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Abstract 

Norway is facing massive glacial ablation, with projections of 98% loss of glacial cover by the 

close of the 21st century, releasing thousands of square kilometres to the progression of primary 

succession. Alongside this, rapid climate change is impacting the altitudinal limit of many 

ecotones questioning whether some alpine species can respond before climbing ecotones trigger 

local extinctions. Although Arctic regions are disproportionately affected by climate change, most 

Scandinavian studies of deglaciated terrain succession focus on southern Norway. Here, the 

geoecological succession of a northern Norwegian glacier foreland is investigated throughout the 

Late Holocene to present day. Palaeoenvironmental and climatic fluctuations are reconstructed 

by combining multiproxy sedimentary analyses with palynological analyses; current vegetation 

succession is mapped for Leirdalsbreen foreland since the Little Ice Age Maximum, 1778 AD, and 

patterns of postglacial vegetational succession are focused to northern Norway, with particular 

attention to Picea abies. Palaeoreconstruction establishes the Neoglacial climate to precede a 

cryospheric response by one century and attributes Empetrum-Vaccinium heath to be the climax 

vegetation community for Leirdalen throughout the Late Holocene. Lichenometry dates the 

retreat of Leirdalsbreen to cover one km between 1778 AD and 1928 AD, and two km from 1943 

AD to present day. The foreland released formerly has increased vegetation cover to a 31.7% 

average, whereas the latter has attained an average of 13.2% with  only four dwarf shrubs, one 

herb, and one pteridophyte being absent from this younger terrain. Two categories of succession 

are concluded for the foreland of Leirdalsbreen: Rapid Airborne Migration (RAM) of all local 

species except Empetrum-Vaccinium which establishes through Steady Climax Colonisation 

(SCC). Both are biogeographically promoted by geomorphology but as SCC [here] is a zoochorical 

community it exhibits slower establishment than RAM. P. abies shows no correlation with SCC 

and accompanying Betula pubescens and Salix caprea, their greater representation in youngest 

terrain shows the discord between climate change and vegetation succession. 0Ȣ ÁÂÉÅÓȭ rapid local 

expansion and colonial abilities can be extrapolated to suggest their dominance in the future of 

the northern alpine. These findings highlight how rapid rates of climate change are 

underappreciated in wider theories of succession and how upland ecosystems can be 

unsynchronised with the climate. 
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1.0 Introduction  
 

Society has progressed from debating the existence of climate change, however the extent of 

change is still a dividing  topic. Nonetheless it is reckless to debate the future without a clear 

understanding of the past. The projection of future climates and their impact is underpinned by 

our knowledge of the past ɀ our ability to anticipate environmental and climatic changes relies 

upon an accurate understanding of how our systems have previously alternated. An area at the 

forefront of this transformation is the alpine: mountainous environments associated with climatic 

extremes and ecotones which are undergoing dramatic warming and considerable disturbance. 

Often their  vertical ecological profile is similar to the global latitudinal ecological profile, but for 

one important difference, the margin for expansion is severely limited on mountainsȢ .ÏÒ×ÁÙȭÓ 

world -renowned landscape is at particular  risk to these changes; boasting a rich glacial cover, the 

response of these ice formations is a significant aspect of alpine climate change. It is important to 

study the historic, current, and projected glacial fluctuations because of their influence upon 

geoecological factors and recent anthropogenic warming has not only made these areas more 

sensitive but continues to increase the rate of change being observed. Geoecology can be 

understood as the interaction between ecological processes and the geomorphological 

framework, the extraction of one from the other often simply 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 the %ÁÒÔÈȭÓ ÃÒÙÏÓÐÈÅÒÅ but whilst retreating 

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 seedbank and little sedimentary structure (Fickert, 2017). Glacier forelands act 

as prime field laboratories of real-world processes throughout time, often acutely depicting the 

future of many alpine regions (Matthews, 1992) yet the disequilibrium between climate and 

ecology is less well known currently. Furthermore, as this primary succession occurs, the 

altitudinal limit of many species and ecotones follows incessantly, to the point where it is 

unknown as to whether these lowland species will surpass the migrating alpine plants and trigger 

local extinctions (Zimmer et al., 2018).  

Although it is widely recognised that anthropogenic climate change disproportionately affects 

arctic and subarctic regions (Glausen and Tanner, 2019) most data on deglaciated terrain 
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succession and palaeoclimate in Scandinavia has been gathered from southern Norway 

supplemented by few studies in Swedish Lapland (Matthews and Whittiker, 2018; Franzén et al., 

2019). Moreover, vegetation succession is commonly studied in reference to glacial-interglacial 

cycles covering ranges from 6,000 years to >600,000 (Birks and Birks, 2004a) further limiting 

the amount of data focused on current or modern-history succession and the possible reaction of 

these systems to climate change. Consequently, there is a paucity of knowledge of the areas under 

great disturbance.  

