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Dedication

To all the hikers of Icelandic wilderness
marvelling at the sight of a treelike growth
in the barren landscape






Abstract

The introgressive hybridisation between downy biRétula pubescerishrh., and
dwarf birch,B. nanalL., has been confirmed in Iceland but limited kfexlge on the
extent or timing of such hybridisation exists. Theesent study focuses on
hybridisation in the Holocene, its frequency andpss and the environmental
factors initiating hybridisation. The history Bétulain Iceland is reviewed; possible
means of dispersion from NW-Europe and developneénitvoodlands in the
Holocene are discussed.

This work is centred on three studies publisheattached papers Ill, IV and
V which all rely on the results from papers | ahdThe first two papers (I and
Il) describe the size and shape Bétula pollen, sampled fronB. nana B.
pubescensnd triploid hybrids in ten existing woodlands.eTimain study (llI,
IV and V) was conducted on subfossil pollen sampiexn peat at three
locations in Iceland. Pollen was prepared with égaaOH, HCIl, HF and
acetolysis with conventional methods. The pollem@as were analysed with
special emphasis oBetula pollen, which was measured for size, and any
deviations from normal structure were noted fonideation of hybrid pollen.
Species proportions were calculated from sizeiligions.

The three sites revealed different climatic coodii as reflected in the
abundance oBetula species pollen, other pollen and spores, as welina
meteorological data existing from the™2€entury. Proportion oBetulaspecies
fluctuated with climate changes and periods of lysation were detected at all
three sites, especially connected to warming ckmad tree birch advances
near the Holocene thermal maximum.






Utdrattur

Kynbléndun ilmbjarkar Betula pubescenghrh., og fjalldrapaB. nanal., og
genafleedi milli tequndanna er pekkt en litid eadium umfang bléndunarinnar
né hvenaer han hefur ordid. Pessi rannsokn beidisegundablondun birkis &
natima, p.e. sidustu tiu pusund &rum, tidni bldadwy umfangi jafnframt pvi
sem leitad er ad svérum vid pvi hvers konar adstggéwndir blondunina. Saga
birkis & islandi er rakin, mégulegar dreifingarieiBirkis fra nordvestur Evrépu
og préun birkiskéglendis & natima reedd.

Verkid snyst ad mestu um prjar rannséknir sem bietar i medfylgjandi
greinum, merktum 1, IV og V en peer byggja allam@urstodum rannsékna
sem lyst er i greinum | og Il. Tveer elstu greinarhgsa sterd og logun
birkifriokorna sem safnad var af iimbjork, fjallgra og prilitna blendingum i tiu
skoglendum sem enn eru til. Adalefnid eru ranngdle@m voru gerdar &
frjiokornum Ur mé sem tekinn var & premur stédunmaigdinu. Frjésyni voru
undirbdin med hefobundnum adferoum, hitud i NaOHCIL,HHF og
brennisteinssyrulausn og sidan skodud med sérstagrslu & birkifriokorn. bau
voru meeld og fravik fra edlilegu utliti skréad tieps ad greina blendingafrjokorn.
Hlutfoll birkitegunda voru reiknud fra steerdardiegfu.

Mismunandi vedurfarsadsteedur voru & rannsoknamtédupremur sem
birtist i magni birkitegundanna, 6drum frjékornurg gréum eins og einnig er
heegt ad sja i vedurgdognum fra sidustu o6ld. Hiutlatbjarkar og fjalldrapa
sveifludust med breytilegu vedurfari og merki umnhbr tegundabléndunar
fundust fra 6llum stédunum, einkum i tengslum vifynandi vedréattu og
Utbreidslu ilmbjarkar naleegt hlyjasta skeidi nutima
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Preface

The objectives of these studies were to explordiitery of the twBetulaspecies
native to Iceland and their interaction in the passtmillennia, in order to gain a better
understanding of the birch woodlands, so preciouscantemporary Icelandic
landscape.

For that purpose, subfossil pollen was analysedreteeal firstly, the
proportion of each species at different times bysoeing and calculating sizes,
and secondly, indications of hybridisation of t tspecies by searching for
hybrid pollen.

This was done by utilizing the results of previsasearch oBetulapollen
gathered in ten different woodlands and publisimegapers | and Il included in
this thesis.

Armed with the results from paper | and Il, we agmhed the objectives by
selecting sites in different regions of Icelande am the middle north, one in the
southwest and the third in the northeast. The thirel should preferably have been
in the east or southeast, but in that part of thntry, proximity to glaciers has
left few sites from the earliest Holocene vegetatiotouched, thus the northeast
was chosen as an alternative site.

In each of these three studies, published in paperdV and V, the
objectives were met by measuriigetula pollen for calculation of species
proportions from diameter-based size distributiod &y noting and counting
non-triporate pollen which is more frequent in hgbrthan in the parent species.

The results were interpreted in connection to otlegyetation characteristics
seen in the pollen samples and what is known op#feeoclimate for the area and
period in question.
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Abbreviations and glossary

In most of this text the Icelandic letters b/p haeen replaced with Th/th and the
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papers enclosed, and because the aforementiorteds Iélave sometimes been
troublesome when moving from one computer softwaranother. | apologise to
the people who love the Icelandic language andcddlendic persons whose names
I have changed in this way.

%C BP — Carbon dating, carbon years before 1950
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b2k — Ice core years before 2000.

Birch (Icelandic: birki) is here used for any spescof the genuBetula
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Cal years BP — Calibrated years Before Presentbeuai calendar years before 1950
HTM — Holocene Thermal Maximum, the warmest partheflast 12000 years.
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LOI — Loss On Ignition, weight loss by burning aamlidrom soil, roughly equal to OC.
Ma — million years ago

m a.s.l. — meters above sea level

MAT - mean annual temperature

MWP — Medieval Warm Period, mild climate around @@l years BP
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PAR - Poallen Accumulation Rate, number of pollepasited on each square cm per year

Ploidy — number of sets of chromosomes in a celiefers to the gametic set
(haploid) and 2n refers to the somatic complemiet;2n numbers can be diploid
containing two sets of chromosomes (2n=2x, wheig base number of a given
group of species), triploid containing three sé&is=3x), tetraploid with four sets
(2n=4x) and so on so forth.
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1 Introduction

This work is based on several studies on pollemftbe two species of birch
native to Iceland, the downy bircBetula pubescenghrh. and the dwarf birch
Betula nanal. The results of studies on pollen from existiugodlands were
used to interprete and draw conclusions from studie subfossil pollen on the
growth, interactions and hybridisation of the tyesies through the Holocene.

1.1 The oldest known floras of Iceland

The history of Iceland as a distinct geologicalitgntovers around 60 million
years (Graham et al. 1998). On the other hand #mg mature of an island,
located on an oceanic ridge mantle plume, is aimoots regeneration of
surface above sea level. Therefore, the oldest krmowk in Iceland is less than
16 million years old (McDougall et al. 1984) socka of older vegetation are
probably lost forever. Fossils from the oldest pat Iceland have revealed a
fascinating Miocene flora quite unlike the presehmong the species found
were several types detula among them the endemic and now-extiBetula
islandica (Denk et al. 2005). The oldest known Icelandiadlevas a broad-
leaved deciduous forest 15 million years ago (Méh wonifers on mountain
slopes, prevailing in this temperate to warm-terafgeclimate for millions of
years, described by Grimsson (2007). In this flBeyushas been most studied
but examples of other taxa wef&equoia, Magnolia, Platanus, Ulmwand
AesculusThe estimated maximum mean annual temperatureljMas around
13.5°C at 12 Ma. From that time MAT decreased tuad 10°C at 8 Ma and
near the end of the Miocene at 6-7 Ma the MAT wamewvhere between 5.4
and 9.4°C (Grimsson 2007). The cooling of climatetimued in the Pliocene
epoch (Buchardt and Simonarson 2003) althoughcstilsiderably warmer than
late 2¢" century climate. Verhoeven et al. (2013) estintae climate from
pollen assemblage as “Csb” in Kdppen climate diassion or Oceanic
Mediterranean — comparative to modern Portugal @mn SranciscoBetula
pollen grains were seen amongst a diverse arrayhef species, both trees and
herbs, throughout the Pliocene and into the Pleéste epoch.

Then, the climate got a lot colder. Marine sedirmdérdm the Hatton plateau,
approximately 1000 km south of Iceland and wedtalfind, show evidence of
gradual cooling from 2.9 Ma and a severe dropnmpierature at 2.4 Ma, derived
from benthic foraminifers oxygen isotope balancé.2A Ma, first ice-rafted
debris of Greenland origin was found (Zimmermanleil984). The Pleistocene
had arrived.
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The oldest glacial deposits found in Iceland atémeded 3.8-4.0 and 3.4
Ma, inland in the NE-Iceland. They are thought &wénbeen local in a limited
area. The first major ice sheet is dated 2.9 Maciations intensified at 2.7 Ma
and glacial deposits dated 2.5-2.4 Ma have beendfon all parts of Iceland
(reviewed in Geirsdéttir 2004; 2011). The flora mhed as the climate did;
conifers and the temperate deciduous forest disapgebutAlnus Betulaand
Salixwere among the last of the Pliocene flora (Eirarsnd Albertsson 1988).

The Pleistocene flora in Iceland is only known friaw locations where plant-
bearing sediments with limitet extensions have eend. Four of them are fairly
well studied, the oldest one dated 2.4-2.1 Ma hadthers from interglacials dated
1.7, 1.1 and 0.8 Ma. The interglacial floras foumdre similar to the modern
Icelandic flora and birch was found in all of théidenk et al. 2011b).

Based on the insolation forcing and oxygen isotofresn Pleistocene
deposits the glacial-interglacial cycles of thet 2sMa may have been 40-50
(Huybers 2006). In Iceland, evidence of 13-23 giagns are known, thereof at
least 12 boasted icecaps that reached sea lewar§Son and Albertsson 1988).

Geirsddttir et al. (2009) have reviewed the degtam in Iceland from around
15 cal ka, when the Icelandic ice sheet broke uplasve sea levels rose 60-150 m.
Rapid deglaciation combined with volcanic eruptioreated numerous catastrophic
jokulhlaup (outburst floods). During the Early Bddf and through Allerdd, the
coastal lowlands of present-day Iceland were pighed-free, but submerged.

1.2 The Holocene flora of Iceland

From the beginning of Holocene, the Icelandic mistof vegetation has been
continuous. The same habitat types as are seey; wdalar or the same species
have alternatively gained or lost ground in harmawvith climatic changes.
Knowledge of Holocene vegetation in Iceland is o@ably more detailed than
that of previous geological epochs and stems mastiy palynological research
on deposits. Hallsdéttir and Caseldine (2005) dis2é references for 62 pollen
sites in Iceland in the period 1944-2005. Since 5208t least 16 papers
describing Icelandic pollen sites have been publsiThree of these focus on
Miocene and Pliocene-Pleistocene pollen but theamsimg 13 show various
periods of the Holocene (Figure 1). A list of lgedic Holocene pollen sites,
based on Hallsdéttir (1995) and Hallsdottir and ebdise (2005) with
modifications is shown in Appendix A.

Thorleifur Einarsson, one of the pioneers of Icdlargeology, worked on
many of the first pollen analyses done in IcelaAgpendix A). His interest
within geology was broad but his focus was paréidylon vegetation history.
He divided the vegetation history of Iceland intmages beginning in the Late
glacial, 18-11.5 cal ka BP, with pioneer vegetati®@ix phases within the
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Holocene were designated; (1) Pioneer vegetatitrg-10 cal ka BP, mostly
without birch, except in the NE; (2) The older higgeriod, 10-7.5 cal ka BP; (3)
The older bog period, 7.5-5.5 cal ka BP; (4) Thenger birch period 5.5-2.5 cal
ka BP; (5) The younger bog period, after 2.5 caBRaand lastly (6) Historical

time, after 870 AD (Einarsson 1962, 1968; timingraximate using Intcal09,

Reimer et al. 2009). This summary of vegetationohyshas aged well and, in
spite of numerous exceptions and variations foundlifferent sites, the big

picture has not changed much. More detailed anatepgdsummaries are found
in Hallsdéttir (1995) and Hallsdottir and Caseld{@605).

Birch is always at the centre of interpretationpaiaeontological data in
Iceland, being the only tree species forming cardus woodlands. For the most
part, the Holocene climate in Iceland has been tleamargin of the require-
ments of tree birch (see section 1.3.2). This makespresence, absence and
quantity of birch pollen a useful tool to estimatenate variation through time
and among sites.

Several attempts to reconstruct Holocene climaséotyi from palynological
data, and data on glacial retreats and advances,be@n made, especially for the
middle north Iceland from where most data existdi@undsson 1997; Stotter et al.
1999; Wastl et al. 2001). They show a more detadl@date history than the
Einarsson (1962; 1968) model but still the ovepiliure remains. The warm period
with tree birch after 10 cal ka and before 7 caigs not continuous, but ruptured
by cold spells before the decline in temperatucklarch ca. 7-5 cal ka. There were
also cooler events during the mild period and biidbance ca. 5-3 cal ka and after 3
cal ka birch seems to have retreated stepwisecdooker climate broken by the
Roman Warm Period (RWP) and Medieval Warm Period/

1.3 The origin of the Holocene flora of Iceland

Opinions have varied on the origin of the preséotialof Iceland, including birch,
whether plant survival in ice-free refugia throutiie Weichselian played an
important role (reviewed by AEgisdottir and Thorbddittir 2004) and on the
mechanisms of plant dispersal to Iceland in thdy édolocene (reviewed by
Buckland and Panagiotakopulu 2010).

Compared to Scandinavia and Britain, the Icelafidia is species poor. Still,
the current estimate is 489 species of vasculatpl606 mosses, 755 lichens, 2100
fungi and 1660 algae species (Kristinsson, H. Fligtands, http://mww.flora
islands.is/ Last viewed OctoberZ013).

Genetically, the Icelandic flora, like the resttbé biota, is mostly related to
European (Scandinavian or British) species (Abbatid Brockmann 2003;
Brockmann et al. 2003). Examples of species studiedthe plantCerastium
arcticum Lange (Hagen et al. 2001 niperus communik. (Adams et al. 2003),
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Vaccinium uliginosunk. (Eidesen et al. 2007%arex bigelowiiTorr. ex Schwein.
(Schonswetter et al. 20083agina caespitos@). Vahl) Lange (Westergaard et al.
2011) andBetula(Maliouchenko et al. 2007; Thorsson et al. 200Mer organisms
also show close relations to NW European populstitike the marine bivalve
molluscArctica islandicalinné (Dahlgren et al. 2000).

Half of the vascular plant species found in Iceldmave circumpolar
distribution; the rest are either European or Amistiéntic. Only about 2% of
the native vascular plant species are definitel\Nofth American origin and
only one or two (if any) are endemic (Einarsson,1B61). The poverty of
endemics indicates that the Icelandic flora hasoeen isolated for the whole of
the Pleistocene so considerable influx from abroadnterglacial periods is
certain (reviewed by Brochmann et al. 2003). Whethe entire present flora
has immigrated in the Holocene or whether some ispesurvived the last
glaciation has been a matter of debate.

1.3.1Theories on origin of the postglacial flora and
means of migration

When dealing with questions on how an organism ctonkéve in its present

habitat the possibilities are numerous and the ars\are often provided by
inductive reasoning. Various theories have beefosét regarding origin of the

Icelandic flora. Some have been more popular thiaers, at least for a period in
time, but all have contributed something to ourarsthnding; however with a
growing body of knowledge, theories should be restad from time to time.

Seven of the most discussed explanations are:

i. Land bridge
ii. Local refugia
iii. Wind dispersal
iv. Sea borne propagules
V. Rafting on driftwood or ice
Vi. Animals (mostly birds)
Vi, Human introduction

1.3.1.1 Land bridge

Within continuous dry land, or closely spaced idgmlants and animals would
have dispersed without difficulty. In the early™6entury a land bridge was
thought to explain relationship in the presentdiot N Europe and N America
(e.g. Scharff 1909). The idea was mostly abandanednd 1960 when tectonics
and sea-floor structure became better understobd. sb-called Thulean land
bridge, connecting Europe to Greenland via Scotl&adroes and Iceland is still
believed to have existed in the Tertiary (Nilser7&9Milne 2006; Denk et al.

2011a). Biotic connections across the North Atlafdnd bridge were gradually
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lost. Continuous passageway for vertebrates disapfdeafter the Early Eocene
(~40 Ma) but a closely spaced island chain may haamsisted through the
Middle Miocene (~14 Ma) or even longer (Denk et 2010). At last, these
stepping stones disappeared and only Faeroes afahdcwere left between
Europe and North America. The exact timing is nmbwn but scientists agree
on a time in the Tertiary. The present flora ofldoel must therefore have
immigrated by other means.

1.3.1.2 Refugia

The idea of ice-free areas, where plants survihedide Age, originated in the
late 19" century and has persisted with varying populanitythe present day
(reviewed by Brochman et al. 2003 and Agisdottd @hérhallsdéttir 2004).
Little is doubted about the existence of greatdugia, like Beringia, from
which plants distributed after the retreatment oftmental ice sheets (Milne
2006; Eidesen et al. 2013). The role of smallealloefugia or nunataks is not as
clear. Around the middle of the 2@entury, up to half of the Icelandic flora was
believed to have survived the glaciations (Einarss®68) but the emphasis on
such refugia has diminished in recent years wittbtebainderstanding of how
harsh the environment must have been. Additionplagations on present plant
distribution have yet to be found. Still, some rgcmolecular studies of arctic-
alpine plants support the theory of local refugiay( Westergaard et al. 2011;
Parducci et al. 2012).

There is perhaps a reason to mention seed suriivlilozen soil as an
alternative to the refugia theory. It has to bestdered theoretically possible
after the germination of Pleistocene seeds foural fiozen lemming burrow in
Alaska (Porsild et al. 1967) and the regeneratica glant from 30 000 year old
fruit in Siberia (Yashina et al. 2012). Though kaly to be a major source for
vegetation recovery, old seed and bryophyte sporight occasionally have
germinated when conditions amended after cold @gsrio

1.3.1.3 Wind dispersal

When the popularity of the land bridge- and thealoefugia theories dwindled,
scientists had to face the idea of long-distanspatsal as the main source of the
Holocene flora of Iceland. For terrestrial plantsdafreshwater fauna, a
minimum distance of 430 km (Ilceland — Faeroes) twveropen Atlantic Ocean
seems hard to overcome.

Dispersal by wind is a great way to spread for wigyas with very small
propagules. In any pollen sample taken from Icdétasdil, there are likely to be
several pollen of foreign plant species, such as.pihe spores of bryophytes and
ferns are of a comparable size and may thus hawedaby air at any time in
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history. Wind should therefore be considered thenntensport mode of the
terrestrial spore-producing flora of Iceland.

Seeds are 1-4 orders of magnitude larger than spord do not travel as
easily on wind. In papers dealing with wind-disgersseeds, the term long-
distance dispersal (LDD) is used for any distanger dl0O0 m (Greene and
Johnson 1989; Tackenberg 2003). Direct tests ofiwdispersed seeds give
maximum values less than 1000 m (Augspurger 198étladk 1992) while
some wind dispersal models for plant seed readb @p km (Cain et al. 1998).

There is no good way to estimate the probabilitg sked arriving in Iceland
from Europe by wind. Still, we can play with numbéo get a feeling for the
probability. If we use a simple method to extendadelled dispersal curve with
high percentage of LDD, a species with effectivendailispersal method and
favourable weather conditions (modified Greene doathnson model from
Tackenberg (2003), Table 3, experiment 9, see@refum arvensdL.) Scop.),
we find that about one in ten thousand seeds landglistance between 430 and
830 km from the source. That is the distance a eedFaeroes would travel to
land in Iceland. How often the weather conditiond &he wind direction would
be right is still not accounted for, nor are tharmtes for a seed to establish itself
after landing. Although extension of models on thisle may not be realistic,
the possibility of successful dispersal exists,l@probability is low.

For birch seeds the probabilities of reaching loélfrom Europe by wind
would be considerably lower because birch seededisp by wind is not as
effective as the pappus of the thist@rsium arvenseThe falling velocity for
birch seed is estimated 0.3-1.6 m$&Kackenberg 2001) compared to 0.15 m
sek* for the thistle seed (Tackenberg 2003).

The rare events of dispersal may be the most imaporbut the extremely rare
occurrence of a seed blown from Scandinavia oafrio Iceland, seems unlikely
to have contributed much to the Icelandic florafetv taxa with very aerial seeds
like the thistle may have entered Iceland by wihése include Salix, Epilobium,
Erigeron, Eriophorum, Hieracium, Populus, SeneEavaxacum and Tussilago, all
of which have falling velocity of 0.2 m sec-1 osdgTackenberg 2001).

1.3.1.4 Sea borne propagules

Coastal algae may have had better chances of sgyvitie Pleistocene than
terrestrial plants and could probably reestablighséa currents any time in the
Holocene. Some seaside growing vascular plants pavpagules adapted to
floating and can disperse by sea. Koutstaal €tL887) did experiments on some
coastal plant propagules and found several speesdisadapted for long-term

floating without damage to germination ability. Bledncluded three species of the
existing Icelandic flora;Triple-urospermum maritimunfL.) W. D. J. Koch,
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Plantago maritimaL. and Triglochin maritimaL. and two species with Icelandic
relatives;Atriplex littoralis L. andRumex crispug. On the volcanic island Surtsey,
that emerged from sea 30 km away from the soutbeshof Iceland in 1963, 69
species of vascular plants had colonized by 20D&hease 9%, or six species, are
believed to have dispersed by sgakile arcticaPobed.|.eymus arenariuslochst.,
Honckenya peploideqL.) Ehrh., Mertensia maritima (L.) Gray., Angelica
archangelicaL. and Atriplex glabriusculaEdmondstor{Magnusson et al. 2009).
Even if dispersal over several hundred km of tHardic Ocean is riskier and may
take considerable time, these species and probsdgral more could have
immigrated to Iceland with free floating propagules

Birch seeds have a good floating ability (Andersbial. 2000, Appendix I),
but the salt tolerance of birch seed and seedlmtjsited (Dragsted and Kubin
1990; Robichaud and Bégin 1997; Fostad 26@0estry Commission England
2011). This mode of birch dispersal from Europe to doel is therefore not
unthinkable but rather unlikely.

1.3.1.5 Rafting on driftwood or ice

For plant species not well adapted to floatingtimgfover sea on driftwood or
ice is an option. A constant supply of driftwoodiges at the coasts of North
Iceland. Although the greater part seems to havikemgolost from timber
floating, some of the logs have intact root systemd have presumably been
eroded from river banks by natural causes. Theser@asons to assume that
naturally felled trees have been drifting ashorghanislands around the Arctic
and in Iceland for most of the Holocene (Tremblayale 1997). Eggertsson
(1993) studied the origin and age of driftwood omlandic shores and found
that it originated from Russia and Siberia. Theslatpy have been several years
in the sea, probably frozen in sea ice most patheftime, which makes this
way of plant dispersal challenging though not ingilae. As the Icelandic biota
shares most species with Scandinavia and Britather than Russia and Siberia
(e.g. Eidesen et al. 2013), this cannot be the magin of the Icelandic flora
but neither can it be completely ruled out as &eradtive route.

An interesting hypothesis of an event that couldrehdrought plant
propagules to the Atlantic islands has been coedetd the catastrophic
draining of the Baltic Ice Lake (Buckland and Dugm&991). Around 12 cal ka
BP when ice melted in southern Sweden, approxim&#d0 kni of fresh water
was released into the North Atlantic, triggeringheort-lived disturbance of the
North Atlantic circulation (Andrén et al. 2002; Lam2005). The exact timing
of the drainage and volume of freshwater have wEdated, but little doubt
remains of the existence of the lake and a magindge taking place (Jacobson
et al. 2007). This event could tie hypothesis ofglaistance dispersion by ice-
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rafting to the relationship of Icelandic and Scawadian flora. This probably
happened too early to apply to the tree birchpéalde habitats were unlikely to
be ready and July temperatures still low (Geirsdéttal. 2009).

1.3.1.6 Dispersion by animals

The only terrestrial mammal in pre-settlement Indlavas the arctic fox. Even if
predators have sometimes been shown to act asdseyatispersal vehicles for
plant propagules (Nogales et al. 1996; 2002), tbecsfox is not a likely to have
contributed to the Icelandic flora. On the othendhabirds are.

The role of birds in the dispersion of plants te North-Atlantic islands has
been part of the discussion for decades but somelitheut the interest it truly
deserves. Bennike (1999, 2000) is an exceptionhamping the role of bird
dispersal in postglacial Greenland flora. For examBundgren and Ingolfsson
(1999), Johansen and Hytteborn (2001) and Buckkmdl Panagiotakoopulu
(2010), all mention bird-dispersed seed as feasibliée concentrating on other
methods of dispersion. The failure to recogniseitigortance of dispersal by
birds probably lies in the focus on bird migratimutes. Migrating birds mostly
move north in spring and south in autumn, when seeed mature and are thus
not likely to bring seeds from Scandinavia or Bntso Iceland. Buckland and
Panagiotakoopulu (2010: p. 194) also add that 'Iithe high productivity of
Arctic island ecosystems had been established byptior immigration of
terrestrial and freshwater biota, there could benigration®.

But migration is not the only reason for birds toss the sea and end up in
Iceland. According to The Icelandic Institute oftidal History (http://en.ni.is/
zoology/birds/ observed 1.11.13), a total of 78l Bjpecies nest in Iceland regularly
but sighted species are around 370. Average wigeldsat the south coast of Iceland
is around 11 m sécor 40 km hout (The Icelandic Meteorological Office:
http://www.vedur.is/Medaltalstoflur-txt/Stod_81506t  hofdi.Ars Medal.txt
observed 5.11.13) and average observed flight spebtds is about the same
(Pennycuick 1997). The flight to Iceland from Saatl or Norway thus only
takes 10-12 hours when wind direction is right grudsibly less in a strong
favourable wind.

Every year hundreds of vagrant birds are reporteldeland, most of them in
autumn (Icelandic Birding Pages, https://not eimdlig/~yannk/birdnews.html and
Ebird http://ebird.org/ content/ebird/; both obsehl.11.13). Those do not include
birds of species nesting in Iceland such as snowriys that might have erred in their
migrating from Scandinavia to Scotland. Why ang flies from Europe to Iceland in
the autumn is hard to say but some might be erplqgtiveniles, some might have
been caught in storms and born far out to sea,santk might just be lost or
disorientated. What happens to them after theyeaisiprobably also different; some



Introduction

might find their way back home, some could suravaild Icelandic winter and some
die. These autumn visits probably continued forwihwele of the Holocene, giving
European plant seeds a lot of opportunities td faitede.

Another argument against seed dispersion by bias been the birds’
cleanliness (Buckland and Panagiotakoopulu 201€grchies of birds’ feathers
and feet have seldom revealed attached plant sketstill some observations
and tests show that the preening of birds is rfect¥e enough to eliminate all
propagules (Carlquist, S. 1981; Weisbrod and Jahrs@89; Figuerola and
Green 2002). The most important method of longadiseé dispersal by birds is
probably seeds swallowed and carried internallp¢Bet et al 2009).

Perhaps the strongest argument of bird dispersahasportant vector in
the vegetative succession in Iceland in the Holecen from Surtsey, the
volcanic island that emerged from sea south ofalulin 1963 and has been
protected for research since 1965. The islanddiesit 5 km from the nearest
small island, 20 km from a larger inhabited islaarti approximately 30 km
from the Icelandic southern coast. The first vascplant was found in 1965 and
colonization and survival of plants on the islaed bbeen recorded since then. In
1986, 26 species of vascular plants had been fgrowiing on the island and the
majority, or 64%, had probably been transportedeth®y birds (Fridriksson
1987). After gulls formed a breeding colony oniiand in 1986, the number of
vascular plant species grew fast and in 2008, égisp had been found; a vast
majority, or 75%, were thought to have been cartfiede by birds (Magnusson
et al. 2009). In spring 1967, 97 birds were caughthe island for inspection
and searched for organisms externally and intgrnanow buntings,
Plectrophenax nivalismigrating from Scotland, proved to carry viabéeds in
their gizzards (Fridriksson and Sigurdsson 1968).

Birds are a feasible method of long-distance diglerThe seeds are an
important source of food for the snow buntings,pmld and other birds that
might carry them internally. The genetic variailif birch in Iceland (Thérsson
et al. 2010) supports a hypothesis of multiple niglations rather than a single
event, making bird dispersal a more attractive ogthan others, e.g. rafting.

