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Abstract

Norway is facing massive glacial ablationwith projections of 98% loss of glacial cover by the
close of the 2%t century, releasng thousands of square kilometrego the progression of primary
succession Alongside this, rapid climate change isimpacting the altitudinal limit of many
ecotonesquestioning whether somealpine species carrespond beforeclimbing ecaones trigger
local extinctions.Although Arctic regions are disproportionately affected by climate change, most
Scandinavianstudies of deglaciated terrain succession focus orsouthern Norway. Here, the
geoecological succession of a northern Norwegian glacier forelaiginvestigatedthroughout the
Late Holocene to present dayPalaeoenvironmental and climatic fluctuationsare reconstructed
by combining multiproxy sedimentary analyss with palynological analysescurrent vegetation
successioris mapped for Leirdalsbreen foreland since the Little Ice Age Maximumi 778 AQ and
patterns of postglacialvegetaional succession ardocused to northern Norway, with particular
attention to Picea abiesPalaeoreconstruction establishes the Neoglacial climate to precede a
cryospheric response by one century and attribute€mpetrum-Vacciniumheath to be the climax
vegetation community for Leirdalen throughout the Late Holocene Lichenometry dates the
retreat of Leirdalsbreen to coverone km between 1778 AD and 1928D, and two kmfrom 1943
AD to present day.The foreland released formerly hasncreased vegetation cover to a 31.7%
average whereas the latter hasattained an average of 13.2%with only four dwarf shrubs, one
herb, and one pteridophytebeing absent from thisyounger terrain. Two categories of succession
are concluded for the foreland of Leirdalsbreen: Rapid Airborne Migration (RAMf all local
species except Empetrum-Vaccinium which establishes through Steady Climax Colonisation
(SCC)Both are biogeographicallypromoted by geomorphologybut as SC(here] isa zoochorical
community it exhibits slower establishment than RAM P. abiesshows no correlation with SCC
and accompanying Betula pubescensand Salix capreatheir greater representation in youngest
terrain shows the discord between climate change andegetation succession0 8 Ardpi bl
expansionand colonial abilities can beextrapolated to suggest their dominance in thduture of
the northern alpine. These findings highlight how rapid rates of climate change are
underappreciated in wider theaies of succession and howupland ecosystems can be

unsynchronisedwith the climate.
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1.0 Introduction

Society has progressed from debating the existence of climate change, however the extent of
changeis still a dividing topic. Nonethelessit is reckless to debate the future without a clear
understanding of the past The projection of futureclimates and their impactis underpinned by

our knowledge of the pastz our ability to anticipate environmental and climatic changes relies
upon an accurate understanding of how our systems have previously alternatefin areaat the
forefront of this transformation is the alpine: mountainous environmentsassociated with climatic
extremesand ecdones which are undergoing dramatic warming andconsiderable disturbance.
Oftentheir vertical ecological profile is similar to theglobal latitudinal ecological profile,but for

one important difference, the margin for expansion is severely limited on mountais . T Ox AU& O
world -renowned landscapeis atparticular risk to these changesboasting arich glacial coverthe
response of these ice formationss a significant aspect of alpine climate chang#.is important to
study the historic, current, and projected glacial fluctuations because of their influence upon
geoecologicalfactors and recent anthropogenic warming has not only made these areas more
sensitive but continues to increase the rate of change being observedseoecology can be
understood as the interaction between ecological processes and the geomorphological
framework, the extraction of one from the other oftensimply gives virtual processes rather than
realistic views, thus to understand the changes occurring on Norwegian mountains, they must be

observed in their holistic form.

Climate change induces intricate responses in theeAOOE 8 O  AbGtWhihilStEréirdatng
glaciers are portrayed as negative stories related to climate change and atmospheric warming,
often understated is the possibility for primary succession of the recently deglaciated forelands,
which contain no seedlank and little sedimentary structure (Fickert, 2017).Glacier forelands act
as prime field laboratories of realworld processes throughout time, often acutely depicting the
future of many alpine regions(Matthews, 1992) yet the disequilibrium between climate and
ecology is lesswell known currently. Furthermore, as this primary succession occurs, the
altitudinal limit of many species and ecotones follows incessantlyto the point where it is
unknown as to whether these lowland species will surpass the migrating alpine plants and trigger

local extinctions (Zimmer et a/, 2018).

Although it is widely recognised that anthropogenic climate change disproportionately fiects

arctic and subarctic regions (Glausen and Tanner, 2019) most data on deglaciated terrain



succession and palaeoclimate in Scandinavihas been gathered from southern Norway
supplemented by few studies in Swedish Lapland (Matthews and Whittiker, 2018ranzénet al,
2019). Moreover, vegetation succession is commonly studied in reference to glaeiaterglacial
cycles covering ranges from 6,000 years to >600,00Birks and Birks, 2004a) further limiting
the amount of data focused on current or moderhistory succession and the possible reaction of
these systems to climate chang€onsequentlythere is a paucity of knowledgeof the areas under

great disturbance.

Researching thdmmediate pastproves simpler as itis relatively well documented with modern
instrumental records and historical documents, howeverif it is required to research greater
timespans or study sites in unpopulated locations, proxy methods anmequired to investigate
climate forcings, glacier fluctuations, and vegetational composition§Vhilst glacier profiles may
be documented for the previous few centuries, very little doumentation of environmental
compositions have been produced, creating difficulties for geoecological investigationss this
study needsto combine both data of historical change and modern changsuch proxy methods
are applied in the form of palaeoenvionmental reconstruction; the theoretical determination of
climate and vegetation before modern recordsprimarily using palynology (Birks and Birks,
2004b). In this study, an investigation into the vegetation history of a glacier foreland in northern
Norway was effected using both proxy methods and direct mapping, with an aim to understand

how mountain systems in northern Norway may act under a changing climat

1.1 Norway and its glacial history

Scandinavia is a landscape that has been moulded and scarred by glaciations of colossal
proportions. During the Last Glacial Maximum, the Fennoscandian Ice Sheet originated in the
highlands of Scandinavia and covered Nomy, parts of Sweden, and Finlandfluctuating
throughout the glacial period before massive ablation foreshadoad the Holocene. By thezarly
Holocene outlet fjord and valley glaciers of th&candinavian ice sheet showed significant retreat,
with many glaciers in Norway disappearing during theEarly to Mid-Holocene period(Nesje et a/,
2008a); although there is limitedresearch d continuous Holoceneclimate-glacier variability in
northern Norway, the majority of which again,is focused to the southern reaches of Scandinavia.
During this period however, mean summer temperatures were calculated to be in the order of
1.5-23 warmer (e.g.Bjune ef a/, 2005; Nesjeet a/, 2008a), the same as agreed upon in the Paris
Accord at COP21in 2016. Nevertheless most glaciers were then reformedin Norway
approximately between 6000 and 2000 cal. yr Blluring the Neoglaciation, which is generally

believed to ceasat the onset of anthropogenic warming. Mst of these glaciergexperiencedtheir
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maximum position during the Little Ice Age (LIA{Nesje et a/, 2008a)a relatively short period of
dramatic cooling after the Medieval Warm Period (MWP) and before modern climate change. The
extent and global span of the LIA is often debated, however in Norway there are definite and
extensive records of its impact on all ggects of life, from environmentaldegradation to societal

hardship.

Norway exhibits a maritime-continental climatic split, where western regions experience warmer
temperatures but greater precipitation and the east experiences the revergblesije et a/, 2008a).
Because of this, many western maritime glacier systems are essentially controlled by the same
climatic forcings thatapply to ecosystems, thus the study of historic glacier fluctuations can be of
great assistance to the reconstruction of palaeoenvironment&lacier fluctuations are controlled
by ablation season temperatures (& Mayz 30t September) and winter precipitation (1stOctober

Z 30t April). Thesethemescan also be split into zones of the glacier: as the accumulation zone
and ablation zone separated by the Equilibrium Line Altitude (ELA), the line at which
accumulation and ablation are equivalent to netero. In maritime climates, it is generally
accepted that increased winter precipitationis associated with a net accumulation and ultimately
glacial advance(Nesje et a/, 2008b) thus the inferential retreat of glaciers can be attributed to
ablation season temperature increases and climatic/environmental amelioration.
Geomorphobgy conceals evidence to these historic fluctuations and their climatic implications,
thus the history of glaciers not only provides the setting for historical terrain succession but also

the records of past climatic forces upon such successigiatthews, 1992).

Norwegian mountains also record definite and extensive evidence of the sharp influences
anthropogenic climate change is havingSince the mid18t century and the approximate
cessation of theLlA, cumulative glacier length in southern Norway has shown an overall retreat
with most glaciers showing significant retreat since 1940. Accounting for radvances in the
1950s or 1990s z depending upon response timez most Norwegian glaciers have retreated
ul AEAOAAOAOEOOEAAT T U ZAZAOOh xEOE OIT i A Cci AAEAOOG
(Nesje et al, 2008).A long-term weather forecast was used by Nesjer a/.(2008), which indicated

a summer temperature rise of 2.3 °C by AD 200vould cause Norway to lose 98% of its glaciers
by the end of the centuryCurrent statistics record Norway as holding 2,534 glaciers which cover
an area of approximately 2,692 kr# this is an estimated volume of 271 + 28 krd(Leigh et a/,
2020). The influence of maritime climates further cause these glaciers to be depeent upon
large-scale atmospheric patterns and particularly sensitive to climatic fluctuationgNesje et a/,

2008a).
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1.2 Vegetationsuccession and the
needfor geoecology

Proglacial regions do not merely present glaclaand paraglacial processeshaping the landscapg
together with the retreating ice, plants and animals quicklymigrate and colonisethis newly
released land typically referred to as primary successionBoth Matthews (1992) and Eichel
(2019) define vegetation succession as a gradual, directionethange in the species composition
and structure of ecosystems over a longer period of timélthough change is a universal factor in
all disciplines from physics to ecology, succession emphasises tieectional increase in biomass
and organic matter, with primary succession involving the complete absence of any organic
matter preceding the successional processif/id). Different plant species follow one another in a
progression of successional stagescontrolled by both abiotic and biotic factorsand are
dependentupon local and regional environmental factor§Eichel, 2019). These ecological stages
are heavily dependent upon geomorphological processaince they proceed wittout the support

of developed soil layers; instead often relying upon sheltered pockets of trapped sediments which
may provide the necessary mineral composion and water retention for colonisation (Matthews,
1992). Within these highstress environments it is common to findthat the first plant species to
migrate have traits which allow them to endure difficult conditions or easily form lucrative
associations with other nitrogen-fixing organisms (/bid); such species are generally known as
pioneer species(Fig.1.1). The life processes of these species then form the organic matter
essential for the development of soils and the establishment of later succession species \hic
although they require fertile soil, ultimately outcompete the highly specified pioneer species
(Fig.1.1) (Ficetola et al, 2021; Khedimet a/, 2021)

Early models of vegetation succession focussed narrowly on ecological processes; the facilitation
model theorised that primary colonisers modify theenvironmental suitability for the inclusion of
later successors, the tolerance model proposed that later successional species have traits that
limit early colonisation yet assist in later stages such as slower growth rates but higher shade
tolerance, and the inhibition model suggestshat primary colonisers secure natural resources,
restricting secondary succession until the death of the primary colonisers and the release of
resources(Ficetola et a/, 2021). All ofthese models are still accepted, with particular support for
the facilitation model, however difficulties arise when trying to map these models to recently
deglaciated terrain, since they do not incorporate abiotic factors of the geomorphological
landscape. These ecological stages can lseverelydisturbed by geomorphic processes and vice

versa, sedimentological processes highly influence the formation of soil layers yet vegetation



establishment can be important for the stabilisation of sedimeniKlaar et a/, 2015). Thisintrinsic
link between the geology and biology promptshe focus of geoecology when investigating highly

turbulent regions such as proglacial systems.

Conceptual Model of Plant
Succession and Lichen Growth on
Recently Deglaciated Terrain

Colonisers' Influx Methods

Wind Dispersal—Spore, Pollen, Seed, Al-
gae, Bacteria

Vertical Migration & Rockfall Deposition
Morainic Till*

Swale Pedogenesis*

Glacio-Lacustrine Sediment*

Existing Spore and Seedbank

Fluvial Transport & Seed Rain

Cold Winds preventing Germination or Col-
onisation #

Early/| iate Arboreal Ci
Derived From Natural and Managed Stocks

10.  Animal Dispersal

11. Human Dispersal Factors—Species Importa-
tion, Seed/Spore/Pollen Transportation
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e e

Shade Tolerant Trees. Shade Intolerant Trees. Shrubs. Perennial Plants. Annual Weeds. Lichen and Bryophytes. Bare Rock.
(Climax Forest) (Pioneer Trees)

# Envi Controls
General Trend

Figure 1.1: Conceptual model of plant successional trends in deglaciated terrain. Produced by J.B. Sleire & G.E
Young.
Recently deglaciated terrairis increasingly coming to represent important areas of mountain and
high-latitude ecosystems and therefore an increasingly important topic in global change studies
(Ficetola et a/, 2021). Continued projected warming does suggest greater glacier retreat but also
great opportunities to understand the formation ofvegetation communities and theuniversality
of environmental flux. Ice free areas are rapidly colonised by organisms and in some instances,
complex ecosystems such as forests can develop on terrain which has bedeglaciated within the
century, prompting many researchers to develop projections of how mountain environments may
change over the21st century in reference to the massive glacial ablation projectedNesje et a/,

2008a; Ficetolaet a/, 2021)



1.3 Research Aim and Objectives

The production of ageoecologicahistory and future of deglaciated terrain of
Hagtuvbreen

This aim shall be achieved through the following objectives:
(1) Map current vegetation succession of the glacial forelansince the LIA maximum

(2) Reconstruct climate fluctuationsand vegetation compositionsover the late
Holocene for the Hagtuvbreen site by combining multiproxgedimentary analysis and

palaeoecological reconstructions

(3) Focus general glacial successigpatterns to a geoecological pattern for northern

Norway, with attention to the speciesPicea abies



2.0 The Hggtuvbreenregion
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Figure 2.1: Area map of the study site Leirdalsbreen. Upper left: Northern Norway. Upper righestre and Austre
Svartisen. Lower: Hogtuvbreen with Leirdalsbreen foreland and LIA maximum extent shown. Palaeoglacier and
ice data: H.L. Jansen.