Researching the immediate past proves simpler as it is relatively well documented with modern 

instrumental records and historical documents, however, if it is required to research greater 

timespans or study sites in unpopulated locations, proxy methods are required to investigate 

climate forcings, glacier fluctuations, and vegetational compositions. Whilst glacier profiles may 

be documented for the previous few centuries, very little documentation of environmental 

compositions have been produced, creating difficulties for geoecological investigations. As this 

study needs to combine both data of historical change and modern change, such proxy methods 

are applied in the form of palaeoenvironmental reconstruction; the theoretical determination of 

climate and vegetation before modern records, primarily 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 climate. 

 

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 Norway, parts of Sweden, and Finland, fluctuating 

throughout the glacial period before massive ablation foreshadowed the Holocene. By the Early 

Holocene outlet fjord and valley glaciers of the Scandinavian ice sheet showed significant retreat, 

with many glaciers in Norway disappearing during the Early to Mid-Holocene period (Nesje et al., 

2008a); although there is limited research of continuous Holocene climate-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 

1.5-2ᴈ warmer (e.g., Bjune et al., 2005; Nesje et al., 2008a), the same as agreed upon in the Paris 

Accord at COP21 in 2016. Nevertheless, most glaciers were then reformed in Norway 

approximately between 6000 and 2000 cal. yr BP during the Neoglaciation, which is generally 

believed to cease at the onset of anthropogenic warming. Most of these glaciers experienced their 
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maximum position during the Little Ice Age (LIA)(Nesje et al., 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 aspects of life, from environmental degradation to societal 

hardship. 

Norway exhibits a maritime-continental climatic split, where western regions experience warmer 

temperatures but greater precipitation and the east experiences the reverse (Nesje et al., 2008a). 

Because of this, many western maritime glacier systems are essentially controlled by the same 

climatic forcings that apply to ecosystems, thus the study of historic glacier fluctuations can be of 

great assistance to the reconstruction of palaeoenvironments. Glacier fluctuations are controlled 

by ablation season temperatures (1st May ɀ 30th September) and winter precipitation (1st October 

ɀ 30th April). These themes can 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 net-zero. In maritime climates, it is generally 

accepted that increased winter precipitation is associated with a net accumulation and ultimately 

glacial advance (Nesje et al., 2008b) thus the inferential retreat of glaciers can be attributed to 

ablation season temperature increases and climatic/environmental amelioration. 

Geomorphology 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 succession (Matthews, 1992). 

Norwegian mountains also record definite and extensive evidence of the sharp influences 

anthropogenic climate change is having. Since the mid-18th century and the approximate 

cessation of the LIA, cumulative glacier length in southern Norway has shown an overall retreat 

with most glaciers showing significant retreat since 1940. Accounting for re-advances in the 

1950s or 1990s ɀ depending upon response time ɀ most Norwegian glaciers have retreated 

uÎÃÈÁÒÁÃÔÅÒÉÓÔÉÃÁÌÌÙ ÆÁÓÔȟ ×ÉÔÈ ÓÏÍÅ ÇÌÁÃÉÅÒÓȭ ÁÎÎÕÁÌ ÆÒÏÎÔÁÌ ÒÅÔÒÅÁÔ ÂÅÉÎÇ ÇÒÅÁÔÅÒ ÔÈÁÎ ρππ ÍÅÔÒÅÓ 

(Nesje et al., 2008). A long-term weather forecast was used by Nesje et al. (2008), which indicated 

a summer temperature rise of 2.3 °C by AD 2100 would cause Norway to lose 98% of its glaciers 

by the end of the century. Current statistics record Norway as holding 2,534 glaciers which cover 

an area of approximately 2,692 km2; this is an estimated volume of 271 ± 28 km3 (Leigh et al., 

2020). The influence of maritime climates further cause these glaciers to be dependent upon 

large-scale atmospheric patterns and particularly sensitive to climatic fluctuations (Nesje et al., 

2008a).  
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1.2 Vegetation succession and the 
need for geoecology 

 

Proglacial regions do not merely present glacial and paraglacial processes shaping the landscape; 

together with the retreating ice, plants and animals quickly migrate and colonise this newly 

released land, typically referred to as primary succession. Both Matthews (1992) and Eichel 

