betula pubescens was found in this area.

Latitude Longitude Altitude

Location Label (°N) (°W) (m)
Brekkuskogur A 64.27 20.51 129
Bifrost B 64.76 21.59 62
Asbyrgi D 66.01 16.50 41
Eidar E 65.32 14.36 49
Jokulsa i Loni G 64.43 14.90 36
Skaftafell H 64.03 16.98 267
Reykjanes I* 63.89 21.72 20
Kjalkafjordur 1) 65.62 22.94 14
Kaldalon M 66.10 22.39 36
Myvatn R 65.58 16.85 304
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Figure 1. Microscope images of Betula pollen under the same
magnification: (A) B. pubescens and (B) B. nana. Black lines show
grain diameter (24 um) and pore depth (3.6 pm).

Results

Pollen diameters (D), pore depths () and D/P
ratios were obtained from a total of 9 021 pollen
grains from 70 Betula plants in ten locations in
Iceland. Among these birch plants, 31 were con-
firmed by chromosome counting as being diploid B.
nana (3998 pollen grains measured) and 39 were
tetraploid B. pubescens (5023 grains measured). In
general, pollen of the diploid B. nana was smaller,
with a thinner wall and smaller pore (vestibulum)
than pollen of the tetraploid B. pubescens (Figure 1).
The measurements showed that most of the B. nana
pollen grains had a smaller grain diameter and pore
depth than those of B. pubescens (Figure 2,
Table II). Statistical analysis by nested ANOVA
(Table III) showed significant (p <0.001) difference
between the two birch species and among indivi-
duals within species in all three pollen parameters
(D, P and D/P ratio). Among these parameters,
grain diameter could differentiate the two species
more effectively than pore depth (higher F values,
Table III), which in turn was better than the D/P
ratio.

Each Betula species showed a bell-shaped
(Poisson-type) distribution curve with a distinctive
peak by all three parameters, and for each parameter
the two species distribution curves were connected
with an overlapping region (Figure 2). The mean
pollen diameters were 20.42 and 24.20 pym for B.
nana and B. pubescens respectively, and the cut-point
between the two species distribution curves was at
22.1 um (Figure 2A, Table II). Only about 20% of
the pollen grains fell within the overlapping region —
most (79%) of B. nana pollen grains were smaller
than 22.1 um and 81% of B. pubescens pollen grains
were bigger than this cut-point size. Pollen pore
depth was greater in B. pubescens compared to B.
nana: the mean pore depths were 2.20 and 2.81 pm
for B. nana and B. pubescens respectively, and the
cut-point between the two species was approxi-
mately at 2.5 um (Figure 2B, Table II). The
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Figure 2. Cumulative distributions by species of (A) pollen grain
diameter, (B) pore depth and (C) ratio of diameter to pore depth.

species-specific distribution curves for this para-
meter were somewhat similar to those for grain
diameter, i.e. about the same proportion (ca. 80%)
of B. nana pollen grains had pore depth less than the
cut-point. However, a smaller proportion (less than
70%) of pollen grains from B. pubescens pollen had
deeper pores. The mean grain D/P ratio of B. nana
was also significantly different from that of B.
pubescens (Table III), but the overlapping region
was too large (84%) to make this parameter useful
for species differentiation (Figure 2C). Neither pore
depths nor D/P ratios were analysed further statis-
tically in this study.

Positive correlation was found between mean
pollen size (i.e. grain diameter) and plant morpho-
logy index of individual trees/shrubs (Figure 3).
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Table II. Differentiation of Betula nana and B. pubescens pollen by grain diameter, pore depth and ratio

of diameter to pore depth.

B. nana

number of plants=31
number of pollen grains=3998

B. pubescens
number of plants =39
number of pollen grains =5023

mean SD min

max mean SD min max

Grain diameter (D, pum) 20.42 2.29 14.3

Pore depth (P, um) 2.20 0.40
D/P ratio 9.55 1.80

30.4 24.20 2.36 14.3 33.9
4.4 2.81 0.50 1.4 5.2
17.9 8.85 1.63 4.3 18.2

Table III. ANOVA test of species and individual effects on pollen
diameter, pore depth and their ratio.

Dependent
Source variable SS df MS F p<
Between Diameter 31762 31761.8 10134 .000

1
species Pore depth 843 1 842.7 6041 .000
D/P ratio 1115 1 1115.2 512 .000

Among Diameter 21029 68 309.3 99 .000
individuals Pore depth 667 68 9.8 70 .000
within D/P ratio 6739 68 99.1 45 .000
species

Corrected Diameter 80843 9020
total Pore depth 2753 9020

D/P ratio 27333 9020

28

Mean grain diameter (um)

8. pubescens

18 1 o B. nana
= —— Total population
R* =0.5768
16 . . . . : =
0 2 4 6 B8 10 12

Morphology index

Figure 3. Scatter plot showing positive correlation between plant
morphology index (x-axis) and pollen grain diameter (y-axis) of
diploid (2n=28) Betula nana and tetraploid (2n=56) B. pubescens.