Hagtuvbreen and associated Svartisen has numerous studies focusing on its glacial history and
LIA/Holocene fluctuations, particularly in reference to climate studies; this bank of information

was vital in supporting the study here presented.

2.1 GlacicGeomorphological Setting

Leirdalsbreen is an outlet glaciersituated on the northeastfacet of the Hggtuvbreenice cap
Nordland, Norway and is considered to besubject tomaritime influences. This ice cap is located
AO ¢ i ¢ YH15 knpsouthsaptbwest of thewell-known Svartisenplateau glaciers(66 ¢ 1 &
266 v T G, Vestre Svartisen being the second largestagier in continental Europe Hggtuvbreen

is attributed to the collection of small plateau, outlet, valley, and cirque glaciers upon the
mountain Hggtuva between Melfjorden and Ranfjorden (Fig. 2.Wpper Right). During the LIA, all
of( GCOOOAOAAT 6860 ET AEOEAOAT ¢clI AAEAOO xAOA AT 11 AAO
although today only a small area on Tjgnnfjellet is still categorised as a plateau gladErg. 2.1
Lower), with current ice extent calculated to cover merely 20% foits LIA maximum extent
(Jansen et al, 2016). The surrounding area is typified asa partly glacier covered alpine
environment, just south of the Arctic Circle25 km away from the ArcticCircle City Mo i RanaFor
this reason, although this study cannot be titled as Atic, its results can be seen akin térctic

projections.

Leirdalsbreen lies under the saddle between Hggtuva (129 a.s.l) and Tjgnrijellet (1169 m
a.s.l) and is orientated in a north-east direction flowing towards Leirdalen. As of present the
glacier terminates at745 m a.s.lwith meltwater travelling 900 metres to an unnamedproglacial
lake (582 m.a.s.l) dammed by both bedrocknd morainic material. The bedrock of Leirdalen and
Hagtuva mainly consists of Precambrian coarsgrain granitic gneiss, rich in beryllium (Jansenet
al, 2016). Leirdalen is afluvial tributary to Stordalen valleyand Nordelva, eventually flowing into

Langvatnet(Fig. 2.1 Lower).
2.1.1 Glacial History

In 2016 Janseret al.studied the Holocene glacier and climate fluctuationsf the Hagtuvbreen ice
cap, helpfully providing a rich source of data on the LIA maximum and consequent deglaciation
dated on the Leirdalsbreen forelandin particular, as shown inFig. 2.2taken from Jansenet al.
(2016) . Prior to the LIA, Hggtuvbreen was considered to have always been a relatively small
system, experiencing complete deglaciation during the Holocene Climate Optimum (HCand

undergoing regeneration during theNeaglaciation in the LateHolocene.



Leirdalsbreen was calculatedto have reached its LIA maximum in the year 17429 AD by
lichenometry dating of the terminal moraine, concluding this advance to be most extensive during
the Holocene.Retreat and haltswere then calculated by dating the following moraines with
referenceto* | EAT 1T OAT AT A ADAPdg@phit dap detajting theice extent in 1896
AD(c.f5.1).

Contours: 20 m
0 025 05 075 lkm A

Figure 2.2, AEOAA] OA Oddkihtdatd LAActdakidns taken from Janseet al, 2016.

> =

2.1.2 Qacier Forelands

It should be noted that thesensu strictoA A AET EQET T 1T £ OEA C1 AAEAO &I OAI
ET EEOOI OEAAI OEi Abh OET AA OEA c¢iI AAEAO 1 AgEI Oi
(1982 (Matthews, 1992)). This definition distinguishes the difference between recent
deglaciation and extensie deglaciation earlier in the Quaternary periodForelands provide a

distinct zone of relatively bare terrain which is greatly advantageous as field laboratory for

many biogeographical topics (Matthews, 1992). With a restricted size, relatively simple
ecosystem stucture, and short history of environmental modification forelands facilitate
comprehensive investigatiors of our environment (/b/d). Most importantly however, the simple
interpretation of a spatial representation of temporal change and in chronological sgience is
invaluable to the study of biogeographicasuccession undercurrent climate change(Matthews,

1992; Fickert, 2017; Ficetolaet a/, 2021).



The study ofJansenet a/.(2016) is especiallyvaluable concerning the geoecoloigal investigation

of vegetation succession. Thisubdivision of biogeography crucially links the advancement of
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Figure 2.3: Quaternary geomorphological map of Leirdalsbreen forelarfdllowing standard NGU mapping
symbology; taken from Janseet al, 2016. Starred lichenometry stations presented here are not the same as
stations used in lichenometry conducted by this studly.

ecological communities to the geographical landscapepnsidering how biological and physical
factorsinteract within spatial systems. Most specifically for this study how the geomorphological
deposits found around Hggtuvbreenmpacted vegetation successiollangn et a/.(2016) mapped
the Quaternary deposits found upon the foreland of Leirdalsbreen, as presented in FR3,
although the legend has been omitted, the symbology followthe standard NGU Quaternary
geomorphologylegend. Moraines, till, and glaciddivial channels were of particular interest to this

study, especially their interaction, such as glaciofluvial punctures through moraines.

2.2 Climatic Setting

Being located on the northwestern coast of Scandinavia, climatologically the North Atlantic

A~ s oA N

Oscilation (NAO)isT T A T £ OEA | AET O AOEOAOO I pasitite®da@®@OOAOAA

phase a dominance of subtropical air masse produceswarm and wet conditions in coastal
regions causing increased precipitation stronger westerly winds, and increased stormsn the
study areg yet under a negative NA(bhase,a dominance ofarctic air massesproducescold and
dry conditions which cause deceased precipitation and temperatures (Olsen, Anderson and
Knudsen, 2012) Nesje ef a/.(2000) observed that NAO oscillations can be observed in the mass

balance records of glaciers in maritime Norway; asserting that positive NAO phases led to an

10



increase in winter precipitation and mass balancewhilst negative phases led to decreased mass
balances.Jansenet al (2016) observed that Hggtuvbreen is so closely linked to the NAO
alternations that warm summers during positive NAO phases exhibits substantial advancements
ET OEA EAA-AHeDoniegighlABaAtE Butrént is anothefactor controlling climate in

this region; flows of warm water from low latitudes increase seas surface temperatures and bring
warm westerly winds, which lead to mild temperatures along the coasSuch westerlies carrying

warm and wet conditions can have geat influences upon small glacier systems like the one

presented here.

The weather station in Mo i Rana (st. no. 79480, 4t a.s.l) recorded a mean annual temperature

I £ ¢8yps xEOE A T AAT AT 1 OAl DPOAAEDHEGAMEWegiani £ p1 o¢
Meteorological Institute, 2022). It also records e monthly mean temperatureas @8C in

January and ¥.7°C in Julyfor the past five yearswith monthly mean precipitation between254

mm in Septembe and 27 mm in May (Norwegian Meteorological Institute, 2@2). Because of

North Atlantic derived forcings, Norway exhibits a westeast maritime to continental climate

gradient, respectively but also his region commonly exhibits differences in precipitation

between the west and east because of orographic influences, therefore Jansena/ (2016)

AOGOGEI AGAA OEA 1T AAT A1 1 OA1 DOAAEPEOAOQGEIT AO , AEO/
3200 mm w.e., using an exponential increase in precipitation of 8%/100 mand subsequently

estimated the mean ablationnseason temperature (Mayz September) to be 3.7°C based on a

theoretical lapse rate of 0.6°C/100 nestablished byDahl and Nesjg1996).

2.3Vegetational Setting

Bjune and Birks (2008) conducted a study into the Holocene vegetation dynamics at Svanavatnet,
alakel8kmto the eastsoutheast @ @71 p¢ 8. h pti mod %ma.dléndAtthethne OEODA A
of publication, the lake lay approximately 250m below theBefu/a dominated treeline. This was

another study that was of great aid to the one presented in this theslksy not only providing

referential evidence for the palaeo-analysis but also providing helpful data into long distance

seedbanks that were later foundapplicable in this study. Svanavatnet acts as an appropriate

setting for the vegetation apparent in the valleys surrounding Hggtuvbreen and Leirdalen;

dominated by Picea abies in the lowlands with interspersed Pinus sylvestris and Betula
pubescensbecoming more represented with elevation The northern limit of 2. abiess up to ~67

degrees in maritime Norwash x EQE OEA AT OT O O Uforést beihg@éakediothd 1 OO0 Of
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nearby protected area of Dunderlandsdaler(Frislid, 2022); a few more northerly natural, but
smaller,populations can be foundn eastern Finmarkunder continental conditions, as mentioned
in section 2.2 Drier ground around Svanavatnetwas dominated by Vaccinium myrtillus,

Vaccinium vitis -idaea, \accinium uliginosum and the herb Potentilla erecta damper ground
around the lakewas dominated by herbs such as=ilipendula uimaria, Aconitum septentrionale,
Valeriana sambucifoliaBjune and Birks, 2008)

Local vegetation isof greatimportanceto the study of modern glacier forelandsuccession more
so than when consideringglaciatinterglacial vegetation succession due to the size of baren land

being released and the propagule pressure from the surrounding communitfickert, 2017).

2.3.1 Palaeoecology

Fig. 2.4 shows Bjune and Birks (2008) pollen diagram from which they reconstructed the
palaeoecoloy for the Svanavatnetarea; it shows a vegetationalresponseto the Early Holocene
climatic amelioration, a rapid development into B. pubescensvoodlands, quickly joined by P,
sylvestris. The authors surmised that this ecology stayed relatively unchanged throughout the
Early and Mid-Holocene before evolving again in response to the Late HoloceNeoglaciation.
They noted that P, abiesdid not show up in pollen evidence until 3500 cal. yr BBut further
deducedthat local establishment ofP. abj/esdid not occur until 2000-1500 cal. yr BR at the same
time as the regional development into more open upland heath vegetation with scattered

woodlands. The authors concluded thatSvanavatnet exhibited a relatively normative history of
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Figure 2.4: Holocene pollen percentage diagraffsupplemented with few macrofossils and loss orgnition ) of
Svanavatnet constructed by Anne Bjune, taken from Bjune and Birks, 2008. X axis shows¥dotal terrestrial
pollen
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central and northern Scandinavia in reference to palaeotemperatures however, demonstrating
marked regional differences in reconstructed precipitation patterns; further impicating the

maritime conditions to be a greatly controlling factorin climate regulation of this region.

2.3.2 Landscape Importance

A fundamental idea within science is that altesearch is importanteven if there is no immediate
use to the knowledgeand thestudy of vegetational succession upon the foreland of Leirdalsbreen
is a worthwhile analogue for the ecological future of wider subarctic/arctic Scandinavia,
especiallyin light of a rapidly changing climate. Howeverit is also invaluable for the more leal
context: The Hggtuvbreen complex lies only five kilometres west of the Saltfjell&vartisen
T AOET 1T Al b ArddSthintact Bn® xompléx Quilderness area under protectior(Frislid,
2022). Thisnational park is surrounded by various nature reservessmaller national parks, and
protected areas Additionally, this area is undergoing mass conservation consideration with the
park boundaries often being expanded and the application for the incorporation of the
Melfjorden areais currently under review (/bid). Therefore, it is not inconceivable that the
Hagtuvbreen systemhas a future protectedstatus, and the succession of its ablating glaciers

would becomea mater for conservational concern.

The region is famed and protected for its speciesch flora and is known to encompasssome of

the most varied habitat types of any protected area in Norway. TRAOES8 O 11 0O Al OAl E/
regions are in fact the southen valleys of which Leirdalen is a tributary(/6/d). It also has a long

tradition for reindeer herding by the local Sami population (/bid), particularly around the

summer coastal pastures, examplesf this can beseenin Leirdalen valley. The national parkand

neighbouring regionalsoAT T OAET O T T A T &£ .1 0xAUBO 1 AOCAOGO pi bl
Arctic Fox( Vulpes lagopus ibid)) , its natural habitat being these alpine environmentshich are

currently experiencing disproportional climatic change z thus a changng floral ecology can

impact wider ecosystems and varying communitiesTheseaspects exemplify how climate change

has systemwide effects, and how studying simple vegetation stession can produce wider

implications for our surroundings
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3.0 Methods

This chapter discusses the protocol used to ensure a scientific approach was upheld whilst
investigating this study, where necessary, comprehensive procedures will be locateddppendix

and referenced in this section.
Objectives:
(1) Map current vegetation succession of the glacial foreland since the LIA maximum

(2) Reconstruct climate fluctuations and vegetation compositions over the late Holocene for the
Hagtuvbreen site by combining multiproxy sedimentary analysis and palaeoecological

reconstructions.

(3) Focus general glacial succession patterns to a geoecological pattern for northern Norway,

with attention to the speciesPicea abies

3.1Field Surveys

There are two central methodological approaches to effecting an investigation of this type:
permanent plots and chronosequential plots. The former, as described BMatthews (1992) gives
a precise insight into how the floral community fluctuates and progesses, albeit being a long
term and time consuming method. The latter however substitutes time for space; instead,
utilising spatially different sites to recreate the temporal sequence (Fickert, 2017). This study

utilised the latter approach and recordedover 100 plots on Leirdalsbreen foreland.

Each plot would be designated by a square metre quadrat defined by a cord square pulled taught.
Within each quadrat, vegetative cover (VC), species richness (SR) and species density (SD) were

measured allowing spe@s evenness (SE) to be calculatddter, using the Shannon indexSl):
YO 0a b

Wheren is the species count (SRP isproportion of cover (SD) and i is the sum of all individuals

of all species.