1.3.1.7 Human introduction

In the last 1100 years, humans have added todfreedf Iceland both deliberately
and unintended. Undoubtedly, both crops and weemntsigrated with the first
settlers, but gardening for pleasure has only add00-year history, and for the last
100 years the number of imported species has hedtip

In addition to the native growirBetulaspeciesB. nanaandB. pubescengioth
B. pendulaRoth. andB. ermaniiCham.are widely grown as ornamental trees and
botanical gardens grow at least nine oBetulaspeciesB. alleghaniensigritton,
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B. costataTrautv., B. divaricata Ledeb.,B. lental., B. neoalaskangarg., B.
occidentalisHook., B. populifoliaMarshall andB. pumilaL.

1.3.2 Distribution of Icelandic birch in the Holocene

Some birch pollen is found in most Icelandic Holoegollen sites. Rundgren
(1995) reported scatter&l nanapollen from Lake Torfadalsvatn, Skagafjérdur
ca. 13.2-12.7 cal ka BP, which probably is the siiddoloceneBetula pollen
found in Iceland. Still,B. nana did not become a significant part of the
vegetation until after 12.7 cal ka BP. This washia early part of the Younger-
Dryas cold period, a time not expected to be faablar for vegetation in
general. Additional research from the same disslatws comparable results
(Rundgren 1998). Several papers report the presafiBe nanafrom the early
Boreal in the central northern part of Icelanddwléd byB. pubescens late
Boreal or around 9 cal ka (Vasari and Vasari 1998flsdéttir 1990, 1995;
Hallsdéttir and Caseldine 2005). Fewer sites fromn southern part of Iceland
show such early distribution dBetulg but the establishment of the species
seems to have followed a comparable pattern. Atdtfiiin, S-IcelandB. nana
appeared ca 9.2 cal ka, a little later than inrtbeth, butB. pubescenaround
the same time as in north Iceland, 9 cal ka, atthgeollen numbers were still
low (Vasari and Vasari 1990). In western Icelaray fsites reach back to the
earliest Holocene floras. Caseldine et al. (2008nf Betula pollen older than
11 cal ka at Efstadalsvatn in NW Iceland but presulsn not derived locally,
and was possibly reworked older interstadial pollsocal B. nanawas found
around 9 cal ka and. pubescennot until 7.6 cal ka. Efstadalsvatn is located at
an altitude of 123 m a.s.l. and is not in the warpeats of Iceland so delay in
woodland formation might be local.

Once birch was established anywhere in Icelandj @digpersal and secondary
wind dispersal by seeds on snow (Greene and Joh®&®f) could account for
spreading through the whole country in a few humhgmears, supposing maximum
rate of spread 1 km yeh(Clark 1998) and the maximum distance within lodla
around 500 km. Dispersal by seed-eating birdstlieerock ptarmigan and snow
buntings could reduce the time by at least an aoflenagnitude. Therefore, the
earliest reported finds of pollen may, or may nmeflect where the first seeds
germinated after long-distance dispersal from @aysRather, it tells where the
postglacial environment first suited the speciequastion. In that regard, summer
temperatures are important as is stable soil surflieerefore, it is not surprising
that the first dated tree birch pollen has beenddua sheltered valleys in the north
rather than in the more oceanic climate of Souttaiel, where glacial floods and
shifting sands were more common.

10
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Those who have studied tree lines have had a imaeddefining the exact
environmental factors needed to support the grosfthrees. The species in
question, soil, biotic impact like browsing animalsd local topography have
their effect, but climate is usually the main fact€limate includes wind,
precipitation, solar radiation, length of growingason and temperature
(Holtmeier and Broll 2005). It is the summer tengiere that most often is used
to predict changes in tree lines and in the nonthexmperate zone it is
conventional to connect the tree line with 10°Crage temperature for July
(e.g. Seppéa and Birks 2001; Grace et al. 2002)ar@dl(1996) found best
correlation to the average maximum temperature wfeB5eptember set at
13.2°C but Wielgolaski (2005) estimates this nuntbdoe nearer to 8°C. There
is reason to believe that soil temperature mayipredtural tree line better than
air temperature (Weih and Karlsson 2001) and thatrame root zone
temperature of 6-7°C in the whole of the growingsss marks the tree line best
(Korner and Paulsen 2004), but the simplicity awailability of air temperature
data outweighs the benefits of other measurem&tisibs do not necessarily
have the same requirements for temperature as amsshe dwarf birchB.
nang can manage down to 6°C July temperatures (Det@tad. 1997).

Research on tree lines in Iceland is limited, et highest tree lines in the
Holocene are estimated between 400 and 450 mia.¢he north (Wastl et al.
2001) and near 600 m a.s.l. in the southern pddetdind (Fridriksson 1963). In
the research by Wastl et al (2001) the tree lineeeded 400 m a.s.l. several
times but the peak near 8-7 cal ka coincided withhighest PAR values f@&.
pubescengollen seen in the research. This is in accordanteother research
(Hallsdéttir 1995).

Woll (2008) found that the limits fdB. pubescenare now mostly between an
altitude of 300 and 500 m, although trees growimave 400 m rarely reach 2 m in
height. Those tree lines were mostly between &ryperatures of 8 and 9°C. By
also taking effects of oceanic climate into accpuvibll (2008) estimates the area
climatically available foB. pubescengrowth in modern Iceland, and gets a figure
of over 40 thousand km2, thereof 25 thousand km&evtrees could reach 2 m in
height. That corresponds to 40% and 24% of Icelasphectively. The lower figure
is near the estimate commonly made on the extdntesf woodlands at the time of
settlement (874-930 AD) but the higher figure isga®d a guess as any on the
maximum extent of birch woodlands in the Holocene.

1.4 The present woodlands in Iceland

Both Betula nanaandB. pubescenare found in all parts of the country but still
there is a considerable difference in the distidsu(Figure 2).B. nanagrows
further up in the highlands but is not abundarthim southern part. Frequently,

11
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both species grow together forming woodlands/samnds where only scattered
stands of trees reach over 2 m height.

Typical flowering times are May-June fBr nanaand June foB. pubescens
(Kristinsson 2010), frequently overlapping.

Figure 1.  Distribution oBetulain Iceland. LefB. nanayright B. pubescendots
show presence of the species in 10x10 km squaresceS The Icelandic
Institute of Natural History, Plontuvefsja.

Downy birch in Iceland and Fennoscandia often h&saalying growth form
and is polycormic. This type of birch has beenethlimountain birch and has
sometimes been given scientific hames as a sulespeci variety ofBetula
pubescensAccording to the Kew plant list, the accepted aaoh this type of
birch now isBetula pubescensar. pumila(L.) Govaerts; there are 12 synonyms,
including Betula czerepanoviN.l. Orlova andBetula tortuosa Ledeb. In this
work, Icelandic tree birch with chromosome numbex55 is referred to simply
asB. pubescengensu lato), regardless of growth form.
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Figure 2. Woodlands in Iceland. Source: TraustaswhSnorrason (2008).
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Figure 3.  Mean July temperature in Iceland 1961-09Source: The Icelandic
Meteorological Office.

Before the settlement, 874-930 AD, woodlands aoceight to have covered at
least 25% of the land area (Arnalds 1987) but hlbsen reduced through
unsustainable land use and cooling climate to metel% (Ministry for the
Environment and Natural Resources 2007; Figurelr3)the last decades,
examples of expanding natural woodlands have bbsereed in areas free from
sheep grazing, probably as a result of combinedceffof preservation and
warming climate.

The Icelandic Meteorological Office (http://www.wads/) keeps records of
temperature measurement from a few weather stafions around the mid-20
century. Since about 1960, weather stations havered the country fairly well.
Figure 4 shows mean July temperatures for the @peiri1-1990. Data for the
period 1991-2013 show a rise in temperature ofLtM3C from the means of the
previous 30 years. The red and dark red areasdcstimriefore meet the temperature
requirements for tree birch growth. On the otherdha&ome of the warmer areas,
especially in the southeast, are outset for glflciatls and do not offer safe habitats
for trees. Still, there is a great gap betweermtiential and actual woodlands.

Human impact on Icelandic vegetation, especiallghbivoodlands, has been
drastic (e.g. Dugmore et al., 2009). The deforgsiavas driven by grazing and
cutting but cooling climate from the Medieval WaReriod and into the Little
Ice Age doubtless played an important role. Indnd| the effects on birch
woodlands by the warming climate in recent decadwsy already be
considerable but obscured by changing grazingmpattén Scandinavia, changes

13



/Lilja Karlsdottir

in tree line and dwarf shrub cover above tree hne already showing (e.g.
Kullman 2002; Truong et al. 2007).
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2 Pollen from modern woodlands

In the years 2003-2005, Agir Thor Thorsson samjptedatural woodlands in
Iceland (Figure 5), representing a diversity ofunalt habitats sustaining birch
(Thérsson 2008). The samples included leaves, teafs, emerging male
catkins, seed and mature male catkins containitigrpd_eaves were used for
morphological estimate, leaf buds and emergingiratior cytogenetic research
(Thérsson 2008), pollen and seeds for evaluatiofenility (unpublished) and

the size of pollen was measured (papers | and Il).

The purpose of the pollen study was to establisimdis of reference to
differentiate pollen from downy birch and dwarfdbirand to explore the hybrid
pollen in search of characteristics usable fortifleation. The results are published
in Papers | and Il included in this thesis and farivase for the studies described in
Papers lll, IV and V which are the main conterthefthesis.

Figure 4. Fieldwork in the woodland Jafnaskardsgk® near Bifrost.

Pollen from ten woodlands, a total of 92 ploidyetetined individual trees or
shrubs, was used. These were 31 diploid individualsresentind. nana 22
triploids, representing hybrids; and 39 tetrapl@dB. pubescens

15
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2.1 Betula pollen differentiation - Paper I

The pollen produced by different specie®etulais similar in structure and in size
although each species has some typical charaic®riBbllen ofB. nanaand B.
pubescendliffers in size, thickness of the pollen wall aside and shape of
structures surrounding the pores (Blackmore et2@03). While the different
features are conspicuous when looking at a pollaim dypical for its species, other
grains will always show features that are in betwtbe defined margins (Figure 6).
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Figure 5. Betula pubescens (adndB. nanapollen (g-1). Sample name of tree and
chromosome number below picture. Size of framehi9 um, height 27 um.

Several attempts have been made to find a reliadeto differentiate species in
mixed pollen samples and the diameter has provebetdhe safest choice
(reviewed by Makela 1996), although some authors/e haffectively

differentiated Betula pollen on the basis of their overall charactarsst{see

section 3.2.1).

In our study, the pollen from modern trees was greg as if it was a soll
sample, using NaOH, HCI, HF and acetolysis, to madléen sizes comparable
to subfossil material. Two measurements were mada digital micrograph of
each pollen grain: the diameter and the pore déwthund 120 grains from each
tree were measured, a total of more than 13 thoug&ains.

As expected, the results showed different meansBfomana and B.
pubescensliameters and pores as well as the ratio of ttveseThe distribution
of measurements of the species did overlap butildision of diameters was
separated well enough to allow calculation of twe hormal curves out of a
mixed pool of both species (Figure 7).
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Figure 6. Normal curves drawn from means and statidieviations of measured
pollen of diploid B. nana (orange), tetraploid Bilgescens (green) and
triploid hybrids (blue). a) Diameter (um) b) Poremth (um) c) Ratio of
diameter to pore depth.
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2.2 Betula hybrids and their pollen - Paper 11

Chromosome numbers in the tBetulaspecies differ. The dwarf birdd. nana
is diploid with 2n=2x=28, while the downy bir&h pubescenss tetraploid with
2n=4x=56.

By the mid 28 century, theories attributing the growth form asumtain birch
to introgressive hybridisation of the downy birchdadwarf birch surfaced
(Elkington 1968). At first, a few were scepticaltbé idea, pointing out that hybrids
of B. nanaand B. pubescensvould be triploid and hence sterile (Askell Love,
personal communications with K. Anamthawat-Jonsdarfact, the partial fertility
of triploid hybrids has been known for a hundredrge(e.g. Gates and Thomas
1914, Lutz 1917), making introgression possiblee Passibility of introgressive
hybridisation in Icelandic birch was finally comfied by Anamthawat-Jénsson and
Toémasson (1990) with backcrosses. TripBetulahybrids were fertilised witlB.
pubescengollen, producing nine progeny whereof four hael B chromosomes
typical of B. pubescenand had; thereby, the potential to carry genels foeibe tree
birch. Since then, the questions on birch hybrigisahave not beeif, but rather
when and how much Caseldine (2001) raised such questions in théexpiof
palynological data from northern Iceland.

Although a triploid hybrid is not completely stexilthe fertility is greatly
reduced due to the inevitable meiotic irregulasitighich arise when a genome
of three parts is divided in two (or rather two esnthree parts divided to four
cells). Ramsey and Schemske (1998) have reviewseareh literatures on
ploidy and found that most reported pollen produdmd triploids were
aneuploid. Still, the average viability of pollermsvover 30%. The frequency of
(viable) unreduced gamete formation can increaseeiain environmental
conditions, e.g. cold climates (Otto and Whittol®@0D

When it came to measuring the hybBdtulapollen and comparing it to the
pollen of parent species, the outcome was not éeresThe mean diameter of
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hybrid Betula pollen was the same as foundBn nang while the mean pore
depth was almost identical By pubesceng~igure 7).

Theoretically, it is possible to calculate the pndgjn of hybrid pollen in a
mixed sample by comparing results of diameter- powe depth measurements.
The hybrid pollen would count witB. nanawhen diameter was used and with
B. pubescenwhen pore depth was used. The difference of tieerésults would
be an index of hybrid pollen. In practice, this hwat is not feasible as errors
would probably be greater than the hybrid propogidA different approach was
needed to detect the presence of hybrid pollen lackily another method
presented itself in the study.
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Figure 7. Betulahybrid pollen. a) TypicaBetulahybrid pollen, diameter 18.1 um. b-g)
Abnormal hybrid pollen.
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Figure 8. Frequency of damaged and deforfBetulapollen grains from diploid,
triploid and tetraploid trees or shrubs.

While measuring pollen of the triploid hybrids, weticed that aberrant pollen
grains were frequent among them, probably causedarguploid gametes
(Figure 8). Only normal triporate pollen was measubut the slides were
scanned again for abnormal pollen. For each indaliddiploid, triploid or

tetraploid, a thousand grains were counted andraleaeomalies were noted.
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Thirteen types of deviations were found of whictethwere presumably caused
by environmental factors or during preparation afples; shrunken, flattened
or broken grains. The types of deformities assediatith the innate structure of
the grain were 0, 1, 2, 4, 5, 6 or more pores ana fypes that have been
combined in Figure 9 under "other” in which graimigh uneven or lumpy walls
were the most numerous.

Both damaged and deformed grains were more frecaraong the triploid
Betula hybrids than the parent species, but working wsitbfossil pollen, non-
triporate pollen would be the easiest to idengfgpecially pollen with four or more
pores. Such pollen makes up 12-13% of the hybiiépbut less than 2% of other
Betulapollen. A quantity of non-triporat@etulapollen in a subfossil sample would
therefore indicate the presenceBetulahybrids at the time of deposit.
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3 Subfossil pollen and birch hybrids

3.1 Three studies on Holocene birch polilen,
papers III, IVand V

The aims of this project were to explore the exthpast hybridisation and
consequent introgression by studies of sub-fossillep from Holocene
sediments or peat. We set out to sample materiais €ifferent time periods
and geographical regions.

Paper Il describes the first attempt made to &émdlience on past hybridisation
by looking for non-triporatéBetula pollen in pollen samples prepared from peat,
sampled in N-Iceland and dated from ten to seveustind years before present.

Paper IV reports results of a study of subfossllepoin peat sampled in
SW-Iceland, dated from almost the same period gmper Ill. As no previous
study from this site existed, all pollen and sponese counted for a pollen
diagram describing vegetation development in tea.ar

Paper V describes results from a pollen site inld#and that covers the
last ten thousand years or all the history of Helacbirch in the area.

3.2 Materials and methods

The materials for studies in papers I, IV and k¢ all retrieved from peat,
sampled from drainage ditches in agricultural l@ages in different regions in
Iceland (Table 1; Figure 10). They were: Hella yjafordur, N-Iceland (Paper
1), Eyvik in Grimsnes SW-Iceland (Paper IV) antta¢Aland in Thistilfjordur
NE-Iceland (Paper V). The sites are all named #fienearest farms.

The peat was sampled in 20 cm long aluminium bokasmmered into the
cut face of peat in ditches. The easily recogniSaklsunarvatn tephra, 10.3 cal
ka, was used as a landmark near the base of eawblithoThe Hella monolith
was sampled by Margrét Hallsdottir and Halldor &tupsson in 1996. The peat
monoliths were extracted from Eyvik in 2006 anda¥idand in 2011.

Pollen preparation followed conventional methoalge fnm thick samples, one
or two ml, were cut from the monoliths at two toelh cm intervals, heated in
NaOH, sieved and cleaned with HCI, HF, acetolys ethanol. The Hella samples
were mounted in glycerol, Eyvik and Ytra-Aland ilicen oil. Sieve residues were
scanned for macrofossils. A test of four samplesnfiHella was prepared and
mounted in silicon oil to compare to the glycers@mples. Samples were dated
partly from known tephra layers and partly by carbating.
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Table 1. Sampling sites.

Name Hella Eyvik Ytra-Aland
Latitude 65°5635" N 64°03'17°'N 66°12'29”°N
Longitude 18°24°20" W 20°41°37"°W 15°33'19"W
Altitude 15ma.s.l. 65ma.s.l. 34ma.s.l
Monolith length 200 cm 108 cm 108 cm
7.6-10.3 cal
Period covered 7.1-11.4 cal ka ka 0-10.3 cal ka
Mean annual temp 1930-1960* 3.2°C 3.6°C 2.8°C
Mean July temp 1930-1960* 10.5°C 10.6°C 8.5°C
Number of samples 39 44 a7
2 tephras, 2
Dating method 2 tephras c 5 tephras, ¥C
Average deposition rate (mm y&ar 0.5 0.4 0.1

*Data from nearby weather station (Hella: AkureyrEyvik: Heell, Ytra-Aland: Thorvaldsstadir). Sourcécelandic

Meteorological Office.

o Vira-fland
H=lla W

® Epic

Eyvik, Grimsnesi

Figure 9. Overview of sampling sites in studieblighed in papers I, IV and V.
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Subfossil pollen and birch hybrids

A pollen analysis for Hella, by Margrét Hallsdattiexisted before the
current study began, as shown in the diagram phdalisin Hallsdéttir and
Caseldine (2005). Therefore samples from Hella voeilg scanned foBetula
pollen. Pollen and spores from Eyvik and Ytra-Alavete counted and analysed
for background on vegetation history before the@amwere scanned again for
Betula pollen only. All Betula pollen grains were digitally photographed and
measured if possible. Non-tripor&etulapollen was counted not measured.

A modified version of Bhattacharya's method for theparation of
components within distributions (Bhattacharya 19Bauli and Caddy 1985)
was used to obtain means and standard deviatiosgefdistributions within
each sample. The results were refined and propsrod species were calculated
with iterations in the Bmod program (Morgan 2005)d aJarai—-Komlodi's
formula (Prentice 1981) to obtain the best fittiegults (Figure 11).

0.2 0.2 0.2

C—3YA_40 c—mYA_45

norm Bp = norm Bp

norm Bn === norm Bn

0.1 1 0.1

]jqir :
0.0 +—r 0.0

14 17 20 23 26 14 17 20 23 26

0.1 1

¥

0.0

Figure 10. Examples of actual size distribution Bétula pollen within samples
(columns) and calculated best fitting normal curekthe distribution.
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4 Results and discussion

4.1 Betula pollen sizes, species and media

The small test on the Hella pollen in glycerol andsilicon oil showed that
pollen sizes changed not only with mounting medig also with depth.
Diameters increased with depth when pollen wadyicegol but decreased with
depth in silicon oil.

This could not have happened unless time and emvieat affected pollen
sizes as well as the mounting media. As a consegueo comparison of size is
possible unless the pollen has been exposed texhetly same physical and
chemical environment for the same length of timber€fore, comparison of
Betula pollen sizes between samples cannot be a relialdlex on species
proportions. For that reason, the size distributigthin each sample is used to
determine species proportions, as demonstrateigjime=11.

In spite of the possibility of misleading pollereas, there is a connection
between average pollen sizes and species propitiatifferent samples within
sites. Thus, there was a strong correlation betwssdoulatedB. pubescens
proportion and mean pollen diameter in the Ytranflasamples,?r= 0.91, P
<.0001. In Hella and Eyvik, the correlation was mpoorer, or¥=0.29, P =
0.001 and ¥ = 0.23, P = 0.021, respectively. The lack of datien may be
caused by different conditions in the peat, affectpollen size within each
monolith but some of the samples were small sodst@herrors in calculations
may be partly responsible.

4.2 Pollen analysis

The pollen analysis of the Hella samples had besme defore (Hallsdottir and
Caseldine 2005) and it is not a part of this thdsishows the initial vegetative
succession of the area from hardy pioneer spelresigh stages of succession
characterized bgalix, thenJuniperusandBetulawhich began withB. nanabut rose
to becoming woodlands with abund@tpubescensrhe woodlands gave way for
heath with Ericales and then rose again near tiperujmits of 7 cal ka. The
monolith is dated by tephra layers at top and bottmd the rate of deposition is
assumed to be constant in Figures 12 and 13. Angigtency to climate index
from the Greenland ice core project is seen inr€ig2, suggesting faster deposition
in the earlier part (discussion in Paper I, 4.356).

The pollen analyses of Eyvik and Ytra-Aland peatsrmt as detailed as that
from Hella and are meant more as crude backgronfiodniation on vegetation
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for the study on birch hybridisation. They showtthlize trends in vegetation
were comparable to Hella, with some similaritied antable differences.

The Eyvik monolith spans a slightly shorter peritthn Hella. The
vegetation prior to the Saksunarvatn shows a sthgeacterized by increasing
Salix and dwarf shrubs, theduniperusuntil Betula started expanding, in a
sequence which is very similar to that of HellaeThain difference was that the
juniper stage lasted longer and tBetula did not expand until approximately
500 years later. The tree birch followed the dwarth faster and was only
about 300 years later than in Hella. In Hella, astic decline irBetulapollen
was seen in connection to the 8.2 cal ka cold euanEyvik, the woodlands
were not as dominant as at Hella (Figure 12), thege the woodland decline
was not as prominent.

The Ytra-Aland monolith covers the last ten thoukgears, three times the
time span of the other two. One sample retrievedeath the Saksunarvatn
tephra displaye&alix, Ericales and Caryophyllaceae, comparable to ahlest
stages in Hella and Eyvik. This type of vegetationtinued above Saksunarvatn
tephra with added Poaceae @danain low quantities until around 8.8 cal ka
when Ericales pollen became dominant. Tree birchndit spread in the area
until after the 8.2 cal ka cold event whe&n pubescensvas seen spreading
rapidly for a short period ending abruptly aroundal ka. The fast advance of
tree birch is partly masked in the pollen diagrdager V) and in Figure 12 by
the large amount of other pollen released in thesiod, seen in pollen
accumulation rates (PAR) values on the pollen diagrThis indicates a local
Holocene Thermal Maximum (HTM). A cold and very vpstriod followed but
woodland expansion was repeated around 6 cal lewbodlands reached their
maximum around 5 cal ka and slowly declined théeeafvith setbacks and
advances up to the present. As seen in speciesrimys, dwarf birch was a
considerable part of the woodlands and other végataespecially Ericales,
increased gradually. Near 3 cal ka, the declinevaddlands accelerated and by
the time of human settlement eleven hundred yegos httle was left in
Thistilsjordur area but heather with dwarf birch.

4.3 Betula pollen measurements and calculation
of species proportions

We were able to test our method of species caloulain the Hella samples
(Karlsdottir et al. 2009, paper Ill). A pollen apsis of the same samples had
already been done by Margrét Hallsddttir, usingu@ischaracteristics of the
Betula pollen to differentiate the species (results mlitgd in Hallsdéttir and
Caseldine 2005). This was before the pollen wassored and species
proportion calculated in the present study. Theees Wttle difference in the
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Results and discussion

results regarding the relative proportions Baf nanaand B. pubescensThis

could be due to the normal triporate hybrid pollevhich looks like B.

pubescengollen with a thick wall and deep pores but haslseiameter and
thus adds to thB. nanapollen pool when calculated.

In all the studiesBetulapollen was found in nearly all samples but onlt pa
of the samples vyielded sufficient quantities forlcakation of species
proportions. BotlB. nanaandB. pubescenpollen was present for some period
within the time span of samples at all sites. Incakes, the oldest samples had
very few if anyBetulapollen. SmallBetula pollen, in quantities indicating the
presence oB. nanalocally, was first detected at Hella around 10 ka) in
Eyvik around 9.5 cal ka and in Ytra-Aland around &l ka. A rapid increase in
pollen numbers and size, indicatifyy pubescengocally, occurred in Hella
around 9.6 cal ka, at Eyvik around 9.3 cal ka andta-Aland around 8.0 cal
ka, always approximately a hundred years @tarana

The great difference between the initial tree bingdodlands at Hella and at
Ytra-Aland emphasizes the role of environment nathan availability of seed
as a prime factor in birch growth in Iceland. Latgevelopment of the
established woodlands confirms the environmentédrinces of the sites.

Looking at the calculated proportions Betula pubescengollen in all
terrestrial pollen (Figure 12) shows the woodlaimdthe Hella area were more
like real birch forests compared to the scattetedls and woodlands seen at
Eyvik and especially Ytra-Aland.
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Figure 11. Calculated proportion &. pubescenpollen in all pollen and Greenland
ice core (GRIP1, Vinther et al 2006) index on clienaella (dark grey
line), Eyvik (dotted line) and Ytra Aland (solicbtk line).

4.4 Phases of hybridisation

Non-triporateBetulapollen was found in nearly half of the samples tmually
just one or two grains, which is well within the2% expected from modeis.
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nanaor B. pubescensin 15 samples, the non-triporate pollen was db8r,
indicating presence of triploid hybrids. Eight bbse were Hella samples, two
were at Eyvik and five were at Ytra-Aland. At ditee sites, a raised proportion
of non-triporate pollen was found near the time mBe pubescenstarted to
colonize the area, in Hella around 9 cal ka, inikwvlittle after 9 cal ka and in
Ytra-Aland at 7.5 cal ka. Additional samples withised numbers of non-
triporate pollen were detected later, at Hella acbid.3 cal ka, At Eyvik near 7.8
cal ka and at Ytra-Aland near 3.3 cal ka.
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Results and discussion

Our method of counting non-triporate pollen onlyei¢s phases of intense
hybridisation because triploid hybrids probablydqurce less pollen than diploid
or tetraploid individuals and most hybrids pollentiiporate and looks normal.
Therefore, low levels of hybridisation can go unced and probably did in our
study at some level.

At Hella, the peaks in non-triporate pollen werd&ehigh; the proportion in
Betula pollen reaching 25%. This is remarkable, as amagee modern hybrid
only produces half as much or 12-13% non-triporptélen. There was,
however, a large variation among individual triglohybrids, whereby
individuals were seen to have higher proportiontap3%. It therefore seems
likely that such individuals were growing closetlte sampling site.

A connection of non-triporate peaks to increadngubescenwas evident
but it is not clear which variables would best jiced phase of hybridisation. In
Hella, we saw a connection to peaksBnpubescengroportion of terrestrial
pollen. In Eyvik, peaks of non-triporate pollen guallen diameters coincided,
but at Ytra-Aland peaks of non-triporates coinciaéth peaks in calculateB.
pubescenc®AR (Figure 13).

In modern woodlands, triploid hybrids are frequ@ntérsson 2008), and the
possibility to connect the present global warmingat new phase of birch
hybridisation is tempting.

4.5 Birch hybridisation in the Holocene

The results of the present study show us that @peavironmental conditions
facilitate the production of hybrids. It seems oeeble to conclude that changes of
climate between temperatures favourable for treshltand dwarf birch drive the
hybridisation. A climate close to the lower margudree birch requirements seems
to have prevailed in Iceland for long periods wittiie Holocene so small changes
in temperature have repeatedly moved the naturahdssies between tree and
dwarf shrub back and forth. This has made conditiengarts of Iceland into a
hybrid zone. The repeated increase in the dowrh land possible hybridisation,
followed by retreat that gives ground to the dvibrth again, sets the stage and the
frequent presence of hybrids invites introgression.