(2019)  define vegetation succession as a gradual, directional change in the species composition 

and structure of ecosystems over a longer period of time. Although change is a universal factor in 

all disciplines from physics to ecology, succession emphasises the directional increase in biomass 

and organic matter, with primary succession involving the complete absence of any organic 

matter preceding the successional process (ibid). Different plant species follow one another in a 

progression of successional stages, controlled by both abiotic and biotic factors and are 

dependent upon local and regional environmental factors (Eichel, 2019). These ecological stages 

are heavily dependent upon geomorphological processes since they proceed without the support 

of developed soil layers; instead often relying upon sheltered pockets of trapped sediments which 

may provide the necessary mineral composition and water retention for colonisation (Matthews, 

1992). Within these high-stress environments it is common to find that 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 (ibid); 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 which, 

although they require fertile soil, ultimately outcompete the highly specified pioneer species 

(Fig.1.1) (Ficetola et al., 2021; Khedim et al., 2021)  

Early models of vegetation succession focussed narrowly on ecological processes; the facilitation 

model theorised that primary colonisers modify the environmental 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 suggests that primary colonisers secure natural resources, 

restricting secondary succession until the death of the primary colonisers and the release of 

resources (Ficetola et al., 2021). All of these 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 be severely disturbed by geomorphic processes and vice 

versa, sedimentological processes highly influence the formation of soil layers yet vegetation 
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establishment can be important for the stabilisation of sediment (Klaar et al., 2015). This intrinsic 

link between the geology and biology prompts the focus of geoecology when investigating highly 

turbulent regions such as proglacial systems.  

Recently deglaciated terrain is increasingly coming to represent important areas of mountain and 

high-latitude ecosystems and therefore an increasingly important topic in global change studies 

(Ficetola et al., 2021). Continued projected warming does suggest greater glacier retreat but also 

great opportuniti es to understand the formation of vegetation communities and the universality 

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 been deglaciated within the 

century, prompting many researchers to develop projections of how mountain environments may 

change over the 21st century in reference to the massive glacial ablation projected  (Nesje et al., 

2008a; Ficetola et al., 2021) 

 

 

  

Figure 1.1: Conceptual model of plant successional trends in deglaciated terrain. Produced by J.B. Sleire & G.E. 
Young.   
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1.3 Research Aim and Objectives 
 

The production of a geoecological history and future of deglaciated terrain of 

Høgtuvbreen  

 

This aim shall be achieved through the following 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 Høgtuvbreen 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 species Picea abies. 
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2.0 The Høgtuvbreen region 

Figure 2.1: Area map of the study site Leirdalsbreen. Upper left: Northern Norway. Upper right: Vestre and Austre 
Svartisen. Lower: Høgtuvbreen with Leirdalsbreen foreland and LIA maximum extent shown. Palaeoglacier and 
ice data: H.L. Jansen.  
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Høgtuvbreen 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 Glacio-Geomorphological Setting 
Leirdalsbreen is an outlet glacier situated on the northeast facet of the Høgtuvbreen ice cap, 

Nordland, Norway and is considered to be subject to maritime influences. This ice cap is located 

ÁÔ φφϊςψȭ. ρσϊσψȭE, 15 km south-southwest of the well-known Svartisen plateau glaciers (66 σπȭ 

ɀ 66 υπȭ., Vestre Svartisen being the second largest glacier in continental Europe. Høgtuvbreen 

is attributed to the collection of small plateau, outlet, valley, and cirque glaciers upon the 

mountain Høgtuva, between Melfjorden and Ranfjorden (Fig. 2.1 Upper Right). During the LIA, all 

of (ĜÇÔÕÖÂÒÅÅÎȭÓ ÉÎÄÉÖÉÄÕÁÌ ÇÌÁÃÉÅÒÓ ×ÅÒÅ ÃÏÎÎÅÃÔÅÄȟ ÆÏÒÍÉÎÇ ÔÈÅ (ĜÇÔÕÖÂÒÅÅÎ ÐÌÁÔÅÁÕ ÇÌÁÃÉÅÒ, 

although today only a small area on Tjønnfjellet is still categorised as a plateau glacier (Fig. 2.1 

Lower), with current ice extent calculated to cover merely 20% of its LIA maximum extent 

(Jansen et al., 2016). The surrounding area is typified as a partly glacier covered alpine 

environment, just south of the Arctic Circle, 25 km away from the Arctic Circle City Mo i Rana. For 

this reason, although this study cannot be titled as Arctic, its results can be seen akin to Arctic 

projections.  