Typical Shannon indexvalues vary between 0.5 and 5, with low diversity being below 2 and high

diversity above 3 (John C. Moore, Encyclopaedia of Biodiversityn¢ZEdition), 2013).
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Identification of flora was performed using thefield guides Norsk Felt Flora and A Field Guide to
Wild Flowers, supplemented with personal knowledgeand communication with academic

supetrvisors.

The selection of survey stations was adapted to the study area, similar studies approached
selection by randomly allocating coordinates prior to excursion or establishing set transects to
follow, for example, surveying every tenth metre in a direct line dm glacier front to the terminal
moraine. The extent of Leirdalsbreen foreland caused issues with these methods pertaining to
the time frame. The random method, although scientifically objective, requires it be done on a
scale that would take months in orér to obtain an accurate representation of a sizeable foreland;
the regimented method was believed to have produced too great a quantity of irrelevant data,
since substantial areas of the foreland were bare bedrock, thus unhelpful to a field study of flora
This challenge was addresseldowever andwill be discussed in sectiorb.3. The method used was
as follows: thesurveyor walked transects parallel to the ice flow direction and recorded survey
stations at every point in which the ground cover compositiorhad changed, either in SR or SD,
whilst VC was calculated for the quadrats, the foreland VC would be calculated at later stages in
the project using remote sensingtechniques This approach, although unusual, proved to be

rather effective under modern chalenges and modern resources.

3.2 Lichenometric Dating

To support the chronosequential method, lichenometry was used to gain a more accurate
interpretation of the temporal sequence in which the plots were organised. Lichenometry is a
cost-effective method for absolute dating of substrates. This was done whilst referring to the
Quaternary mapping completed bylansenet al. (2016). Assuming lichen colonisation occurs
immediately after terrain is released by deglaciationdiscussed in section 5.1) then lichen ge
can be used to estimate age of substrate exposure and thus the period permitted to successional
processegBickerton and Matthews, 1992; Matthews, 1992; Winkler, 2003)The indirect variant
was used for this project, where an assumption is made that a numerical relationship can be
determined between lichen size and substrate age, as opposed to the direct method, in which
individual lichens are observed over many years testablish a direct growth curve(Matthews,
1992).

The striking yellow-green speciesRhizocarpon geographicumaptly named kartlav (map lichen)
in Norwegian, is used for dating lichenometry. Using digital callipers, the longest axis of the five

largest individuals were measured to three significant figuresat any one data point To ensure
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age accuracy, the proximal side of morainic material was sought for obtaining lichens, since the
distal side could have been exposed long before deglaciatioaxcept in few locationswhere
moraine sequences hadklumped to point where no definite ridge could determine aspects
Measurements can then be applied to a growth curve to ascertain substrate a§endard gowth

curves are defined by the following formula:
[T & & ow
Where y is substrate age in years, x Is lichen size in millimetres, and a, b, and ¢ are constants

Fortunately, Winkler (2003) had produced various lichen growth curves for the Svartisen region
by studying local cemeteries, as gravestones provide excellent, dated, analogues for deglaciated
terrain. Winkler calculated two formulas, with two sets of constants, with the Rvalues ofl and
0.9966, respectively, for Rgsvoll cemetery, 11 kilometres north of the city Mo i Raaad closest

to the stated study site

Roasvoll cemetery

NFL 5a.esl 3 log (y+100) = 0.0045 x +2.01732R 1

NFL 5a.msl 3 log (y+30) = 0.0063 x +6426 R= 0.9966

30A0ANOAT O1 uh OEA & Oi 61 A xAOA Al AT AAA OI
2003 investigation accurate for 2021AD.

Lichenometry does have limitations, its use as an absolute dating technique struggles when
investigating beyond 500 years, albeit this was not a concern for this project, a major source for
potential error is environmental controls on lichen growth, mitigated by using the closest
possible source for growth curves yet environmental differences still occurbetween lowland
cemeteries and upland valleysDiscrepancies also arise between using the single largest lichen
(LL), or a mean average of the five largest lichens (5LL), although some lichenometrists advocate
the use of 5LL because it diminishes anomaliegerived from supraglacial lichen dumping, the
topography of the study site and locations of sample sites made this error statistically unlikely,
and thus LL was accepted aseemaining to be appropriate for this project (Matthews, 1992).
However, to mitigate against he slight possibility of errors, and in order to gain consistent data
compatibility, it was further decided to determine moraine ages from the mean average of the LL

and 5LL of both formulas previously showrn(Jansenet a/, 2016, and references therei.

3.3 Sedimentary Analyses
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Multiproxy analysis of organic and inorganic variables found in lake sediments is a highly
informative method for reconstructing palaeoenvironments and climates, beyond instrumental
records which are temporally limited; oneuse in particular is the investigation of historic abrupt
climatic events which may be used to greater understand modern climatic changes and their
linked geoecological consequenceg8irks and Birks, 2008). The use of multiple proxies in a single
study provides several aspects of evidence which can be indepmtly verified for accuracy and

strengthens the conclusions being drawn from proxy indicator¢Birks and Birks, 2006).
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Figure 3.1: Bathymetric map of Leirdalsvatnet (B) selected for sediment core extraction to be used for
palaeolimnological analysis. Map A shows the lake in reference to the study area and Leirdalsbreen. Data
gathered with the assisance of Prof. Kristian Vasskog.

The following section details the proxies used to study the geoecological history of the study area.
Before leaving the sudy area, two Uwitec lake sediment cores (Leifl-21 and Leir2-21) were
extracted from Leirdalsvatnet (7372361.74 N, 444922.58 E, EU89 UTM 33), a lake at the base of
Leirdalsbreen foreland, both outside of the LIA maximum and away from the main meltwater
channel, see Fi@.1 and Fig.3.2Analysis of the cores was performed dEARTHLAB University of

Bergen andThe Biodiversity laboratories, University of Bergen. Both cores were split, wrapped
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inplastic,AT A 00T OAA AO tv3 O ETEEAEO I EAOT AEAT AAOQOEOE
growth.

Leirdalsbreen

Figure 3.2: Photograph of sediment core extraction on Leirdalsvatnet. (Sofie Jordheim, 2021)

3.3.1 Loss On Ignition and Dry Bulk Density

Losson-Ignition (LOI) and dry bulk density (DBD) were completed at a resolution of 1
centimetre; used together to investigate a lacustrine sediment core, climatic fluctuations can be
inferred. Both procedures were carried out orderedly on the same 1cknsamples. These

parameters were found to be greatly important in reconstructing the palaeoclimate.

Losson-Ignition (LOI) establishes the organic content of a sample, based on percentage loss of

i OCATEA Ai 1 OAT O AEOAO ECIT EOE bthcting e dryoweighBofa / )  x A G
samplezA EOAO x AOAO Ai1 OAT O xAO OAI gifrérite bukndd weight 3 &l O
of the sample, presented in percentage fornfHeiri, Lotter and Lemcke, 2001) Although most

I OCATEA | AOGOAO ET AET AOAGAO AO cG@A®G RO i DA RDROAA A
#Al AEOI AAOAT 1T AOA ET AET AOAGAO AO wums AT A O
El xAOAO AO OEEO DPOI EAAO AEA 110 OANOEOA AAOGA 11

was omitted. LOI does encounter limitations, minovariations in LOI values are suggested to be
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interpreted with caution; errors can arise from ignition exposure variations, sample size

variations, desiccation time variation, and human error.

DBD establishes the mass of bulk sediment in ratio to the @itvolume by calculating the ratio
between the weight of the original (wet) sample and the weight after each sample had been dried
AO pnmn3s | OAOT ECEO8 "1 OE DPOT AAAOOA CEAMEHHLAB UiB,A A
applying Heiri, Lotter and Lemcke (2001)method.

3.3.2 X-Ray Fluorescence

X-ray fluorescence (XRF) is method used to determine amounts of geochemical elements,
between aluminium and lead, and their distribution throughout a sample. Variability in the
element counts has been shown to assist other parameters suas LOl and DBD in the
reconstruction of palaeoclimate (Janse®f a/, 2016) as well as identifying specific historic climate
events. Sediment core Ldvi2-21 was scanned using an ItraCore Scanner Earth Lab, University

of Bergen.

3.3.3 Magnetic Susceptibility

Magnetic susceptibility (MS) measures the magnetic content of minerals; the reflection strength
is based on the compaosition of diamagnetic (negative), paramagnetic (weakly positive) dn
ferromagnetic (strongly positive) minerals inside the lacustrine sediment (Johanssoar a/.2020).
Since the biological component (water and carbon) is weakly diamagnetic, fundamental changes
in MS results mainly represent mineral composition. As mentioed for XRF, MS can be used
alongside other geophysical parameters to improve the resolution and support the
reconstruction of palaeoclimate MS was also performed aEARTHLAB University of Bergen

using a Bartington MS2E sensor at 0.2cm resolution, follomg standardised procedures.

3.3.4 Computed Tomography

Computed tomography (CT) scanning is a nonintrusive method to analyse sediment cores,
permitting the visualisation of the internal structures, porosity, density, and stratigraphical
structure. Particularly important for this project, was the trial of identification and location of
macrofossils in the CT scan prior to macrofossils analysis, therefore allowing the selection of
material for AMS @# dating without disturbing the majority of the core material. Ths was
achieved using a ProCoiX-Ray CTALPHA helix scanner at the University of Bergen. The

visualisation of all results was performed using FEI Avizo software.

3.3.5 Accelerator Mass SpectrometryC4 Dating

To ascertain ages for pollen sampling and further imrpretation of geological data, terrestrial

macrofossils were used for to create a radiocarbon age depth model, using the programme R and
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from LdvU-2-21 were andysed for radiocarbon age dating. This method relies upon the
downdraw and absorption of radioactive @#isotope into organic matter; this isotope is produced
from the interaction between cosmic rays and atmospheric nitrogen. Upon death of the organism,
absorption ceases and the absorbed€decays with the halflife 5,730 years, values are then
calculated for the age BP, with BP being 1950 AD. The specific method used was the accelerator

mass spectrometry (AMS) technique.

3.4 Palynological Analyses

As statedby Birks & Birks (1980), pollen analysis is the most commonly adopted method for
palec-environmental reconstruction due to its versatility and universal compatibility; utilising
the principle that every plant species 6/c) has a characteristic palynomorph(Halbritter et al,
Cmp Y xEEAE AAT AA OOAA A0 EI AEmikriAnasalelatvelyA T A A
medium level resolution when used as a standalone proxy, because of the anemophilous nature
of many pollen types,and especially when focusiig upon specific or local study sitesTherefore
plant macrofossils are often studied alongside pollen due to theihigher resolution local
representation. Due to the physical properties of both pollen grains and plant macrofossils, ideal
core extraction canes from the centre and littoral sections of lakes respectively, often presenting
an issue and possible cause of error in studying both proxies from a single c@Birks and Birks,
2006). This guandary was diminished by the lakbathymetry encountered in Leirdalsvatnet (Fig.
3.1), and because sediment under the depth of one metre is prone to mechanigalrbation from
environmental processesthen the deepest part of the lake was sought after for extraction of the

cores LdvU1-21 and LdvU-2-21, thus being limited to the locationshown.

3.4.1 Pollen analysis

Using the Uwitec lake sediment cores, 1chsamplesz using a calibrated 1cmd brass volumetric
samplerz for pollen analysis were retrieved from two centimetre intervals for the first 15m, and
for each major peak and trough followinghhis down to the depth of 4Zm. A full procedure for
pollen preparation is attached inthe Appendix, taken fom the method used bythe University of
Bergen, all pollen preparation and analyss were done in, and assisted by, the department of
Biological Science University of Bergen. Briefly: samples with four added ycopodium clavatum
tablets were washed, centrifuged, and reduced in alternating acidigasic cycles until enough
waste product had been removed that the sample could be dyed and observed on micrgseo

slides. Identification was completed usinga Zeiss lightmicroscope at a resolution o400 x and

xEOE OAAAOAT AA O &A&COE Al A ) ueditbo(hbgl énd wokserOA T | E
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1989). At least 500 terrestrial pollen grains and spores wre identified before a sample was

considered investigated.

Figure 3.3: Microscope photograph ofa Betula pollen grain, taken aa depth of 5cm in core Ldvi2-21. G. Young, 2022

It is common practice to present and describe pollen diagrams ipollen assemblage zones,
however, due to the multiproxy nature of this study as well as limitations in the pollen data
which shall be discussed in section 4.3 %it was decided that the pollen diagram be partitioned
into the same units as in the sedimetary analysis diagrams ¢.7. Fig.4.3). Upon inspection, the
reader will notice that units Ill and IV have been amalgamated. This was deemed appropriate
because although the boundary between these units should be at 30cm in depth, there is little
variation in the pollen percentages for these subsections, alongside the lesser significance of these
units to Objective 2, there was no negative impact data interpretatiorPollen analysis data was
presented in the main thesis as a percentage diagram; using addii data, pollen accumulation

rates (PAR) were also calculated but can be found attached in the Appendix.

3.4.2 Plant Macrofossil analysis

For the study of plant macrofossils, peakand troughs on the LOI graph were used to select areas

of interest and following this, 30cn® samples were extracted from these depths. Samples were

then washed through a 12%im sieve, before being placed in observation dishes. It should be noted

that whilst 250um sieves are acceptable for radiocarbon macrofossil extractiorEricaceae,
Juncusand SaxifA CA OAAAO AAOEI U PAOO OEOI OCE A OEAOA
125um sieveswere usedasanalysis requireddetail upon environmental composition (Birks and

Birks, 2006). After this, picking and identification was carried out in the pollen lab, utilising the
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extensive reference collection in theDepartment of Biological Sciences athe University of

Bergen.