Elkington (1968) constructed a hybrid index for cbir based on
morphological traits and used it to compare indiaidtrees and shrubs sampled
in north-western Iceland, England and Scotland.relssilts showed much more
hybrid traits in Iceland than in Britain, espegrah theB. pubescens

Methods, comparable to what Elkington (1968) usedhis hybrid index,
were used by Thorsson et al. (2007) to evaluatentbephology of ploidy
determined Icelandic birch. The score of the titplbybrids showed great
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variation but they tend to resemi3e nanamore tharB. pubescenshe diploid
and tetraploid plants, i.eB. nana and B. pubescensalso had continuous
variation in morphology, showing the hybrid treikington (1968) found. This
strongly suggests past introgression via triploydrids that has been proven
possible by controlled backcrosses (Anamthawatstinand Tomasson 1990)
and confirmed by statistical (Thorsson et al. 20@@y molecular methods
(Thorsson et al. 2010).

4.5.1The role of hybridisation

In evolution, speciation is achieved by reproductioarriers, allowing the new
species to optimise fithess within a given habRieseberg and Wills 2007).
The opposite procedure, hybridisation of taxa bgaking down barriers and
allowing gene flow between species sacrifices fecislisation for increased
genetic variation that might promote the developmeh new adaptations
(Andersson and Stebbins 1954; Rieseberg et al.)20G8so stands to reason as
Barton (2001) pointed out, that even though anagerecombination of two
well-adapted genotypes is likely to be less fitntlihe parents, some of the
hybrid genotypes might be even fitter. More impotig in the context of
evolution, hybrids, regardless of their fithessyseas a bridge for gene transfer
between species, as is the case of birch intragee$ybridisation in Iceland
(Anamthawat-Jénsson 2003, 2012).

The history of birch in Europe in the Pleistocend &lolocene seems to be
complicated and involve intensive hybridisation.eTihreeBetula speciesB.
pendulaRoth, B. pubescenandB. nana all share genetic material extensively
and greater genetic variation is seen among gebigapregions than among
sympatric species (Palme et al. 2004).

It has been reasoned that hybridisation might douttr to the colonization
of novel habitats, range expansions, and invassspé species (Ellstrand and
Schierenbeck 2000; Rieseberg et al. 2007). Inxlrerme climate changes of the
Pleistocene, with alternating glaciations and gitarials, B. pubescengould
have existed with eithd8. pendulaor B. nanain mobile hybrid zones, while
vegetation advanced or retreated. This might haaged an important part in
revegetation both during Pleistocene interglacialsd in the Holocene.
Rieseberg et al. (2007) describe how hybridisati@m increase a species ability
to expand its range and even become invasive. Example is the common
sunflower,Helianthus annuug. in Texas. The hybridisation &. nanaandB.
pubescensyith subsequent introgression, led to the estatent of mountain
birch and might have increased the abilities ofhbspecies to expand in
interglacials and the Holocene.
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4.6 The future of Icelandic woodlands

In Iceland, woodlands retreated in the latter haflfthe Holocene. Their
maximum cover may have been around 40 thousaridrkduced almost by half
before the settlement around 900 AD and by 1999 were 1200 kh(sections
1.3 and 1.4). Near the beginning of thd"28ntury, a growing concern for the
fate of the remaining woodlands led to the esthbient of the Iceland Forest
Service in 1908. Protection of woodland remnantd afforestation began
slowly, but gained momentum in the later part & tentury. One of the main
hindrances in the regeneration of woodlands has liee uncontrolled sheep
grazing, but woodlands enclosed by protective feriwer/e grown considerably
in the later years (Eysteinsson 2013).

Icelandic woodlands are likely to benefit from theesent climate changes
threatening wildlife and human economy worldwide.ri8e in annual mean
temperature of around 5°C is predicted in the Ardiiring the 2% century but
summer temperatures are supposed to rise lesda@¥C (Christensen et al.
2007). Vegetation has increased in recent yeardmold forest boundaries have
moved further up into the highlands (Bjornsson let2808). Further changes
would lead to an establishment of birch woodlamdsast areas, now defined as
heathland, fellfields, or tundra, if land use alkkmvBothB. nanaandB. pubescens
would expand to higher altitudes. In the processew wave of triploidBetula
hybrids could be expected whe&n nanaflowers are pollinated bB. pubescens
The hybrids would gradually give way for the takigowing and more fertil®.
pubescensin the meantime, some of them could backcroskd@arent species,
adding new combinations of genes for evolution tokwwvith.

4.7 Conclusions

The distribution of birch in Iceland after the estt of the Pleistocene ice sheet
seems to have relied more on availability of suédmmbitats than seed. Birds
may have played an important role in birch dispergb and within Iceland in
early Holocene. Local conditions, especially sumrteamperatures, but also
stability of soil surface, could have determineé time and place of birch
establishment.

Environment, as well as treatment of pollen, affdbe pollen size. Subfossil
pollen sampled at different depths in the same ritbhnmay have been exposed
to different conditions and their size alone may reflect species proportion
directly. A comparison of sizes within each sami@emore secure. Species
differentiation on the basis of visual identificatican also give a reliable result.

The proportion of non-triporatBetula pollen can be used as an index of
birch hybridisation. The hybridisation betweBnpubescenandB. nanaoccurs
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in waves rather than continuously, presumably wéereral conditions are met
simultaneously. Such waves of hybridisations hasaioed a few times during
the Holocene.

There is a connection between waves of hybridisaditd the advance &
pubescensAs B. pubescensequires warmer summers thBn nanadoes, the
waves connect to warming climate. The frequencyiploid hybrids in modern
woodlands indicates a contemporary hybridisationewa
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Abstract

Subfossil pollen from two co-existirBetulaspecies in Iceland. nanaandB.
pubescensis frequently found in sediments and peat. pritation of the
findings often depends on the ability to differatei between the two species
according to pollen size and structure. Freshepadbmples were prepared from
70 individual trees/shrubs which had been idemtifie species by chromosome
number. Grain diameters and pore depths were mezhsund ratios of grain
diameter to pore depth (D/P ratios) were calculatéde mean grain diameters
of pollen from diploidB. nanaand tetraploid. pubescenwere 20.42 and 24.20
pm, whereas mean pore depths were 2.20 and 2.8&gpectively. Mean D/P
ratios were therefore 9.55 f@8 nanaand 8.85 foB. pubescensThe difference
between species was statistically significant firtlaree pollen parameters.
Grain diameter appeared to be the most useful Egesmas only about 20% of
the samples were in the overlapping region of fexiges distributions. Pollen
size (grain diameter) was also positively corralate tree morphology, which
was evaluated using species-specific botanicalackens. Pollen samples from
different locations/populations in Iceland varidigigly in mean size and ratio.
The size difference between pollenBxfnanaandB. pubesceni this study is
less than other papers have reported, which mayluge to the effect of
introgressive hybridisation between the two binphaes in Iceland.

Keywords: Betula nana, Betula pubescens, pollen size, path@rphology,
polyploidy
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Introduction

Two birch species are found in Iceland: arctic dwhirch (Betula nana
Linnaeus 1753) and downy bircBdtulapubescen&hrhart 1790).Betula nana
is a prostrate shrub up to one metre in heightresdits main distribution in the
sub-arctic and alpine regions of the Northern Hehese. The species is
represented by subspeciema(Sukaczev) Hultén in Europe (including Iceland)
and western Asia, and subspeagiis (Sukaczev) Hultén in North America and
central and eastern Asia (Hultén & Fries 198Bgtula pubescens a European
species, represented by subspepidsesceng&hrhart, which may grow up to 25
m tall with single or many stems, and also by sebmstortuosa(Ledebour)
Nyman, which is a shrub or low-growing tree foundhe mountain regions of
northern Europe (Walters 1964). The latter subgsesio-called mountain birch,
is believed to be the result of introgressive hyisetion withB. nana(reviewed

in Atkinson 1992). Due to extensive and continumasphological variation of
birch in Iceland (Thérsson et al. 2001; Anamthaw@isson 2003a), this tree
birch species is not divided into subspecies is #tudy but is treated as one,
Betula pubescersensu lato.

Betula nanaandB. pubescenare wind pollinated and both species produce
large quantities of pollen, which can frequentlyfoend in sediments and peat
proximate to their habitat. Their pollen morphagldg very similar. But since
the species represent different ecosystems, itmgoitant to be able to
differentiate the pollen, especially when recordtan of vegetation history is
based on subfossil pollen. Pollen size measureamemtdifferent species of
Betulahave been published in several papers, for exaBipks (1968), Méakela
(1999) and Caseldine (2001). Pollen samples froemstshrubs, which are
identified to species based on morphological femuare normally used as a
reference for distinguishing subfossil pollen. Hwer, even if mean sizes differ
markedly; size frequency curves tend to overlamsch that species separation
becomes difficult. Species differentiation by pallstructure is also possible
(Blackmore et al. 2003): for example by comparintign pore depths and ratios
of grain diameter to pore depth (Birks 1968; Make®#®6; Clegg et al. 2005).
Species differentiation of subfossil pollen is bastomplished using methods
based on combined parameters, together with apptemtatistical analyses.

The aim of this paper was to establish a relialdg of differentiating pollen
of B. nanaandB. pubescenssing samples of birch plants that were identiteed
species based on cytotaxonomy rather than morppalioge. Betulain Iceland
has been shown to be chromosomally stable — thesgemmprises three ploidy
groups, i.e. diploid (2n = 2x = 28. nana tetraploid (2n = 4x = 56B.
pubescensand a triploid (2n = 3x = 42) hybrid between th thirch species
(Anamthawat-Jénsson & TOmasson 1990; Thorsson. €08ll). On the other
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hand, all three groups are extremely variable muqgically, due to
bidirectional introgression between the two spedgiestriploid intermediates
(Thérsson et al. 2001; Anamthawat-Jonsson 2003&uch morphological
variation has often made species identificationy velfficult, and as a
consequence species references for pollen diffatemt can not be
standardized. In this work we made pollen measentsnon samples from field
plants with known chromosome number, i.e. diplBidnanaand tetraploidB.
pubescens These measurements should allow us to estifBatala species
composition in subfossil pollen samples more réfiab

Materials and Methods

Pollen samples were collected in the spring of 2806d 2005 from individual
plants (trees or shrubs) that had been verifiedclmpmosome number and
morphological analysis. The method of chromosomeparation from leaf buds
followed Anamthawat-Jonsson (2003b). Diploid birghants (with 28
chromosomes) were classifiedBetula nanawhereas tetraploid plants (with 56
chromosomes) were treated Bs pubescens The diploid group also had
morphological characteristics typical & nana(low scores of morphology
index), whereas most tetraploid plants had pubescensnorphology (high
scores, see the scale in Thérsson et al. 2001¢. plEHmts were selected from ten
different sites representing all major woodlandsldaaland (Table 1). Male
catkins were either collected directly in the fiedd from branches that were
taken indoors to allow fresh anthesis.

Samples of pollen were mounted in silicon oil atweiling in NaOH,
HCI and HF, followed by acetolysis (Feegri & Iverse®89). Individual pollen
grains were examined under 400 x magnificationsaimikon Eclipse-800
microscope and photographed using Nikon DXM120@alicamera through a
frame size of 640x480 pixels. The digital imageeaich pollen grain was
measured using ImageJ software (http://rsb.infagoWij/) and the
measurement was checked against the microscopile sehich allowed
precision of about 0.3 um (Micrometer 2mm 200Telleitz Wetzlar). From
each individual tree, 120 — 130 pollen grains waretographed and measured.
Only triporate pollen grains (normal grains withet& pores) lying in polar view
were used. Two lines, grain diameter and porehjeptre measured from each
pollen grain (Figure 1). Grain diameter (D) wa$rted as the distance from the
outside tip of the pore to the outer margin offéeng wall, whereas pore depth
(P) was defined as the distance from the outsideoftithe pore to the inner
margin of the nexine through the vestibulum. THE Eatio was then calculated
for each pollen grain. Nested ANOVA, Tukey's HSBstt and Pearson’s
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correlation coefficientvere performed using the SPSS 10.0.5 software (&t
Inc., 1989).

Table |

Location of birch woodlands in Iceland we individual trees were studied and
their pollen measured. The altitude is shown @&same level for the woodlan
Note: *Only Betula pubescensas found in this art.

Location Label Latitude (°N Longitude (°W) Altitude (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 J 65.62 22.94 14
Kaldalén M 66.10 22.39 36
Myvatn R 65.58 16.85 304
#2R Figure 1: Microscopic images dBetulapollen
4 under the same magnification: (B. pubescens
/ \ and (B) B. nana Black lines show grain
QA . ——— diameter (24 pum) and pore depth (3.6 |
A = B
Results

Pollen diameters (D), pore depths éP)d D/P ratiowere obtained from a total
of 9021 pollen grains from 7Betulaplants in ten locations in Iceland. Amo
these birctplants, 31 were confirmed by chromosocounting as being diploid
B. nana(3998 pollen grains measujednd 39 were tetraploiB. pubescens
(5023 gains measured). In general, pollen of the dipB. nanawas smaller,
with a thinner wall and smallgrore (vestibulurr than pollen of the tetraploil.
pubescengFigure 1). The measurements showed that of the B. nana
pollen grains had a smallgrain diameter and pore depth ththose ofB.
pubescengFigure 2, Table Il). The datistical analysis by nested ANOVA
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(Table 1) showed significant (P <0.001) differen@etween the two birch
species and among individuals within species ithadle pollen parameters (D, P
and D/P ratio). Among these parameters, grain ei@ncould differentiate the
two species more effectively than pore depth (hidghealues, Table Il1), which
in turn was better than the D/P ratio.

Each Betula species showed a bell-shaped distribution curvéh va
distinctive peak by all three parameters, and &mheparameter the two species
distribution curves were connected with an overilagppegion (Figure 2). The
mean pollen diameters were 20.42 and 24.20 umB foranaandB. pubescens
respectively, and the cut-point between the twaiggedistribution curves was
at 22.1 pm (Figure 2a, Table II). Only about 20Bthe pollen grains fell within
the overlapping region — most (79%)Bf nanapollen grains were smaller than
22.1 um and 81% d8. pubescenpollen grains were bigger than this cut-point
size. Pollen pore depth was greateBinpubescensompared tdB. nana the
mean pore depths were 2.20 and 2.81 umBomanaand B. pubescens
respectively, and the cut-point between the tweiggevas approximately at 2.5
pum (Figure 2b, Table IlI). The species distributmmves for this parameter
were somewhat similar to those for grain diameier, about the same
proportion (ca. 80%) oB. nanapollen grains had pore depth less than the cut-
point, although a smaller proportion (less than y@¥opollen grains fronB.
pubescengollen had deeper pores. The mean grain D/P odti nanawas
also significantly different from that oB. pubescengTable IIl), but the
overlapping region was too large to make this patamuseful for species
differentiation (Figure 2c¢). Neither pore depthw ID/P ratios were analysed
further statistically in this study.

Positive correlation was found between mean polre (i.e. grain
diameter) and plant morphology index of individusdes/shrubs (Figure 3).
Low-lying shrubs that had relatively rounded leawath single toothed margin
and short petioleB. nanatype, low morphology index) often produced smaller
pollen grains than those from birch trees which hamte pointed and ovate-
shaped leaves with dentate margin and long pet®lepubescensype, high
morphology index). The correlation was statisticakignificant when
combining the two birch species (r = 0.759; P <0Q;0n = 70), but when the
species were analysed separately the significaxisged only inB. nana(r =
0.359; P = 0.024; n = 31), not B\ pubesceng = 0.035; P = 0.417; n = 39).
Diploid B. nanaplants with a low morphology index (Figure 3: 010 — 1)
clearly had smaller pollen than those which hadighdr morphology index
(scores 1 — 2). But tetraploBl pubescenglants, which had a wider range of
morphology scores (5 — 11) comparedBionana(scores 0 — 3), appeared to
have similarly large pollen grains (Figure 3).
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Differences in pollen size were found among locaigFigure 4). The
nested analysis of variance (Table IV) showed &gt difference (P < 0.001)
in pollen grain diameter among sites in each specas well as among
individual trees/shrubs within sites. The Tukey'SD test divided the sites into
six different size groups in each species (groups)afrom the smallest to the
largest means of pollen diameter (Figure 4). TdrgdstB. pubescengollen,
with a mean diameter of 25.3 um was found in thediandSkaftafell(site H,
south-eastern Iceland), but the smallest polleimgraf this species, with a mean
diameter of 22.7 pum, were from the woodla@ittost (site B, western Iceland).
Interestingly, the smalle®&. pubescenpollen was similar in size to the largest
B. nanapollen, which had a mean diameter of 22.4 um GittJokulsa i Loni
eastern Iceland). Howevds, nanapollen grains from most (six out of nine)
woodlands under study had small pollen with meanngdiameters of 19.4 —
20.0 um. There is no indication of geographicdtgua regarding pollen size.
The pollen size ratios between the two spedep(bescent B. nang among
all sites ranged from 1.05 to 1.28, while the raterived from all locations
combined was 1.19. No correlation (r = 0.02) wasfl between pollen size of
B. nanaandB. pubescenwithin the same site, meaning that local condgido
not seem to affect pollen size.
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Figure 2: Cumulative distributions by
species of (A) pollen grain diameter,
(B) pore depth and (C) ratio of

c _ ‘ diameter to pore depth
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Table Il

Differentiation ofBetula nanaandB. pubescengpollen by grain diameter, pore
depth and ratio of diameter to pore depth.
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B. nana B. pubescens
number of plants = 31 number of plants = 39
number of pollen = 3998 number of pollen = 5023

mean SD min  max mean SD min  max

Grain diameter (D, um) 20.42 2.29 143 304 24.20 236 143 339

Pore depth (P, um) 220 040 12 44 281 050 14 5.2
D/P ratio 9.55 1.80 4.7 17.9 8.85 1.63 4.3 18.2
Table Il

ANOVA test of species and individual effects onleoldiameter, pore depth
and their ratio.

Dependent
Source . SS df MS F P<
variable
Between species Diameter 31762 1 31761.8 10134 .000
Pore depth 843 1 842.7 6041 .000
D/P ratio 1115 1 1115.2 512 .000
Among individuals within __
. Diameter 21029 68 309.3 99 .000
species
Pore depth 667 68 9.8 70 .000
D/P ratio 6739 68 99.1 45 .000
Corrected total Diameter 80843 9020
Pore depth 2753 9020
D/P ratio 27333 9020
Table IV
ANOVA test of site (location) effect on pollen diater for eaclBetulaspecies.
Species Source SS df MS F P<
B. nana Among sites 4186 8 523.3 196 .000
Among individuals within site 6080 23 264.3 99 .000
Corrected total 20990 3997
B. pubescens Among sites 4330 9 481.0 137 .000
Among individuals within site 6320 29 2179 62 .000
Corrected total 28094 5022
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Figure 3: Scatter plot
showing positive
correlation between plant
morphology index (x-axis)
and pollen grain diameter
(y-axis) of diploid (2n =
28) Betula nanaand
tetraploid (2n = 56B.
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Figure 4: Mean grain diameters @&etulapollen by species and sites. Numbers over
the columns indicate number of individual treesibsrper site. Letters at the bottom of
columns show results of Tukey’s HDS f&tfor each species separately, columns with
different letters differ significantly (P < 0.05Jhe map on the right shows location of
the sites (see also Table I).

Discussion

Pollen size (grain diameter) is a better and meli@ble parameter than pollen
structure (as represented by pore depth) for difféatingBetula nanaand B.
pubescensn this study. However, pollen pore depth and BdEo could be
used to verify the differentiation and help resol® uncertainty if grain
diameter falls within the overlapping region betwethe two species. The
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difference in mean pollen size between these twohbspecies may be the
consequence of substantial difference in genongeagid DNA content, which is
normally accompanied by differences in cell siZétatistical significance was
also obtained when comparing the size of pollenNofth American birch
species, i.e. between diploid dwarf bircB. (hanaand B. glandulosi and
polyploid tree birch such & papyrifera(Clegg et al. 2005). In the same study,
no statistical significance existed in pollen siarBong species having the same
ploidy level. Another example came from Greenlg@Rcedskild 1991) where
pollen of the diploid specieB. glandulosawas smaller than pollen of the
European tetraploid tree birch spediepubescens

In Betula the total chromosome complement length for tédrdp was
estimated to be approximately double that for dgdpbut the increase was less
than proportional as the chromosome number incde@Baper & Grant 1973).
The difference in genome size (nuclear DNA amourgjween diploid and
tetraploid species of the same genus is thoughe teeducing significantly over
evolutionary time (Leitch & Bennett 2004). Althdugchromosomes of the
diploid speciesB. nanaare, on average, bigger (longer) than chromosashes
the tetraploidB. pubescengAnamthawat-Jénsson & Heslop-Harrison 1995),
genome size difference between species havingéiffeloidy should be large
enough to account for significant differences ith sige as well as pollen size.

The pollen size difference between diplogl nana and tetraploidB.
pubescens this study is about 18% if calculated from theam values (20.42
pm for B. nanaand 24.20 um foB. pubescens whereas the size difference
deduced from other studies is in the range of 25% (Prentice 1981; Makela
1996; Caseldine 2001), more than that in the ptesemly. The mean grain
diameters ofB. nanapollen from other studies (Birks 1968; Méakelda 1999
Caseldine 2001) are 15.50 — 19.23 um, after adprdtnior the pollen
preparation using 122reduction for samples mounted in glycerol to saspl
mounted in silicon oil according to Faegri and leerg1989). The mean grain
diameters foB. pubescen&ombined subspecies) from these studies are 18.86
26.92 um. The pollen d8. nanain the present study is clearly bigger than
pollen of the same birch species from Scandinawid Britain, whereas the
pollen size oB. pubescenis within the range of these previous measurements

If pollen size of the IcelandiBetula nanais in fact different from pollen
sizes of the same species elsewhere as the dagasssigthere could be several
possible explanations. For example, this might tbe chance result of
homogeneity and isolation of the population (founééfect), or conditions
might have favoured some genetic traits with thiserptype (selection).
However, the more likely possibility is that conaiits in Iceland have favoured
hybridisation of the two species, leading to genetodification of the species
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via introgression. Considerable evidence has mhdepported this introgressive
hybridisation, which is believed to be the causamoirphological diversity in
both species (Thérsson et al. 2001). In that stgdyetic material fronB.
pubescensvas evident in the genome of IcelanBicnana whereas @&. nana
sample from southern Finland was more pure. Furtbee, the morphology of
IcelandicB. nanawas modified byB. pubescenghrough introgression), as also
shown in the present study. The mean scores gbmbrgy index forB. nana
from nine woodlands in Iceland range from 0.65 @02 while taxonomically
the species should have the lowest score (zertsp iA the present study, pollen
size of B. nanacorrelates positively to plant morphology suchttBa nana
plants with lower morphological scores produce $ngbollen than the more
modified (introgressed)B. nana plants.  Such correlations support that
introgressive hybridisation is the most likely oausf large pollen in the
IcelandicB. nana hence the smaller difference in pollen size betwihe two
birch species compared to data from other studies.

Measurements oBetula pollen recovered from sediments in northern
Iceland and dated from early Holocene (Hallsd&800) showed smalleB.
nana pollen than that of the present study. A possibierpretation is thaB.
nanapollen in Iceland has grown larger with time besmof introgression from
B. pubescens On the other hand, the pollen size Bf pubescensould
predictably be reversed, i.e. become smaller, du¢hé¢ introgression being
bidirectional. This change in pollen size requifie@gher investigations. Most
interestingly, measurements Bf pubescengollen grains from different areas
of Fennoscandia (Méakela 1996) showed smaller palea in mountain birch
(subspeciegortuosg by about 16% when compared to pollen from theeanor
southerrB. pubescensAs this mountain birch had many features fidnmana
it was suggested to be due to introgressive hyaidin (Vaarama & Valanne
1973). Therefore the introgressetbriuosg type of B. pubescensshould
supposedly produce small pollen, the same way esnthogressed type d.
nanaproduces bigger pollen. This correlation is iotfatatistically significant,
i.e. plants that have lower scores of morphologyein (due to introgression)
produce smaller pollen than those having higherpimological scores. We are
currently studying pollen characteristics includsige of pollen grains produced
by triploid hybrids (betweeB. nanaandB. pubescensand have found that the
majority of these triploid plants have intermediatehybrid-like morphology.
Their pollen grains are small (unpublished result®ollen size as a species
parameter — in conjunction with multivariate speespecific traits, especially in
the leaf morphology — may be used to create abfelimtrogression scale for
analysing subfossil pollen.
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Conclusions

Pollen samples collected from ten birch woodlamdeéland were measured for
grain diameter and pore depth. The plants wenatifikrl to species based on
chromosome number, and species-specific charaatspgecially in the leaf
morphology, were scored for each plant. Identifta of plants by ploidy
determination eliminates the involvement of trigidiybrids, which makes the
species delineation unclear. Pollen of tetrap®idpubescensvas statistically
larger than pollen of diploi&. nanaand this could be related to the difference in
ploidy level, i.e. the tetraploid genome being &@rthan the diploid genome of
the same genus. The difference in pollen size dmtwthe two species is less
than in most other reports, and this is believedéaodue to the bidirectional
introgressive hybridisation that has presumablyught the plant genetic
differences closer. As pollen size was signifibardorrelated with plant
morphology, it should be possible to establishrarogression scale suitable for
studying subfossil pollen. The significance of fhresent study is two-fold:
firstly, pollen size can be used to separBtenanapollen from that ofB.
pubescensnore effectively; and secondly, pollen size canubed to estimate
the extent of past introgression that may have goag major role in birch
vegetation history in Iceland since the early Helue.
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Abstract

Birch has a key role in the Holocene vegetatiotohysof northern Europe and in sub-
arctic climates dwarf birch and tree birch stb-exist. In Iceland, triploid hybrids
between diploidBetula nana(dwarf birch) and tetraploi®. pubescengdowny birch)
are common and contribute to pollen influx. Polfeam 22 triploid trees/shrubs from
ten woodlands in Iceland was examined and its sk shape compared with pollen
from the parental species. The mean diameter ltdrpgrains from the triploid hybrids
was not statistically different from that &. nana pollen, but it was significantly
smaller than the mean value Bf pubescengollen. On the contrary, the size of the
vestibulum was similar to that &. pubescensvhich was significantly greater than that
of B. nang and therefore the diameter-pore depth ratio wa®d than the values from
either species. The size of triporate pollen grdnom the triploid birch was highly
variable among individual plants. The pattern @fesdistribution within plants
indicated that triploid hybrids might have produdea sizes of pollen grains, but the
small B. nanasize was far more prevalent than the laf§epubescensize. Several
anomalies in pollen structure were common amonghifieid pollen grains: four or
more pores were the most frequent type of deforn@tyaracteristics of the pollen of
triploid Betulahybrids, especially structural anomalies, may fg®wa means to reveal
periods of interspecific hybridisation in the arsigyof sub-fossil pollen.

Keywords: Birch, Betula nanaBetula pubescengyrain diameter, hybrid pollen,
pollen pore depth, pollen size, pollen structurgldid hybrid



This is an Author’'s Accepted Manuscript of an arteepublished in Grana Volume 47, May 2008,
available online:http://www.tandfonline.com/doi/full/10.1080/0017318701237832

Introduction

Two birch species have co-existed in Iceland sithee early Holocene: dwarf birch
Betula nanal. (diploid, 2n = 28) and downy birdB. pubescenghrh. (tetraploid, 2n =
56). Triploid plants, derived from hybridisatioettveen the two species, are common
in Iceland — they are found at an average of ab®%i of birch plants when sampling at
random (Thorsson et al., 2001, 2007). In contdolleosses (Anamthawat-Jonsson &
Témasson, 1990) and from open-pollinat®d nanaplants (Anamthawat-Jonsson &
Tomasson, 1999), the proportion of triploid hybradaong the progeny is much higher
and the triploid plants are not sterile. Suchriypecific hybrids can mediate gene flow
between the parental species via backcrossingeohytrids. This process, so-called
introgressive hybridisation or introgression, haerb shown to occur in natural birch
woodlands in Iceland (see review in Anamthawat-36ns2003a). The multivariate
data analysis of species-specific morphologicakattars (Thorsson et al., 2007) has
confirmed the occurrence of bidirectional introgiea and indicated that the triploid
group may have played an important role in maiingingenetic variation of the
woodland birch species. Such variation is likedybe advantageous in cold climates
and the environments found in Iceland and in oslierarctic regions.