Low-lying shrubs that had relatively rounded leaves
with single toothed margin and short petiole (B.
nana type, low morphology index) often produced
smaller pollen grains than those from birch trees
which had more pointed and ovate-shaped leaves

with dentate margin and long petiole (B. pubescens
type, high morphology index). The correlation was
statistically significant when combining the two
birch species (r=0.759; p<0.001; n=70), but when
the species were analysed separately the significance
existed only in B. nana (r=0.359; p=0.024; n=31),
not in B. pubescens (r=0.035; p=0.417; n=39).
Diploid B. nana plants with a low morphology index
(Figure 3: scores 0-1) clearly had smaller pollen
than those which had a higher morphology index
(scores 1-2). However, tetraploid B. pubescens
plants, which had a wider range of morphology
scores (5-11) compared to B. nana (scores 0-3),
appeared to have similarly large pollen grains
(Figure 3).

Differences in pollen size were found among
locations/sites (Figure 4). The nested analysis of
variance (Table IV) showed significant difference
(p<0.001) in pollen grain diameter among sites in
each species, as well as among individual trees/
shrubs within sites. The difference in pollen dia-
meter among different sites was further analysed
using Tukey’s HSD test to compare the mean
values. The test divided the mean pollen diameters
into six groups for each species (groups a—f), from
the smallest to the largest means of pollen diameter,
and at each site the means could fit into one to two
groups but they were significantly different from the
rest (Figure 4). The largest B. pubescens pollen, with
a mean diameter of 25.3 um was found in the
woodland Skajftafell (site H, south-eastern Iceland),
but the smallest pollen grains of this species, with a
mean diameter of 22.7 um, were from the woodland
Bifrost (site B, western Iceland). Interestingly, the
smallest B. pubescens pollen was similar in size to the
largest B. nana pollen, which had a mean diameter
of 22.4 um (site G at Jokulsa i Lonz, eastern Iceland).
However, B. nana pollen grains from most (six of
nine) woodlands under study had small pollen with
mean grain diameters of 19.4-20.0 pm. There is no
indication of geographical pattern regarding pollen
size. The pollen size ratios between the two species
(B. pubescens to B. nana) among all sites ranged from
1.05 to 1.28, while the ratio derived from all
locations combined was 1.19. No correlation
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Figure 4. Mean grain diameters of Betula pollen by species and sites. Numbers above the columns indicate number of individual trees/
shrubs per site. Small letters at the bottom of columns show results of Tukey’s HSD test®®* for each species separately, columns with
different letters differ significantly (p <0.05). The map on the right shows location of the sites (see also Table I).

(r=0.02) was found between pollen size of B. nana
and B. pubescens within the same site, meaning that
local conditions do not seem to affect pollen size.

Discussion

Pollen size (grain diameter) is a better and
more reliable parameter than pollen structure (as
represented by pore depth) for differentiating Betula
nana and B. pubescens in this study. However, pollen
pore depth and D/P ratio could be used to verify the
differentiation and help resolve the uncertainty if
grain diameter falls within the overlapping region
between the two species. The difference in mean
pollen size between these two birch species may be
the consequence of substantial difference in genome
size and DNA content, which is normally accom-
panied by differences in cell size. Statistical sig-

Table IV. ANOVA test of site (location) effect on pollen diameter
for each Betula species.

Species Source SS df MS F p<
B. nana Among sites 4186 8 523.3 196 .000
Among 6080 23 264.3 99 .000
individuals
within site
Corrected 20990 3997
total

B. pubescens  Among sites 4330 9 481.0 137 .000

Among 6320 29 217.9 62 .000
individuals
within site

Corrected 28094 5022
total

nificance was also obtained when comparing the size
of pollen of North American birch species, i.e.
between diploid dwarf birch (B. nana and B.
glandulosa) and polyploid tree birch such as B.
papyrifera (Clegg et al., 2005). In the same study, no
statistical significance existed in pollen size among
species having the same ploidy level. Another
example came from Greenland (Fredskild, 1991)
where pollen of the diploid species B. glandulosa was
smaller than pollen of the European tetraploid tree
birch species B. pubescens.

In Berula, the total chromosome complement
length for tetraploids was estimated to be approxi-
mately double that for diploids, but the increase was
less than proportional as the chromosome number
increased (Taper & Grant, 1973). The difference in
genome size (nuclear DNA amount) between
diploid and tetraploid species of the same genus is
thought to be reducing significantly over evolution-
ary time (Leitch & Bennett, 2004). Although
chromosomes of the diploid species B. nana are,
on average, bigger (longer) than chromosomes of the
tetraploid B. pubescens (Anamthawat-Jonsson &
Heslop-Harrison, 1995), genome size difference
between species having different ploidy should be
large enough to account for significant differences in
cell size as well as pollen size.