3.5GIS

For remote sensing analysigRS), 2019 satellite imageryof Saltfjellet with a resolution of 0.25m
was downloaded with infrared, red, green, and blue bands, from Norge i Bildérhe following
AOT AGETT O xAOA DPAOAE Oi20B: OOETC %32)380 ! OA' )3 00I
, AEOAAT OAOAAT 80 latAclippdd Aefore Aubnind Mddrilidedl Difference
Vegetation Index (NDVI) on the foreland clip. NDVI is a method to estimate the density of
photosynthetic pigment on an area of land by describing the difference between visible and near
infrared reflectance of vegetation cover (Weier ad Herring, 2000). The option was selected for
the output to be given in scientific terms where minus and extremely low values were assigned
to water and rock, while positive values are assigned to differing levels of growth. Because the
values computed weke relatively small (often to three significant figures), manual calibration was
used todefine categories using ground truthing points established during fieldwork. Locations
were recorded with a known cover so they could be used as reference pixels foetbategories of
cover produced. Contours were interpolated from a 10m DEM accessed through Kartverket
(2019), while hydrological data was retrieved from NVE.

Henrik L. Jansen, who studied the Holocene glacier fluctuations of Hagtuvbreen, in 2016, very
kindly shared data files for the palaeoglacier extenteand mappedquaternary geomorphology
which were then used to sectionalise the NDVI mapnd calculate percentage cover of each
category for each foreland swale (terrain between moraines)lhese extents were also combined
with lichenometric dating performed by this study to ascertain terrain age for each swale.
Vegetation plotdata was combired with data transferred from the app FieldMove Clino into the

working project to produce the vegetation survey data presented in Chapter 5.

3.6 Limitations

Best laid plans of mice and geographers do not always hold up in practice as they do in theory
This section details theoretical and actual limitations faced by this study and these methodsile
the discussion of sme issues will followin further chapters. The author notes that all issues faced

were endeavoured to be mitigated and the purpose of this s&on is to counsel future studies.
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3.6.1 Methodological limitations

This thesis strived to researcha myriad of previous approaches in order ascertain the most
appropriate method of objectively examining the study area in detail. As previously stated, a
regular transect approach was desired for the survey of vegetation plots prior to fieldwork,
unfortunately, the foreland presented such a mass of bare rock and isolated plant colonisation
that recording regular plots would not be appropriate unless the study had years to be at the
disposal of fieldwork. Consequently, methods were adapted in the field to ensure the effective
retrieval of data. This created a new limitation asthere was also a desire to map the grouped
species/community extents of he foreland, of which RS ground resolution was too coarse to
identify speciesin some circumstancesFortunately, the foreland exhibited a relatively consistent
grouping of species which allowed the species interpretation of NDVI cover to be a valuable alat

set

Lichenometry, whilst being a widely accepted method, often comes under scrutiny. This study
chose to process the LL and 5LL together because the outpatsd the methodwere considered
similar to other regional studies Critics may here decry confirmtion bias, however LL sometimes
presented data approximately one centurydifferent to other supporting forms of temporal
evidence, thus it was decided to be included for the aid of future studies but argued against in this
study. A wider and more detailedexploration of lichens around the Hggtuvbreen icecap could

raise light upon this limitation.

3.6.2 Data limitations

Ground resolution of the digital datasets used, although impressively high resolution in remote
sensing terms, were toaoarse for the accurate logging of the youngest sections of terrain, due to
the sporadic and isolated nature of floral individuals. Thesfore, infield measurements were
essential for some of the most impacting conclusions drawn by this study. Whilst this may not be
an immediate limitation to this study, it implies that further studies solely focusing on the remote
sensing of vegetation sacession may be missing the maost significant changes in ecosystems

adapting to rapid climate change.

Low resolution historic satellite images causedRS] vegetation change analysiso be ineffectual
for the study area and later rejected from the originamethod proposd, which wasconsidered

unfortunate since such analyses can be of great help to projects in this topic of biogeography.

3.6.3 Unpredicted actual limitations

Because“4C analysis is grotracted processthe preparation and analysis of pollen wasompleted

prior to the learning of the macrofossildates. Thus pollen sample slection was completed using
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knowledge of LOI, DBD, and XREpon delivery ofl4C dates, variations in sedimentation rates
caused certain sections to have lower pollen resolutions than originally expected. This did not
impact the accuracy of any conclusions drawn however in the wider interest, higher resolution

could be helpful (c.f£subsection 4.2.1)

Additionally, because of the various intrusive analyses of the sediment coeelarge amountof
sediment was extracted and disposed ofThis created a specific limitation for only one five
centimetre section of LdvU2-21: a tilted layer @used a very slight discord between either side of
the open core, meaning LOI and pollen samples, taken from either side of the same depth in the
core have the potential to be of differenbiges Because the angle of tilt wasleemedgentle, this
incidence dd not affect the conclusions of the overall study, howeveit, does draw uncertainties

about this specific event in history.
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4.0 A Holocene History of
Hagtuvbreen

Before studying the modern colonisation and succession within the Hagtuvbreen foreland, it wa
decided that the Late Holocene palaeoenvironment should be reconstructed to provide
environmental data base prior to the onset of succession, observing the seed bank and climatic
fluctuations controlling the established succession. This information wasaghered from the
investigation of two Uwitec lake sediment cores, taken from Leirdalsvatnet, a small lake in the
vicinity of the glacier but away from the main proglacial streams, see Fig.1. This chapter is split
into three sections, initially, the sedmentary analysis results will be presented and interpreted
before the similar section for palynological analysis, thirdly the palaeoenvironmental results will

be discussed in relation to the history of the study area and the surrounding region.

4.1 Sedimentay analysis

Sedimentary analysis was completed as a method to reconstruct the Late Holocene climate in

the Leirdalen valley.

4.1.1 Calibrated Age Dates & Age Depth Model
Table 4.1 represents thé4C ages of 11 samples, ten from Ldv2}21 and one from LdvU1-21; the

radiocarbon ages are calibrated to calendar years before present ((present being 1950 AD) cal.

uos "o AO pk oybp AT 1T EEAAT AA E-b0QdadCeicepBoe, AAT OA (
where the error is negligible. Within LdvU2-21, the radiocarbon ages for depths 53 and 58.5

were presented as being older than the date below, as well as 53 being older than 58.5, this was

deemed sufficiently anomalous to be rejected and omitted fromhe age depth model.
Furthermore, because the radiocarbon age for Ldwll-21 was calibrated to be Early Holocene

and could not be paired to LdvkR-21, then after being analysed for LOI and DBD it was

abandoned from further analysis.
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Table 4.114C radiocarbon dates calibrated to 4 cal. Yr BP in Calib 8.20. The most likely cal. Yr BP range is usec
xEOE OI'TA ET OCAT AAO

. 14
Leirdalsvatnet ~"C dates Core LdvU - 2 - 21
W 1a | Relative 18 | Most likely
Depth (cm)  Lab. no. Sample Type Age —C Y cal areaunder i ca cal. yr BP
(BP) BP Ranges  probability AD Ranges
distribution range
74-59 0.286 1891-1906
Terrestrial 101.34 = 117 - 134 0.378 1816-1833
8 Poz-147485  Macrofossil 048  230-243 0.296 1707-1720 70134
246 - 249 0.040 1701-1704
71-114 0.261 1836-1879
Terrestrial 185 - 201 0.112 1749-1765
15-16 Poz-147457  Macrofossil 150+ 30 207 - 226 0.138 1724-1743 207-226
254 - 277 0.167 1673-1696
Terrestrial 335 - 350 0.168 1600-1615
22-23 Poz147435 |\ 39530 T 0832 14481497 453 - 502
25182531 0.086 582-569 BC
Terrestrial 2536-2588 0.440 639-587
2728 Poz-147419  \acrofossil  202°*30  og150635 0104 686-666 2536-2588
2698-2726  0.280 777-749
Terrestrial 3404-3427 0.306 1478-1455
38-39 Poz-147720  \1acrofossil 8245£30 5443482 0.694 1533-1495 3444-3482
Terrestrial 3887-3984  0.982 2035-1938
s - + -
42-43 POz 147798 pacrofossil 2020 *35  4os5.4058 0018 21002106 So0r-3984
Terrestrial 4409-4446 0494 2497-2460
49-50 Poz- 147458 \tacrofossil 070 * 35 44754517 0506 2568-2506  1409-4446
Termestial 5054-5110  0.368 3161-3105
53-54 Poz147459 |\ C 4520135  5124-5186  0.415 3237-3175 Ommitted
Inverted 52695302 0.217 3353-3320
Terrestrial 5052-5144 0540 3195-3103
585-60.5  Pozl47794 \ iUUE. 450035  5157-5101  0.196 3242-3208 Ommitted
Inverted 5259-5287  0.156 3338-3310
66-69 Poz-147795  lomestial a0 s35  4824-4860 1000  2011-2875  4824-4860
Macrofossil
Core LdvU -1 -21
16-17 P0z-147397  Terrestrial 8680 +50  9549-9673 1000  7724-7600BC  9549-9673
Macrofossil

Figure 4.1 depicts a linear age depth model constructed from the radiocarbon ages for Ld2t21
presented in table 4.1 and in turn derive the most probable cal. yr. BP ranges in said table. The
plateau between 22 and 28 cm in depth is of particular interésand shall be discussed further in
section 4.3.2. The model depicts the topmost two ages as having overlapping ranges within which
the lower age range has a more recent younger date; using the LOI curve and assuming
stratigraphical chronology, the oldest calibrated age range was assumed as accurate. As
mentioned, the two anomalous radiocarbon ages were omitted when constructing this age depth

model in Rbacon(Blaauw and Christen, 2011) Additionally, the sedimentation rate in years per

centimetre (yr/cm) have been included for the interpolated sections.
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Figure 4.1 Agedepth model for LadvU2-21 using AMS4C radiocarbondates. Sedimentation rate is given in yr/cm.
The model is constructed using Rbacon. Age range has been extrapolated from 1950 AD to 2021TAbDle 4.1: AMS

4.1.2 Geology and geochemistry

Figure 4.2 presents the LOI and DBD measurements for both ceralong with the depths and
assumed age ranges for the##Cdates.Core LdvU2-21 can be seen in Fig. 4.2 whereas no scan or
photographs were taken of LdvUl-21, instead a description follows; this sediment core was split
between an organic upper and a min@genic lower half. Bands ofbrganic matter, colour code
5YR2.5/1 were interspersedwith thin sandy bandscoloured 5YR3/1 between the surface and
four centimetres deep. Dark organic matter followed this until a thick yellow band (2.5YR6/8)
was recorded at18 cm in depth, a transitional band (5YR5/1) then introduced the heavily silty
grey sediment of assumed glaciogenic origin.dvlU-2-21 did record lower bands colour coded
5YR4/1 however no such heavily minerogenic sediment was found in core Ldv2}21. Thereore,

as can be inferred from these graphs and supported by the calibrated ages, Ld#421 could not
be matched to LdvUJ2-21, causing its analysis to be halted after receiving this data. Further
interpretation is of core LdvU-2-21. Of particular interest © this study, note a maximal peak of
LOI at 15cm in depth of 18.5% organic matter, this is almost paralleled by modern day values

with 18.4% at the top of the core. In the top half of the core, the DBD values peak at 24cm in depth
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with 0.7%, alongside thedrastic fall in LOI and the uncharacteristic age range between the
flanking calibrated ages, this incidence provides great implications about the lake itself as well as
OEA AAOAEI AT O AT A Al EIi AGAN 1100 ET OAodstadbel ¢ EO
discussed further in section 4.3. The rise of DBD and correlated fall in LOI in the latter half of the

core is attributed to the end of the Holocene Climate Optimum around 4000 BP.

Lavo-2-21 LdvU-2-21 LdvU-1-21
& CT scan . I.DI”* DBO (g/em’) 01% . o B
§ ?ll—.’ - 134
207 - 228 9545-9673
453 - 502

2536-2588

(ws) pdag

3444-3482

3g87-3984
4409-4446

/) 5052-5302 Inverted
;; 5052-5257 Inverted

S
N
C
))

:

4624-4860

Age cal. yr. BP

Figure 4.2 Lithology diagram of sediment cores LaW2-21 and LdvlU1-21 presenting colour photograph and
orthophoto of LavU-2-21 (lighter colours indicating increasing relative density) and LOI, DBD, anél cal.yr BP
ranges.