In northern Europe, birch has played a key roleeigetation succession as glaciers
retreated at the beginning of the Holocene, andther northernmost parts, such as
Iceland and Fennoscandia, birch woodlands remgwoitant features of the vegetation.
As different birch species represent different gstmsns, several attempts have been
made to differentiate sub-fossil pollenBétula especially betweeB. pubescenandB.
nana(see Caseldine 2001). PollenBfpubescens on average larger than pollenBf
nang has more protruding apertures and a larger vdstib (Birks 1968). However,
size frequency curves overlap significantly anceiiptetation of sub-fossil data has to
rely on mean sizes rather than individual grains.

Pollen grains oBetulaare triporate with a distinct vestibulum and aigidiameter
of usually 17 — 27 pm (e.g. Makela 1996; Casel@d@1). No clear characteristics of
pollen separate species within the gemetulg but differences in mean size, the
relative size of vestibulum and the minor structofepores make identification on
species level just about possible (Blackmore et 2003). In our recent study
(Karlsdattir et al., 2007), pollen size was meadwed compared between sampleB.of
nanaandB. pubescenshat were classified based on chromosome numbee to the
introgressive hybridisation described above, molgdioal variation in IcelandiBetula
is so great that species identification based orphwogy is rendered difficult. But the
chromosome number of Icelandic birch plants isletaimly three groups of plants have
been identified (Thorsson et al., 2001, 2007). lepobf diploid B. nanawas therefore
compared with that of tetraploBl. pubescenghe results showed significant difference
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in the mean size of pollen grains of these two iggecegardless of the large overlap in
plant morphology.

As triploid birch hybrids are quite common in nafuwoodlands in Iceland, it is
important to know to what extent pollen from thipltid hybrids has contributed to the
pollen pool and how it has affected the specidemiftiation of birch pollen in general.
This should have implications in interpreting datan sub-fossil pollen and hence the
vegetation history. Sub-fosdletula pollen is found in Icelandic sediments from the
early Holocene (Hallsdottir 1990; Rundgren 1998sdldine 2001; Caseldine et al.,
2003). If we could identify specific charactetistiof pollen from triploid birch, it
would be possible to study the history of hybrilia and introgression in Iceland
using sub-fossil pollen. The work plan of thisdstwas to compare pollen of triploid
birch plants with pollen of diploi®. nanaand tetraploidB. pubescenfrom the same
woodlands in Iceland.

Table I: Mean pollen size by ploidy groups.

_ No. of Diameter (um) Pore depth  Diameter/Pore
Species and trees H (pm) depth ratio
chromosome number

n mean SD*SE* meanSD* SE* mean SD* SE*
B. nana 28 31 20.4 1.6 0.32.2 0.20.04 95 0.9 0.16
Hybrid 42 22 20.1 1.3 0.32.8 04008 75 1.0 0.22

B. pubescens 56 39 242 15 0.228 0.30.05 88 09 0.14
*among individual trees

Figure 1. Pollen from diploid
Betula nanaA), triploid hybrid
(B) and tetraploid. pubescens
(C) showing grain diameter (27.4
) pm) and pore depth (2.9 um).
// The 10 um scale bar applies to all
C = pollen grains in this figure.
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Material and methods

Pollen samples were collected from 92 individuak$/shrubs in ten different sites in
Iceland: Brekkuskogur, Bifrost, Asbyrgi, Eidar, ditda i Loni, Skaftafell, Reykjanes,
Kjalkafjordur, Kaldalon and Myvatn (for descriptiafi the sites and map, see Thorsson
et al., 2007). All of these plants had been idienti beforehand by chromosome
number, which was obtained from direct countingnetaphase chromosomes from leaf
bud cells as in Anamthawat-Jénsson (2003b). Thatony yielded three groups of
plants (Table I): diploidBetula nana(2n = 28), tetraploid. pubescenf2n = 56) and
triploid hybrids (2n = 42). Male catkins were eithcollected whole at the place of
origin or allowed to mature on cut branches indoofdl samples were collected and
prepared during the same time period and undesdh® conditions. The analysis of
pollen from the diploidB. nanaand the tetraploidB. pubescensvas reported in
Karlsdottir et al. (2007), and as a continuatiorthaft work the analysis of pollen from
the triploid plants is presented here in compariggth pollen of the two parental
species.
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The pollen samples were prepared and mountedidorsibil as in Karlsdéttir et al.
(2007). Images of 120-130 pollen grains from eencfividual tree/shrub were taken
using a Nikon digital camera DXM1200F on a Nikofigse E800 microscope with 400
X microscopic magnification. Grain diameter (Ddagvore depth (P) were defined and
measured for each pollen grain as in Karlsdéttinlet(2007). Only triporate pollen
grains (normal grains with three pores) lying ingpoview were measured. The grain
diameter (representing pollen size) was measurgitally with an accuracy of
approximately 0.3 pum. The measurement of pore-deg@ts less accurate, owing to
varying visibility of the inner wall and a relatiyegreater effect of the visual angle.

Abnormal pollen grains from the same preparatioss used for the size
measurement were examined. Approximately 1000ngraer individual plant were
counted and all types of abnormalities (anomaligs deviations from normal
appearance) were noted. In eleven cases, polen &n individual tree/shrub was
sampled in two consecutive years and the averagmme was used in the results.
These were fiv8. nana four hybrids and tw®. pubescenglants.

ANOVA and Tukey's HSD were performed to test polEre differences among
the ploidy (chromosome number) classes, one-sakml®ogorov-Smirnov goodness-
of-fit test was used for comparison to normal disttion and Pearson’s correlation
coefficient was also performed, all using SPSSwso# version 10.0.5 (© SPSS Inc.
1989-1999).

Results
Triporate pollen

In this study and in Karlsdéttir et al. (2007), mleasurements were made on pollen
grains having three pores (triporate), which wasswered to be the normal type in
Betula Mean pollen diameter (D), mean pollen pore dgfth and the D/P ratio
differed significantly (ANOVA: P <0.001) among ptlyi groups, i.e. diploidB. nana
tetraploidB. pubescenand triploid hybrid between the two species.

Triporate pollen grains from the triploid plantsreeften similar in size t8. nana
pollen, but smaller than pollen 8f pubescenéFigure 1, Figure 2A). The mean grain
diameters of the diploid, triploid and tetraploicogps were 20.5, 20.1 and 24.3 um,
respectively (Table I). The Tukey HSD test showegignificant difference (P <0.001)
in pollen size between the triploid group @dpubescendut not between the triploid
group andB. nana Based on these mean grain diameters, pollengmdB. nanaand
the hybrid were similar in size but smaller tfBnpubescengollen. However, when
looking at size distribution within plants, pollgmains from the triploid hybrids were
not uniformly small compared to size distributioithin individuals ofB. nana Pollen
sizes were normally distributed within each induadi of B. pubescenandB. nana(as
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shown by the K-S goodness-of-fit test). Of the t@ploid hybrids, four showed
significant diversion from normal size distributi@md in one case a distinct bimodal
distribution. Of the 18 triploid hybrids that sheavthe normal size distribution, ten
individuals hadB. nanatype (Figure 3A); the most common sizes clusteredind the
mean value for the diploid species while the larggameters were seldom above 24
pm. Eight triploid plants showed similar size disition to Figure 3A, but the majority
of the grains were bigger than tBe nanaaverage and some (5 — 10%) were even
bigger than the averag®. pubescensize (above 24 pum). Of the four plants that
showed significant deviation form the normal distition curve, one triploid tree
produced mainly large pollen grains with the sameamdiameter aB. pubescens
(Figure 3B), whereas another tree showed two pef&ze distribution: small and large
pollen grains (Figure 3C). None of the triploicapis showed a clear case of hybrid
peak, i.e. containing pollen grains mainly of imbediate size.

The mean depth of pollen pore (P) also differedifitpantly among the ploidy
groups, but regarding this parameter pollen oftthpoid group differed significantly
from B. nana yet not fromB. pubescen@igure 1, Figure 2B). The mean pore depths
in the diploid, triploid and tetraploid groups we2e2, 2.8 and 2.8 um, respectively
(Table ). As the triploid hybrids produced mossiyall pollen likeB. nanaand deep
pores like B. pubescenstheir D/P ratio became the lowest compared to rdtms
obtained from the two species (Table |, Figure 2@jifferences in D/P ratio were
statistically significant among all three groupsik€y’s HSD: P <0.01 foB. nanavs.
triploid hybrid; P <0.01 foB. pubescenss. hybrid; and P <0.05 fd8. nanavs. B.
pubescens
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Abnormal pollen

Eleven classes of structural abnormalities wererded (Figure 4): three classes were
presumably caused by damage to normal grains (shnurilattened or broken grains,
presumably caused by environmental factors or dysneparation of samples) and eight
classes included deformed grains (0, 1, 2, 4,d,@ore pores, fused grains, and grains
with uneven pollen wall or other anomalies). Bgtloups, damaged and deformed,
were significantly more frequent among pollen sasagirom the triploid hybrids than
those fromB. pubescensr B. nana (ANOVA: P <0.001; Tukey's HSD: P <0.01)
(Figure 5). The difference betwedB. pubescensand B. nana pollen was not
statistically significant. Within ploidy groupd)e proportion of abnormal pollen varied
considerably among individual plants, as refledtethe large standard deviation and
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standard error (Figure 5). In some triploid hybridhalf of the pollen grains were
deformed. Eleven out of 22 hybrid individuals hadre than 10% deformed pollen
grains. This was rarely found among samples frioenttvo species, occurring in only
two out of 31B. nanaindividuals and one of the 3 pubescensees.

The most frequent type of deformity in pollen sttwe was pollen with four pores
instead of the normal three. Pollen with four gonas found in 2.3% d. nanapollen
examined, 0.7% oB. pubescengollen, but 10.8% in the hybrid pollen. Other
deviations from three pores were rare. Non-trionpollen grains combined were
found in 2.4% and 0.7% d. nanaandB. pubescengsespectively, but 12.2% in the
triploid hybrids.

In the cases where pollen was sampled from the s@neduals in two consecutive
years, no significant difference in the frequenéyabnormal pollen grains was found
between years. Furthermore, the proportion of rdedéd pollen was significantly
correlated between years (r = 0.85; P <0.001),elbas the proportion of non-triporate
pollen (r = 0.84; P <0.001). The correlation im@ed pollen was not significant.

Figure 4. Examples of deformed and
( \ «\* v | damaged pollen grains found frequently
B ;\ 7 among pollen samples from triploid
/N D . hybrids, compared to the normal triporate
/ w /‘:\ type (A): damaged grains (B: shrunken, C:
N, G\':—"/V;” flattened) and deformed grains (D: dwarf
:—\ = size with one pore, E: four pores, F: five
1) '\} (’f‘ﬂ ( ’,;’g"" . pores, G: abnormal and uneven exine, H:
~ J.(»ééz/ multiple pores, |: uneven exine, and J:

fused grains).

0.18
0.16 1 oDamaged
0.14 1 @ Deformed
5 0.12 1 'l'
§ 0.10 1
g 0.08 1 Figure 5. Frequencies of abnormal
- 0.06 A pollen by ploidy groups [diploid
0.04 1 Betula nanatriploid hybrid and
0.02 1 tetraploidB. pubescerjsVertical bars
0.00 T

- i represent standard errors.
B. nana Triploid hybrid  B. pubescens
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Discussion

Pollen of diploidB. nanaand tetraploidB. pubescenfrom Iceland differs in average
size and shape, although frequency curves overagrain diameters (D), pore depths
(P) and D/P ratios (Karlsdottir et al., 2007). IBwolof the triploid hybrids betwee.
nanaandB. pubescenss shown in the present study, differs from potéthe parental
species and several anomalies in its structurecamemon. Hybrid pollen is not
intermediate in size and shape, but possessesctdrardorm both or either parental
species. The majority of pollen grains from thelaid hybrids have the small size Bf
nanapollen whereas the deep pollen pore is Bkgoubescenahich gives some of the
hybrid pollen a distinguished triangular look. 3FHinding may provide a means to
detect the presence of hybrid pollen in a mixedm@aby its unique morphology, and
to calculate proportions of hybrid pollen accorditogdistribution curves, especially
those with low D/P ratios. By this means, it may gossible to identify interspecific
hybridisation in sub-fossil pollen samples. Funthere, anomalies from normal pollen
structure are very frequent among pollen from diigbl hybrids. As comparable
anomalies are rare in the diploid and tetraploidcggs, this might prove to be a true
indicator of hybridisation if abnormal pollen graiare frequent in a mixed sample. The
proportion of non-triporate pollen grains is of sjpéinterest in this context, as they can
easily be recognized in sub-fossil pollen. Repatempling shows that the rate of non-
triporate pollen formation does not fluctuate mbetween growing seasons.

High frequencies of structural abnormalities inl@olof the triploid hybrids are not
unexpected, due largely to meiotic irregularitiexwring in PMCs (pollen mother
cells) of interspecific hybrids. This has beeneaslied in a number dBetula natural
hybrids (e.g. Woodworth 1929; Johnsson 1949; Br&&rWilliam, 1984). As a
consequence of pairing problems during the firsiotie division, especially between
the homoeologous genomes, a huge number of varganegg the microspores (and
pollen) are often formed. Woodworth (1929) repartieat pollen grains from a triploid
hybrid betweerB. pendulaandB. pubescenfrom northern Sweden were variable in
size, and the sizes among pollen grains of a tdphybrid betweerB. lentaand B.
pumilavaried from being microcytes (micronuclei) to moreless normal-sized grains,
to large double-sized grains. Pollen of a presutnigtbid birch hybrid from Poland
(Szwabowicz 1976) contained empty grains (devoidcelfular content), deformed
grains with a thicker wall and a greater numbepares (4, 5 up to 8 pores), and viable
grains which varied greatly in size. The presandy shows a similar range of
deformity among hybrid pollen.

These deformed pollen grains are not likely to bie, as selection would act
against meiotic configurations that generate umzsld gametes. Previous studies
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involving triploid F hybrids fromB. nanax B. pubescengrosses and backcrossed
progeny of the triploid hybrids, essentially wiBh pubescen§Anamthawat-Jonsson &
Témasson, 1990), indicated that the triploid hybnmoduced viable euploid gametes
containing a full genome complement, i.e. having 19 or 28 (2x) chromosomes. All
other numbers must have been eliminated, eithegaraetic or sporophytic selection,
as only backcrossed progeny having diploid, tripl@nd tetraploid chromosome
numbers were recovered. No aneuploid was founchgrtitese backcrossed progeny,
nor has any aneuploid ever been found in Icelawdiadlands (Anamthawat-Jonsson &
Thérsson, 2003). Unreduced gametes (3x) might baes formed among the hybrid
pollen, but no 5x or 6x birch plants have ever bdmtovered. However, unusually
large, presumably unreduced, pollen grains hawendfeen observed in birch hybrids
(Woodworth 1929). In the present study, unusukdhge grains were found among
those having more than three pores, but non-tripopmllen grains were not size-
measured. Unreduced gametes from triploid hybriisy have a critical role in
polyploid formation, especially tetraploid fixatiam diploid or mixoploid populations of
horticultural plants (Ramsey & Schemske, 1998, 260&band 2004).

Within a given taxonomic or phylogenetic framewopkoidy level (chromosome
number) appears to correlate positively with gensime and cell size (Beaulieu et al.,
2007; Gregory et al., 2007). IBetula 1C DNA value (genome size) tends to be
directly related to ploidy and is considered tochmse to the theoretical expected value
for the 42, 56 and 70-euploid levels (Taper & Gra@¥3). Pollen of diploid dwarf
birch speciesR. nanaandB. glandulosais considerably smaller than that of polyploid
tree birch species examined, suchBagpubescenandB. papyrifera(Caseldine 2001;
Clegg et al., 2005; Karlsdottir et al., 2007). Hwmer, in relation to the diploid and
tetraploid species in the present study, the meam of pollen from the triploid
individuals is not different from that of the dipdospeciesB. nana

If chromosome number was a dominating factor ireweining pollen size, one
would expect pollen produced by the tripl@dtulahybrids to be larger on average than
B. nanapollen. Clearly there has been selection in faafithe small size oB. nana
(presumably having 14 chromosomes) among tripguateen grains from the triploid
hybrids. Eighteen (out of 22) triploid hybrids drumed small pollen grains similar in
size to the diploid specieB. nana However, a small proportion of hybrid pollen
consists of large pollen grains similar in sizethiose ofB. pubescensand in some
samples the large size is prominent. No intermtediize of triporate pollen grains is
clearly observed. This supports the hypothesipgsed initially in the crossing study
of Anamthawat-Jonsson and Témasson (1990), i.ettipéoid hybrids produce viable
euploid gametes, hence gametic selection. Szwalkqd®76) observed that in meiosis
of the (triploid) hybrid birch there was a tenderiowards reduction of the number of
chromosomes to n = 14 (by chromosome eliminationpath the first anaphase and
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telophase stages and also in the second meiotisiativ Preferential chromosome
elimination is known to occur in synthesized hybrilom interspecific crosses, for
example in wheat and barley (Laurie & Bennett, 1988amthawat-Jonsson et al.,
1993). Preferential transmission of chromosomas(triploid) hybrids has also been
shown to be genome- or species specific, for exanm@Brassicawhereby the effect of
the chromosome number on fertilization fithess @erpronounced in some hybrids, as
they show a stronger tendency in keeping their gesnmwward euploid numbers (Lu &
Kato, 2001; Leflon et al. 2006). Aneuploidy, inthglants and animals, may disturb
gene expression and, as a consequence, the phiencigpacteristics (Birchler et al.,
2001). It has been suggested that the aneuplfsdtefresult from altered stoichiometry
of transcriptional regulators and that there israency for genes to exhibit a “per cell”
expression that is directly correlated with ploidyn a study with maize aneuploids
(Guo & Birchler, 1994), monosomics and trisomics aften less vigorous than euploid
normals. Natural plants that thrive in extremeiemments, like sub-arctiBetulain
this study, can not afford aneuploidy.

In northern Europe, birch has a key role in thdyelnlocene vegetation history.
When the history is reconstructed using sub-fogsllen from sediments as a main
source, emphasis is usually made on differentidtiegree-birch pollen d8. pubescens
from the pollen of dwarf-shrub birdB. nana(e.g. Birks 1968; Makela 1999; Caseldine
2001). The results of the present study suggestlie hybridisation of the two species,
which has presumably led to the establishment afinten birch B. pubescenssp.
tortuosg near the tree-line, could be traced back by afisgrsub-fossil birch pollen,
both in terms of the structural changes and tharoence of deformed pollen grains.

Conclusions

Triploid Betulahybrids produced pollen with distinct charactégstvhich may be used
to detect interspecific hybridisation in sub-fossimples. Large and protruding pores
tended to distinguish hybrid fro®. nanapollen, which was of equal size but smaller
than pollen ofB. pubescens Several anomalies in pollen structure, includimgisual
numbers of pores, were frequent in pollen sampia® fthe triploid hybrids but were
very rare among pollen grains from the parentatigge
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ABSTRACT

The aim of this study was to find evidence of Helog hybridisation between downy
birch Betula pubescefsand dwarf birch B. nang in Iceland. We measureBetula
pollen from an early Holocene peat profile from Ideih Eyjafjordur, mid-northern
Iceland, with 39 samples taken at ca. 100-yrs vaterbetween ca. 10.3 and 7.0 cal. ka
BP based on known tephra layers. Species proportare estimated and compared
with data on present-day birch pollen. We found ®etula pollen from old samples
prepared in glycerol was larger than pollen in pelraamples mounted in silicon oil by
a factor of 1.2 to 1.6, depending on the age ofpét. Therefore the analysis of Hella
peat profile was entirely based on size frequensfridution within samples. The size
frequency distribution oBetula pollen changed throughout the profile. In all seap
two normal curves with different means gave goddtdi the observed frequency
distribution, which denoted small pollen Bf nanaand large pollen oB. pubescensA
low proportion ofB. pubescenpollen was found in the oldest peat samples amathag
around 7.8 cal. kap, whenB. nanapredominated. The proportion & pubescens
pollen peaked approximately at 8.7 and 7.2 caBikeEvidence oBetulahybrids was
found in several samples, especially simultaneowdly the earlieB. pubescenpeak.
Pollen with low D/P ratios (hybrid pollen) was falat different frequencies throughout
the profile. Non-triporatdBetula pollen grains, which are frequent among presewnt-da
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triploid hybrids, were observed in most samplese Tlequency of non-triporate pollen
in a period between 9.2 and 8.7 cal.Brafar exceeded the average level produced by
the present-day triploid hybrids. Climatic and egital conditions may have favoured
hybridisation of birch species during the expansiérdowny birch over dwarf birch
colonies in warm periods.

Keywords: Birch, Betulg Iceland, Holocene, hybridisation, pollen.

1 INTRODUCTION

Two species of birch are found in natural habitatkeeland: dwarf birchBetula nana
L., diploid with 2n = 2x = 28) and downy bircB( pubescenkhrh., tetraploid with 2

= 4x = 56).Betula nanaa circumpolar species (de Graital.,1997), grows up to one
metre in height with procumbent, wide-spreadingnst@nd a strong branching habit. It
has orbicular or obovate-orbicular leaves whichragularly crenate and are rounded at
both leaf tip and baseBetula pubescenss a European species (Atkinson, 1992),
represented by the subspeagmsescenghrh., which may grow up to 25 m tall with
single or many stems (monocormic or polycormic jypend subspecietortuosa
(Ledeb.) Nyman, which is a shrub or low tree foimthe mountain regions of northern
Europe and is therefore called “mountain birch”eirch in Icelandg. pubescensas

in some occasions been referred to as mountaih,ldiee to its low stature and scrub-
like growth form (e.g. Jonsson, 2004). Elkingto®§&8) compared birch from Iceland
and Scotland and suggested that the morphologiagbhility and the shrub-like
appearance in Icelandic birch were due to genatrogression fronB. nanainto B.
pubescengia triploid hybrids between the two species. Thias confirmed with both
crossing experiments and population-based studidsanjthawat-Jonsson and
Tomasson, 1990; Anamthawat-Jénsson and Thorss68).2Burthermore, these studies
revealed that the introgression occurred in batéctions, i.e. also from the tetraploid to
the diploid birch species, resulting in a high @egof variation in both species.

Birch species are common in sub-arctic vegetatiwhas birch is wind-pollinated, it
produces a large quantity of pollen which can bentbin sediments and peat. In
Iceland, downy birch is the only tree species knawnhave formed forests and
woodlands in the Holocene and is therefore a ke&yogical species in the history of
vegetation. An assessment of several morphologiiéé of present-day Icelandic birch,
focused upon leaf shape and size, has revealedhgouns variation from a typical
diploid B. nanaappearance to tetraploid trees withpubescengaits (Thorsson et al.,
2007). The triploid hybrids also varied widely ihetr appearance but were often
intermediate. Measurements of pollen from thesestrand shrubs, which were
differentiated by ploidy levels, showed small bigingficant differences in the average
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size and shape between the diploid and the tetchpfecies (Karlsdottir et al., 2007).
Although abnormal pollen grains were found to bevptent among the triploid hybrids,
normal triporate pollen was also produced (Karlsdét al., 2008). This triporate pollen
was hot intermediate in its appearance, but waavenage as small & nanapollen
while its vestibulum was as large & pubescengollen. This type of pollen is
presumably rare in thBetulapollen pool, but it may be viable and could thereftake
part in the introgressive hybridisation proces$pldrd plants (hybrids between diploid
B. nana and tetraploidB. pubescernsmake up about 10% of individual birch
trees/shrubs in natural woodlands in Iceland tqd&prsson et al., 2007). The presence
of triploid hybrids in Icelandic birch populatioirsdicates active hybridisation, which is
likely to result in gene introgression if the to hybrids are not sterile. Anamthawat-
Jonsson and Témasson (1990) showed that seed grofespen-pollinated triploid
plants consisted of diploid, triploid and tetraplandividuals, confirming the role of
triploid hybrids as seed parents in the introgressiybridisation process. There is no
study to date showing that triploid plants conttédirectly to this process as pollen
parents. On the other hand, the characterizatigroltén produced by triploid plants has
provided a reliable means for identification ofragressive hybridisation between the
two birch species in the past.

There have been questions about the origin of ndetabirch. The dwarf birchB
nangd may have survived some cold periods of the ld@s®cene (Rundgren and
Ingolfsson, 1999) but more likely it was a Holocémemigrant coming from Europe,
like B. nanain north-eastern Greenland (Bennike et al., 1989&n for the high-Arctic
species likeCampanula unifloraone of the most likely glacial survival candidaia
the Icelandic flora, there is no molecular evidefareglacial survival (Zgisdéttir and
Thorhallsdéttir, 2004). Downy birchB( pubescenson the other hand, is believed to
have dispersed from Europe (western Europe anad/andinavia) to Iceland when the
climate improved. The question remains whetherais the introgressed mountain birch
(B. pubescenssp.tortuosg that colonized Iceland in the early Holocene,ifothe
original tree birch wa8. pubescenssp.pubescenand the introgressive hybridisation
occurred locally. If local hybridisation is the eaghere is still a question about the
extent of past hybridisation, i.e. whether it hagr a continuous process for the last
10,000 years or restricted to specific conditiorfs tle climate and vegetation
succession.

The early Holocene vegetation history of Icelanddohon several palynological
records has been described (Hallsdottir, 1995;nHdson, 2007). In most of these
records, the concentration &fetula pollen was very low before ca. 9.8 cal. Ba
Although pollen profiles from different sites ar@tnuniform, there is an overall
tendency towards an increaseBetulapollen starting at 9.0 - 9.5 cal. k&, reaching a
maximum shortly before the deposition of the Heklgephra at 7.0 -7.1 cal. k&p,
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sometimes with a distinct decline and recovery sehege in the period of 7.5 - 8.5 cal.
kaBP. In the present study, we examined an early Holegeeat profile from the period
when birch was being established after the rewéafaciers and into the first known
birch maximum. We used the morphometric methodsrasdits obtained with present-
day Betula pollen (Karlsdottir et al., 2007, 2008) to analyke composition of birch

species in this period and to search for evidehgast hybridisation.

Our aims were (1) to test if size comparison offesdil pollen with present-day
pollen would be possible, (2) to separate subfesdien ofB. pubescengsom that ofB.
nanaon the basis of coefficients obtained for polléantkter (D), pore depth (P) and
D/P ratio, (3) to identify pollen from triploid hyilds which would be a clear indication
of past hybridisation, and (4) to reveal periodsnténse hybridisation if these existed
and to analyse the nature of such periods in tefnspecies composition and climatic
characteristics.

2 MATERIALS AND METHODS

2.1. Location

The sampling site is a drained lowland hayfieldobging to the farm “Hella” in
Eyjafjordur, mid-northern Iceland, at 65°56°35” Ni8°24'20” W and approximately 15
m a.s.l. (Fig. 1). The drainage ditch exposed #w®t,pvhich was sampled by hammering
5x5x20 cmi metal boxes into the vertical peat profile. Thedswere cut free without
disturbing the peat inside, after which the peas waapped in plastic and stored in a
cool place.

2.2. Materials

The profile, which was extracted in 1996, contaied of peat with 18 tephra layers. A
total of 39 samples for pollen analysis was taketwben the two best-dated tephra
layers, Saksunarvatn and H5, 10 ml each and witin Spacing; of these, 29 samples
were used in the present study. For comparisonaafiting media, an additional 10 ml
was retrieved from the same boxes in 2006, partdlehe original samples at four
different depths. The Saksunarvatn tephra has thetea to 10.3 cal. kP or 10347+89
years before A.D. 2000 (b2k) according to Greenldrel Core Chronology 2005
(Rasmussen et al., 2006, 2007). The Hekla tephradd®een dated to 6185+10G yr

BP (Thérarinsson, 1971) or 6070+12fC yr BP (Vilmundardéttir and Kaldal, 1982),
which together roughly corresponds to 7000 — 7H)0ye BP. The average time interval
among the pollen samples was therefore just overygars, given the average rate of
sedimentation of approximately 0.5 mm per year.
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2.3. Preparation protocol

The samples were treated with the conventional Nal@# HF and acetolysis (Faegri
and lversen, 1989) and mounted in glycerol. A potleagram has been generated from
these samples (Hallsdottir and Caseldine, 2005%.eMeess samples, which were stored
in closed glass tubes for twelve years, were netdefor the present study. Four new
samples were taken for size-comparison from thgir@i metal boxes, at the same
levels as the older samples at selected profiléhdegf 5, 25, 75 and 110 cm. They were
treated using the same procedure as the old saniplesiehydrated with tert-butyl
alcohol and mounted in silicon oil.