Leirdalsbreen lies under the saddle between Høgtuva (1294 m a.s.l.) and Tjønnfjellet (1169 m 

a.s.l.) and is orientated in a north-east direction flowing towards Leirdalen. As of present the 

glacier terminates at 745 m a.s.l. with meltwater travelling 900 metres to an unnamed proglacial 

lake (582 m.a.s.l) dammed by both bedrock and morainic material. The bedrock of Leirdalen and 

Høgtuva mainly consists of Precambrian coarse-grain granitic gneiss, rich in beryllium (Jansen et 

al., 2016). Leirdalen is a fluvial tributary to Stordalen valley and Nordelva, eventually flowing into 

Langvatnet (Fig. 2.1 Lower). 

2.1.1 Glacial History 

In 2016 Jansen et al. studied the Holocene glacier and climate fluctuations of the Høgtuvbreen ice 

cap, helpfully providing a rich source of data on the LIA maximum and consequent deglaciation, 

dated on the Leirdalsbreen foreland in particular , as shown in Fig. 2.2 taken from Jansen et al. 

(2016) . Prior to the LIA, Høgtuvbreen was considered to have always been a relatively small 

system, experiencing complete deglaciation during the Holocene Climate Optimum (HCO) and 

undergoing regeneration during the Neoglaciation in the Late Holocene.  
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Leirdalsbreen was calculated to have reached its LIA maximum in the year 1773±29  AD by 

lichenometry dating of the terminal moraine, concluding this advance to be most extensive during 

the Holocene. Retreat and halts were then calculated by dating the following moraines with 

reference to *ÏÈÁÎÎÓÅÎ ÁÎÄ 0ÁÕÌÓÅÎȭÓ ρωπρ AD) topographic map detailing the ice extent in 1896 

AD (c.f. 5.1). 

 

2.1.2 Glacier Forelands 

It should be noted that the sensu stricto ÄÅÆÉÎÉÔÉÏÎ ÏÆ ÔÈÅ ÇÌÁÃÉÅÒ ÆÏÒÅÌÁÎÄ ÉÓ ÔÈÅ ȰÌÁÎÄ ÁÒÅÁ ÅØÐÏÓÅÄ 

ÉÎ ÈÉÓÔÏÒÉÃÁÌ ÔÉÍÅÓȟ ÓÉÎÃÅ ÔÈÅ ÇÌÁÃÉÅÒ ÍÁØÉÍÕÍ ÏÆ ÔÈÅ Ȭ,ÉÔÔÌÅ )ÃÅ !ÇÅȭȱ ÁÃÃÏÒÄÉÎÇ ÔÏ (ÏÌÚÈÁÕÓÅÒ 

(1982 (Matthews, 1992)). This definition distinguishes the difference between recent 

deglaciation and extensive deglaciation earlier in the Quaternary period. Forelands provide a 

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

many biogeographical topics (Matthews, 1992). With a restricted size, relatively simple 

ecosystem structure, and short history of environmental modification, forelands facilitate 

comprehensive investigations of our environment (ibid). Most importantly however, the simple 

interpretation of a spatial representation of temporal change and in chronological sequence is 

invaluable to the study of biogeographical succession under current climate change (Matthews, 

1992; Fickert, 2017; Ficetola et al., 2021).  

Figure 2.2: ,ÅÉÒÄÁÌÓÂÒÅÅÎȭÓ ÐÁÌÁÅÏ-extents and LIA fluctuations taken from Jansen et al., 2016. 
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The study of Jansen et al. (2016) is especially valuable concerning the geoecological investigation 

of vegetation succession. This subdivision of biogeography crucially links the advancement of 

ecological communities to the geographical landscape, considering how biological and physical 

factors interact within spatial systems. Most specifically for this study, how the geomorphological 

deposits found around Høgtuvbreen impacted vegetation succession. Jansen et al. (2016)  mapped 

the Quaternary deposits found upon the foreland of Leirdalsbreen, as presented in Fig. 2.3, 

although the legend has been omitted, the symbology follows the standard NGU Quaternary 

geomorphology legend. Moraines, till, and glaciofluvial 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 north-western coast of Scandinavia, climatologically the North Atlantic 

Oscillation (NAO) is ÏÎÅ ÏÆ ÔÈÅ ÍÁÊÏÒ ÄÒÉÖÅÒÓ ÏÆ (ĜÇÔÕÖÂÒÅÅÎȭÓ ÃÌÉÍÁÔÅȢ 5ÎÄÅÒ Á positive NAO 

phase, a dominance of subtropical air masses produces warm and wet conditions in coastal 

regions causing increased precipitation, stronger westerly winds, and increased storms in the 

study area; yet under a negative NAO phase, a dominance of arctic air masses produces cold and 

dry conditions which cause decreased precipitation and temperatures (Olsen, Anderson and 