Figure 4.3 shows the physical and geochemical parameters of core Ld2t21 alongside a colour
image and CT scan, indicating density measurements with lighter colours representing high
density and darker colours representing low density. LdvtR-21 has beerdivided into five units
for inspection and comparison, commonly, these are derived from lithostratigraphy, however the
lithostratigraphy of LdvU-2-21was relatively homogenous and was deemed to be unhelpfid the

analysis of the core; therefore, said unitare derived from radiocarbon dates (highlighted by
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orange bands) and XRF fluctuations. The units have been detailed in reverse order below, starting

with the oldest unit and working upwards in chronological order.
Unit V 50z72cm

Unit V contains three dates within, and its upper boundary is dated with Unit IV. The lowest date
between 66z 69 cm in depth, was recorded to be 4824 4860 cal. yr BP, within this unit lie also
the two inverted and omitted dates of 5054z 5302 and 50527 5287 cal. yr BPThe span of this
22cm section is therefore estimated to cover ~400 years. LOI here records its lowest values, with
a plateau holding a mean average of 5% in the lower section of the unit, before dropping to 4.3%
and thereafter steadily rising to ~9% on theboundary to Unit IV. DBD records its highest values
in this unit with 0.94 g/cm3 and 0.87 g/cn® at 69.5 cm and 57.5 cm in depth respectively. The
peak of 0.87 g/cn® corresponds to a strong rounded trendline peak in all geochemical parameters
with major peaks in silicon (Si), calcium (Ca), titanium (Ti), and iron (Fe) characterised by 82 cps

x 103in Ti at this point. Greater DBD values can be witnessed in both the CT scan and the RGB
image with the denser and lighter coloured sediment respectively. Thiason is why the lowest
retrieved date covers a threecentimetre range rather than just one, like every other date, due to

a sparsity of organic material required for radiocarbon analysis. The slight incongruity between
DBD and geochemical parameters coulgk attributed to a slight time difference between analysis

of LOI and XRF and the related drying out of the sediment core, it is however, so slight that it does

not impede upon the interpretations and thus was not needed to be adjusted against.
Unit IV 30750 cm

Unit IV contains three radiocarbon dates, the lowest marking the boundary between Unit IV and
Unit V, recording 4409z 4446 cal. yr BP; 42 cm in depth is recorded as 3873984 cal. yr BP and
38 cm in depth recorded as 3444 3482 cal. yrBP, both of which correspond to peaks in LOI. LOI
values present relatively low oscillating values under 10%, between the lowest and middle dates.
From here up, LOI peaks at 13% for the middle date before dropping to 10% and rising to 15%
for the top date,after this LOI steadily decreases to the beginning of Unit Ill. DBD shows a rougher
inverse trendline to LOI throughout this unit; a triple peak in the lowest part of this unit between
0.49 to 0.56 g/cn® correlates strongly with major peaks in Mn (12.7 cants per second(cps) x 10

3) and Fe (925 cps x 16) and minor peaks in sulphur (S), Si, K, Ca, and Ti. The primary peak of
the three also coincides with the major peak in manganese (Mn), whilst the other geochemical
peaks coincide mainly with the second peak of the three. This could be attributed to Mnihg an
established indicator of tephra and volcanic activityKylander et a/, 2012; Peti et a/, 2018)
suggesting that volcanic activity may have cooled the climate causing increased minerogenic

input into the lake system. All geochemical parameters replicate the trendline of DBD.
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Figure 4.3A: Core Lavtp-21 physcal and geochemical parameters presented alongside CT scan and colc
photograph, black lines represent the moving averagef 10 points whilst grey represents the original values. Units
[-V are identified from calyr BP ranges (orange dashed lines) and events within the parameters (grey dotted line,
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Figure 4.3B. Core Ldvkp-21 further geochemical parameters presented alongside CT scan and colour photograt
only the 10-point moving averages are presented forlese parameters. Units-V are identified from cal.yr BP
ranges (orange dashed lines) and events within the parameters (grey dotted line).
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Unit 111 22730 cm

Unit lll has a surface date of 453 502 cal. yr BP (14481497 AD) and a further date at 2&m in
depth of 25367 2588 cal. yr BP (639587 BC); Unit Il is a farrago of palaeodata and therefore has
an entire subsection devoted to it in 4.3.2. The deeper boundary of this section was not reasoned
from radiocarbon dates but from the commencement of eomplete oscillation of LOI, it rises from
9% to 14% before falling to 8% and climbing again to 16%. Inversely, DBD at the bottom of this
section starts at 0.42, falls to 0.30 before firmly climbing to 0.65 as LOl is at its lowest, and finally
decreases gain to 0.31 in a staggered manner. This lone peak of DBD is starkly contrasting to the
sediments in the upper half of the core and is the highest peak of DBD outside of Henglaciation.

All geochemical parameters support the double spiked DBD peak, adtigh S loosely follows this
trend, with both a mirrored trendline as well as individual peaks just prior to the peak in DBD.
Mn here presents its greatest peak in the upper half of the core of 8.7 cps x31@longside major
peaks in Ca, Ti, and Fe assotzd with the peak in DBD. The rounded peak of LOI lower down in
this section correlates with a slight trough in geochemistry and DBD values. Unit Il spans over
2000 years in 8 cm and presents a great peak in geophysical and chemical parameters in

conjunction with a paucity of organic production.
Unit Il 8z22cm

Unit Il is flanked by a lower date of 45% 502 cal. yr BP and an upper date of 117134 cal. yr BP
determining that this section should represent the LIA for the Hggtuvbreen region. LOI vas
flux between 167 14% at the base of this section before dropping to 12.20% to create a sizable
trough in the graph, considered to be the climatic acme of the LIA; this is then succeeded by a
peak of 18.75% dated between 20-226 cal. yr BP, and is condered to be a lentieproduction
response to a climatic period of rapid warming, concurring with increased solar activity between
the Maunder and Dalton minimaTung and Zhou, 2013) LOI values then steadily decrease to the
foundation of Unit I. LOI peaks can also be seen dark bands within the CT scan, although less
discernible in the RGB image. DBD values, again, depict a smoothed inverse representation of LOI.
Geochemical parameters show a fairly stable trendline albeit constantly undulating; Mn records
two major peaks (~11 cps x 103) prior to the believed LIA trough in LOI, S peaks
uncharacteristically high prior to the dated LOI maximal peak, Si and Ca both peak shortly before
Mn does and after the LOI max peak, possibly recording aquatic primary production during the
MWP and the Industrial Revolution respectively. Unit Il Presents the cessation of the MWP, the

short-lived LIA, and the start of the Industrial Revolution, all in 12 cm of sediment.

Unit | 0z8cm
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Unit | is located at the topmost part of the core, datefrom 117-134 cal. yr BP to modern day. LOI
values for this section rise from 13% to 15% before fluctuating between a shacfived trough of
11% to a drastic incline to a surface value of 18.33%, representing both a warming climate and
the undecayed natureof modern organic material. DBD presents a smoothed inverse of this trend,
dropping to 0.2 g/cm3; geochemistry, except S, supports this trend of DBD. S can be interpreted
to show a similar trend to DBD except with a surficial increase similar to LOI, hower due to
there being no environmental input of S, then common zero values make the visual
representation opaque to inspection. The close surface increase of S¢ps) may belinked to 20th
century industrial pollution from the United Kingdom but is broadly attributed to the
industrialisation of the West. Mn spikes of ~10 (cps x 1€) around the middle of this section may
be linked to volcanic activity ca.turn of the 19-20t century; this may be linked to the trough of
LOI and cold anomalies throughout Ewpe around this time. Unit | is believed to consist of
sediment deposited between the 19 century AD and modern day, showing a heavy response to

climatic factors such as volcanic winters and modern industry linked eutrophication.

Table 4.2 is a correlation matrix for the physical and geochemical parameters of core Ld2t21.

MS recorded the closest values to zero of all the parameters, hence its omittance from Fig. 4.3; it

OEAI 1T AA AEOAOOOAA £O0OGE Aignificant vahewad A6 é&rielationt 8 p 8 0 8
with DBD. DBD had a strong negative correlation with LOI, Inc +Coh, and Inc/Coh; DBD had a

strong positive correlation with Si, K, Ca, and Fe, there was a positive correlation with Ti and Mn

but a negative correlationwith S.

Table 4.2: Lavli2-21 correlation matrix for geophysical parameters.

Si S K Ca Ti Mn Fe Inc+coh Inc/coh DBD LOI MS

si 1
3 -0,1404767 1

0,83158295 -0,2525691 1
Ca 0,82479253 -0,258452 0,92751877 1
Ti 0,55391879 -0,3050431 0,69091777 0,684145075 1
Mn 0,527499%6 -0,2611502 0,70055523 0,690644649 0,575285174 1
Fe 0,€2525959 -0,3842902 0,79448742 0,7607€3992 0,700278534 0,7393016e34 1
Inc+coh -0,6405972 0,398903 -0,8282644 -0,82803569 -0,65333592 -0, 694628038 -0,8447741¢6 1
Inc/coh -0,6955051 0,37231el11 -0,8573148 -0,85857895 -0,66639796 -0,691823089 -0,81277048 0,9708723 1
DBD 0,ee960278 -0,1360748 0,79585325 0,785905833 0,464617026 0,555074421 0,64448066 -0,702909 -0,706076 1
LOT -0,€776891 0,18847202 -0,7598979 -0,76543691 -0,45106725 -0, 565972883 -0,62484728 0,6720965 0,€84602 -0,907548 1
M3 0,30042752 -0,0091199 0,43432138 0,345184577 0,182841052 0,258326386 0,378584887 -0,390755 -0,362719 0,5735424 -0,378 1
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4.1.3 Magnetic Susceptibility

Magnetic Susceptibilty

Depth cm

Figure 4.4: Magnetic Susceptibility graph of core Ldvd-21.

MS, or magnetic susceptibility, is a sensitive and commonly used sediment proxy for climate
reconstruction. However, as seen above and reinforced by table 4.2, MS had no correlations with
any other geophysical parameters. Upon discussion with colleagues BARTHLAB where the

analysis had been completed, it was decided that very little overviews could be observed in Fig.4.4
due to errors in the analysis process. It is here decided that due to unfortunate anomalies, MS

data shall not be included in the followng discussions.

4.1.4 Computed Tomography

CT analysis of the core permited ancE 1 OOOOEOA AOOAOGOI AT O 1T £/ OEA
within; Fig. 4.5 depicts the visual representation of relative density with material of particular
interest emphasised wih a different colour scheme. Fig.4.5.A (orthophoto) illustrates relative
density of the longitudinal facies with lighter shades representing denser material, as is best
exemplified in Fig. 4.3 when inspected next to the colour image of the core. In the lmyphoto,
darker shades of grey represent less dense material and can be used as an indicator of more
organic input, whilst black pockets represent the absence of material, derived either by air
bubbles or evaporative shrinking of the core away from the pkic pipe housing. Images B & C

are enlarged density interpretations of the outlined cuboid found in image A. The latter two
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Orthophoto and density measurements of Leirdalsvatnet -2 —21
Using Computed Tomography

HIGH
w. L l_‘Iul.
DENSITY

Figure 4.5: Computed Tomography diagram of LdW2-21 (a) with adjusted density enlargements (b & c) of
sections with identifiable organic structures. Light coloured layers in image a pertain to higher density
measurements.

images have been adjusted to highlight only lower density material, removing sediment from the
visualisation. In these images, [relative] higher densitynaterial (red-yellow) indicates organic
material whereas @ower density (purple-blue) areas indicate internal air pockets and cavities.

This adjustment was completed manually, using the structures enlarged in image C as control
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points; these structures were agreed to clearly represent woody fragments or sticks and
therefore would be usable as density control points. Using the inbuilt tools in Avizo, these
structures could be measured to support this, the larger being 2.4cm and the smaller being 1.7cm.
Hereafter, the remainder of the core could be visually inspected for material of relatively similar
density to record sections of terrestrial organic material and their depth noted for later use. This
method, although perhaps more expensive, permits the neimtrusive location of organic material
ideal for AMS radiocarbon dating, reducing the time and material wasted searching for organic
terrestrial material fruitlessly, and can be especially important in studies where single or thin
sediment cores have beemetrieved from remote field sites because of the preservation of the

intact core.

Upon inspection of image A, the observer should note a tilted section between 21 and 27cm in
depth, easily identifiable in the orthophoto yet not as visible in the colour pbtograph. This
section, as stated in Unit Ill, coverga.2000 years yet does not indicate whether the age gap is
due to the loss of material from disturbance or due to remarkably low sedimentation rates. Due
to the small amount of sediment available, anthe respective resolutions of LOI/DBD and pollen
sample extractions, it was necessary to extract both samples from opposing side of the sediment
core, causing possible disparity between sediment and pollen analyses for this unit. This curious

event will be discussed in greater detail in section 4.3.2.

4.1.5 An overview of sediment data

To summarise the wealth of sedimentary data obtained, core Ldv2}21 depicts an interesting
sedimentary and inferred climatic history and is highly suggestive of a system undetreng
influence of regional climatic changes. Unit Vepresented a commonly found distribution in
relation to the Neoglaciation consisting of strong sedimentation rates of 22 yr/cm and an
observed highstand and peak in all geochemical parameters before arked decrease, possibly
due to a negative flux in the NAO index around this tim@ansenet a/, 2016) of 4400 cal. yr BP,
further supported by the change in sedimentation rate, tripling the yr/cm values, decreasing the
speed at which the sediment column raised. The g&d geochemical peak is also consistent with
a strong positive NAO peak. Although the lower values in LOI would be indicative of cooler
climates, this unit perhaps exemplifies a step change between rates of sedimentation and warmer
climates, inferred tempeature records discussed later in this chapter actually attribute this unit
to have some of the warmest winters recorded in th&leoglaciation. Following this, Unit IV shows
far slower sedimentation rates of 66, 126, then 81 yr/cm implying much less inputotthe lake
system. Ti is a commonly favourable indicator of terrestrial erosion due to its abundance and

resistance from redox processes/pid) and thus during the ca.600 years at the bottom of this
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unit, consistent peaks in most geochemical parametersétuding Ti and Fe suggest a strong influx
in minerogenic material. This combination occurring after a spike in Mn could be an indication of
volcanic activity affecting the processes of this lake catchment and affecting the organic
production held within. Whilst the upper half of this unit should little geochemical fluctuations,
LOI values show similar trends to the NAO index with the two peaks being dated to the same
centuries as positive NAO phases as the decline in LOI around 3400 cal. yr BP pairs toaapsh
decline in the index (bid).

Unit Il contains the irregular pattern of parameters within the sediment core, with a
sedimentation rate of 417 yr/cm covering ca.2086 years in 5¢cm. This time period contains the
most negative, albeit fluctuating, NAOnidex values for the pastca.5000 years which may have
acted in conjunction with volcanic eruptions indicated from multiple and sizable peaks in Mn and
Fe(Kylander et al, 2012; Petiet a/, 2018)0OT A OAAOA OEA DPEATT I ATTT ETT xI
A A A(GiBbOnE,&2018) the year 536 AD surrounded by periodsfaire climatic everts. A single
volcanic eruption would not be sufficient to limit productivity in an upland lake for over two
millennia however it is possible that a multitude of climatic factors could have caused
Leirdalsvatnet to have experienced cold summers and even delr winters causing snow and ice
to cover the lake long into the summer season thus limiting productivity. This shall be discussed
in section 4.3.2. CT data does however indicate that this unit may contain disturbed sediment

forcing the interpretation of this unit to be considered with great care.