2.4. Pollen measurements

The samples were examined in a Leica Phase Contiagiscope DM2500 under x400
magnification. Any Betula pollen found was digitally photographed with a daei
DFC320R2 camera. About 67% of the pollen imagesvedameasurable pollen grains,
while the remaining pollen was damaged, partly obest by debris or the angle of view
unusable. The pollen was measured as in Karlsadttr. (2007), either in polar view or
semi-equatorial view with one pore protruding (F&, b). Grain diameter (D) was
defined as the distance from the outside tip ofpihie to the outer margin of the facing
wall, whereas pore depth (P) was the distance ftlwmoutside tip of the pore to the
inner margin of the nexine through the vestibuludirks, 1968). The precision of
measurement was approximately 0.3 um, but the acgutepended also on visibility
and angle of view. This was especially the casé wie measurement of pore depth
when the position of the inner margin was not akvalear (Fig. 2c). In the situation
where pollen shape was unbalanced in the polar, Vieg largest diameter and pore
were used. In semi-equatorial view no such choias possible. To test the effect of
semi-equatorial pollen on the overall results, vaistically compared polar and semi-
equatorial types from over 100 pollen grains inirayle mount. Although the grains
photographed in polar view measured on the aveta@elarger and their pores 3.7 %
deeper than the semi-equatorial ones, the differ@ras not significant (one tailed t-test;
P ~ 0.3). Non-triporate pollen grains were noted @sunted but not measured for size.

2.5. Data analysis and calculations

As pollen sizes of the twBetulaspecies overlap considerably (Karlsdéttir et2007),

analysis of size distribution of diameters and piepths within samples was performed
using Bhattacharya’s method (Bhattacharya, 1967 method utilizes the fact that the
logarithms of size-class ratios of normally distitdd data form a straight line when
plotted against midpoints of size classes. If tagadontains more than one normally
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distributed component, the curve will be S-shapdt @& straight line corresponding to
each subset. The point on the x-axis that intescép line drawn through the straight
section gives the mean of the underlying normdritigtion and the slope corresponds
to the standard deviation. A modification of thetheel (Pauly and Caddy, 1985)
proposed that such lines could be defined usingethjor more) points and the
straightness can be tested by the degree of negetielation. Intercepts and slopes
can then be derived using the linear regressidmique.

Means and standard deviations of subsets withirpkanipresumabl. nanavs.B.
pubescenswere calculated from three or more points whean dbrrelation coefficient
was under - 0.95. The plotting was repeated witlying size-class widths between 1.0
and 2.0 um, and the best results were refined ththBmod program (Morgan, 2005)
using the least Kolmogorov-Smirnov D (KS-D) statigts the measure of fit. The best-
fitted proportions of each group were then cal@adatising Jarai-Komlodi's formula
(Prentice, 1981).

1825 W

Y Sampling site

o
Eyjafjoréur

ICELAND

= Farm
= Abandoned farm
@ Sheepfold

25km

6558 |

[65°58' N Halshofsi

Helluhofai i

Figure 1

Map of Iceland
showing location of the
sample site at Hella in
Eyjafjérdur, northern
Iceland. Source:
National Land Survey
of Iceland.
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3. RESULTS

3.1. Comparison of pollen mounted in glycerol and silicon oil

Four pairs of samples were used to compare pafiatifierent mounting media (Table
1). Pollen from samples prepared in silicon oil wagsiderably smaller than pollen in
samples mounted in glycerol, both in terms of gdiinimeter (D) and pore depth (P). As
the mounting media had a little less effect on pgime than on grain diameter, the
resulting D/P ratios were approximately 10% highdren pollen was mounted in
glycerol than in silicon oil.

For each depth of the peat profile, the differetige to mounting media (as inferred
from glycerol/silicon oil, or G/S ratio) was abdbe same with the D and P parameters
(Table 1). However, the G/S ratio increased dovenpbat profile, from the lowest ratio
of 1.3 in the uppermost samples at 5 cm deptheadibhest ratios of 1.5 and 1.6 in the
oldest samples at 110 cm profile depth. This isntgadue to the increase of pollen size
down the profile in samples mounted in glycerol,evdas the reverse was observed
among samples mounted in silicon oil. Regressiayais of the data with R linear
model ANCOVA (Analysis of covariance) confirmed thignificant (P < 0.001) effect
of mounting media, estimated age of peat and tidiavage interaction.

As the data clearly indicated that either the tgpeage of the peat affected final
pollen sizes and that the effects were differemtedeing on the mounting media, any
comparison of pollen sizes between samples woulghbeliable. Therefore the analysis
in the present study was entirely based on sizpiéecy distribution within samples.

Table 1 Mean pollen diameter (D) and pore depth (PBefulapollen from the Hella
profile, from samples mounted in glycerol (G) ailit@n-oil (S).

Glycerol Silicon-oil G/S ratio

Diameter Pore D/P Diameter Pore D/P D P D/P
Depth mean SD mean SD mean  SD mean SD mean SD mean SD
(cm) n (um) (um)  (um)  (um) n (km) (um)  (um)  (um)
0 218 25.6 3.0 29 0.7 9.1 1.7 261 20.0 25 23 0.45 8.8 154 13 13 11
24 188 27.1 2.4 2.7 0.5 10.3 1.9 166 20.6 1.9 255 0.40 9.1 142 13 1.2 11
86 281 28.0 2.7 34 0.6 8.5 1.5 174 19.1 1.8 23 0.46 8.4 171 15 14 1.0
116 211 29.8 34 3.1 0.6 9.8 1.7 198 18.2 1.4 21 0.33 8.9 152 16 15 11

3.2. Pollen size

The size frequency distribution Betulapollen from Hella (Table 2) showed changes in
pollen diameter throughout the period representedhe profile, i.e. between the
Saksunarvatn (10.3 cal. k@) and Hekla-H5 (7.0 — 7.1 cal. le®) tephra layers. The
first five samples above the Saksunarvatn tephnsagted littleBetulapollen and were
therefore pooled for further analysis. The smaitedken found in this study had a mean
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grain diameter of 23.0 um, whereas the largest aneds30.2 um. The mean pollen
pore depth ranged from 2.4 to 3.5 pm.

Table 2. Pollen size distribution, mean sizes and proportodd non-triporateBetula
pollen per sample from Hella.

Mean

Approx Number of pollen Mean Mean Non

Depth age(cal. pollen Size distribution of Betula diameter ~ SD pore SD D/P triporate

(cm) ka BP) measured n pollen (um) (um)  (um) (um) ratio SD proportion
0 7.05 218 ‘ B e e N O 25.6 3.0 2.9 0.7 9.1 1.7 0.03
6 7.2 190 ‘ S e i e B 30.2 3.0 3.4 0.5 9.0 13 0.04
12 7.3 281 ‘ s e 26.5 2.7 3.2 0.6 88 24 0.06
18 7.4 68 ‘ e N I 26.0 2.4 2.8 0.6 95 16 0.01
24 7.5 188 | B o I 27.1 24 27 05 103 19 0.03
30 7.7 48 ‘ mﬁ 27.9 2.0 3.1 0.6 9.4 1.8 0.05
36 7.8 78 ‘ = o 27.4 2.7 3.0 0.6 9.4 16 0.02
42 7.9 110 ‘ _I—L 23.0 2.0 2.8 0.4 83 13 0.01
48 8.0 58 ‘ I e 25.2 3.2 2.8 0.5 9.2 14 0.05
54 8.2 64 L;:Dj:n:.; 24.2 2.9 2.8 0.5 88 15 0.02
60 8.3 65 ‘ e o e 26.9 2.5 3.2 0.6 86 14 0.00
68 8.5 62 ‘ S I S 26.6 3.4 3.0 0.5 9.1 14 0.00
74 8.6 134 ‘ e o e 26.5 2.8 3.0 0.6 9.0 14 0.02
80 8.7 75 ‘ S I S 29.3 2.9 3.5 0.7 86 15 0.08

86 8.8 281 \_::EEEZ; 28.0 2.7 3.4 0.6 85 15 0.19

92 8.9 63 I S 280 25 34 07 85 16 020
98 9.1 92 | el 283 20 33 07 90 18 025
101 9.1 154 | T 24.6 26 28 05 88 14 0.01
1033 9.2 19 | Tt 271 21 32 06 88 18 020
110 93 51| AT 280 39 33 07 86 14 001
116 9.4 a1 | _{f+-. 298 34 31 06 98 17 001

1233 96 28 LTIl 20 21 27 05 91 16 001

129.3 9.7 82 26.2 21 2.7 0.5 9.9 1.7 0.02

‘ :.—l_ﬂ—\_
135.3 9.8 68 ‘ _ 1] 24.8 4.0 2.4 0.5 10.7 2.2 0.01
S

142-158 10.0-10.3 78 23.1 2.6 2.5 0.5 9.4 1.9 0.01

Bhattacharya graphs of size distribution throughtwet period represented in the peat
profile (Table 2) indicated more than one normaiveufor grain diameters in most

samples. In all 25 samples, two normal curves sspreng different mean diameters
gave closer fit to the observed size distributibant one curve and in ten of these
samples the difference was statistically signifiq@itest in Bmod). In 7 out of 25 cases
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of size distribution opollen pore depth, two normal curves fitted sigfitly closer tc
the observed distribution than one mait curve. D/P ratios for the three different pio
groups (as in Karlsdottir et al., 2008) could net detected with adequate accur
using the current sample sizes.

Figure 2

b — o
( )f ‘\\ ) ‘7’\‘\\ Examples of measurable triporate
\ ? // ’\ Betulapollen grains from the Hella
b ’/ |
S ) &

(c

peat profile: (a), polar view; (b),
S, se.mi-equ.atorial view; .and (c), g.rain
wo— —10pm with ambiguous margins of nexine.

3.3. Betula species

The relative proportions d. pubescenandB. nanapollen were calculated assuming
that the upper means of grain diameter and depth representdsl. pubescenand the
lower means represent®& nana Pollen from triploid hybrids would be included
lower means of diameter and in upper means of gepth (based on Karlsdottir et
2008). The ratios of upper/lower diameter m« were on average 1.13 (range: 1.06 —
1.21) and for the means of pore depth they weravemage 1.25 (range: 1.— 1.54).
Neither of these ratios changed significantly diree.

Proportions ofBetula species calculated from pollen diameters and pefths
differed but were relatively correlated® @ 0.28). Both approaches showed that
original population oBetulaat the onset of early Holocene vegetation (fromaiaest
samples in the peat profile) consisted almost @gtwf B. nana This was overtaken by
B. pubescensn the first few hundred years after the Saksurtartaphra fall. The
proportion of B. pubescenshen declined for a period of time, but rose agamul
remained high in the middle part of the profiletHén declined slowly but se sharply
again towards the end of the period representedhbypeat profile (Fig. 3a). Tt
calculated proportions d. pubescenthroughout the profile are also correlate’ =
0.25) to the overall frequency &etulapollen in the previous analysiy Hallsdottir
and Caseldine (2005). As the quantityBoinan: pollen (identification visually based on
morphology) was low but relatively steady throughthe profile, the fluctuation in tot
Betulapollen represented mostB. pubescer. Two periods with large quantities Bf
pubescengollen can be seen (Fig. 4): the earlier perioghfapproximately 9.3 to 8.
cal. kaBp and the later from approximately 7.3 cal.BP, with a peak at 7.2 cal. kap,
but continuing to the end of the profile.
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3.4. Hybridisation

Our previous study on the present-dgstulapollen in Iceland (Karlsdottir et al., 2008)
showed that the proportion of abnormal pollen gragspecially non-triporate pollen,
was high among pollen from triploid hybrids or 12866mpared to 2.4% fd8. nanaand
0.7% forB. pubescensPollen with four or more pores was the most fesquype of
structural abnormality. In the present investigatiof the Hella peat profile, non-
triporateBetulapollen grains were found in 23 out of 25 sampleab(e 2; Fig. 3b). In
ten of these, non-triporate pollen was found inr@#% of totalBetulapollen, indicating
the presence of hybrids. Non-triporate pollen wastnprevalent (8 — 25%) in the early
Holocene period between approximately 9.2 and &.7kaBP.

The proportion of pollen from hybrids betweBnnanaandB. pubescensan also
be estimated from the size and shape of pollemgraiverage triporate pollen from
triploid hybrids has approximately the same grasmtbter (D) ad3. nanapollen but
similar pore depth (P) to pollen & pubescendeading to a low D/P ratio for hybrid
pollen (Karlsdottir et al., 2008). In the Hella ga&s,Betulapollen with low D/P ratio
(< 7.5) was found at different frequencies througttbe profile (Fig. 3b).

The correlation between proportions of non-tripenasllen and pollen with low D/P
ratio (Fig. 3b) was low but statistically signifita (r = 0.37; P = 0.036). If the plots
were split up, correlation in the lower part of grefile (approximately between 9.4 and
8.5 cal. ka) was considerably higher (r for thetfit4 samples = 0.59; P = 0.014) than in
the upper part of the profile. A significant positicorrelation was also found between
total Betulapollen originally counted from this same Hella ppeofile (Hallsdottir and
Caseldine, 2005; Fig. 4) and both parameters ofithyimllen, i.e. the proportion of non-
triporate pollen (r = 0.69; P <.0001) and the prtipa of pollen with low D/P ratio (r =
0.60; P < 0.01).
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3.5. Connection to climatic data

Changes in the calculated proportionsBatula species from the present study were
compared to the existing climatic data obtainednfrthe evaluation of changes in
oxygen isotopes in the Greenland ice core (Rasmuetsal, 2006; Vinther et al 2006).
The calculated proportion &. pubescengas not significantly correlated with th€0
values (r = 0.14; P = 0.25) when accepting a comnstedimentation rate of
approximately 0.5 mm yearas in Table 2, Fig. 3 and Fig. 4. However, wheryivg
sedimentation rates and manually changing propcs@dple ages, a correlation
coefficient as high as 0.69 was possible (Fig.The sedimentation rates necessary to
provide such results varied between 0.2 and 2.0yemn', with highest values of 1 — 2
mm year in cold periods and lower values of 0.2 — 0.6 n@aryin warmer periods.
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Figure 4. Distribution ofBetulapollen from the Hella peat profile throughout teely Holocene
period approximately between 10 and 7 calBkaleft axis - Percentages B&tulapollen in

total pollen found in the profile (grey columnsyiged from the pollen analysis published in
Hallsdéttir & Caseldine (2005). Right axis — Cabktteld proportions dB. pubescenpollen to

total Betulapollen (heavy black line), proportions of polleraigs with low D/P ratios (thin black
line) and non-triporatBetulapollen grains (grey line) in the present study.
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Figure 5. Average calculated proportionsBétula pubescerollen from the Hella peat profile
based on constant sedimentation rates (blackdiné)varying rates (0.2 — 2.0 mm/year) of
sedimentation (dashed black line) superimposedi@2® years moving averagesstio values
from the Greenland ice core project (grey lines)}tie same period of time. Source of the
climate data: Centre for Ice and Climate, Copenhagpversity,
http://www.iceandclimate.nbi.ku.dk/dataccessed April 18 2008 and explained in Rasmussen
et al. (2006) and Vintheet al. (2006)
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4. DISCUSSION

4.1. Effect of mounting media and age of peat on pollen size

The comparison oBetula pollen from the Hella peat profile mounted in gyal or
silicon oil produced surprising results. We fouridhttBetula pollen from samples
prepared in glycerol was larger than pollen in pelraamples mounted in silicon oil by
a factor of 1.2 to 1.6, depending on the profilptdgage of peat). Firstly, we expected
similar differences in pollen size between sampiesinted in glycerol and in silicon oil
from all sample pairs. Each series of samples weetdd simultaneously in a single
batch so there was no reason to suspect sizeatifferas a result of different handling
of the materials. Secondly, the difference in teohglycerol/silicon oil (G/S) ratio is
clearly not random but increases with the age efiat.

It has long been known that treatment methods aadnting media may affect
pollen size (reviewed by Reitsma, 1969). Feegrilaacsen (1989) quoted G/S ratios of
1.1 — 1.3 for pollen diameter and 1.1 — 1.5 forepsize (diameter of pore opening).
When we measured present-ddgtula pollen, obtained directly from identified plants
and prepared in silicon oil in exactly the same waith samples in the present study,
we found mean diameters of 20.4 um and 24.2 pmBfonanaand B. pubescens
respectively (Karlsdottir et al., 2007). We therefexpected diameter means from the
Hella samples in silicon oil to fall within or cledo these figures, but the means have
turned out to be 18.2 — 20.0 um for toBetula pollen. Caseldine (2001) reported
somewhat similar results when comparing HolocBe&ulato present-day pollen and
interpreted this as higher mean diameters for pted®y tree birch pollen but no change
in diameter means fd@. nana

If present-day birch pollen was generally largemtidolocene pollen (as suggested
by Caseldine, 2001), we should have found the geené whichever mounting medium
was used for the Hella samples. But our resultsvshadecrease of pollen size with age
in samples mounted in silicon oil, whereas pollére sncreases with age among
samples mounted in glycerol. This leaves us wiparadox which can only be solved by
taking the effects of sedimentary conditions intwaunt and assuming a connection
between the effects of peat conditions and mountirgglia. Conditions in peat and
sediments are known to influence size of pollers@need (Prentice, 1981; Paus, 2000;
Paus et al., 2003; Vorren, 2007). The Hella poitdght have shrunk according to the
length of time in the soil, thus the oldest poling smallest when mounted in silicon
oil, but it may have expanded in glycerol relatteehow much shrinkage had already
occurred.
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4.2. Pollen sizes and Betula species

As the present data indicate that some effectsnaf and sedimentary conditions affect
pollen size, more focus has been given to sizeildigion within samples rather than
size differences between samples. The size disivibwf pollen within samples is
statistically not uniform and is best explained d&ssuming two or more species with
different mean pollen diameters instead of oneispegith normally distributed pollen
size.Betula species in the Hella profile have therefore bedfierdntiated on basis of
pollen size distribution. Since there are only Betula species in Iceland, diploiB.
nana and tetraploidB. pubescengsensu lato), we expected the bulk of pollen to
originate from either one or both. We did in faadftwo groups of pollen, small pollen
presumably belonging . nanaand large pollen correspondingBo pubescensThere
could also be pollen of oth&etulaspecies in sediments and peat, coming from outside
Iceland. The possibility of an occasional influxpafllen from Europe exists, similar to
what happened in early May 2006 when airbdBe¢ulapollen in Reykjavik exceeded
average whole-season guantities (http://www.nidsirettir/2006/nr/839;
http://www.eumetsat.int/Home/Main/Media/News/0059%4en). Such pollen is likely
to originate from botB. pubescenandB. pendula which dominate birch forests in
most of Europe. But pollen of these two tree bipRcies is not readily distinguishable
by size (Mékel&, 1996).

The calculated mean size of pollen in the Hellapamvaried considerably between
samples and therefore their species ratio was ndbrm. The average ratio dB.
pubescen®. nanapollen diameter among present-day Icelandic modéch is 1.19
while the average ratio of pore depth is 1.27 (&@dttir et al., 2007). Therefore the
average ratio of 1.13 for pollen diameter in thiewated groups oBetulapollen from
Hella is lower than expected. This may have beantdwlsome kind of systematic error
associated with small sample size, such as falgérgpof one normal distribution into
two components. But there could be a genetic redéohne level of introgression (i.e.
genetic modification after hybridisation of the tiioch species) had been accumulating
over time, a decreasing ratio of upper and loweamaavould be expected, but no such
trend could be detected. Pollen size variationres@nt-dayBetula species in Iceland
has been found to be positively correlated to ¢vell of hybrid introgression measured
by plant morphological variables (Karlsdottir et, &007). If the introgression was a
continuous process and had been going on sinceaitye Holocene, an event such as
bidirectional introgression, as shown among predagtBetula species in Iceland
(Thérsson et al., 2001, 2007), would have redubedyaip between the two species with
respect to morphological variables and pollen sikhough such a trend is not
observed in the present study, the occurrence sifiprogression should not be ruled
out. Detection of past introgression is a challehgeause the process is known to be
highly complex. As shown in other plants, the spedntegrity can be maintained even
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in the face of extensive gene flow over a prolongedod (Strasburg and Rieseberg,
2008). The frequency of hybridising species mayresttmate the rate of introgression
(Baack and Rieseberg, 2007), due to both inteireal genomic changes) and external
environments such as ecological and climatic coomt

Climatic changes during the early Holocene areljlike have significantly
influenced birch vegetation in Iceland. On the vehake would expect the proportion of
B. pubescenand the frequency dBetula pollen to rise with warming climates and
decline in colder periods. The data on Holocenmatie from the Greenland ice core
project reflects main climate trends in the NorthaAtic, including Iceland (Bond et al.,
1997). In particular, the cold period recordediraximately 8.2 cal. kapP has left its
mark on most of the Northern hemisphere (von Gid&n et al., 1998) and a cool
period between 9.0 and 9.5 cal. d&has been recorded for some sites (Andresen and
Bjorck, 2005; Hoek and Bos, 2007). As the profiiddalla has not been dated between
the known tephra layers at top and bottom, a dicectelation of the data can not be
made. Nevertheless, both the frequencyBefula pollen (Hallsdéttir and Caseldine,
2005) and the calculated proportion Bxf pubescenat Hella (the present study) have
some resemblance 8°0 values from the Greenland ice core for the saar®g of
time. The association is even stronger when relefigators such as sedimentation rates
are taken into consideration. The Hella profilerently assumes constant rates of
sedimentation for the whole period, but changedeiposition rates initiated by volcanic
eruptions and wind-blown material due to erosiogannection to climate changes are
possible. Rapid sedimentation possibly occurredald periods as a result of slower
decomposition of plant remains, together with améase in the aeolian component due
to erosion. If rapid sedimentation is assumed enabld periods and slow sedimentation
in warmer periods, thB. pubescenproportion ofBetulapollen would oscillate with the
3'°0 values (as shown in Fig. 5).

4.3. Early Holocene hybridisation

We found evidence of interspecific hybridisatiordistinct periods throughout the early
Holocene in Iceland. In nearly half of the samgtesn the Hella profile, a frequency of
non-triporate type of pollen grains (especiallystadnaving abnormal number of pores)
exceeded the expected levels of 0.7 — 2.6% in tbgept-day pollen dB. nanaandB.
pubescensin some of these samples, the proportion of nipo#ate pollen was about
19 — 25% of the total pollen, well exceeding théolthean for present-day triploid
hybrids. This clearly indicates an existence dgflaid hybrids in the vicinity of Hella
during the periods in question, i.e. around 9.17-c&l. kaBp. This is the first evidence
of Holocene birch hybridisation in Iceland.
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Fredskild (1991) noted abnormal numbers of porgzoifen samples from present-
day birch in Greenland and connected the findingspiecies hybridisation. Such a
connection may not always be obvious or noted. A®xample, some quantities of
small and deforme®etula pollen were observed in several Pleistocene sarfpben
Lugovskoe in the central West Siberian Plain, Rugkeshchinskiy et al., 2006). It is
not clear if the pollen grains mentioned were hestlly conserved in the soil or if the
abnormal pollen possibly indicated Pleistocene ialjdation.

Another factor characterising pollen from preseay-ttiploid hybrids is the low D/P
ratios. In the present study, the correlation betwéhe proportion of non-triporate
pollen and the frequency of low D/P ratios in thelld samples was generally
significant, as expected. But there were severerefimncies between these variables,
especially in the upper part of the profile orlie fperiod between 8.2 and 7.1 calBka
(Fig. 3b). In the study of pollen from present-dawloid hybrids, there is a large
variance between individual trees/shrubs with haftthese variables. The frequencies
of non-triporate pollen varied between 0 and 0.58% the mean D/P ratio from 6.0 to
10.2 (unpublished data). If a high percentage efpbllen in each sample stems from a
few trees/shrubs in the immediate vicinity of thi,sthe inconsistency of these two
variables could be explained by individual differes. As the proportions of non-
triporate pollen grains are positively correlatedheB. pubescenproportion of pollen,
the early Holocene birch hybridisation in Icelandsaikely to occur wheB. pubescens
was expanding its distribution. Pollen rain fr@nmpubescenprobably reache8. nana
habitats in an open landscape, and then the pageemf hybrids increased with the
rising proportion oB. pubescenpollen, but declined when woodlandisminated byB.
pubescenbecame densely colonized.
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ABSTRACT

The aims of the present research were to gainrbegeght into the early Holocene
vegetation history oBetulain South Iceland and to investigate whether hybaiion
between downy tree-birciB( pubescensand dwarf birchB. nang could be discovered
in this region, similar to that previously found Morth Iceland. A peat monolith
spanning the period from about 10.3 to 7.6 cal Rafdm Eyvik, Southwest Iceland,
provided 44 samples for pollen analysis. The samplere dated by known tephra
layers, Saksunarvatn and Seydishélar tephras vemf€ datings. The macrofossil and
spore/pollen results showed several progressivegsnaf vegetation development in the
area until birch woodland became established ar@undal ka BP. The timing of birch
colonization is in good agreement with results frother sites in Iceland. From these
Eyvik samples, all morphologically nornétulapollen grains were size-measured and
abnormal pollen grains recorded. Species propatiwithin samples were estimated
statistically on the basis of pollen size. As birgloodland in this area became
established rather late, statistical analysiB&tulapollen size was only possible in the
uppermost 18 samples, approximately spanning thiedgpeetween 7.6 and 9.5 cal ka
BP. The frequency distribution of pollen size iradex populations d8. nanapredating
those of B. pubescensThe proportion ofB. pubescengollen was oscillating but
increased with time. In two samples at the tophef peat monolith, more than half of
the measure@etulapollen grains belonged 8. pubescensvidence of hybridisation
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based on high frequencies of non-tripor8ietula pollen was found in two samples
dated at about 8.8 and 7.7 cal ka BP. Conditioreaed to be comparable to the
corresponding hybridisation events previously reggbifor North Iceland, i.e. in warm

periods when downy birch was expanding near dwiechthabitats.

Keywords: Birch, Betula Iceland, Holocene, hybridisation, pollen.

1. INTRODUCTION

Downy birch Betula pubescenghrh., tetraploid with 2n=4x=56) has its main
distribution in central and northern Europe (Atkins 1992), whereas dwarf birch
(Betula nanal., diploid with 2n=2x=28) has a circumpolar dibtrtion (de Groot et al.,
1997). Distributions of the two species overlapriost of northern Europe and Iceland
(Hultén and Fries, 1986). In the zones where the $pecies coexist, they cross-
pollinate and produce triploid hybrids (Thorssorakt 2001). Although the fertility of
triploid hybrids is severely reduced, due to mei@airing abnormalities, the plants are
not totally sterile and can produce viable diploidtetraploid gametes (Ramsey and
Schemske, 1998). This is the case with birch, espreted from crossing experiments
(Anamthawat-Jonsson and Témasson, 1990), and wvitih bn natural woodlands
(Anamthawat-Jonsson and Thorsson, 2003). Tripleiiich produce viable gametes
can facilitate gene flow between the parental ggeeia back-crossing of the gametes —
this is the most likely mechanism driving the bedtional introgression observed
betweerB. pubescenandB. nanain Iceland (Thérsson et al., 2007).

Birch is wind pollinated and produces ample qua#iof pollen found in sediments
and peat. The need to accurately differentiateepofrom different birch species,
particularly when it is to be used for tracing difnt vegetation histories, past
ecological and climatic requirements, has led th&r research on the differences in
pollen size and shape based on pollen from livilagts (Makela, 1996; Karlsdéttir et
al., 2007). These studies showed not only thateth®rsignificant difference in the
relative size oB. pubescenandB. nanapollen, but that triploid hybrids also have their
own morphology that can be recognized and, moreoitaptly, they produce large
numbers of abnormal pollen grains (Karlsdéttirlet2008).