Knudsen, 2012). Nesje et al. (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 

Figure 2.3: Quaternary geomorphological map of Leirdalsbreen foreland following standard NGU mapping 
symbology; taken from Jansen et al., 2016. Starred lichenometry stations presented here are not the same as 
stations used in lichenometry conducted by this study.     
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increase in winter precipitation and mass balance, whilst negative phases led to decreased mass 

balances. Jansen et al. (2016)  observed that Høgtuvbreen is so closely linked to the NAO 

alternations that warm summers during positive NAO phases exhibits substantial advancements 

ÉÎ ÔÈÅ ÉÃÅÃÁÐȭÓ ÇÌÁÃÉÅÒÓ. The Norwegian Atlantic Current is another factor 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 coast. Such westerlies carrying 

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

presented here.  

The weather station in Mo i Rana (st. no. 79480, 41 m a.s.l.) recorded a mean annual temperature 

ÏÆ ςȢψᴈ ×ÉÔÈ Á ÍÅÁÎ ÁÎÎÕÁÌ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÏÆ ρτσρ ÍÍ ÄÕÒÉÎÇ ÔÈÅ ÐÅÒÉÏÄ ρωφρ-1990 (Norwegian 

Meteorological Institute, 2022). It also records the monthly mean temperature as φȢ5°C in 

January and 17.7°C in July for the past five years, with  monthly mean precipitation between 254 

mm in September and 27 mm in May (Norwegian Meteorological Institute, 2022). Because of 

North Atlantic derived forcings, Norway exhibits a west-east maritime to continental climate 

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

between the west and east because of orographic influences, therefore Jansen et al. (2016) 

ÅÓÔÉÍÁÔÅÄ ÔÈÅ ÍÅÁÎ ÁÎÎÕÁÌ ÐÒÅÃÉÐÉÔÁÔÉÏÎ ÁÔ ,ÅÉÒÄÁÌÓÂÒÅÅÎȭÓ ÅÑÕÉÌÉÂÒÉÕÍ ÌÉÎÅ ÁÌÔÉÔÕÄÅ %,!  ÔÏ ÂÅ 

3200 mm w.e., using an exponential increase in precipitation of 8%/100 m, and subsequently 

estimated the mean ablation-season temperature (May ɀ September) to be 3.7°C based on a 

theoretical lapse rate of 0.6°C/100 m established by Dahl and Nesje (1996). 

 

2.3 Vegetational Setting  
 

Bjune and Birks (2008) conducted a study into the Holocene vegetation dynamics at Svanåvatnet, 

a lake 18 km to the east-southeast φφϊρςȭ.ȟ ρτϊπσȭ%  ÁÔ ÁÎ ÁÌÔÉÔÕÄÅ ÏÆ ςτσ m a.s.l. and at the time 

of publication, the lake lay approximately 250m below the Betula dominated treeline. This was 

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

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

seedbanks that were later found applicable in this study. Svanåvatnet acts as an appropriate 

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

dominated by Picea abies in the lowlands with interspersed Pinus sylvestris and Betula 

pubescens, becoming more represented with elevation. The northern limit of P. abies is up to ~67 

degrees in maritime Norwayȟ ×ÉÔÈ ÔÈÅ ÃÏÕÎÔÒÙȭÓ ÎÏÒÔÈÅÒÎÍÏÓÔ ÓÐÒÕÃÅ-forest being located in the 
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nearby protected area of Dunderlandsdalen (Frislid, 2022) ; a few more northerly natural, but 

smaller, populations can be found in eastern Finmark under continental conditions, as mentioned 

in section 2.2. Drier ground around Svanåvatnet was dominated by Vaccinium myrtillus, 

Vaccinium vitis-idaea, Vaccinium uliginosum and the herb Potentilla erecta; damper ground 

around the lake was dominated by herbs such as Filipendula ulmaria, Aconitum septentrionale, 

Valeriana sambucifolia (Bjune and Birks, 2008). 

Local vegetation is of great importance to the study of modern glacier foreland succession, more 

so than when considering glacial-interglacial vegetation succession due to the size of baren land 

being released and the propagule pressure from the surrounding community(Fickert, 2017). 

 

2.3.1 Palaeoecology 

Fig. 2.4 shows Bjune and Birks (2008) pollen diagram from which they reconstructed the 

palaeoecology for the Svanåvatnet area; it shows a vegetational response to the Early Holocene 

climatic amelioration, a rapid development into B. pubescens woodlands, 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 Holocene Neoglaciation. 