Unit Il covers what has been established to be the MWP and LIA. Increased LOI during the MWP
is concurrent with falls in the counts of most geochemical parameters. It can be observed that the
high values of LOI ease alongside a double spike in MN, closely succeeded by the LOI trough
determined to be the LIA, which supports theories of volcanic triggers (or partial triggers) of the
LIA in Europe (Wanner, Pfister and Neukom, 2022) This period was calculated to have a
sedimentation rate of 32 yr/cm although this is registered for both the MWP and LIA, yet it is
most probable that this rate was not constant over both these periods. A major peak ldDI at
15cm in depth may be attributed to a short period of warming in the early 1700s possibly caused
by pattern shift in the solar irradiance, as recorded in the Central England Temperaturecords
(CET(Tung and Zhou, 2013). Increases in Si here and immediately after, with slight deviations
from increases in Ti can be used to indicate biogenic silica and thus support warming in the lake
itself, which can often respond far quicker to the climate rather than cryospheric response times
(Birks, 2006). Lake productiviy seems to then decrease again, although not as drastically as
before the 15cm event, this is probably caused by evenssmilar to the Dalton Minimum (Tung
and Zhou, 2013)
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Unit | encompassesvhat is considered to be the Industrial Revolution and associated warming
and pollution. LOI decreases in this unit may be credited to pollution from the UK, although it
could be linked with major spikes in Mn and volcanic activity during the 20 century. Major rises
in S most probably dates to the pollution from the 1970s as well as the incredible warming
associated with the past half centuryfurther implying timescales that assist the interpretation of

other variables and which support the € dates(Brown, 1982; Almer and Dickson, 2021)

This sediment data provides invaluable information for both this project and the climate history
of the Svartisen region; Leirdalsvatnet is evident of being a system extraordinarily controlled by
external processes and apparently relatively vulnerable taegional climatic factors. Rapid
responses often accompany delicate systemand thesehighlight climate fluxes not seen in the
cryosphere, hence why this lake may hold climatic data not found in the many glacietimate

reconstructions of Svartisen.

4.2 Palynological analysis

In order to further investigate the Late Holocene climate of Leirdalen and the Hggtuvbreen region,
as well as to determine a Late Holocene vegetational composition prior to the LIA, therefore
completing Objective 2, LdvkR-21 was invegigated through palynological analyses. This was

completed through pollen analysis and macrofossil assay and will be discussed in respective

order as follows:

4.2.1 Pollen analysis

Prior to intrusive sedimentary analysis, subsamples of sediment werextracted from LdvU-2-21

£l O AOGAOU Ai 1T &£ GEA AT OAn OEAOGA xAOA 0OO1 OAA
For the top 15cm subsamples (1c¥) were analysed at 2cm intervals starting at 1cm in depth
phohvus AT A Al 11 1T akEahddroudhs éddsel€dtedfor BEnaifsid dpltat5c A

in depth, the full data set can be accessed from the author. Fig. 4.6 depicts the relative frequency
of taxa from this analysis. Pollen units have been presented in reverse order such as in subsection
4.1.2 working upwards in chronological order from the oldest to youngest section®ollen
accumulation rates(PAR) were also calculated for these samples but have not been presented

here, instead beingeferenced where appropriate and locatedn the appendx.
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fold exaggeration of percentage data. Analysis: G.E. Young, 2221
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Unitlll &IV Pollen 22745 cm

As stated, these two units have been amalgamated due to the relatively rigid nature of the pollen
taxa percentages however they do show slight variations, peeularly visible in the tenfold
exaggeration. Pollen from the tree taxad/nus, Betulaand Corylusall show a decline between 45
and 40cm in depth with a corresponding rise which can be seen in pollen frolinus sylvestris.
Plantago, Poaceagnd some Peridophyte spores repeat this rise withPlantago maritimapollen
accompanyingP. sylvestrisn having their highest percentage value at 40cm in deptiCyperaceae
both /soétes,and Selaginellaall repeat the trend of Betu/a it is therefore inferred that between
45-40cm in depth pollen analysis is recording the deterioration of the climate with lower lake
productivity, and a negative NAO phas@ansenet a/, 2016)where the trough in LOI around 40cm

in depth is indicative of a cold anomaly which may have caused the relative lal@ding of local
palynomorphs to decrease and the long distance loading to increase in percentage values. This is
reasoned from the peakn Plantago maritima,commonly known as Sea Plantain in English and
Strandkjempe (Seagiant) in Norwegian, whilst it has been recorded in alpine habitats it is most
commonly found in coastal regions thus being highly suggestive of aeolian transport from the
western or southwestern approaches of Hggtuvbreen. The above relatively consistent section of
pollen indicates that possibly because of cold local conditions, long distance derived pollen
sources are the main source of pollen accumulation for the majoritpf this section. The
appearance ofJuniperus communigollen at 27cm in depth coincides with a peak in LOI after a
long period of relatively low LOI values. This peak has been dated to be 253688 cal. yr BPJ.
communisis a hardy species well associatewith a rapid response to the amelioration of the
climate in the Early Holocene and thus is suggestive here of the start of a slight climatic
amelioration. This is supported by a fleeting positive NAO phaseitfd). This appearance
accompanies a rise inPicea abiesand Salix pollen as well as peaks occurring for both

undifferentiated Ericaceaeand Cyperaceagollen.
Unit 1l Pollen 8722 cm

This unit largely shows the domination of pteridophytes in the percentage group portion and can
been similarly seenin the high gradual rise of Dryopteris-type spore percentages. At 20cm in
depth J. communis Salixand Plantago majorthen records their early peaks in the pollen diagram
corresponding with both the lowest recorded values inP. sy/vestrisand a peak in LQ This peak

is dated to be between 435502 cal. yr BP which corresponds to a positive NAO phase dated
between 500-600 cal. yr BP(Olsen, Andersm and Knudsen, 2012; Janseet a/, 2016) and
suggests the continuation of the amelioration mentioned abovec(7~Unit 11l & IV). Following this

at 17cm in depth, Betula, J. communis and Salix all decline whilst P. sylvestrs again rises

alongsideCyperaceaeand Dryopteris-type, which coincides with the LIA and once more suggests
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that during climatic deteriorations palynomorph loading is mainly derived from long distance

airborne sources. After this Betulaand Salixpollen steadily increase complemented by the steady
decrease inP. sylvestrisand Poaceaepollen most probably representing the gradual increase in
local representation over far travelling allochthonous palynomorphs. Although it should be noted
that here can be sen another rise inPlantago maritimapollen (identifiable in the exaggeration)

which is suggestive of coast derived pollen rain.
Unitl Pollen 078 cm

Within this unit, dated between 117134 cal. yr BP and modern day, the most fluxes can be
witnessed, immediately depicted by changes in the amounts of pollen from dwarf shrubs and
herbs. J. communis Salix,Cyperaceae Plantago majorand Rumexall increase around 7cm in
depth whilst a stark drop in Dryopteristype spores can be observed. Interestingly this is
accompanied by a small peak inPicea abies possibly denoting its entrance to the locality,
supported by PAR values, althouglike Bjune and Birks (2008), P. abiesnas first identified ca.
3000 cal. yr BP by this study. Immediately after this at 5cm in depth many pollen counts decrease
when Dryopteristype spores climbs again; several of the dwarf shrubs and herbs appear to
increase during this event and suggest that dier the climate deteriorates for a transitory period

or pollen loading becomes very locally sourced’4 dating and Mn values in Fig.5.3 would permit
this to be associated with volcanism and thus could be a shdived climatic deterioration, tephra
layers in Fig.4.5A could be argued for to accompany this. Directly after thBetu/apollen rises
again, with a similar trend seen inEmpetrum, CyperaceagOnagraceaeand /soéfes echinospora
yet the reverse trend is observed inSalix, Calluna vulgarisand Plantago major, this event may be
linked to the trough in LOI and the occurrence of snowbanks in the vicinity of the lake, an idea
which shall be discussed in greater detail in subsection 4.3.Above this event to modern day,
Betula, P. sylvestris Empetrumand Dryopteristype, decrease whereas pollen fronP. abiesJ.

communis, SalixPoaceaeand Rumexall increase to their greatest percentages.

4.2.2 Macrofossil analysis

Investigating the LOI graph, nine major peaks and troughs were selected as areamtdrest for
macrofossil study, 30cmd samples were extracted and washed through a 125um sieve. The
extremities sampled were the immediate subsurface (Rcm in depth) and 28cm in depth,
allowing for analysis of all aspects of interest in the upper half ofhe core. The immediate
subsurface sample is a good control measure of deposition and decomposition processes as this
sample should have been laid down in recent years if not months; a noteworthy anecdote being

that an item within this sample grew during the analysis period, most likely an'soétesseed.
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Fig 4.7 depicts themacrofossil data found; 29 assorted leaf fragments of unidentifiable origin
were recorded in the aforementioned sample, more than twice the amount recorded in any other
sample. Alongside this, 18 woody fragments were recorded, the equal greatest amountoeted,
found in both the subsurface and deepest sample analysed interestingly. In this sample
Empetrum nigrum records its lowest value of leaves whilst bothBetula pubescensand Betula

nanaare recorded as being present from fruits and leaves, respectively

117-134

O~ WN =

Depth
a

207 -226

Age cal. yr. BP

453-502 | 221 . — b

2536-2588 | 27
23. I - m - —

710 10 10 20 20 10 10 10 10 10 10 20 20

Counts per sample

Figure 4.7: Macrofossil diagram of selected taxa and unidentifiable organic structures presented on a depth sc:
with flanking cal. yr BP age ranges. Analysis: G.E. Young, 2221

At 3cm in depth, incidentally during an LOI trough and DBD peak, the equal most varied sample
(along with 10cm in depth) is recorded. The only recorded presence oRanunculusis found
alongside leaves ofVaccinium oxycoccusand Vaccinium uliginosum, a spike inE. nigrumleaves

and the only other occurrence ofB. pubescenshboth Ranunculusand B. pubescensecord one
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fruit. 7-8cm in depth, dated to be 117134 cal. yr BP, records a near equal spike ®alixherbacea

and E. nigrum as well as the occuence of B. nandeaves.

10cm in depth records various proofs ofB. nanapresence, the greatest spike in botls. herbacea
and E. nigrumfound, as well as various other minor occurrences and 10 woody fragments. Within
this sample, a longossible S.polarisleaf was recorded, the only one found during the macrofossil
study. 10cm in depth, again, occurs during a shatived trough in LOI and a peak in DBD. 15cm in
depth, dated to be 207226 cal. yr BP and experiencing an 18.75% peak in LOI, record Betula
but an average count ofE. nigrumand a low count for S. herbacea Vacciniumtypes and Carex
along with woody fragments are present at this depth. At 18cm in depthB. nanareappears,
together with a spike in S.herbaceaand E. nigrumas well as the occurence of Vacciniumtypes,
Menyanthes trifoliata, Trichophorumand many leaf and woody fragments. This sample lies 0.5cm
before a trough in LOI which is the assumed LIA for LdvP-21.

22cm in depth only records the presence oF. herbaceaand E. nigrumas well as unidentified
woody fragments; whereas 25cm in depth only record¥€. nigrumand V. oqycoccusalong with
woody fragments. 25cm is just prior (chronologically) to the major spike in DBD in the upper half
of the core. 28cm in depth records the identification of &. nandruit, an equal maximal spike in
E. nigrum both Vacciniumsand Carex as wellas many leaf fragments and the equal maximal

spike in woody fragments.

Due to their better representation of the local environment, macrofossils are greatly helpful for
small scale palaeoreconstruction and as such will be interpreted in more detail in dean 4.3
however a short summary follows. The most varied and voluminous of samples was recorded at
18cm in depth, just prior to the believed LIA, the 15cm in depth sample records various presences
after the LIA max, with an interesting difference betweernhe spike of £. nigrumand a lack ofS.
herbaceawhich might indicate to snowbanks in lowlying areas around Leirdalsvatnet ¢.7
subsection 4.2.3. E. nigrumis present throughout followed by V. oxycoccus being present in
seven of nine samples. Cumulati spikes inS. herbacea E. nigrum leaf and woody fragments
suggest that 3,10,18 & 28cm in depth experienced the most terrestrial productivity and

environmental loading into Leirdalsvatnet.

4.2.3 Overview

The combination of pollen and macrofossil analysis g reconstruct the palaeoenvironment both
at the localised scale and regional scale over the pas4.4000 years and in conjunction can be
greatly helpful in completing Objective 2 of this study. The palaeoenvironment shall be reviewed

as follows in chrondogical order from ca.4000 cal. yr BP to present. 42cm in depth was dated to
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be 3887-3984 cal. yr BP (Fig.4.6) shows the early local climate at its base before a possible
deterioration, and hereafter, the dominance of allochthonous palynomorph loading fro long
distance sources, particularly exemplified by the occurrence oPlantago maritima a coastal
growing herb not locally found in Leirdalen. Due to its geography, Leirdalsvatnet is theoretically
prone to pollen insensitivity during direful climates andthus sections of Fig.4.6 representing
regional baselines can be interpreted as climatic deterioration in Leirdalen. The appearancebf
communis pollen in 2536-2588 cal. yr BP, supported by a&. nanafruit just prior to this is

indicative of the lake catbment experiencing an ameliorating climate.

At 25cm in depth, with the LOI and radiocarbon dating suggesting a great time period of little
growth, alongside macrofossil analysis identifying almost solelyE. nigrum and the pollen
percentage diagram recording mainly regional signals; it can be inferred that if the sediment
record is intact, then Leirdalsvatnet experiencedca. 2000 years of harsh climatic conditions,
AAT OOAA AOT OT A xEAO EO AT i1T1T1T1 U ¢Elbboms]2018)hiE A
is supported by Olsen, Anderson and Knudsen (2012Wwho established that this period

experienced some of the most negative NAO phases recorded in northern European history.