These results were utilized in our analysis of arlyeHolocene peat section from
Hella in Eyjafjordur, mid-northern Iceland (Karlgtb et al., 2009). In the process of
measuringBetulapollen from Hella, we found that type or age & theat affected final
pollen size. We therefore avoided comparison ofepokizes between samples and
focused on analysis of pollen size frequenciesiwigach sample. Utilizing methods of
Bhattacharaya (1967) and Jarai-Komlody (Prenti@81), we calculated an estimate for
the proportion of each species’s pollen in td&atula pollen within each sample and
thereby obtained an overview of the ratios betwbenh species over time. The
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counting and classification of abnormal pollen gsashowed peaks of interspecific
hybridisation i.e. the presence of triploid hybriisom the study of Hella peat section,
we concluded that hybridisation was likely to haezurred wherB. pubescensvas
expanding its distribution in habitats wheBe nanahad predominated. These results,
even though strongly suggestive, were limited tstwdy representative of only one
geographical region. We therefore repeated theepiwe in the present study with a
peat section from a different region covering rdughe same period as before, or the
first few thousand years of the Holocene. We ainatswer questions regarding the
history of birch in the area of study, i.e. the thewestern region, its colonization and
the interaction of the two birch species. For teeiqul covered by the present study,
very little is known about vegetation history ofsttarea as most studies to date are
about regions in North Iceland. Of special inteteats is the question of hybridisation,
and if we can see comparable indications to th&tenNorth. Apart from the search for
hybrid pollen, we compared periods of each spgmiegression in order to find out if
the timing would have been synchronous betweenhNamnid South Iceland and also
looked for comparable environmental factors assediavith the dynamics of birch
ecology and hybridisation. As far as our data allow try to link the birch pollen curve
to known climatic variations of the period.

2. MATERIALS AND METHODS

2.1 Location

The sampling site was a pasture near the farm Ew8outhwest Iceland, at 64°03.3’
N, 20°41.6° W and approximately 65 m asl (Fig.A)rainage ditch which opens into a
small river, called Grj6t4, had exposed a peatigeend provided easy access to the
peat stratigraphy. The landscape of the areahenrdlat, with the exception of the low
mountains of Hestfjall (322 m) and Vordufell (392 at a distance of 4 and 6 km from
Eyvik respectively. The site is now surrounded oy agricultural landscape where
hayfields and pasture are intersected by a netwbrlrainage ditches. The area is
practically treeless, probably as a consequencgra¥ing, although there are a few
willow shrubs in a fenced-off area (Fig. 2). A felvarf birch plants can be found near
Grjota river.

2.2 Materials

The eastern bank of the drainage ditch was cutcedlst and cleaned, then peat was
sampled by hammering 5x5x20 cm metal boxes ints#otion and cutting them free
without disturbing the peat inside. The peat mdhotionsisted of six boxes, the
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lowermost four in a single column and the two uppest approximately 25 cm to the
left of the first column, with a 12 cm vertical alap. The unbroken section measured
108 cm, mostly consisting of peat with several Isapidtephra. The thick Saksunarvatn
tephra near the bottom of the peat section andetie coarsely grained Seydishdlar
tephra 20 cm higher up (Fig. 2, inset), were tepéyars that were already known and
dated.
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Figure 1. Map of Iceland showing location of the sampliitg at Eyvik (indicated with a star) in
Grimsnes, Southwest Iceland. Source: National [Surdey of Iceland.
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Forty-four samples for pollen preparation, 1 mlheawere taken from the monolith.

Most of these were taken at 25 mm intervals, beatettwere a few exceptions due to
tephra layers and the overlap of boxes. Each sawgdes mm high and represented 5 to
25 years. Of the 44 samples, two were repetitiooms the same depth (61.5 and 69 cm)
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in overlapping boxes. For easier reading of théepatliagram, 0.5 cm was subtracted
and the repeated samples plotted as 61 and 68.5 cm.

s

Saksunarvatn

M o 1

Figure 2. Left: Overview of the sampling site, showing thich opening into a small river,
Grjota, in the middle of the picture. Mount Hesltfj@22 m high, is 4 km away on the left; a low
shrub of willowSalix phylicifoliais in the foreground. The buildings at the farnvikyone km
away, can be seen against the skyline above tbieedit Right: The lowest part of the peat
section, with two 20 cm aluminium sample boxes. daged tephra layers, Seydishélar (faint
reddish) and Saksunarvatn (coal black), are ineétat

2.3 Pollen sample preparation protocol

One tablet withLycopodiumspores (Lund University, Department of Quaternary
Geology, Batch 124961, with 12,542 + 415 sporeltalvas added to each sample.
Samples were prepared using the conventional metifidebegri and Iversen (1989),
including heating in 10% NaOH, sieving, hot HF,tabesis and dehydration with TBA,
after which they were mounted in silicon oil. Treacse peat remains on the nylon sieve
were washed with distilled water and examined unaestereo microscope. Plant
macrofossils were identified according to Nilssb@52).

2.4 Pollen counting and analysis

Counting was performed under a Leica DM 2500 ligitroscope using x400 or x630
magnification. A minimum of 100 land pollen graiwere counted from at least half a
slide and up to ten slides for each sample. Pallas identified to family or genus,

seldom to species. The number of land pollen taaa 8b. Pteridophyta spores were
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identified to class. Bryophyte spores were noteddhtiated except foBphagnumA
pollen diagram was plotted using the program PSIMP®.27 (Bennett, 2009).

2.5 Radiocarbon dating

Two samples were sent to the Radiocarbon Datingiadbry at Lund University for
C dating. One of these was from the depth of 7378 -em (sample ID: LuS 9415),
which consisted of severMenyantheseeds. The other sample was from the depth of
41.5 — 42 cm (LuS 9414), consistingRBétula nandeaves. The obtained age was based
on the radiocarbon half-life of 5568 years. @ ages were corrected for the deviation
from the agreed standard value 8€/*“C ratio. Weighted mean age and standard
deviation of dated samples are calculated with Radiocarbon Calibration Program
IntCal09 (Reimer et al., 2009). These two carbaimda and two previously dated
tephra layers were used for the time-depth modt liear interpolation between the
four points (Table 1).

Table 1.Dating of the Eyvik peat monolith.

Reference Depth (cm) e years BP b2k Cal yr BP®
LuS 9414° The present paper 41.5-42 7245 £ 55 ~8030
LuS 9415° The present paper 73.5-74 8600 = 60 ~9550
Seydisholar tephra Sinton et al., 2005 114-117 8880 + 50 ~10040
Saksunarvatn tephra Rasmussen et al., 2007 134-130 10347 + 89 ~10.297

aMidpoint of calibration for*“C years with uncertanity. Calibration with IntCal@®eimer et al., 2009).
® ab number from Radiocarbon Dating Laboratory, Lsihthiversitet.

2.6 Betula pollen measurements

Slides were scanned separately Batula pollen and evergetula pollen grain found
was digitally photographed. About 72% of the polilmages showed measurable pollen
grains, while the remaining pollen was damaged]yabscured by debris or the angle
of view was not usable. The pollen was measured Karlsdottir et al. (2007), either in
polar view or semi-equatorial view with one meablggore. Grain diameter (D) was
defined as the distance from the outside tip ofpihie to the outer margin of the facing
wall, whereas pore depth (P) was the distance ffwmoutside tip of the pore to the
inner margin of the nexine through the vestibulidon-triporate pollen grains were
noted and counted but not measured.
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2.7 Data analysis and calculations

Analysis of size distribution of diameters and patepths within samples was
performed as described in Karlsdéttir et al. (20@8jng Bhattacharya’s method
(Bhattacharya, 1967; Pauly and Caddy, 1985). Meadsstandard deviations of subsets
within samples (presumabB. nanavs. B. pubescerswere calculated from three or
more points when the correlation coefficient wadamt0.95. The plotting was repeated
with varying size-class widths between 1.0 andud) and the best results were refined
with the Bmod program (Morgan, 2005) using theti&admogorov-Smirnov D (KS-D)
statistic as the measure of fit. The best-fittedpprtions for each group were then
calculated using Jarai-Komlodi's formula (Prentit881).

3. RESULTS

3.1 Dating of samples

Dating of the Eyvik peat monolith at specific depib shown in Table 1. The peat
monolith spans 108 cm, from a depth of 140 cm upd@m. Known tephra layers are
Saksunarvatn, dated as 10.3 cal ka BP (Rasmusset., 2006, 2007), and the
Seydishélar tephra from 9.4 to 10.1 cal ka BP (®irgt al., 2005), both are shown in
Fig. 2 (inset). Based on these two tephra layées,rate of sedimentation/deposition
near the bottom of the peat section was therefar®d@ mm per year. Two samples
from 73 and 42 cm depth were dated by radiocarbamples LuS 9415 and LuS 9414
respectively (Table 1). The dating results ifC years BP were converted to 9531 —
9556 and 8005 — 8065 cal BP, or 9.5 and 8.0 cdkaespectively (IntCal09; Reimer
et al., 2009). According to this dating, the averdgposition of peat was approximately
0.9 mm per year for 10.2 — 9.5 cal ka BP (depth3%f — 73 cm) but was much slower
for 9.5 — 8.0 cal ka BP (depth of 73 — 42 cm), lmow 0.2 mm per year. These averages
were used for the calculations of PAR values (poflecumulation rates) &etula

3.2 Macrofossil samples from peat

A lithology column constructed from the Eyvik peabnolith is shown in Fig. 3.
Macrofossils were examined in 44 samples extraitted the monolith.

Three samples were taken from peat underneathaksuBarvatn tephra, at a depth
of 140 — 135 cm. The samples consisted mostly @vbrmossesAmblystegiungroup)
with considerable amount of decomposed materiad Ufpermost sample was sandy.
The Saksunarvatn tephra, 5 — 7 cm thick, lay belowixture of sand and peat.
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Nine samples were taken from a depth of 129 — Ih2 The peat consisted of
mosses with rootlets of both Cyperaceae (sedgebEgqunisetum The red layer from
Seydishélar tephra was found in this section. é.ittecomposition had occurred in the
organic matter, and some remains of leaves andtatwates (e.gAcarina were found.
The moss leaves were identified 8sorpidium scorpioidegHedw.) Limpr. at the
Icelandic Institute of Natural History

Eleven samples were taken from the depth of 1100—ci®. Cyperaceae and
Equisetunrootlets were more abundant in these samples ars$ teaves from some
new species, includingphagnumwere detected.

Fourteen samples were taken from the depth of &0 €m. The peat consisted
mostly of Cyperaceae rootletSquisetunrootlets were found together wiphagnum
leaves. Decomposed organic matter was abundantsdimgles included seeds of the
wetland planMenyanthesnd epidermal tissue of dicotyledonous leaves.

Seven samples were taken from the depth of 50 en84Cyperaceamotlets were
the most abundant, but remains of dicots were avidecluding leaf fragments of
Betula nana This is the first time period in the Eyvik peacgon where macrofossil
remains oBetulacould be identified.

3.3 Pollen analysis

Pollen concentrations were low to moderate (95080@nd pollen grains cf), but
increased with time up the section. Peaks in poflencentration followed peaks of
Betulapollen percentage (r = 0.64; P <0.0001). Calcdlaecumulation rates of total
land pollen ranged from 50 to 1100 grains®qym’* with a peak at 79 cm depth, around
the time wherBetulapollen first became a considerable proportionhef pollen sum.
However, at a similar depth a change in the ratgepbsition was detected (see section
3.1) and this makes it difficult to determine ifsipeak was genuine.
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Figure 3. Pollen and spore diagram from the Eyvik peat ritmtmgether with a Itihology
column showing sediment types and the datings.gh&ages are based on total land pollen
(Cyperaceae and spores excluded).

The main results of the pollen/spore analysis sheveral changes of vegetation, both
in the wetland flora at the sampling site itselfdaim the dry land flora of the
surrounding areas. We therefore divided the Eywktpmonolith into seven zones,
based on the pollen data and fossil assemblagéte(ZaFig. 3).
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Table 2 Zonation of the Eyvik peat monolith

Betula
PAR
Depth No. of (grains
Zone (cm) samples. Pollen cm? yr"l) Sediment type Comments
E-7 34 1 Betula 62%, with Salix, 302 Herbaceous peat with
Galium, Poaceae, Thalictrum fragments of leaves and
and Filipendula. branches.
E-6 36-51 7 Betula 26 — 58% with Salix, 33-241 Herbaceous peat with
Ericaceae, Galium, Poaceae, fragments of leaves and
Thalictrum and Filipendula. branches.
E-5 54-74 11  Betula 6-73% with Poaceae, 6-303 Herbaceous and rootlet Sphagnum spores
Ericaceae, Galium and peat with moss, upper abundant. Unknown
Plantago. part with wood fragments. tephra at 62 cm.
E-4 76.5- 2 Betula 2-23% with Ericaceae, 23-147 Herbaceous and rootlet Unknown tephra at 78.5
79 Galium and Plantago. peat with moss and silt. cm.
E-3 81.5- 6 Plantago most abundant, 3-36 Herbaceous and rootlet
94 with Thalictrum and peat with moss and silt.
Poaceae. Betula 1-10%.
E-2 96.5- 7 Juniperus 11-75% with 0-12 Moss peat with rootlets
112 Plantago, Poaceae and and herbs and rootlets
Thalictrum . Betula sporatic. with moss.
E-1 114.5- 10 Main pollen groups were 1-9 Moss peat, some with Saksunarvatn and
140 Plantago, Poaceae, herbs and rootlets, Seydishdlar tephras inside
Rosaceae and Thalictrum. sometimes with silt. the zone.

Betula 2-6%.

3.4 Betula pollen measurement

The amount oBetulapollen necessary for a statistical estimate otiggenvas not found
below 70 cm depth. In samples from the depth ofQup to the top of the peat section
at 34 cm depth, the number of measured pollen greanged from 20 to 261 per
sample. From these, a small but significant changeean sizes was discovered — the
diameter (D) and pore depth (P) increased up tla seEction while the diameter/pore
ratio (D/P) decreased (Fig. 4). The regressionesldp pum-cm were D: -0.043; P: -
0.008; and D/P: 0.023 (R wiea= D: 0.008; P: <0.002; D/P: 0.031). On the avergge
pubescengpollen grains have greater diameter and lower iafi® thanB. nanapollen
grains so thisis the trend expected for a grownagp@rtion ofB. pubescenpollen vs B.
nana
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3.5 Calculated proportions of Betula species

Proportions ofBetula species were calculated from measurements of pdli@meter
only, assuming two normal curves with different meavithin each sample, i.e. larger
B. pubescenpollen versus smallds. nanapollen. However, due to small sample sizes,
the total distribution of pollen size within sampleever differed significantly from
normal distribution. As should be expected, a maagduming two normal curves
always fitted better to the observed data thamglesicurve. Due to low numbers of
Betulapollen in the present study, the likelihood raést in BMod (Morgan 2005) only
confirmed significant better fit of the two-compamanodel in six cases out of the 18
tested. In 11 of the 12 remaining cases, thisssi@itould not be computed due to lack
of degrees of freedom and one case fell just sbbfteing significant (P= 0.052).
Assuming both species were present, the resultealed a low proportion oB.
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pubescensat 70 cm depth (Fig.5), which increased up the geation with varying
frequencies between 6% and 24% until a sudden pE&0% was reached at 49 cm
depth (ca. 8.3 cal ka BP). After that, the proportiwindled to a minimum value of 2%
before rising again to a maximum of 68% at 36.5ocraround 7.7 cal ka BP (Fig. 5).
Figure 5. The proportion of Betula

Estimated time (Cal ka BP)
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The changes iBetulaspecies proportions in the Eyvik section undedystuere similar
to the pattern obtained from the Hella peat sedtiom North Iceland (Karlsdéttir et al.,
2009), and therefore correspond partly to climdata of the time period in the early
Holocene (Fig. 6). Although the timing of birch wiland expansion at both regions
was similar, as reflected by thetula species proportions, the downy tree-biréh (
pubescensnever really formed dense birch woodland in theikEarea during the first
phase of birch colonization in ca. 9.3 — 8.3 caBa(Fig. 6). The low PAR values for
Betula in Eyvik correspond better to values from opentiaralpine heath in
Fennoscandia than to birch forests (Seppa and HIORS). In both Eyvik and Hella
there was a drastic recession of birch pollen atd@ cal ka BP, corresponding to the
cold event inferred from the Greenland ice cora gig. 6).
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Figure 6. The proportion of B. pubescens pollen
in total Betula pollen from the Eyvik peat

monolith under study (thick black line) compared
0 to the B. pubescens proportion from Hella peat
T section, North Iceland (dashed line), previously
published in Karlsdéttir et al. (2009). An

indicator of temperatures (thick grey line) is from
the 20 years moving averagess@BO values in
NGRIP1, NGRIP2 and GRIP from the Greenland
ice core projects (Rasmussen et al., 2006; Vinther
et al., 2006). Events of significant hybridisation
are shown by circles. Radiocarbon-dates from the
present study are indicated with arrows.

sfDetula pollen

d'¥0 values

Propartion

o
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3.6 Abnormal Betula pollen

Of 1917Betulapollen grains counted above the depth of 70 cngraihs (slightly more
than 1%) had four or more pores. The abnormal paglains were, however, not evenly
distributed as most of them were found in only @ samples (Fig. 5). Non-triporate
Betula pollen grains were found in 8 of the 18 uppermashes of the Eyvik peat
monolith, although in most cases only one or twairge were detected. In two samples
in particular, at the depths of 59 and 36.5 cm/epolwith more than three pores
comprised 6% of alBetulapollen in each sample, strongly indicating thespree of
triploid hybrids in Eyvik at these two time poir{&ig. 5). When tested using Box Plot
(http://www.physics.csbsju.edu/stats/box2.html)e tlwo peaks with 6.1% and 5.7%
abnormalBetula pollen are definitely outliers, i.e. more than InBerquartile range
above the third quartile. In the KS-D test, then#igant difference from normal
distribution is over 99%. Among pollen grains frahe living birch plants of the two
species (tetraploid downy birch and diploid dwar€h), only one to two percents of the
pollen would be expected to have more than threespavhereas triploid birch plants
produce a significantly larger number of abnormallgm (Karlsdoéttir et al., 2008).
Although this evidence of hybridisation is not abstantial as that previously found in
Hella, North Iceland (Karlsdottir et al., 2009)ethiming of the earlier hybridisation
event in the present study, i.e. at 59 cm depthbout 8.8 cal ka BP, coincides with the
Hella data (Fig. 6).
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4. DISCUSSION

4.1 The sampling site

The site was chosen to reflect the environmentafpf South Iceland, in contrast to
the site in North Iceland that we have previoushdied (Karlsdottir et al., 2009). The
geological history and palaeoenvironment of thigae during the early Holocene has
been summarized by Geirsdottir et al. (2000), wiso aonducted a lithological analysis
of sediment cores from Lake Hestvatn. At the endtha Pleistocene and early
Holocene, relative sea level changes were subataat reviewed by Norddahl and
Pétursson (2005). In the area of our site, relatae levels probably varied from 65 m
higher than present in Younger Dryas to 40 m lothian present, before starting to rise
again towards the present level. The great Thjraanlava flow, from around 8.6 cal
ka BP, reached a sea level that was 15 m lower firtasent. Lake Hestvatn lies
approximately 1.5 km south of our sampling siteyikyand the lake’s present surface
level is 10 — 12 m lower than the sampling siteisTlawland area was eroded by the
Weichselian glacier, and later on great sandungplaiere deposited by glacial rivers in
front of the retreating glacier at the beginningh# Holocene. The maximum sea level
in the area, dated around 12.1 — 11.2 cal ka BB,88a- 110 m higher than at present.
With the glacio-isostatic uplift of the land, thieoseline retreated; in Lake Hestvatn, the
change from sea- to freshwater probably happeng@.at— 9.6 cal ka BP (Geirsdottir et
al., 2000).

Plantago maritimais an herbaceous perennial plant, known to prefsstal
habitats. As we found increasing proportion ofpitdlen in samples from 140 — 79 cm
depth (Zones E1 — ES3, estimated from 10.3 to 9l&kaaBP) and lower proportions
thereafter, we conclude that the site was not ramfthe shoreline at the time. This
coincides perfectly with the change from marinefreshwater environment in Lake
Hestvatn as estimated by Geirsdéttir et al. (20009 indicates a somewhat slower drop
in relative sea levels than Norddahl and Pétur¢2605) had assumed for South- and
Southwest Iceland as a whole.

4.2 Time and climate

The Holocene Thermal Maximum (HTM) in terrestrigeland has been estimated
between 10.3 and 5.6 cal ka BP based on resuitsdno sites covered in five papers by
various authors (reviewed in Kaufman et al., 2004 peak appears to be between 8.5
and 6.5 cal ka BP in South Iceland (Geirsdottiragét 2009) with the summer
temperatures at least 1.5 °C above the averagée &' century (Wastl et al., 2001;
Caseldine et al., 2006). The period covered byEywik peat section, ca. 10.2 — 7.7 cal
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ka BP, spans more than half of the HTM but doesimcude the last and probably
warmest part. Nevertheless, the period is typitigdclimatic fluctuations, the most
severe being the 8.2 cal ka BP cold event whicmsde have had serious effects on the
newly established birch population in the area.(B)g An earlier cold event seen in the
Greenland ice-cores at 9.2 cal ka BP clearly hadtmgressive effect on the north-
Icelandic Hella birch population, whereas the sggrdistributed birch at the southern
site, Eyvik, did not seem to be affected. Relayivaol periods at 9.0 and 8.7 — 8.6 cal
ka BP as seen in the NGRIP records (Rasmussen 2086) affected tree-birch pollen,
hence disturbing the balance between birch spboitsat Hella and Eyvik.

Connecting the depth of a sample with age was rgttablematic. Three points in
time gave us two sets of average deposition withrg large difference, i.e. 0.9 mm per
year in the lower part and 0.2 mm per year aboveni4The reasons for this difference
may include volcanic activity early in the Holoceraeolian deposition from areas
disturbed by tephras, and slow decomposition obpinytes that were typical of the
earliest part of the section. As we lack furthdoimation on the changes of deposition
rates, we use the simple averages as links betiveerand depth.

4.3 The peat stratigraphy

Extended mires and wetland flora were to be expci¢his region as the climate was
known to be humid, and as described by Geirsdgiital. (2000) the area was subjected
to glacial floods and catastrophic meltwater evéimsughout the beginning of the early
Holocene, resulting in extended plains of sandsalhd

The macrofossils seen in the Eyvik peat samplesated vegetation dynamics
comprising a wetland succession from a mineral{gchwith brown mosses to a poorer
fen with sedgef:quisetumandSphagnumand onto a shrub-dominated fen with sedges.
Before 10.3 cal ka BP, organic matter had beenmgatating on wet mineral soil for
some time. Since the brown moSs scorpioidesvas prevailing at the time, high pH
values and only slight oceanic effects may be pnesl) as the species is known to have
low tolerance to salinity (Vitt et al., 1993). Thevelopment of fen with brown mosses
was reinitiated after the deposition of the Saksuata tephra. Sedges aBgjuisetum
gradually became more abundant wHiescorpioideswas replaced by other brown
mosses andphagnumindicating changes in water supply towards a reatively
poorer in minerals and richer in nitrogen and phosps (Gignac and Vitt, 1994,
Kooijman and Bakker, 1995). A number®f nanaleaves found in the upper part of the
Eyvik section suggests a succession towards sleath laroun®.5 cal ka BP.
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4.4 The pollen record

Pollen records for the period covered by the presemly exist from several Icelandic
sites: LOomatjorn, the only other site in Southwiestiand (Vasari and Vasari, 1990),
Efstadalsvatn in Northwest Iceland (Caseldine ¢t28l03), but most of them are from
North Iceland including Hafratjorn (Vasari and Viasal990), Krosshélsmyri
(Hallsdéttir, 1990), Vatnskotsvatn (Hallsdottir,98), Torfadalsvatn (Rundgren, 1998),
Vesturdalur 2 (Wasl et al., 2001), Hamundarstadabatl Vatnamyri (Caseldine et al.,
2006). There is a good correspondence in the viagesuccession revealed from these
records. After the retreat of glaciers pioneer fdadrecame established but later gave
way to arctic heath with EricaleSalixandJuniperusfollowed by an increase Betula
pollen (see review by Hallsdéttir, 1995). In alsea som®etulapollen was found from
the earliest samples and onwards. In general, tieeseds indicate that the earliest birch
woodlands were established in the eastern partoothNceland around 9.5 cal ka BP,
somewhat later in the western part of North Iceland in Southwest Iceland or around
8.5 cal ka BP, and even later in the north-westegion. Results from the present study
are congruent with the overall picture of birch e®dion in Iceland. No comparable
records exist for locations from East- or Southézeand.

The pollen and spore diagram from Eyvik (Fig. 33 paovided us with important
background information on vegetation that is nesigsto set the local history of birch
in perspective. The diagram outlines main trenddath dry- and wetland flora. At
about 10.2 cal ka BP, the pioneering dry land \eget of Salixand Ericales gave way
to Juniperusheath. ThisJuniperusphase continued for five hundred years until ihea
to an end at approximately 9.6 cal ka BP, wherhbirecame evident. At the same time,
the wetland flora changed dramatically whsguisetumand brown mosses gave way to
SphagnumThis phase continued until around 8.6 cal ka Bferwshrub woodlands of
both B. pubescensand B. nana had become established. Along with the birch
woodlands, Ericales, Poaceae and herbs covereatemg, while wetland flora consisted
mostly of Cyperaceae. As far as can be interprieted the limited pollen data available
for South Iceland (Hallsdottir, 1995), a similarprolonged stage of shrub heath
prevailed in the beginning wheluniperusand Salix accounted for the greater part of
the heathland vegetation, willetula hanaappearing later on.

4.5 Betula

Few pollen records of peat or lake sediments fromtls Iceland include the beginning
of the Holocene. The existing pollen diagram froaké& Hestvatn (Hallsdottir, 1995),
which is situated near our sampling site or abobitkin south of Eyvik, only covers a
vegetation history of about 7300 cal. years, omfrine period above our Eyvik peat
monolith. On the other hand, the lake sediment dmm Lake Lématjorn, 21 km
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northeast of Eyvik, includes the period of abobt-9.1.9 cal ka BP and is the only one
record from this region supported by radiocarbotinda(Vasari 1972; Vasari and
Vasari 1990). The oldest zone of the Lématjorngoliagram showed typical pioneer
species and a few grains of birch pollen were foam@arly as 9.4 cal ka BP. Bir(B.
pubescenswoodlands were present from about 8.2 cal ka BP.

The peat section at Eyvik reveals a similar pattarith sporadicBetula pollen
grains from the beginning, around 10.3 cal ka B eatablished population 8f nana
appeared around 9.6 cal ka BP, with a low inpu.gfubescenpollen rain, either from
distant woodlands or smaller populations. Birch dlands near Eyvik were established
much later or somewhere around 8.5 cal. ka BP,ilpgsst higher ground near Mount
Hestfjall. Around 8.3 cal ka BP, the proportion&f pubescengollen increased from
around 10% to almost 40% of toBétulapollen. At the same time, totBetulapollen
in total land pollen increased from around 25% torenthan 50%. This could be
explained by the expansion of downy birch woodlandsfar from our sampling site.
These first woodlands declined in the cold even8.@fcal ka BP but were recovering
and expanding from 8.0 cal ka BP towards the uppeit of our section, at
approximately 7.6 cal ka BP. Pollen data from Ldkestvatn (Hallsdottir, 1995)
showed a continuation of birch woodland expansiorthis region into the middle
Holocene. This expansion persisted until fallingagically around the time of
settlement in the ninth century (Hallsdottir, 1987)

The repeated retrogressions seen in the lowlarah buoodlands during the early
Holocene, due to climatic and geological environimigpifying southern and south-
western Iceland, may have acted as genetic bot#snéen the post-glacial birch
evolution in Iceland. Our molecular and cytologistudy of the present-day Icelandic
birch (Thérsson et al.,, 2010) showed an east-wgsaration of maternally inherited
chloroplast haplotypes in boBetulaspecies via introgressive hybridisation (reviewed
in Anamthawat-Jonsson, 2012). Birch in western soath-western regions possesses a
different (and younger) set of haplotypes comparedirch in northern and north-
eastern part of Iceland. Furthermore, this westetrappears to be similar to that found
in North Scotland and South Greenland, whereagdlséern set is similar to that found
in dense woodlands and birch forests in northemo@giand Scandinavia. At this stage
of research it is not possible to explain this graitt Western and south-western birch
may have originated from a later colonizatiorBofpubescensia a different and more
southern migration route across the Atlantics fr&marope, or the birch simply
regenerated locally through bottlenecks inferredollynological studies including the
present one. Certain haplotypes, neutral or adaptnay be enriched during woodland
regenerations, and unique or rare haplotypes nsayls generated. A similar study of
Betula maximowiczianandemic to Japan (Tsuda and Ide, 2010) reveatexnith-south
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phylogeographical separation of chloroplast DNA lbggpes, indicating multiple
colonization events or asymmetrical gene flow,po#len, between ancient lineages.