They noted that P. abies did not show up in pollen evidence until 3500 cal. yr BP but further 

deduced that local establishment of P. abies did not occur until 2000-1500 cal. yr BP, at the same 

time as the regional development into more open upland heath vegetation with scattered 

woodlands. The authors concluded that Svanåvatnet exhibited a relatively normative history of 

Figure 2.4: Holocene pollen percentage diagram (supplemented with few macrofossils and loss on ignition ) of 
Svanåvatnet constructed by Anne Bjune, taken from Bjune and Birks, 2008. X axis shows %. Of total terrestrial 
pollen  
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central and northern Scandinavia in reference to palaeotemperatures however, demonstrating 

marked regional differences in reconstructed precipitation patterns; further implicating the 

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

 

2.3.2 Landscape Importance 

A fundamental idea within science is that all research is important even if there is no immediate 

use to the knowledge; and the study of vegetational succession upon the foreland of Leirdalsbreen 

is a worthwhile analogue for the ecological future of wider subarctic/arctic Scandinavia, 

especially in light of a rapidly changing climate. However, it is also invaluable for the more local 

context: The Høgtuvbreen complex lies only five kilometres west of the Saltfjellet-Svartisen 

ÎÁÔÉÏÎÁÌ ÐÁÒËȟ .ÏÒ×ÁÙȭÓ most intact and complex wilderness area under protection (Frislid, 

2022). This national park is surrounded by various nature reserves, smaller 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 area is currently under review  (ibid). Therefore, it is not inconceivable that the 

Høgtuvbreen system has a future protected status, and the succession of its ablating glaciers 

would become a matter for conservational concern.  

The region is famed and protected for its species-rich flora and is known to encompass some of 

the most varied habitat types of any protected area in Norway. The ÐÁÒËȭÓ ÍÏÓÔ ÂÏÔÁÎÉÃÁÌÌÙ ÒÉÃÈ 

regions are in fact the southern valleys of which Leirdalen is a tributary (ibid). It also has a long 

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

summer coastal pastures, examples of this can be seen in Leirdalen valley. The national park and 

neighbouring region also ÃÏÎÔÁÉÎÓ ÏÎÅ ÏÆ .ÏÒ×ÁÙȭÓ ÌÁÒÇÅÓÔ ÐÏÐÕÌÁÔÉÏÎÓ ÏÆ ÔÈÅ ÇÒÅÁÔÌÙ ÅÎÄÁÎÇÅÒÅÄ 

Arctic Fox (Vulpes lagopus (ibid)), its natural habitat being these alpine environments which are 

currently experiencing disproportional climatic change ɀ thus a changing floral ecology can 

impact wider ecosystems and varying communities. These aspects exemplify how climate change 

has systemwide effects, and how studying simple vegetation succession 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 located in appendix 

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 

Høgtuvbreen 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 species Picea abies 

  

3.1 Field Surveys  
There are two central methodological approaches to effecting an investigation of this type: 

permanent plots and chronosequential plots. The former, as described by Matthews (1992) gives 

a precise insight into how the floral community fluctuates and progresses, 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 recorded over 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 species evenness (SE) to be calculated later, using the Shannon index (SI):  

ὛὍ  ὖὭϽÌÎὖὭ 

Where n is the species count (SR), P is proportion of cover (SD), and i is the sum of all individuals 

of all species. 

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

diversity above 3 (John C. Moore, Encyclopaedia of Biodiversity (2nd Edition), 2013).  
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Identification of flora was performed using the field guides Norsk Felt Flora and A Field Guide to 

Wild Flowers, supplemented with personal knowledge and communication with academic 

supervisors.  

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 from 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 order 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 addressed however and will be discussed in section 5.3. The method used was 

as follows: the surveyor walked transects parallel to the ice flow direction and recorded survey 

stations at every point in which the ground cover composition had 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 sensing techniques. This approach, although unusual, proved to be 

rather effective under modern challenges 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 by Jansen et al. (2016) . Assuming lichen colonisation occurs 

immediately after terrain is released by deglaciation (discussed in section 5.1), then lichen age 

can be used to estimate age of substrate exposure and thus the period permitted to successional 

processes(Bickerton 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 to establish a direct growth curve (Matthews, 

1992).  

The striking yellow-green species Rhizocarpon geographicum, aptly 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 figures at 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 deglaciation, except in few locations where 

moraine sequences had slumped to point where no definite ridge could determine aspects. 