Breaking this sequence however, occurs the climate amelioration during and after the MWP,
although 14C dating determines that the first LOI peak after the abovementioned icbperiod is
recorded at 453505 cal. yr BP, translating to the late 1Hcentury AD. Fig.4.7 accounts this period
as (18cm in depth) some of the most productive climatic conditions recorded; with both
macrofossils logging multiple pieces of evidence of tgblished upland heath supported by pollen
spikes inJ. communigand blooms in/soétesindicating eutrophic lake conditions. Pollen evidence
then records an increase in the weight of longlistance pollen loadingca.300 cal. yr BP, between
16-17cm in depth, which has been recognised to indicate deteriorating conditions. Subsequently,
between 207-254 cal. yr BP €a.1730AD) za sharp peak 0f18.75% is logged in LOI and varied
presence of macrofossils. Notably similar values @&. nigrumto the MWP yet low occarences of
S. herbacealeaves: with the former growing on higher drier ground and the latter preferring
moister, lower-lying areas, this arrangement could allude to the presence of longer lasting
snowbanks in the catchment, preventing thes.herbaceafrom establishing fully each season and
further proposing the slow amelioration of a climate in flux. The 207254 cal. yr BP event shall be
discussed in relation to Leirdalsbreen further in this chapter, however it is here noted thatC
dating implies that this event occurs approximately half a century prior to the LIA terminal

moraine dated in lichenometry.

In answer to Objective 2, 18 to 15cm in depth could be identified as the established
palaeoenvironment prior to the LIA maximum in Leirdalen, both regiontly from pollen data and

locally from macrofossil presence. Macrofossil evidence identifies that an ecology 8f nana S.
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herbacea and Vacciniumsgrew in the lake catchment; with the lake experiencing eutrophic
conditions. Pollen data suggest that. cormuniswas present and most likely growing within the
same confines, whilst4/nus and P. sylvestriswere in the region or abundant on the southwest
approaches of the Hggtuva system P. abiesmay have been regionally close by but with low

pollen abundancesits range may not have reached Leirdalen at this point in time.

Overall, the palaeoenvironmental records provide a wealth of varying information which must be
investigated with great care; it is commonly thought that macrofossils are more indicative tifie
local environment than pollen and spore rain, because of their heavier structures; however it
should be considered that whilst this is a fair assumption, certain macrofossils such &etula
pubescendruits can be carried airborne in some instanceévan Dinter and Birks, 1996). Another
pitfall when investigating pollen is that the pollen rain may represent the local or regionalcale
yet distinguishing between the two can be troublesome and situations where local pollen
production is considered to be low, long distance pollen can overwhelm the palynological records
(Birks and Birks, 2006). Birks (2006) proposes that pollen insensitivity commonly occurs in full
or late-glacial environments but can also occur in treeless, arctic, or alpine environments; of

which, Leirdalsvatnet could be considered a treeless arctiglpine environment.

4.3 Hagtuvbreen palae@nvironment
discussion

This section of chapter 4 will comprise a discussion into the reconstruction of the
palaeoenvironment of the catchment of Leirdalsvatnet and inferences about Leirdalen. The

culmination of such shall be used to fulfil Objective 2.

4.3.1 Late Holocene

Ordinarily the cessation of theHCOand the commencement of the Late Holocene in Norway is
judged to have started aroundca.4200 cal. yr BP, withJansenet a/.(2016) establishing distinct

glacier advances of Hggtuvbreen between 4420 * 45 and380 * 40 cal. yr BP. In this discussion
however, Late Holocene shall be used to distinguish data derived from the lower half of the
sediment core LdvU2-21, commencing at approximately 4800 cal. yr BP, comprising Units IV and

V, and ceasing around 253& 2588 cal. yr BP and the boundary to Unit Ill. Lake temperature
records (Fig.4.8) established byBjune and Birks (2008) for Svanavatnet and adjusted to the

Al OEOOGAA T &£ , AEOAAI OOAOT AO @levaibngair deiind hipkriod A O A

as having the warmest summer temperatures beforanthropogenicwarming. Janseref a/.(2016)
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only finds evidence of slight glacial signals during the HCO proposing that merely small glaciers
in the highest reaches of Hggtva remained, with probable TPWELAs fluctuating between 1020
and 961 m a.s.|.The step change in sedimentation rate between Unit V and Unit IV supports the
climatic deterioration of the Neoglacial period ca. 4420 cal. yr BP, although geochemical
parameters, mainly in Sicounts and Ticounts, in LdvU2-21 suggest that whilstJansenet al.
(2016) dated the glacial response to theNeoglaciation, the climatic deterioration could be
inferred to have preceded this by at least a century. Further testifying that this signal would have
been completely dwarfed if this study had used a proglacial laKélesje and Dahl, 2001)

Leirdalsvatnet Temperature

16

Temperature °C

-500 500 1500 2500 3500 4500
-2 Age cal. yr BP

-10

Figure 4.8: Mean July and January temperatures presented on an age cal. Yr BP staken from Bjune and Birks

2008 created from pollen analysis using a WAPLS model, adjusted to Leirdalsvatnet. Analysis: Anne E. Bjune
For this period of ancient history, only the sedimentary analyses covered the whole period, with
the aforementioned stepchange in sedimentation rates indicative of a deteriorating climate
occurring at depths lower than the start of palynological analyses obtained from this study.
Fortunately, both Jansenef a/.(2016) and Bjune and Birks £008) studies cover the Holocene,
thus supporting evidence can be gathered for this period. However, pollen analysis from this
study does record data just after this stegghange;Alnus, Betulaand Coryluspollen percentages
all show a decline whilst the opposite is observed inP. sylvestris Plantagoand Poaceaepollen.
This is the point at whichPlantago maritimarecords its greatest percentage values, along witR.
sylvestrisrecording over 20%, indicating the dominance of longlistance palynomorphs and the

inferred lack of productivity in the local catchmentca.3900 cal. yr BP. This can be supported by
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Bjune and Birks (2008)who inferred that high BetulaPAR valuesare consistent throughout the
HCO untilca.5700 cal. yr BP when a decrease in values are highly suggestive of an opening of the
woodland and a further decreaseca.3200 cal. yr BP indicate a scattered presence 8f pubescens

The investigation found macrofossil evidence to confirm the presence é. sy/vestrisafter 7500

cal. yr BP and supporting PAR values suggested a reduction in abundance around 4700 cal. yr BP,
AT 1T AOOOAT O xEOE OE EKeocaboA dithade. \WihidRid time pe@oll,Ghe T /£
authors also documented the presence of palynomorphs considered proxy indicators of modern
tree lines. Bjune and Birks (2008) also illustrates how a decrease inP. sy/vestrisPAR values
suggest a reduction in abundance, yet their records show an increaseAh sy/vestrispercentage

values, akin to observations from Fig.4.6.

We can infer from this that, accounting for the approximately +100m altitude and stronger
maritime climate at Ldrdalsvatnet, the Late Holocene palaeoenvironment of the catchment
comprised of similar, yet sparser and more operBetula presence, before encountering the
deterioration of the Neoglacial climate and the lowering of the tredine out of the catchmentz
this would suggest the transition to an upland heath ecotonelfid). It is also suggested that the
step change in sedimentation rates recorded could be linked with a sharp drop in mean annual
precipitation rates although there is a centennial scale discrepagcin radiocarbon dating
between this study and the abovementioned//d) proving this inference possible but not certain.
For comparative assistance, it should be noted that today, Leirdalsvatnet remains unforested

whilst Svanavatnet is shrouded inBetula-P. abiesP. sylvestriswoodlands.

4.3.2 Volcanoes and the worst year to be alive

It is frequently alleged that the common era (2000 cal. yr BP/AD 0 to present) features only two
climatic events of note, the Medieval Warm Period and the Little Ice Age, especially in glaciological
studies, which require lasting events to cause identifidb responses from the glacier systems.
However, some serious climatic events are too abrupt to be identified in the cryosphere, one of
which appears to be the year 53@\D. For 18 months, Europe and areas of Asia were plunged into
twilight, described by Byzantine historians as akin to a year of moonlight, the surrounding decade
was recorded to be the coldest of the last two millennia, average temperatures dropped between
1.5¢8uv 3 EIT (GiBders, 2018)ORid efent is dated to transpire centrally in Unit 1l
concurring with the lowest LOI values in the upper half of Ldvi2-21 and heightened geochemical
values. This section records a sedimentation rate of 417 yr/cm and a significant plateau in the
agedepth modd. An increase in DBD values starting 2538588 cal. yr BP corresponds to spikes

in Si and Ticounts, as well as the greatest negative values in the NAO index recorded in the past
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five millennia (Olsen, Anderson and Knudsen, 2012)What follows this appears to be a cold
period that lasts for two millennia until 453-502 cal. yr BP. Pollen argsed by this study gives
little indication of this event, however the appearance ofl. communisat 2500 cal. yr BP steadily
rising, does point to the transition from Betulaopen woodland to a BoreeAlpine heath (Zaghi,
2008), although this could be a rapl response to the LOI peak prior to discussed cold period,
with a resolution too coarse to attentively indicate all transitions within this ~5cm section of
sediment. Macrofossil evidence corroborates an upland environment prior to this event, detailing
a high mountain Empetrum-Vacciniumheath with the presence ofB. nanabefore recording a
greater absence ofVacciniumand organic matter, leaving chieflye. nigrumat 25cm in depth, the

low point of this event.

NAO index values do record many serious negaé fluctuations within this 2000-year period,
however it does also record strong positive fluxes, which by previous inferences, should show
quick responses within the limnic data but fail to. A possible cause of this is long surviving
snowbanks in lowlying furrows (sngleie) surrounding Leirdalsvatnet, potentially perennially.
Such snowbanks would decrease the amount of input into the lake with the option of redirecting
some streams away from entering Leirdalsvatnet, they would also support the absence airtly
species favouring lowlying moist environments such asS.herbaceaand Vaccinium(Wijk, 1986).
The presence of encompassing snowbanks may also provide a constflow of near-freezing
water into the lake, drastically reducing internal productivity (Griffiths et a/, 2017). The titular
year and causes of, are supportive of this hypothesis, spikes is Mounts are coupled with
volcanic eruptions and layers of tephra in the sedimentary records authors often ascribe cold
summers to volcanic eruptions, attributing the cold ammer of 536 AD to be a volcanic winter
caused by an Icelandic volcan@Gibbons, 2018) It is reported that a further two eruptions caused
this decade to be the said coldest for 2000 yearstfd). These phenomena ar¢éhought to be the
origin of the Late Antique Little Ice Age (LALIA), a cooling period supposed to cover th& &nd

7th centuries with assertions of being the underlying cause of the fall of the Roman Empirdi).

Low values in LOI can be supported byansenet a/.(2016) recording approximately 2-6 % values
(excluding rare peaks) fluctuations similarly seen inBjune and Birks (2008) sediment data
nonetheless a dearth in sedimenis unique to Leirdalsvatnet. An unfortunate possible cause of
this which must be addressed is the tilt in layering in this very section. Observed in the CT derived
orthophoto of LdvU-2-21, the tilted layer comprises relativelyhigh-density sediment implying
disturbance. Regardless of this, and with reference to Fig.3.1, there is no probable reason for the
loss or reworking of sediment here, thus it is assumed thathe previous inferences are

appropriate to current knowledge.
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4.3.3 MWP & LIA

4EA O, EODE AEQAAT i T1T1 U AT 1 OEAMeqyhdial périod oBchrin EA  AA|
between the 14h and 19h centuries AD although onset and ending of this is highly variable and
non-congruous between atmosphere and cryospherickerton and Matthews, 1993; Matthews

and Briffa, 2005; Nesjeet a/, 2008a). Some authors assign the LIA to the Youngaleoglacial

however, separating it from the OldemMeoglacial by a climate anomaly known a® EA O- AAEAOA]
7A01 O0AOET Bdknown @ RICA 0AMCO))Kjeer et al, 2022) lasting between the 10

and the 14h centuries AD (950 and 750 cal. yr BP)b/d).

The MWP is considered to be represented here by a triple peak in LOI succeeding the Uritl I
boundary and is most notably witnessed in macrofossil edence at depths 22 and 18cm in depth;
the minor appearance ofS. herbaceaalongside £. nigrumis suggestive of climate amelioration
with a lessening impact of snowbanks &.7. section 4.3.2) marking the start of the MWP. The
diverse records at 18cm in depth indicate a return to warm summers in a high mountain
Empetrum-Vaccinium heath with the presence ofB. nana Further supported by high pollen
percentages inJ. communignd /soétesndicating more eutrophic lake conditions as well as fewer
or the absence of summer snowbanks. Lake temperature calculatiofBjune and Birks, 2008)
show the greatest variations here to be observed in winter temperatures podsy impacting the
ice/snow accumulation in Leirdalenz northern Scandinavian temperature records support this,
unfortunately however, Jansenet al. (2016) reconstructions encountered disturbed sediments

for this exact time period and therefore it is diffialt to observe responses in Hggtuvbreen.

Following the MWP came the LIA, a period of marked cooling and glacial advances, many of which
reached their Neoglacial maxima here(Bickerton and Matthews, 1993; Matthews and Briffa,
2005; Nesje et al, 2008a). The LIA glacier readvance is well documented and researched in
southern Norway with increasing studies in the north yet it is well accepted that the regional
temperature and precipitation fluctuations happen to be the main driversof glacial advances
(Nesje et al, 2008b). Close by, the Svartisen system experienced multiple glacial fluctuations in
some outlets glaciers during his period (Innes, 1984; Winkler, 2003; Janse®t a/, 2016; Jansen,
Dahl and Nielsen, 2018) The Hggtuvbreen system was calculated texperience eight separate
glacial advances throughout théNeaglacial with Jansenet a/.(2016) stating Hagtuvbreen to reach
its maximum 19010 cal. yr BP/AD 1773+29 and proposing that the most extensive advances in
the system are triggered by high summetemperatures. Mncounts spiking prior to this period
support theories of climate deterioration being connected to volcanic eruption@/Nanner, Pfister
and Neukom, 2022) following these pikes, the organic production of the catchment plummeted,
with pollen analysis being overwhelmed by lonedistance loading. The discord between

atmosphere and cryosphere can be exemplified by the comparison of Fig.4.6 arahsenet al.
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(2016) reconstructions of Leirdalsbreen, confirming that although the coldest period is found in

Fig.4.6 between 16p x Ai ET AADOEh (GCOOOAOAAT SO Cci AAEAO
increased temperatures supports a proposal that the LOI peak at 15cm in depth is the climatic
cAOOA T &£ , AREOAAI OAOAAT 80 , ) ! -2d6Add ByriBD iLeirdaigv@det O8 $ A
records a rapid response to a temperature increase experienced in the midt century due to

increased insolation, supported by the Tornetrask treging records and CET(Tung and Zhou,

2013; Janseret al, 2016). It has been previously stated that lentic systems such as upland lakes

have a closer response time to climatic alteratior({8irks, 2006), thus this event can be used to

more accurately investigate timelags between climate forcings and glacier response time in the

Svartisen region, withmany outlet glaciers here reaching LIA maxima in the late ¥8century

(Innes, 1984; Winkler, 2003; Jansen, Dahl and Nielsen, 2018)lacrofossil evidence proposes a

fleeting return to MWP conditions by recording similar presences of species, albeit low
occurrence ofS.herbaceg returning to the concept of snowbanks remaining in some areas which

may refer to the transitory nature of this event. Following this event, temperature and
productivity again return to lower values with steadily fluctuating geochemical value$o the base

of Unit I.