The pollen size difference between diploid B. nana
and tetraploid B. pubescens in this study is 18.5% if
calculated from the mean values (20.42 um for B.
nana and 24.20 pm for B. pubescens), whereas the
size difference deduced from other studies is in the
range of 25-45% (Prentice, 1981; Maikeld, 1996;
Caseldine, 2001), larger than that in the present
study. The mean grain diameters of B. nana pollen
from other studies (Birks, 1968; Maikeld, 1999;
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Caseldine, 2001) are 15.50-19.23 pum, after adjust-
ment for the pollen preparation using 1.2~ reduc-
tion for samples mounted in glycerol to samples
mounted in silicon oil according to Feegri and
Iversen (1989). The mean grain diameters for B.
pubescens (combined subspecies) from these studies
are 18.86-26.92 um. The pollen of B. nana in the
present study is clearly bigger than pollen of the
same birch species from Scandinavia and Britain,
whereas the pollen size of B. pubescens is within the
range of these previous measurements.

If pollen size of the Icelandic Betula nana is in fact
different from pollen sizes of the same species
elsewhere as the data suggests, several explanations
are possible. For example, this might be the chance
result of homogeneity and isolation of the population
(founder effect), or conditions might have favoured
some genetic traits with this phenotype (selection).
However, the more likely explanation is that condi-
tions in Iceland have favoured hybridisation of the
two species, leading to genetic modification of the
species via introgression. Considerable evidence has
indeed supported this introgressive hybridisation,
which is believed to be the cause of morphological
diversity in both species (Thorsson et al., 2001). In
that study, genetic material from B. pubescens was
evident in the genome of Icelandic B. nana, whereas
a B. nana sample from southern Finland was more
pure. Furthermore, the morphology of Icelandic B.
nana was modified by B. pubescens (through intro-
gression), as also shown in the present study. The
mean scores of morphology index for B. nana from
nine woodlands in Iceland range from 0.65 to 2.00,
while taxonomically the species should have the
lowest score (zero). Also in the present study, pollen
size of B. mnana correlates positively to plant
morphology such that B. nana plants with lower
morphological scores produce smaller pollen than
the more modified (introgressed) B. nana plants.
Such correlations support that introgressive hybridi-
sation is the most likely cause of large pollen in
Icelandic B. nana, hence the smaller difference in
pollen size between the two birch species compared
to data from other studies.

Measurements of Betula pollen recovered from
sediments in northern Iceland and dated from early
Holocene (Hallsdottir, 1990) showed smaller B.
nana pollen than that of the present study. A
possible interpretation is that B. nmana pollen in
Iceland has grown larger with time because of
introgression from B. pubescens. On the other hand,
the pollen size of B. pubescens could predictably be
reversed, i.e. become smaller, due to the introgres-
sion being bidirectional. This change in pollen size
requires further investigations. Most interestingly,
measurements of B. pubescens pollen grains from
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different areas of Fennoscandia (Mikeld, 1996)
showed smaller pollen size in mountain birch
(subspecies rortuosa) by about 16% when compared
to pollen from the more southern B. pubescens. As
this mountain birch had many features from B.
nana, it was suggested to be due to introgressive
hybridisation (Vaarama & Valanne, 1973).
Therefore the introgressed (zortuosa) type of B.
pubescens should supposedly produce small pollen,
the same way as the introgressed type of B. nana
produces bigger pollen. This correlation is in fact
statistically significant, i.e. plants that have lower
scores of morphology index (due to introgression)
produce smaller pollen than those having higher
morphological scores. We are currently studying
pollen characteristics including size of pollen grains
produced by triploid hybrids (between B. nana and
B. pubescens) and have found that the majority of
these triploid plants have intermediate or hybrid-like
morphology. Their pollen grains are small (unpub-
lished results). Pollen size as a species parameter — in
conjunction with multivariate species-specific traits,
especially in the leaf morphology — may be used to
create a reliable introgression scale for analysing
subfossil pollen.

Conclusions

Pollen samples collected from ten birch woodlands
in Iceland were measured for grain diameter and
pore depth. The plants were identified to species
based on chromosome number, and species-specific
characters, especially in the leaf morphology, were
scored for each plant. Identification of plants by
ploidy determination eliminates the involvement of
triploid hybrids, which made the species delineation
unclear. Pollen of tetraploid B. pubescens was
statistically larger than pollen of diploid B. nana
and this could be related to the difference in ploidy
level, i.e. the tetraploid genome being larger than the
diploid genome of the same genus. The difference in
pollen size between the two species is less than in
most other reports, and this is believed to be due to
the bidirectional introgressive hybridisation that has
presumably brought the plant genetic differences
closer. As pollen size was significantly correlated
with plant morphology, it should be possible to
establish an introgression scale suitable for studying
subfossil pollen. The significance of the present
study is two-fold: firstly, pollen size can be used to
separate B. nana pollen from that of B. pubescens
more effectively; and secondly, pollen size can be
used to estimate the extent of past introgression that
may have played a major role in birch vegetation
history in Iceland since the early Holocene.
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