Measurements can then be applied to a growth curve to ascertain substrate age. Standard growth 

curves are defined by the following formula: 

ÌÏÇώ ὧ ὥ ὦὼ 

Where y is substrate age in years, x is lichen size in millimetres, and a, b, and c 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 R2 values of 1 and 

0.9966, respectively, for Røsvoll cemetery, 11 kilometres north of the city Mo i Rana and closest 

to the stated study site:  

Røsvoll cemetery 

NFL 5a.esl 3          log (y+100) = 0.0045 x +2.0173  R2 = 1 

NFL 5a.msl 3         log (y+30) = 0.0063 x +1.6426    R2 = 0.9966 

3ÕÂÓÅÑÕÅÎÔÌÙȟ ÔÈÅ ÆÏÒÍÕÌÁÓ ×ÅÒÅ ÁÍÅÎÄÅÄ ÔÏ ÉÎÃÌÕÄÅ ÁÎ ÁÄÄÉÔÉÏÎÁÌ ρψ ÙÅÁÒÓȟ ÔÏ ÍÁËÅ 7ÉÎËÌÅÒȭÓ 

2003 investigation accurate for 2021 AD. 

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 occur between lowland 

cemeteries and upland valleys. Discrepancies 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 anomalies derived 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 as remaining to be appropriate for this project (Matthews, 1992). 

However, to mitigate against the 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 shown (Jansen et al., 2016, and references therein).  

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; one use in particular is the investigation of historic abrupt 

climatic events which may be used to greater understand modern climatic changes and their 

linked geoecological consequences (Birks and Birks, 2008). The use of multiple proxies in a single 

study provides several aspects of evidence which can be independently verified for accuracy and 

strengthens the conclusions being drawn from proxy indicators (Birks and Birks, 2006). 

 

The following section details the proxies used to study the geoecological history of the study area. 

Before leaving the study area, two Uwitec lake sediment cores (Leir-1-21 and Leir-2-21) 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 Fig.3.1 and Fig.3.2. Analysis of the cores was performed at EARTHLAB, University of 

Bergen and The Biodiversity laboratories, University of Bergen. Both cores were split, wrapped 

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 assistance of Prof. Kristian Vasskog. 
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in plastic, ÁÎÄ ÓÔÏÒÅÄ ÁÔ τᴈ ÔÏ ÉÎÈÉÂÉÔ ÍÉÃÒÏÂÉÁÌ ÁÃÔÉÖÉÔÙ ÁÎÄ ÔÈÅ ÓÕÐÐÒÅÓÓÉÏÎ ÏÆ ÂÁÃÔÅÒÉÁÌ ÏÒ ÆÕÎÇÁÌ 

growth.  

3.3.1 Loss On Ignition and Dry Bulk Density 

Loss-on-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 1cm3 samples. These 

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

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

ÏÒÇÁÎÉÃ ÃÏÎÔÅÎÔ ÁÆÔÅÒ ÉÇÎÉÔÉÏÎ ÁÔ υυπᴈȢ ,/) ×ÁÓ ÃÁÌÃÕÌÁÔÅÄ ÂÙ ÓÕbtracting the dry weight of a 

sample ɀ ÁÆÔÅÒ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ×ÁÓ ÒÅÍÏÖÅÄ ÁÔ ρππᴈ ÆÏÒ Á ςτ ÈÏÕÒ ÐÅÒÉÏÄ ɀ from the burned weight 

of the sample, presented in percentage form (Heiri, Lotter and Lemcke, 2001). Although most 

ÏÒÇÁÎÉÃ ÍÁÔÔÅÒ ÉÎÃÉÎÅÒÁÔÅÓ ÁÔ ςππᴈȟ ÃÏÍÐÌÅÔÅ ÉÎÃÉÎÅÒÁÔÉÏÎ ÏÆ ÏÒÇÁÎÉÃ ÍÁÔÔÅÒ ÉÓ ÁÃÈÉÅÖÅÄ ÁÔ υυπᴈȢ 

#ÁÌÃÉÕÍ ÃÁÒÂÏÎÁÔÅ ÉÎÃÉÎÅÒÁÔÅÓ ÁÔ ωυπᴈ ÁÎÄ ÓÏ ,/) ÉÓ ÃÏÍÍÏÎÌÙ ÁÌÓÏ ÃÏÍÐÌÅÔÅÄ ÁÔ ωυπᴈȟ 

ÈÏ×ÅÖÅÒ ÁÓ ÔÈÉÓ ÐÒÏÊÅÃÔ ÄÉÄ ÎÏÔ ÒÅÑÕÉÒÅ ÄÁÔÁ ÏÎ ÔÈÅ ÃÁÌÃÉÕÍ ÃÁÒÂÏÎÁÔÅ ÃÏÎÔÅÎÔȟ ÉÇÎÉÔÉÏÎ ÁÔ ωυπᴈ 

was omitted. LOI does encounter limitations, minor variations in LOI values are suggested to be 