Palaeoreconstructions of this period are most important to the fulfilment of Objective 2, as the
seed bank from which colonisation and succession would occur post deglaciation originate in this
period. It is therefore considered tha evidence of vegetation composition taken from 15cm in

depth is the most appropriate to be used as a base for the investigation to follow in chapter 5.

4.3.4 Modern history

It is well accepted that although the Industrial Revolution originated in the Britishdles in the 18
century, its spread throughout Europe did not become significant until well into the 1®century,
even though summer temperature increases do coincide with the first initiation of the Industrial
Revolution (Hiemstra et a/, 2022). Productivity in Leirdalsvatnet increases after the uppermost
date in LdvU2-21, 117-134 cal. yr BP/AD 18161833, which corelates with glacier surges in
Hggtuvbreen in the late 19 century (Jansenet a/, 2016), however, between this date and the
lower, notable spikes in Scounts and Fecounts register the ability for Leirdalsvatnet to record,
and be affected by, events occurring overseadMacrofossil evidence corroborates the
continuation of a cold climate here with lesser counts of botlE. nigrumand S. herbaceain the
early 19t century yet pollen analyses suggest the entrance &t abiednto the locality, supported
by PAR valuedrom both this study andBjune and Birks (2008) who affirm P. abie$ &trance

and spread throughout the local area to be in the last 250 years. The authors propose that the
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increases inJ. communisCyperaceaeand Dryopteris-type z consistent with data ascertained by
this project z alongside cooler, drier summers would produce open landscapes suitable to the
immigration of P. abies Furthermore, the increases inPoaceaeCyperaceaeand Solidagocould
reflect the modemisation of farming practices, often coinciding with the increase in locaP. abies
stands (ib/d).

Decreases in most palynomorphs followed by a reduction in lake productivity between&cm in

depth along with significant spikes in MAcounts and Fecounts and with reference to the age

depth model, it is highly feasible that this event is a record of the infamous 1883AD eruption of
+OAEAOQOT A8 '1T AOGAT O O AAOAOGOOI PEEA EO ANOBBAAA A C
in the formerly named ChristAT EAh 1T £0AT DOl bi OAA A0 OEA EIi PAOOO
(Olson, 2014).

After this, multiple proxies such as LOI,-8ounts, Pbcounts (not shown in Fig.4.3access through

author) all indicate the warming climate associated with anthropogenic forcings and industrial

pollution of the 20t century. Macrofossil evidence records increases in biodiversity as well as the

return of B. pubescensnto the catchment, associated with altitudinal increase in tredimits;

supported by increases in local pollen loading of species linked with the shift in ecotones between
Empetrum-Vacciniumheaths, dwarf juniper heaths, and uplaneopen-woodland (Zaghi, 208).

Such woodlands and tredimits have historically been determined by Betula, however the

combination of temperature increases as well as the evolution of the range Bf ab/esnay imply

the inclusion of this tree in the upper reaches of uplangdpen-woodlandsz a concept which shall

be discussed in depth in the following chapter.

4.3.5 Summary

The Late Holocene palaeoenvironment was reconstructed to provide an environmental database

prior to the onset of succession, the seed bank was established and clinsafiuctuations
controlling the established succession have been investigated. The MWP produced and preserved

lots of palaeolimnological data proving to be usefubr the determination of the palaeoecology of
Leirdalen preceding the LIA while transitions of proxy indicators are useful to infer the condition

I £ , AEOAAI AT 60 DPAI AALIANE&dRdA) imbxinund Th KR pesedts a OE A
return to warm summers in a high mountainEmpetrum-Vacciniumheath, with sporadic presence

of B. nana The value for S.herbaceasuggestthe decline in influence of snowbanks while pllen

of J. communisand /soétessupports more eutrophic lake conditions This is noted as the climax

community for the investigation presented in the following chapter.
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5.0 Vegetation Succession of
Hagtuvbreen

Objective 1 was to assess the extent of colonisation and succession being experienced on the
forefield of Leirdalsbreen, the gathered information being useful to the study of current impacts

of climate change on veget#on in northern Norway as addressed by Objective 3. This data was
mainly gathered from fieldwork completed between midJuly and midAugust 2021. Firstly, the
lichenometric dating of the foreland will be presented (5.1) as it is an integral part of the spa

for time theory established in Chapter 1. Following this, the vegetation succession data will be
presented in its varying forms (5.2) but will be interpreted and discussed in further detail in the

third section of this chapter (5.3).

5.1 Moraine dating

To investigate the factors affecting the colonisation and succession of Leirdalsbreen foreland, it
was required to have an accurately dated glacial fluctuation map of the study site; since glacial

fluctuation can be used as the date of terrain exposure atide theoretical start of colonisation.

5.1.1 Lichen dates

Figure 5.1 Photograph of Rhizocarpon geographicum in sitat the Leirdalsbreen foreland. Black arrow indicates
largest thalli to be measured. G.E. Young
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Lichenometry is a method which has beeemployed extensively in glacier reconstructions and
thus has a solid base in academic literature; its use for the proxy dating of moraine ages is popular
in Norway, assisting any future studies as it is commonplace to find an historic lichenometric
study for any glacier system or close by. Thalli measurements (Fig.5.1) for this study have been
calibrated using such a local data source, accounting for the age difference between studies, the
largest lichens have been presented as years AD in Fig. 5.2 B. Theclimitations to this method

which have already been discussed but will also be reviewed in subsection 5.1.3.

The preservation of moraine sequences were of mixed results, the nordastern end of the
foreland had relatively well preserved moraines with visible embankments and relatively
complete extents, however further infieldmoraine deposits became sporadic and disordered,
possibly due to fluvial erosion or possibly due to the rapid rate of glacial retreat in the recent
century causing little halting or readvances. Where possible, the five largest lichens were
measured on theproximal side of the moraine embankments, in locations where no embankment
was discernible, the five largest lichens in a tight area (<3m radius) were measured. Moraines in
the north-eastern half of the foreland were well colonised and suitable for lichegrowth, from
moraine sequence 7 southwest to the glacier snout, no lichens could be observed to be measured
for the age dating of this section of the foreland; thus, lichenometry was only applicable for the

oldest parts of the foreland.

Table 5.1:Moraine sequence agefor Leirdalsbreen forelandby lichenometry with compositional data. Enlarged
version found in appendix

Curve Sample M7 (ysars AD) M& (yesars AD) M5 (ysars AD) M4 (ysars BD) M3 (ysars 2&D) M2 (years AD) Ml (y=ars 2D}

log (v + 100) = 0.0045 x + 2.0172 1L 1932,7 1907, 7 1904, 4 1877,3 1847,6 1810, 9 1637,2

SLL 1940,7 1932,7 1926, 7 1892,3 1868,3 1851,5 1832, 4

log (y + 20) = 0.0062 x + 1.6426 1L 1945,5 1927,0 1924,5 1503,2 1878,6 1846,7 1727, 6

SLL 1951,2 1945,5 1941, 1 1915,1 1895,9 1882,0 1865,7

1L Size (mm) 47,5 0,8 62,4 74,7 86,7 95,6 133,7
SLL Size (mm) 42,9 47,5 50,9 68,1 78,5 85,2 92,2

Msan Age (ADZ lg) 15943 + 8 1528 + 1¢ 1524 + 15 1897 + 1¢& 1873 + 20 1848 + 29 1778 + 85

These recorded meaurements were later processed usingVinkler (2003) formulas for lichen
growth rates derived from Rgsvoll cemetery with the additional 18 years between studies to
ascertain AD years for further analysis of moraine ages. The ages for moraines are presented in
table 5.1 and depicted in Fig.5.2 A, these have been acquired by combining the geotagged lichen
measurements andlansenet a/. (2016) quaternary map of Hggtuvbreen foreland; the both of
which can be used to determine moraine sequences and the possible youngest age of their
formation. It should be noted that lichen colonisation does not necessarily match moraine
formation perfectly however it is assumed that the largest lichens are the minimum age for the
proximal side of a moraine, disregarding identifiable anomalies. Table 5.1 shows the AD ages (+
p A £l O OEA AT OE OEA OEICI A 1 AOCAOO | Eidhendl
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(5LL) using both growth curves from Rgsvoll cemetery; usingansenet a/.(2016) and historical
maps (¢.£5.1.2) as a reference to gauge the accuracy of the calculated lichenometry ages, it was
deemed that the mean age of both growth curves was reggentative of moraine ages in
Leirdalsbreen foreland.Innes (1984) noted that in the region of the south of Svartisen, there was
a dearth in reference material (gravestones etc.) which created high variability in the means of
5LL, whilst this was judged to be insignificant to the overview of Leiralsbreen foreland and
glacial retreat, it may be important if this study was focused on the precise nature of glacial
fluctuations rather than their impact upon ecological processes. Using the 5LL method, the LIA
maximum of Leirdalsbreen and the age of thil1 swale is calculated to be 1778 £85 AD however
the single LL recorded was calculated to be 1687 AD which does not invalidate the
aforementioned calculations but may imply that Leirdalsbreen reached its maximal position
around 1687AD and maintained a clge position for many decades throughout this cold period
before a marked recession around 1778 AD.
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Figure 5.2: Lichenometry age map of Leirdalsbreen foreland. A: Former glacier extents and their calculated me
lichenometric ages of recession. B: Point locations of lichenometry measurementafie north-eastern end of the
foreland, ages have been calculated by the single Largest Lichen method. Lichen data: G.E. Young. Palaeoglacier
data kindly provided by Henrik L. Jansen.
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Lichenometry measurements calalated by Jansenet a/.(2016) appear to be within ca.10 years
of the same calculated by this study supporting the LIA retreat and age of foreland exposure for

ecological discussions.

5.1.2 Glacial interpretation

As stated, moraine sequences in the nortbastern section of the foreland were well colonised by
lichens, therefore former glacier extents were calculated with ease for this section; the three
extents closest to the glacier snout, could fortunately be dated using aerial photograpfilansen
et al, 2016) and thus areaccurately dated in Fig.5.2 A (shown in blue). Fig.5.3 depicts the dates
and extents of Leirdalsbreen from the LIA maximum to its documentation in 2019, in this figure
two phases of recession can be seen to be experienced by Leirdalsbreen since the LIAimmam,
retreat phase 1 (RPhl) is dated by lichenometry whilst retreat phase 2 (RPh2) can be
documented by remote sensing, established byansenet al (2016). Moraine sequence 8,
represented by a question mark in Fig.5.3 unfortunately lay between the limif the smallest
lichens found and the start of photographic documentationJansenet a/.(2016) concluded that
the aerial photograph in 1962 AD portrayed an advancing glacier which surged ~350m to M8
before retreating ~670m to be photographed in its position in 1971 AD. Whilst this is not unheard
of, this study found little evidence to confirm thisand thus it was chosen to keep M8 as an
unknown variable to be discussed later, particularly since it had little impact upon the vegetation

discussion (the main focus of this chapter).

Although revised historical maps for this region throughout the 1940s50s, & 60s, can be found

in archives, their base survey is from 1896 AD, and it is the belief of the author that Leirdalsbreen
has not been revised in these maps and thus these documents cannot be used to date recent
moraine sequences. However, Fig.5.4, igmally mapped in 1896 AD appears to register the
glacier snout in line and in date with moraine sequences M4 and M3ansenet al. (2016)
determined this extent to date M5; with reference to the lichenometry completed by this study,
the date of Fig.5.4 wald correspond to M4 which is dated to be 1897+16 AD yet if it is to be
determined that Fig.5.4 maps M5, dated to be 1924+15 AD, it would introduce ea. 30-year
difference between terrain exposure and lichen colonisation. However, it should also be
considered that the mapped glacier could in fact correspond to a halt close to M5 in 1896 which

only started to retreat ca.30 years later.
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Figure 5.3: Graphed retreat/fluctuation of Leirdalsbreen since the calculated LIA maximum in time and space.

Whilst it is inherent to experience timelags between terrain exposure and colonisation, this is
commonly found to be in the frame of five to 20 years, with long term studies in southern Norway
averaging 15 years between exposure and colonisatioiTrenbirth and Matthews, 2010;
Armstrong, 2016). Therefore, a timelag of three decades is certainly plausible but this incidence

could also pertain to discrepancies between LL and 5LL methods. Regarding M4, the LL calculated
OOET ¢ OEA AOOOA ol 12C p8WpTamd DOISKOAAO OEA UAAOO
agreeing with Fig.5.4, it does bring the lichenometry date into a reasonable tini@g difference of

the dated map. Furthermore, the resolution of the map, aside the fact that the distance betwee

M4 and M5 averages 100m, produces ample uncertainty that it is considered acceptable to
assume the lichenometric dates as correct with their error ranges. In addition to this, the

uncertainty of Fig.5.4 mapping either M4 and M5 does imply that the oldend younger moraine
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