4.6 Evidence of hybridisation

In our previous work (Karlsdottir et al., 2008), ave shown that triploidBetula
hybrids produce significantly high numbers of almak pollen, especially pollen grains
having more than three pores. The elevated fredeemmé non-triporatdetula pollen
observed in the Eyvik peat section can thereforanberpreted as an indicator of
hybridisation betweeB. nanaandB. pubescenslhere are two peaks in the proportion
of abnormaBetulapollen, the first one around 8.8 cal ka BP andstmond one around
7.7 cal ka BP (Fig 5). These peaks, about 6 % eaelglearly (and tested significantly)
above the base line 1 — 3% of the present-day idiBo nanaand the tetraploidB.
pubescengKarlsdottir et al., 2008). We have previously aegpd high peaks in the
production of abnormalBetula pollen associated with expanding. pubescens
populations at Hella, North Iceland (Karlsdottiratt, 2009). The peaks in our present
Eyvik data fall into the same category; the lateakpin particular is a clear example of
such an event. The earlier peak of hybridisatioou@ad 8.8 cal ka BP) occurred within
the large time period of the first woodland expansin the North (Fig. 6), but dense
birch woodland had not established during that tim¢he region represented by the
Eyvik pollen data. The concurrent timing Bf pubescensvoodland expansion and
hybridisation is to be expected. The positive datren between elevated proportions of
non-triporate pollen grains and tBe pubescenproportion of pollen at both Hella and
Eyvik sites suggests that the early Holocene bingbridisation most likely occurred
when B. pubescensvas expanding its distribution. Pollen rain frdn pubescens
probably reache®. nanahabitats in an open landscape, and then the pagmmf
hybrids increased with the rising proportionBxfpubescenpollen, but declined when
woodlandsdominated byB. pubescensecame densely colonized such that there was no
marginal space for the hybrids to establish theveselArtificial crosses betwedetula
species were found to be more successful when pllow species (in this case diploid
B. nang was the female parent and a high-ploid specegsafiloidB. pubescernswas
the pollen donor than during reciprocal crosseskgBon and Jonsson, 1986). Seeds
collected from open-pollinateB. nanaplants from natural woodlands in South and
Southwest Iceland were found to germinate mostly tniploid plants (Anamthawat-
Jonsson and Témasson, 1999). Newly formed birchridytare likely to be able to
establish themselves in natural habitats, espgcallthe beginning of the woodland
expansion. Aradéttir (1991) has shown that birobdiags establish themselves more
easily in open or disturbed soil than in a densm af birch woodland. This could
explain the formation and existence of triploidchirconcurrently with birch woodland
expansion during the Holocene.
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Although we found significant evidence of early bloéne hybridisation in Icelandic
birch from both sites studied so far (Eyvik — tleth-western site in the present study
and Hella — the northern site reported in Karlsdd@t al., 2009), there is a clear
difference in the extent of hybridisation duringe ttame time periods. At the earlier
peak around 8.8 cal ka BP, where the proportiomoformal pollen grains in total
Betula pollen is significantly higher than the relevamtsb line, such hybridisation is
estimated to be about 6% at Eyvik, but from Heltm-triporate pollen was most
prevalent (8 — 25%) over a period between approein®.2 and 8.7 cal. ka BP. This
difference is likely due to the local environmeaspecially geographical and climatic.
As described earlier in Section 4.1, the geolodiistiory and palaeoenvironment of this
south-western region during the early Holocengpsied by glacial flood and dramatic
changes of the sea level, whereas in the nortmartti-eastern valleys of Skagafjordur
and Eyjafjordur the paleoenvironment might havenbemre favourable to both birch
colonization and subsequent hybridisation as dtresdifferent deglaciation patterns in
that area together with early-Holocene warming iortN Iceland (Norddahl, 1991,
Rundgren, 1998; Caseldine et al., 2006). The ssaokhybridisation irBetulais not
only determined by the plants’ genetic makeup builso known to be dependent on
several environmental factors including prevailgather conditions and temperatures.
In general, significant correlation may be foundwmen temperatures (within a given
range) and rates of growth and development in bwile and female parents (reviewed
in Hedhly et al., 2009). For example Betula an acceleration of pollen tube growth
under high temperatures, hence greater seed-stiogess, and a slowing-down under
low temperatures seem to be a general phenomemsor{en et al., 2002). An increase
in spring thermal sum is known to initiate bud lburence early onset of growth, in
woody plant species of northern latitudes I&etula (Linkosalo et al., 2010; Rousi et
al., 2011). Good growth is prerequisite to the péafertility and fecundity. In the case
of early Holocene birch in Iceland, hybridisationti@- or interspecific) could therefore
be expected to be more common at sites offeringmaptclimatic conditions such as
those in North Iceland.

In the studies of present-day birch by Thdorssoralet(2007, 2010), both the
occurrence of triploid plants (i.e. interspecifig/bndisation) and the extent of
introgressive hybridisation (via triploid hybridsave the same geographical structure.
Populations that are least introgressed are thasmdlands experiencing cold summer,
often associated with glacial sites or the intehi@hlands, whereas the woodlands in
optimal climatic environments harbour a great deélgene flow (reviewed in
Anamthawat-Jénsson, 2012). Difference in the sigcowoodland establishment in the
early Holocene might have been critically dependenthe extent of gene flow (i.e.
introgressive hybridisation) between the two specRirches are pioneer tree species,
often rapidly colonizing opened areas, marginal disturbed habitats such as forest
clearings and heathlands with their tiny wind-bloweeds. Birches establish most
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effectively on bare soils and very poorly in evha towest vegetation (Kinnaird, 1974;
Aradéttir, 1991), presumably due to the lack ofratfy for any particular soil type, their
ability to grow on nutrient-poor soils and theirtalerance of shade. Certain
characteristics of introgressed birch may be adgatus especially in the early stage of
woodland establishment, for example the plant’ditabio spread vegetatively by
branching near or below ground, its scrub-like groform and several other hybrid-
like features. In the northern part of the Uralsl &lestern Siberia, in the region of
forest tundra-taiga, changes in leaf parameterB.ipubescensncluding shape and
complexity were found to correlate with climaticnditions such as long-term average
temperatures (Migalina et al., 2010) and this mayehphysiological advantages
especially in the photosynthesis. Such morpholdgitifierentiation is likely to be
driven by the introgressive hybridisation procagghe introgressant types are more
adaptable (or more tolerant) to environmental pnesand habitats such as those found
in Iceland and elsewhere in the subarctic regions.

5. CONCLUSIONS

There were no dense birch woodlands or forests a@asampling site at Eyvik in the
period covered by the present study, ca. 10.3 €al.Ba BP, although bot8. nanaand

B. pubescensvere present in the vicinity from about 9.6 cal BRR. Our previous
conclusion, that the presence of abnorBelula pollen grains at elevated frequencies
can be used as an indicator of hybridisation period birch vegetation history in
Iceland, is supported by the present results fromlifferent region. The effect of
palaeoclimate on the balance B&tula species can be seen. There is also certain
conformity between the development of birch woodtaim North and South Iceland
regarding the balance of birch species and the dinmgbridisation events.
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Abstract

Past episodes of birch hybridization in Icelandengiudied by pollen analysis. The low
stature and polycormic form of downy bir@& pubescensn the subarctic probably
results from such hybridization, with the dwarfahiB. nana Two previous studies in
different regions in Iceland revealed events of rliibation connected to earli.
pubescengxpansion. The present study examined a peat ittofi@m Thistilfjordur,
Northeast Iceland, covering the last ten thousaemlsyBetula pollen was measured,
proportions of B. nana and B. pubescengalculated and the presence of hybrids
estimatedBetula pubescensxpansion started around 7.2 cal ka BP with a peakn-
triporate pollen, indicating hybrids. Lowetula pollen concentrations followed. A
second period of considerable hybridization is ¢atkd around 3.3 cal ka BP. Both
peaks were associated wigh pubescenexpansion.

Yfirlit

Tegundabléndun ilmbjarkar og fjalldrapa var rannsbki frjokornum. Lagar og
margstofna ilmbjarkir & nordleegum sléoum eru likledieiding slikrar bléndunar. Tveer
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eldri rannsoknir fra mismunandi landshlutum syndadr blondunar snemma a Nutima
sem tengdust framras ilmbjarkar. | pessari rannsétau syni tekin Gr mosnidi i
pistilfirdi, sem spannar sidustu tiu pdsund ar.kiBjokorn voru meeld, hlutféll
tegundanna reiknud og leitad ummerkja um blondurindjérk tok ad breidast at fyrir
um 7200 arum og fram kom toppur afbrigdilegra fdaka sem gefa til kynna fjdlda
blendingstrjaa. Timabil med litlu birki fylgdi i &lfarid en 6nnur hrina erfdabléndunar
vard fyrir um 3300 arum. Badar hrinurnar tengdusititani Utbreidslu ilmbjarkar.

Keywords: Betula nana Betula pubescensirch hybrid, Holocene climate, Iceland,
pollen

Introduction

Downy birch Betula pubescenghrh.) is the most important native tree in Icdlas it

is the only tree species forming continuous natwabdlands. Birch woodland is an
integral component of the subarctic ecosystemcdfahd as well as in the higher parts
of northern Scandinavia, downy birch, which is ofteferred to as mountain birch, has
lower stature and more frequently displays polydorgnowth than in most other parts
of Europe. This may be the result of introgressiyeridization with dwarf birch §.
nana L.), facilitated by the downy birch’s adaption lbarsh climatic conditions.
Theories attributing the growth form of the subiarbirch to introgressive hybridization
began to evolve in the mid-twentieth century (Edton 1968) and were confirmed
around the turn of the century (Anamthawat-Jonsdrmorsson 2003). However, the
extent of the hybridization, its frequency throughe and circumstances promoting it
were still unclear. It is therefore our objectieeitvestigate past hybridization events in
Iceland through the Holocene period.

For several years now, we have been studying lbiybhidization and introgression,
both past and present. This paper is the thirdgarees on past hybridization in Iceland
based on subfossil pollen records spanning thegdrom the early Holocene to the
present. In our studies, we relied on the previoestablished fact that hybrids of the
two Betula species present in Iceland, downy birch and dwmr€¢h, produce a
considerable quantity of easily recognisable ababnpollen (Karlsdottir et al. 2008).
As the dwarf birclBetula nanais diploid with chromosome number 2n=2x=28 and the
downy birchB. pubescenss tetraploid with 2n=4x=56, their hybrids areptoid with
2n=3x=42 (Anamthawat-Jonsson & ToOmasson 1990). Ididpplants are viable
although their fertility is drastically reduced aeiosis cannot proceed in the normal
fashion. A considerable proportion of the gameté be aneuploid (Ramsey &
Schemske 1998) and may suffer from genetic imbalgBarchler & Veitia 2007) or
from disturbances in gene expression during theqe® of microsporogenesis and
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pollen development (McCormick 1993). The conseqgasmay include morphological

variation in the pollen produced by triploids, tm®st common anomaly being four or
more pores instead of the normal three (non-trigova. triporate). Triploids in natural

woodlands in Iceland were found to be relativelynamon (Thérsson et al. 2007). In a
further study (Karlsdottir et al. 2008), pollen rinoseveral triploid trees/shrubs was
compared to pollen from diploid and tetraploid induals and the results revealed high
frequency of non-triporate pollen from the triplgjciround 12% compared with one or
two per cent among tetraploid and diploid indivildua

The frequency of abnormal birch pollen in relattorhybridization had been noted
before without being studied further. Fredskild 1P studied birch in Greenland,
especially downy birchH. pubescensand the local dwarf birchB( glandulosavlichx.),
which is a relative oB. nanaand is also diploid. He compared pollen retriefren
several individuals of each species and their lagbridentified by morphology. The
results showed non-triporate pollen, around 7% iwitipecies and 13% from hybrids.
Since then it has been shown that triploid bircbriis cannot be identified by plant
morphology alone (Thorsson et al. 2007) and thib@bly explains the difference in the
results from Greenland and Iceland. From our regilarisdottir et al. 2008), it is clear
that significant occurrence of non-triporate poliedicates the presence of triploid birch
hybrids.

We have published findings of periods of intendmyridization in the vegetation
succession following the glacial retreat of the ®teelian ice sheet in North Iceland
(Karlsdottir et al. 2009) and Southwest Iceland r(gdottir et al. 2012). These
hybridization periods were attributed to climatermveng, whenB. pubescensxpanded
over areas previously covered with heath, includngana To complete the picture of
birch hybridization in Iceland during the Holoceméurther study was needed. The most
urgent question was if the hybridization was lirdite the original establishment of tree
birch in Iceland or occurred also in the latteif lndiithe Holocene. The interpretation of
the current frequency of triploid hybrids in presday woodlands (Thorsson et al.
2007) depends on the answer. A study from a theglon within Iceland was also
needed to confirm that the trends observed arergerand not reflecting local
conditions. Based on the established picture ofotkrie vegetation development in
Iceland (e.g. Hallsdottir and Caseldine 2005), agpession of birch woodland
establishment occurred first in the northern valagd inner fjords, but in South Iceland
the development was delayed. Very little is knownuw palaeovegetation in the eastern
and north-eastern part of Iceland. Therefore, weidgel to investigate vegetation
history in Thistilfjordur, and aimed for a peat noiith covering the entire Holocene
history of birch. This was necessary, not only &thgr new information about birch
woodland/forest establishment and developmentisnpidrt of Iceland, but also to gain a
better insight into changes in birch species coitipas and possible hybridization
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through time. Our previous studies provided us whth methods to differentiaietula
pollen at the species level and to recognize tlesgmrce of hybrids (Karlsdéttir et al.
2007, 2008) and based on these, we were able ¢alatd the proportions @&. nana
andB. pubescenm total Betulapollen in palynological samples (Karlsdéttir et2009,
2012).

Materials and methods
Study area

Peat samples were taken from a draining ditch prasture at the farm Ytra-Aland in

Thistilfjordur, Northeast Iceland (Figure 1), aetboordinates of 66.2076 °N/15.556 °W
and the altitude of 34 m. Coastal areas in Thistdiur were deglaciated and

transgressed by sea in early Bélling and shorelimesumably formed at that time, are
now at an altitude of around 65 m (Norddahl & Pgton 2005). The Younger Dryas
glaciation covered the area again around 12 cabliadlowland areas became ice-free in
the Preboreal around 11.2 cal ka (Norddahl etC£182

The area of Thistilfjiérdur was settled by Ketilligtill during the Icelandic period of
settlement 874-930 AD. The earliest written sowcmformation about the farm Aland
is a document from the year 1378 (Obyggdanefnd 2005

The site is approximately 600 m from the shorelne is surrounded by sparsely
vegetated hills and pasture land. The nearesish@2 m a.s.l. but higher mountains are
to the west; the nearest, Flautafell, is approxétyat3 km from the site. The weather
station at Thorvaldsstadir, located 30 km southe#sYtra-Aland, shows a 30 year
(1961-1990) annual mean temperature of 2.8°C, anrdaly temperature of 8.5°C, an
average maximum July temperature of 11.2 °C andua ifhonth average maximum
temperature in June-September of 10.1°C.
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Figure 1. Sampling site. a) Map, sample site indicatedthy. ) Aerial photo showing
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Sampling and stratigraphic description

A section in the northern bank of the drainagehtvt@s cut and scraped clean. Samples
were taken by hammering 5x5x20 cm metal boxesthegpeat and cutting them free
without disturbing their contents. The monolith sisted of six boxes, more or less in a
single column but the third and sixth boxes wer#tezh a few centimetres to one side
horizontally with a vertical overlap to adjacentxbs. This was necessary to obtain
undisturbed peat (Figure 1c). The unbroken monafitasured 108 cm, spanning the
depth interval 17-125 cm, mostly consisting of pedlh several bands of tephra. At the
bottom of the monolith, the Saksunarvatn tephra df@Guo Larsen, personal
communication) was 17-20 cm thick and underlying/dis a light coloured silted soil,
which was sampled separately.

Loss on ignition (LOI) was tested to acquire anneste on the proportion of soil
organic matter. Parallel to each pollen samplerapmately 3 g of (wet) peat was
sampled for this purpose. The samples were driednight at 110°C and weighed to
the nearest mg. They were then heated to 550°€ lfamurs, cooled down to 110°C and
weighing repeated.

The stratigraphy of the section was described basedield observation, peat
samples in boxes and sieve residues with regatdetd’roel-Smith (1955) system as
described by Faegri and Iversen (1989) and Kergh8@77).

Chronology

Ten distinct tephras were noted in the peat mdnalitd more were suspected. Five
previously dated tephras, recognized in the sampéed section, were used for the age-
depth model. Four samples were extracted from ¢a¢ and sent for AMS radiocarbon
dating to Lund University Radiocarbon Dating Laliorg. From the upper half of the
monolith, twigs and bark were used. No good matésradating was found in the lower
half, soCarexrootlets were used and this produced inadequatdtse Carbon dates of
the rootlets were lower than from the samples abpwesumably because roots had
grown down through the peat into the samples. Toexeonly two radiocarbon datings,
i.e. at depths of 43 and 70 cm, were used for timenology (Table 1). Radiocarbon
ages were calibrated using the Intcal09 calibratiataset (Reimer et al. 2009) Age
model was based on linear interpolation betweenpuidts of calibrated age ranges.

Five tephra layers and two radiocarbon datings weegl for the chronology of the
Ytra-Aland peat section (Table 1). On average, epolien sample represented
approximately 50 years, varying from 25 to 74 yedgan peat deposition rate was
0.11 mm yeat, varying from 0.07 to 0.20 mm yéar

Throughout the paper cal ka and cal years referatibrated time before present
(BP), “present” meaning 1950 AD.
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Table 1.Chronological data for the Ytra-Aland peat sequence

Tephras:
Depth (cm) Name Cal yr BP Source
22.5-22.7 Veidivotn 1477AD 473 Larsen, (1984)
39.0-40.5 Hekla 3 ~3000 Dugmore et al., (1995).
57.0-58.0 Hekla 4 ~4200 Dugmore et al., (1995)
85.0-86.0 Hekla 5 ~7050 Thorarinsson (1971)
123-139cm Saksunarvatn ~10300 Rasmussen et al. (2007)
14¢ datings:
. Calibrated age
Depth Lab no Code Material Dry weight 14ﬁage tlo interval (calir
(cm) (me) (“Cyr 8P) )
43 LuS 10601 YA-43 twig and bark 4 3270+50 3445-3560
70 LuS 10602 YA-70 twig and bark 12 5120+ 50 5885-5920
89* LuS 10603 YA-89 rootlets 8 4555 + 55 not used
104* LuS 10604 YA-104 rootlets 5 4515 + 50 not used

* These samples consisted of Carex roots which probably have grown deep down through the peat.

Pollen preparation

From the monolith, 47 samples were taken for patieparation. Forty-six were from
the peat in the boxes and one sample from theusdirlying the Saksunarvatn tephra.
All samples were 1 ml, 5 mm thick and taken at apipnately 25 mm intervals. One
tablet of Lycopodiumspores (Lund University, Department of Quatern@sology,
batch 1031, with 20848 + 1546 spores per tabley added to each sample to enable
estimation of pollen accumulation rates (PAR). Haenple preparation was adapted
from Feegri and Iversen (1989), including 10% NaGidying, 10% HCI, 46% HF and
acetolysis.

Pollen analysis

Counting was performed under a Leica DM 2500 ligitroscope using x400 or x630
magnification. A minimum of 300 land pollen graiper sample were counted except
for seven samples at depths 106-121 cm, whererpotiacentration was very low (149-
439 grains mb). In those samples, only 15-60 land pollen grawese counted. Pollen
was identified to family or genus, seldom to spedidilsson 1961, Faegri & Iversen
1989, Kapp et al. 2000). The number of land paiter recovered was 29.
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Betula pollen measurements

Slides were scanned separately Batula pollen and every grain found was digitally
photographed. About 90% of the pollen images shomedsurable pollen grains. The
pollen diameter was measured as in Karlsdottirl.e2807) as the distance from the
outside tip of pore to the outer margin of the rigcwall. Non-triporate pollen grains
(identified as in Karlsdaéttir et al., 2008) weretea and counted but not measured for
size.

Data analysis and presentation

Analysis of size distribution dBetulapollen diameters within samples was performed
as described in Karlsdottir et al. (2009), usingatcharya’s method (Bhattacharya,
1967, Pauly and Caddy 1985). For successful cdloalaf species proportions, an
effort was made to include 100-200 grains per sample to varyingBetula pollen
concentrations, this was only possible in 38 out©bsamples.

Means and standard deviations of subsets withirpksnpresumabl3. nanavs.B.
pubescenswere calculated from three or more points whendbrrelation coefficient
was below -0.95. Results were refined with the Brpomram (Morgan 2005) and the
best-fitted proportions calculated using Jérai-Kaudhiit formula (Prentice 1981).

Pollen stratigraphic, lithostratigraphic (includib@I) and chronological data were
plotted using the PSIMPOLL 4.27 software (Benn@®9). Pollen data is presented as
percentage of total terrestrial pollen (TLP), whitenation of the pollen diagram (Table
2; Figure 2) using optimal splitting, implemented PSIMPOLL, was based on all
pollen and spore taxa.

Results

Lithological description

The whole monolith consisted of brown herbaceouat @ad Carex rootlets were
abundant in sieve residues from all samples (T2blEragments of wood were found in
the upper half of the monolith. Ten layers of tepivere noted but grains of tephra were
found in various quantities throughout the mono(fiigure 2). On the whole, loss on
ignition was around 34% but varied from 6-71% (FeyR), with the lowest values near
the Saksunarvatn tephra layer.

In Table 2, zones from the pollen diagram (Figurar2 shown. The Preboreal light
silt (YA-1) was buried under the thick Saksunarvaiphra at 10.3 cal ka (Rasmussen et
al. 2007). Organic matter was low, and sand in db# indicates frequent wind

Paper V Past hybridisation of birch in Thistilfjérdur Iceld 133



This is an Author’s Revised Manuscript of an artielconsidered for publication in Icelandic
Agricultural Sciences (IAS) http://www.ias.is/landimadur/wgsamvef.nsf/key2/ias

deposition of loose tephra (YA-2). Gradually, tlod stabilized and the organic part of
the soil increased while soil at the sampling gtmained wet. This phase (YA-3) ended
around 7.7 cal ka BP. In the earlier part of thethase (YA-4), organic content
increased. Wetter conditions were detected in #ber Ipart of the zone by increased
presence of mud. The H5 tephra deposited at 705@aas, marks a colour shift in the
peat from light to much darker brown (Figure 1cpsgibly as a result of increased
degradation of organic matter. A period of very wenditions followed (YA-5), when
the sampling site was practically under water ascated by the presence of algae and
quantities of presumel$oetesspores. Organic matter and mud in the peat ineteas
Ponds dried out and became fens (YA-6) and smadldywdragments were found in the
peat. The H4 tephra (4 cal ka) occurs within tleistion. Near 3.5 cal ka, wood remains
start to get a slightly less common. The H3 tegBraal ka) is found at the bottom of
the zone YA-7 and the Veidivotn AD 1477 is in ifgper part.

Table 2 Lithostratigraphy and pollen stratigraphy for tiea-Aland peat sequence and
inferred site development.

T £
= - 3 Implied conditions
£ 2 g 8 2 § Main components Implied site of pollen source
$ %3 35 & 3 FE e P y
a < & a a a = a a of sieve residue conditions area
17-41 ~0-3.1 YA-7 10 72- 27- Brown herbaceous Mire with Shrub heath with
230 113 peat with grains of sedges stands of downy
fine sand and small birch
woody fragments
41-73 ~3.1- YA-6 13 19- 10- Brown herbaceous Mire with Woodlands and
6.1 633 604 peat with grains of sedges shrub heath. Birch
fine sand and small hybrids at 3.3 cal ka
woody fragments
73-84 ~6.1- YA-5 5 45- 8-39 Brown herbaceous Shallow pond Woodlands and
6.8 277 peat and mud with shrub heath
algae
84-94 ~6.8- YA-4 6 78- 9-964  Light brown Mire with Tree birch
7.7 2204 herbaceous peat and sedges and advancing. Birch
mud with algae ponds hybrids
94-105 ~7.7- YA-3 5 17- 1-326  Light brown Mire with Shrub heath with
8.8 2368 herbaceous peat and sedges and Ericales and dwarf
mud with algae ponds birch
105- ~8.8- YA-2 7 2-5 0 Light brown Mire with Sparsely vegetated
121 10.3 herbaceous peat, sand  sedges and land with willows,
and mud seasonal grasses and herbs
ponds
121- 10.3 - - - - Saksunarvatn tephra
139
140 ~10.4 YA-1 1 - - Coarse silt with light Wetland with Tundra/Arctic
herbaceous soil sedges heath with Salix
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Pollen record and birch vegetation

The Holocene pollen record of Ytra-Aland, Thistiljlur, was divided into seven zones
(Figure 2). In this diagranBetulapollen was not differentiated in the pollen count.

In Figure 2, the first zone YA-1 at the depth oDleln, containing a single sample
taken just below the Saksunarvatn tephra, wisaléx pollen was the most abundant,
together withSilene type of Caryophyllaceae anBmpetrumindicated arctic heath
vegetation Pollen of Koenigiaa hardy annual arctic plant was present, pointing
tundra-like ecosystem. Pollen concentration was04&dd pollen grains ch Two
Betulapollen grains were found, which is too few to dode on species or the distance
to the source.

Zone YA-2 covered 10.3~8.8 cal ka and included isesemples taken above the
thick Saksunarvatn tephra. Pollen concentration® we&tremely low, or 149-439 land
pollen grains cm and pollen accumulation rate (PAR) was approxityia2e5 grains
year' cmi®. Total number of land pollen counted in all sesamples was only 253. The
pollen taxa indicated sparsely vegetated land slittubs, Ericales and grassBetula
pollen was 6% of land pollen while calculationsspicies proportions from combined
samples suggested oy nanawas present.

Zone YA-3, ~ 8.8-7.7 cal ka, was marked by a peakricales pollen, together with
high pollen concentration, the highest being mb@nt200000 grains cirwith PAR
values of nearly 2400 land pollen grainsyear’. Betulapollen concentrations were
rising at the end of the period, from 100 to 30@64ins cnit. A few grains from aquatic
plants, i.elsoetesspores antyriophyllumpollen, were found.

Zone YA-4, ~ 7.7-6.8 cal ka, showed a peakBetula pollen percentage and an
increasing number afuniperuspollen towards the end and a decline of Ericdbedlen
concentrations were still high or 50-200 thousaning cnt. Betula pollen
concentrations were high but falling sharply by émel of the period. ThBetulapollen
was mostlyB. nanabut with a fair amount oB. pubescensuggesting arctic-alpine
heath with stands of downy birch.

Zone YA-5, ~ 6.8-6.1 cal ka, revealed a wet pexigith birch almost absent but an
increase in grasseRanunculusand Apiaceae. ThRanunculuswas probably mostly
Ranunculus aquatili., an aquatic plant, although counted as teiedsts the pollen
could not be identified to species. The ApiaceasevpeobablyAngelica There was also
a marked peak irsoestesspores. Land pollen concentrations were 3-20 toadisn,

In zone YA-6, which covers the long period of ~-8.1 cal ka, mixed birch wood-
and shrublands were re-established and became domioand pollen concentration
increased from 1500 to 18000 grains¢rof which approximately two-thirds were
Betulapollen and in turn half of thBetulapollen wasB. pubescens
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Zone YA-7 covers the last 3000 years of the HolecéWo changes in vegetation
connected to the human settlement in the area 848G ago were obvious, although
sampling at higher resolution might have detectadllsscale changes. Birch continued
to decline and there was a slight increase in Ramachowever neither change was
drastic. Land pollen concentrations were 10-30 $had grains ci) about half of them
Betula
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Figure 2. Pollen and spore diagram for the peat monolitfiYtra-Aland, Thistilfjérdur,

Northeast Iceland. Lithostratigraphy, loss-on-iigmi (LOI) data and chronological data on the
left. Pollen percentages are based on total laldrp@rLP), Cyperaceae and spores excluded.
Pollen accumulation rates, number of counted laoilip and local pollen zones on the right.
Note different scales on Cyperaceae, Equisetuntempaktcumulation rate (PAR), LOI and
counted land pollen. Calibrated ages of carbonddsdenples at 43 and 74 cm are 3445-3560 and
5885-5920 cal years respectively.

Betula pollen size and species balance

The average size of all measurBdtula pollen was 19.6 um. Average sizes within
samples increased between 10 cal ka and 5 caltkdebreased slightly from 5 cal ka to
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the present (Figure 3a). Correlation between mdae of Betula pollen and the
proportion of Betula pollen in TLP within each sample was weak butistiaally
significant (r = 0.30; Retailea = 0.027; Figure 3a). Calculated proportionsBatula
species within each sample revealed mBananapollen sizes around 19 um, ranging
from 18.7 to 19.5 um anB. pubescenmean pollen size around 23 pm, ranging from
22.6 to 23.2 um. The results from calculations,clvhivere possible for 35 of the 47
samples, showed great fluctuations in species bajasuggesting unstable climate
(Figure 3b). Calculated PAR values tr pubescenpollen in particular never reached
100 grains yedrcmi® but peaked at 95 grains yéammi®at ~ 7.5 cal ka and again at 92
grains yeat cm? at ~ 3.5 cal ka (Figure 3c).
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Abnormal Betula pollen

Non-triporate Betula pollen grains are indicative of the presence gfldid Betula
hybrids when they occur in a significant amountr{&@ottir et al. 2008). A total of 156
non-triporateBetula pollen grains from the Ytra-Aland monolith werete (examples
shown in Figure 4). Of these, 82 were found in fusamples at depths of 90, 89, 86.5
and 41.5 cm, corresponding to two peak periods,5~77 cal ka and ~ 3.3 cal ka
(Figure 3c). The percentage of non-triporate poltethose samples was 8-10%. To
confirm that these samples were indeed statisticdifferent from other samples,
Tukey’s boxplot method was used, confirming the ghatints as suspected outliers. The
abnormal pollen is unlikely to be normally distribd (KS-test P<0.01). Two additional
samples with raised percentage of non-tripoBxula pollen, at depths of 111 (out of
scale in Figure 3c) and 104 cm (~8.8 cal ka), lmdféw Betula pollen grains to be
regarded as evidence of hybridization (Figure 3c).
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/—\‘ Figure 4. Examples of Betula pollen from

Ytra-Aland samples. a-c) Normal pollen. d-

,// k ) " —— i) Non-triporate pollen.
> )

Discussion

Characteristics of the research area in comparison to previous
sites investigated

The present study on the relative abundance anddigdion of the twdBetulaspecies
in Iceland, based on subfossil pollen, spans theoghefrom the first Holocene
colonization of birch to the present. We have presly used the same approach on
samples from two other sites; Hella in EyjafjordMorth Iceland (Karlsdottir et al.
2009) and Eyvik in Grimsnes, Southwest Iceland I@dattir et al. 2012), but both
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studies only cover a few thousand years in theyddolocene from ~10.3 cal ka and
onwards. Because of the extended time span, tisemretudy not only strengthens our
previous results from the earlier half of the Haloe, but it also reveals for the first time
birch hybridization in the late Holocene. Furthermothe addition of Thistilfiérdur
makes it reasonable to consider Holocene birchitiation to be applicable to Iceland
as a whole.

Besides being situated in different regions ofdoel, the three sites differ in other
respects. The Hella site in Eyjafjordur lies on thestern side of a major fjord with
steep mountain slopes to the west. In Akureyri,earby weather station, the mean
annual temperature from 1961-1990 was 3.2 °C amdnan July temperature was 10.5
°C. The Eyvik site in Grimsnes lies in a relativiat landscape. It is now around 65 m
a.s.l. and 30 km inland but was close to the shmmraduring the early Holocene. At
Heell, a nearby weather station, mean annual temperrom 1961-1990 was 3.6 °C
and the mean July temperature was 10.6 °C. Ytradiia neither far from the shore nor
is it sheltered by steep mountain slopes. In coisparto the two other sites Ytra-Aland
has the least favourable climate for downy birchth® weather station Thorvaldsstadir,
mean annual temperature from 1961-1990 was only °28and the mean July
temperature was 8.5 °C. Mean wind velocity is alditle higher near Ytra-Aland or
approximately 4.4 m séccompared to 4.0 and 4.1 m Senear Hella and Eyvik
respectively (The Icelandic Meteorological offic&l3).

Soil development

The parent materials of Icelandic soils are mixuad tephra layers and eolian
sediments consisting mostly of volcanic glass (&te&004). In Icelandic soils, there
are more than 800 Holocene tephra layers (LarseRiré&ksson 2008). They were
generated by various volcanoes and the distribuifoeach tephra depends mainly on
the size of the eruption and wind directions durthg first fierce eruption days.
Gudmundsdéttir et al. (2012) listed 85 tephras a@800-70 cal years, recognized
from the core MD99-2275 on the North Icelandic 8H€0 km northwest from the
sampling site at Ytra-Aland. Five of the most gasécognized of those tephras have
been used to date the samples in this study but @hdise others are likely to be present
too, adding bulk material to the sequence and dsprg LOI values.

The low pollen concentration and LOI values of themples just above the
Saksunarvatn tephra indicate frequent sandstormhghieuduration of this period is
unknown as we did not find suitable material fatiogarbon dating in the lower part of
the monolith. Hallsdottir and Caseldine (2005) irdd several decades or even
centuries of unstable environment as a consequanit® huge eruption that produced
the Saksunarvatn tephra. After this period, LOleal increased slowly until around 7
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cal ka, near the boundaries of zones YA-4 and YAbfirst, the low values were
probably due to erosion in the sparsely vegetatedrenment where tephra was
abundant but later warmer and dryer climate mayeHaapt the rate of organic matter
accumulation low through faster decomposition. phak ofBetulapollen in zone YA-

4 (around 7.5-7.0 cal ka), with its high valueBofpubescenBAR, may well represent
the Holocene thermal maximum in the area. In zo#e5Y(from 7 cal ka) the LOI
values increased rapidly as the conditions becastéerv Even though the ponds gave
way to fens in zone YA-6 (from ~6.2 cal ka), LOllwes remained high for the most
part until around 3 cal ka, when the great eruptbidekla deposited the H3 tephra.
After that, LOI values were low for a while, bukth started to grow slowly again and
kept growing in spite of human settlement from ab®00 AD. Volcanic eruptions
thus seem to have been a major factor in detergicambon content of the soil at Ytra-
Aland, although water levels, controlled by climaitso played their part.

In general the main changes in Icelandic soilstedldo human settlement are a
decrease in woodlands mostly caused by winter mgaand wood cutting for iron
processing (Hallsdottir 1987), followed by a markedrease in deposition rate caused
by wind erosion (Thorarinsson 1961). Climate caplimas doubtless enhanced these
effects. In remote areas without birch woodlantiesé changes are less conspicuous.
Zutter (1997) studied the anthropogenic impact egetation in Thistilfjordur and
published two pollen records for the period ~7.Bkzato the present, obtained at the
Svalbard and Saevarland farms, 7-8 km from Ytra-AléBhe found a marked increase
in deposition rates at the Svalbard site but n@aavarland, showing that these effects
can be very local.

Birch in Thistilfjordur through the Holocene

Changing equilibrium of Betula species - the rise and fall of
tree-birch

Size of pollen differs betweeBetula species but is also affected by conditions during
development and continues to change as a respomswitonmental factors after being
shed (Dunbar & Rowley 1984, Edwards et al. 199Mer@ical treatment has been
shown to alter pollen sizes (e.g. Reitsma 1969) thede are reasons to suspect size
differences in relation to soil conditions of suksdid pollen (Karlsdéttir et al. 2009). We
therefore do not put any emphasis on absolute rdiffe in pollen size between
samples, but concentrate on size distribution witech sample when calculating the
relative number of different species. When theda d@re used to calculate PAR values
for B. pubescengollen we obtained the maximum value of 95 graing year' at
around 7.5 cal ka. This is far below the PAR valsesen in birch woodlands in other
studies including Eyvik, Southwest Iceland (Karttidét al. 2012) and in Scandinavian
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forests (Seppa & Hicks 2006, Hattestrand et al82Based on this, birch woodlands in
the Thistilfjordur region were never dense durihg Holocene, but rather a shrubland
with dwarf birch and scattered birch trees. Thisatasion was strengthened by the
observation of birch remains, up to 10 cm in dianeprotruding from the peat in a
nearby ditch. No such wood remains were foundeastmpling site.

The dwarf birch seems to have found its way to heat Iceland sometime around
9 cal ka. The pollen concentration was, howevdt,letv until after ~8.2 cal ka when
rapid colonization took place. The downy birch beeaestablished in Thistilfjordur
around that time, 8.2-7.6 cal ka. That is latentkaen in some other parts of Iceland
where the first birch woodlands appeared ca. 258l ka (Vasari & Vasari 1990,
Hallsdéttir 1995, Hallsdéttir & Caseldine 2005),tboay be comparable with data from
lake Efstadalsvatn in Northwest Iceland at 123 si.awhere conditions for tree birch
were also limited (Caseldine et al. 2003). Wheee trirch had been established early, a
decline of birch vegetation is seen during the aldnt of 8.2 cal ka (Thomas et al.
2007), followed by a rapid recovery and a new esganwhen conditions improved.
The peak of the birch period, both in North andtBdceland, was between 8.0 and 6.8
cal ka (Vasari & Vasari 1990, Hallsdottir 1995, Kdbttir & Caseldine 2005). At Ytra-
Aland the peak irB. pubescenst ~7.5-7.1 cal ka was short-lived (Figure 3c)tiBo
Betula species retreated, probably in response to caldvaet conditions. The dwarf
birch recovered faster but the downy birch took@usand years to begin its recovery
and did not reach another peak until around 4 ealThe peak in combineBetula
pollen around 4.7 cal ka (Figure 2) mainly refleBtsnanapollen. This is consistent
with Zutter’s (1997) results on birch woodlandd histilfjordur where periods of birch
expansion and decline with wetter conditions wenenfl at similar times. Our results
show that from 4 cal ka until the present, birce haen declining. Downy birch almost
disappeared from the area around 3 cal ka, recdvferea while in the Roman warm
period, but was retreating even before settlemeftlacal ka. The dwarf birch, on the
other hand, prevailed and seemed to have expasmdleer than decreased. The human
settlement in the area had little or limited effect the already declining tree birch
vegetation.

Holocene climate in Thistilfjordur

A temperature of 10°C in the warmest month hasllysbaen considered a minimum
for birch forest limits in the northern temperawti{Odland 1996). Attempts to define
the climatic requirements for mountain birch havevpd difficult. Other figures for

July temperature have been suggested (revieweddan® 1996; in Iceland measured
by Woll 2008), and temperature during the entirengng season, either air (Odland
1996) or soil (Kérner & Paulsen 2004) has been dotm predict tree line altitudes
somewhat better, but the results are never far fleen10 °C July mean temperature.
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Using this conventional figure, we see that in Tiéstilfjiordur area, a climate warmer
than in the late twentieth century would have bee&ded for tree-birch to thrive there.
A minimum July temperature fd@. nana on the other hand, is estimated closer to 6°C
(De Groot et al. 1997), which is well below the g@met-day conditions in the area.
Therefore we would expe&. nanato be the dominant source Bétulapollen except
during the Holocene Thermal Maximum (HTM) when temgiures may have been
around 1.5 °C higher than present (Kaufman et @4 Even at that time, the tree
birch would have been struggling near the lowerténof its temperature requirements.
If some local meteorological condition reduced elagied HTM, it would have further
limited the tree birch to scattered stands of treedavourable places rather than
continuous woodlands.

Zutter (1997) concluded, mostly froBetulapollen, that conditions in Thistilfjérdur
had been warmer and dryer than present in theg#8rib2.1 cal ka. Later Axford et al.
(2007) studied subfossil midges in Thistilfiérdinrdughout the entire Holocene and
came to the conclusion that in Northeast Iceland/Hcurred several thousand years
later than expected or around 5.0-2.5 cal ka, coetpbaith HTM between 10.3-5.6 cal
ka as reflected by five studies on terrestrialssitelceland (Kaufman et al. 2004). The
reasons for this are far from clear as summer atieol peaked in the early Holocene.
The authors suggest modulation by sea ice, enhamgeshlinity stratification of sea
waters. Our records detula pollen proportion andetula species balance suggest a
period of warmer climate than present between 87andl ka, followed by a cold and
wet period 7.0-5.5 cal ka. It is therefore debaabkhe peak irB. pubescen®AR at
7.5-7.1 cal ka represents the HTM in the area BT was delayed until 5.4-3.5 cal ka
whenBetulain TLP was highest. Anomalies in pollen conceidrat in the earlier half
of the Holocene and variation Betulaspecies balance, support theories of an unstable
climate in the far north-eastern Iceland during ¢lagly and mid Holocene; something
that might be attributed to variations in drift eior periods of persisting northerly
winds.

Holocene birch hybridization

In the present study, we detected two significaeaks of non-triporat®etula pollen
indicating the presence of hybrids in the Ytra-Algreat; an earlier peak at 7.5-7.1 cal
ka and a later one around 3.3 cal ka. Both peaksaasociated with peaks B.
pubescen®AR values, and this association is in concordavitie the results we have
published before from North and Southwest Icelamdere periods of hybridization
were also linked t®. pubescenpollen influx values higher than those charactierfer
established. nanapopulations. This is the first time birch hybrigiion is detected in
the Late Holocene.
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The results of the present study, along with resfitm two previous studies on
Holocene birch hybridization, indicate that the hgization followed expansion d.
pubescenslominating woodlands, presumably during regionatming of climate. An
increase in annual mean temperature of around $Cedicted in the Arctic in the 21
century but summer temperatures are supposedetdess, or around 2°C (Christensen
et al. 2007). Such a change of climate would béneégetation and lead to
establishment or expansion of birch woodland, gitkere is available space for
recruitments. In the process, a new wave of bigdiridls may be expected.

Conclusions

Periods oBetulahybridization were identified, based on pollenad@om Thistilfjordur

in Northeast Iceland, supporting previous resutisifNorth and Southwest Iceland. As
found in the earlier studies, periods of hybridimatwere connected to the expansion of
local B. pubescenpopulations. Our new data confirms period of hgitzation occurred
in the earlier half of the Holocene. Comparableiqukr of hybridizations are also
reported here in connection with birch expansion,thie later half of Holocene.
Conditions in the oceanic Northeast Iceland werar nihe lower limits of the
temperature requirements of downy birch for mosttled Holocene, resulting in
fluctuatingBetulaspecies balance. The effects of human settlemrebtroh in the area
were small compared to climatic effects. Theories late HTM in Thistilfjérdur,
compared to other parts of Iceland are partly stpdpas birch woodlands peaked from
5.4-3.3 cal ka. Still a short period of warm climaseen as a peak in PAR valuesBor
pubescensnd land pollen in general, was detected neacal.ka and might represent
the local HTM,
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APPENDIX A Pollen sites in Iceland

Based on Hallsddttir (1995) and Hallsddttir and Caseldine (2005) with adaptions

Site name Locality Municipality I(;f::tne? refno Essence from Title JF_)jgolfa Calka  Author
Naustamyri Akureyri Akureyri NW N 1 Nakudungslogii® Hunafloa 0-(8-10) 0-11 Thorarinsson 1955
Hoffell Nesjum Hornafjorour SE E 2 Glacial drift loeland 0-(8-10) 0-11 Okko 1956
Laugardalur Reykjavik Reykjavik SW W 2 Glacial tif Iceland 0-(8-10) 0-11 Okko 1956
Hédinsvik Husavik Tjorneshreppur NE N 3 ...Moorpesfaus Nord-Island 0-4.5 0-5.1 Straka 1956
Sogamyri Reykjavik Reykjavik SwW W 4 Tvo frj6linudt islenskum mémyrum 0-(8-10) 0-11 Einarsson 1957
ILJno!ir - Olfus Olfus SW S 4 Tvo friolinurit ar islenskum m@ram 0-(8-10) 0-11 Einarsson 1957
ngolfsfjalli

Seltjérn Reykjavik Reykjavik SwW w 5 ..Spat-und ptestialen Klimageschichte Islands 0-9 0-10 Einarska61
Borgarmyri Reykjavik Reykjavik SWw 5 ..Spat-undstgazialen Klimageschichte Islands 0-<9 0-<10 Esan 1961
Villingavatn | Grafningi g:;Tnsiggz-h?egppur SW S 5 ..spat-und postglazialen Klimageschichtnti 0-(8-10) 0-11 Einarsson 1961
Olkelda Stadarsveit Sneefellsbaer SW w 5 ..Spat-osthfazialen Klimageschichte Islands 0-(8-10) 0-11 Einarsson 1961
Torfalaekur Blonduds Hanavatnshreppur NW N 5 ..spat-postglazialen Klimageschichte Islands 0- <7 80-< Einarsson 1961
Varmahlio Skagafjoréur  Skagafjorour NW N 5 ..spathpostglazialen Klimageschichte Islands 0- <6 0-<7 Einarsson 1961
Solheimagerdi  Skagafjoréur Akrahreppur NW N 5 tapad postglazialen Klimageschichte Islands 0-7 0-8 Einarsson 1961
Moldhaugar Eyjafjorour Horgarsveit NE N 5 ..spatypostglazialen Klimageschichte Islands 0-(8-10) 110- Einarsson 1961
Hallormsstadur  Hérad Fljétdalshérad NE 5 ..spatpostglazialen Klimageschichte Islands 0-(8-10) -110 Einarsson 1961
Lématjorn Biskupstungur  Blaskdgabyggd SW 6 idire Holocéne des lacs Islandais. 2-8.4 2-95 wasa2
Hafratjérn Blonduds Huanavatnshreppur NW N 6 Lbiist Holocéne des lacs Islandais. 4-8.6 4.5-95 aNd972



Ytri Beegisa Horgardalur Horgarsveit
) o Skeida- og

Tjarnarver bjorsarver Gnapverjahreppur
Soleyjarhofoi bjorsarver Asahreppur
Gardskagi Reykjanes Gardur
Midnesheidi Reykjanes Reykjanesbeer
Bdrfellshraun Hafnarfijorour ~ Hafnarfjorour
Laugarvatn Laugardal Blaskdégabyggd

. . Grimsnes- og
Svinavatn Grimsnes Grafningshreppur
Krossholsmyri  Flateyjardalur  bingeyjarsveit
Hvitahlid Bitrufjoréur Strandabyggd
Vatnskotsvatn Skagafjoréur Skagafjorour
Torfadalsvatn Skagi Skagabyggd
Krossholl Skidadalur Dalvikurbyggd
Hestvatn Grimsnes Grimsnes- og

Grafningshreppur

Hraunsvatn Skagi Skagafjorour
Geitakarlsvotn  Skagi Skagabyggd
Kollusatursvatn  Skagi Skagafjorour
Nedstavatn Skagi Skagafjoréur
Torfadalsvatn Skagi Skagabyggd
Torfadalsvatn Skagi Skagabyggd
Geitakarlsvétn  Skagi Skagabyggd
Vestra o
Gislholtsvatn Holt Rangarping yra

152

NE N 7 ...peyposits at Ytri Baegisa 0-8.8 0-9.9 Bartley 1973
C C 8 Frjégreining & jardovegi 0-4 0-4.2 Fridrik&if1973
C C 8 Fri6grejra jarovegi 0-6 0-7.0 Fridriksdottir 1973
SwW W 9 Um tvo fridlihafiRomshvalanesi 4-7.5 4.2-8.3  Skaftadottir 1974
SwWw 9 Um fédifiurit af Romshvalanesi 0-1 0-1 Skaftadottir 497
SwW o w 10 rjdgreining Ur mo6 undan Burfellshrauni 7.2-8.8 8.0- Sigthorsdottir 1976
SW S 11 Moorkeimel Untersuchungen am Laugarvatn ?- (8-9) ?-(9-1Gchwar 1978
SW S 12 ...human influence on vegetation 0->6.2 7Q-> Hallsdéttir 1987
NE N 13 Studies in the vegetation history of North-Iceland 6.8-9.7 7.7-11.2  Hallsdéttir 1991
NW N 14  Sea-keChange in Vestfiir 8869 9877 ?;‘glsom and Briggs
NW N  15-18ynthesis of the Holocene history of vegetation 0-9 0-10.2 Hallsdéttir 1995, 1996
NW N 17 ... lagtiglanterglacial environmental changes 8-10.6 $B12 Bjorck et al. 1992
NE N 18 Intest@tion of Holocene climate change 0-6.3 0_7'3f§§§|dine and Hatton
SW S 15 ...pre-settlement history of Icelandic vatien 0-6.2- 0-7.2 Hallsdéttir 1995
NW N 21 Dynamic seallchange .. last deglaciation 9-9.6 10.2-10.9 nd@een 1997
NW N 21 Dynamicleeal change .. last deglaciation 9-9.9 10.2-11Rundgren 1997
NW N 21 Dynasea level change .. last deglaciation 9-9.6 10.9-1(Rundgren 1997
NW N 21 Dynamic seallchange .. last deglaciation 9-9.9 10.2-11.3 ndgeen 1997
NW N 19 Allergd-YgemDryas-Preboreal oscillation 9-11.3 10.2-13.0 ndjyren 1995
NW N 20/21 Earlyddehe vegetation of northern Iceland 9.6-9.9 8.8-11Rundgren 1998
NW N 20 Early-Hetoe vegetation of northern Iceland 9-9.9 10.2-11Rundgren 1998
SW S 31 The Holocene vegetdtistory of Iceland 0-5.6 0-6.4 Hallsdéttir and

Caseldine 2005



Vesturardalur
Alftarbakki
Nykurtjorn
Gislholtsmyri

Hella
Skallakot

Sténg
Skalholt
Borgarmyri
Lagafell
Vadlamyri
Vadbrekka
Herjoélfsdalur
Torfmyri

Vatnsmyri

Mosfell

prandarholt
Tjornin
Videy

Foss & Sidu

Svalbaro

Seevarland

Skidadalur Dalvikurbyggd NE N 22 shrub birch
Myrar Borgarbyggd SW W - (Without titl&’egetation history; ~1985)
Fjorour Grytubakkahr. NE N - (Withoutlé: Vegetation history)
Holt Rangarping ytra SW S - (Withdite: Vegetation history)
Arskégsstrond  Dalvikurbyggd NE N 31 The Haloe vegetation history of Iceland
bjorsardalur gﬁ?g?ér?ghr. SW S 23 Tefrokronologiska studier pa Island
bjorsardalur 2ﬁ?g€ér?§hr. SW S 23 Tefrokronologiska studier pa Island
Biskupstungur  Blaskdégabyggd SW S 24 getation and climate history of Iceland...
Reykjavik Reykjavik SwWw 24 ... vegetatiand climate history of Iceland...
Landeyjar Rangérping eystra SW S 25 Agrolinalytical study on a peat deposit
Hrafnkelsdalur  Flj6tdalshérad NE E 26  Ogreining tveggja jardvegssnida Ur Hrafnkelsdal
Hrafnkelsdalur  Flj6tdalshérad NE E 26 6@mining tveggja jardvegssnida ...
Heimaey Vestmannaeyjar SW S 27 Fgéung tveggja jarovegssnida a Heimaey
Heimaey Vestmannaeyjar SW S 27 Frj6grainiveggja jardvegssnida & Heimaey
Reykjavik Reykjavik SwWw 12 ... humanliehce on vegetation...
Grimsnesi g:;r?nsirr:g;l?egppur SW S 12 ... human influence on vegetation...
Hreppum 2ﬁ?g€ér?§hreppur SW S 12 ... human influence on vegetation...
Reykjavik Reykjavik SW W 28 Saga lands ogdyirs
Reykjavik Reykjavik SwWw 29 Frjékornaranns@masnidum Ur Videy
Sida Skaftarhreppur SE S unpl.  Cutiivéiistory
pistilfjorour Svalbardshreppur NE N 30  Thdtural Landscape of Iceland
bistilfjorour Svalbardshreppur NE N 30 e Twltural Landscape of Iceland

...Holocene variations of the upper limit of tree o

0-9.2 0-10.4 Wastl et al. 2001
0-(8-10) 0-11.4 Haditd unpubl.
>2.5-7 >2.7-7.8  Hallsddtthpubl.
0-(8-10) 0-11.4  Hallstbtunpubl.
6.2-> Hallsdéttir and
10 71114 caseldine 2005
0.8-1.50.7-1.4 Thérarinsson 1944
0.8-1.50.7-1.4 Thérarinsson 1944
0-4 0-4. Einarsson 1963
0-<9 0-<10.2 indfsson 1963
0.4-2.5 2065- P&hlsson 1981
-0% 0.5-1.4  Hallsdéttir 1982
0.5-15 0.5-1.4Hallsdéttir 1982
1-1.5 049-1.Hallsdéttir 1984
1-1.5 0.9-1.4 IsHiattir 1984
0-2 0-2.5 Hallsdottir 1987
0-1.5 0-0.9 Hallsdéttir 1987
0-3 2.5- Hallsdéttir 1987
0.2-1.1 0.3-1.0  Hallsdéttir 1992
0-1.2 0-1.1 Hallsdéttir 1993
Hallsdéttir,M.
0.7-1.5  0.7-14 noublished
0-6.3 0-6.4 Zut@on
0-6.3 0-7.3 Zute97



Gjbgurvatn
Efstadalsvatn

Hamundarstada
hals

Vatnamyri
Helluvadstjorn

Helluvadstjorn

Reykholt
Stoéra Mork
Reykholtsdalur

Breidavatn,
Ketilsstadir

Greenavatn
Stéra Mork
Eyvik
Hrisbra

Ytra-Aland

Strandir

isafjardardjap

Eyjafiroi
Eyjafirdi
Myvatnssveit
Myvatnssveit
Borgarfjorour

Undir
Eyjafjollum

Borgarfjorour
Borgarfjérour
Myrdalur

Myvatnssveit

Undir
Eyjafjollum

Grimsnes
Mosfellsdalur

bistilfjorour

Arneshreppur NW N 30
Sudavikurhreppur NV%/) 32
Dalvikurbyggd NE N 33
Dalvikurbyggd NE N 33
Skutustadahreppur NE N34
Skutustadahreppur NE N 35
Borgarbyggd sSwW W 36
Rangérping eystra SW S 37
Borgarbyggd sSwW W 37
Borgarbyggd SwWw 38
Myrdalshreppur SW S 39
Skatustadahreppur NE N
Rangérping eystra SW S 41
Grannganreppur SW S 42
Mosfellsbaer sSwW W 43
Svalbardshreppur NE N 44

The Cultwandscape of Iceland 0-6
Vegetation history 3.5-10
Vegetation history 6-9
Vegetatiistory 6-9
Landscapes of settlement in northern Iceland .90-2
Environmental impacts of the Norse settlement 3.9-
The palacology of a high status Icelandic farm 0.1-0.9
The timing and causes of the final pre-settlement , , ; o
expansion oBetula pubescens -
The timing and causes of the final pre-settlement
) 0.9-13
expansion oBetula pubescens
Lake sediment evidence for late Holocene climate ) , o
change '
Vegdtaal response to human colonisation 0.5-1.3

(E:istorical Resilience of Landscapes to Culturaland ,, , ,
atural Stresses -

1000 years of environmental change and human

: 0.4-2.1
impact
...hybridisation betweeBetula pubescerandB. 6.8-9
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Numbers of references follow Hallsdottir and Caisedd2005) with addaptions and additions. Site$\wwdme name and

reference have been combined, even if more thapuaiide were analyzed.

The period covered in each study is sometimes @amnbugh estimate.
The Miocene pollen research has been excluded.
In the table pollen sites are 77 and references 43.

Figure 1 from main text. Icelandic Holocene
pollen sites, based on list from Hallsdéttir and
Caseldine (2005) with adaptions. Blue points
show sites studied up to 2005, green points
after 2005. Point locations are approximate and
some have been intentionally dislocated to
enhance visibility. Numbers refer to reference
numbers in Appendix A. Sites with unpublished
results marked 0. Two sites, with results
published in Hallsdottir and Caseldine (2005),
have the reference number 31 in blue.
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