Figure 3.2: Photograph of sediment core extraction on Leirdalsvatnet. (Sofie Jordheim, 2021) 
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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 total volume by calculating the ratio 

between the weight of the original (wet) sample and the weight after each sample had been dried 

ÁÔ ρππᴈ ÏÖÅÒÎÉÇÈÔȢ "ÏÔÈ ÐÒÏÃÅÄÕÒÅÓ ÆÏÌÌÏ×ÅÄ ÓÔÁÎÄÁÒÄ ÌÁÂÏÒÁÔÏÒÙ ÐÒÁÃÔÉÃÅ ÁÔ EARTHLAB, UiB, 

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 such as LOI and DBD in the 

reconstruction of palaeoclimate (Jansen et al., 2016) as well as identifying specific historic climate 

events. Sediment core LdvU-2-21 was scanned using an Itrax Core 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 composition of diamagnetic (negative), paramagnetic (weakly positive) and 

ferromagnetic (strongly positive) minerals inside the lacustrine sediment (Johansson et al. 2020). 

Since the biological component (water and carbon) is weakly diamagnetic, fundamental changes 

in MS results mainly represent mineral composition. As mentioned for XRF, MS can be used 

alongside other geophysical parameters to improve the resolution and support the 

reconstruction of palaeoclimate.  MS was also performed at EARTHLAB, University of Bergen 

using a Bartington MS2E sensor at 0.2cm resolution, following 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 C14 dating without disturbing the majority of the core material. This was 

achieved using a ProCon-X-Ray CT-ALPHA helix scanner at the University of Bergen. The 

visualisation of all results was performed using FEI Avizo software. 

3.3.5 Accelerator Mass Spectrometry C14 Dating 

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

macrofossils were used for to create a radiocarbon age depth model, using the programme R and 
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2ÓÔÕÄÉÏȢ $ÒÁ×ÉÎÇ ÏÎ ÔÈÅ 0ÏÚÎÁď 2ÁÄÉÏÃÁÒÂÏÎ ,ÁÂÏÒÁÔÏÒÙȟ ÎÉÎÅ ÔÅÒÒÅÓÔÒÉÁÌ ÍÁÃÒÏÆÏÓÓÉÌÓ ÅØÔÒÁÃÔÅÄ 

from LdvU-2-21 were analysed for radiocarbon age dating. This method relies upon the 

downdraw and absorption of radioactive C14 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 C14 decays with the half-life 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 stated by Birks & Birks (1980), pollen analysis is the most commonly adopted method for 

paleo-environmental reconstruction due to its versatility and universal compatibility; utilising 

the principle that every plant species (sic) has a characteristic palynomorph (Halbritter et al., 

ςπρψ  ×ÈÉÃÈ ÃÁÎ ÂÅ ÕÓÅÄ ÁÓ ÉÎÄÉÒÅÃÔ ÅÖÉÄÅÎÃÅ ÏÆ ÔÈÁÔ ÐÌÁÎÔȭÓ ÐÒÅÓÅÎÃÅ. Pollen has a relatively 

medium level resolution when used as a standalone proxy, because of the anemophilous nature 

of many pollen types, and especially when focusing upon specific or local study sites. Therefore 

plant macrofossils are often studied alongside pollen due to their higher resolution local 

representation. Due to the physical properties of both pollen grains and plant macrofossils, ideal 

core extraction comes 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 core (Birks and Birks, 

2006). This quandary was diminished by the lake bathymetry encountered in Leirdalsvatnet (Fig. 

3.1), and because sediment under the depth of one metre is prone to mechanical-turbation from 

environmental processes, then the deepest part of the lake was sought after for extraction of the 

cores LdvU-1-21 and LdvU-2-21, thus being limited to the location shown.  

3.4.1 Pollen analysis  

Using the Uwitec lake sediment cores, 1cm3 samples ɀ using a calibrated 1cm3 brass volumetric 

sampler ɀ for pollen analysis were retrieved from two centimetre intervals for the first 15cm, and 

for each major peak and trough following this down to the depth of 42cm. A full procedure for 

pollen preparation is attached in the Appendix, taken from the method used by the University of 

Bergen, all pollen preparation and analyses were done in, and assisted by, the department of 

Biological Science, University of Bergen. Briefly: samples with four added Lycopodium clavatum 

tablets were washed, centrifuged, and reduced in alternating acidic-basic cycles until enough 

waste product had been removed that the sample could be dyed and observed on microscope 

slides. Identification was completed using a Zeiss light microscope at a resolution of 400 x and 

×ÉÔÈ ÒÅÆÅÒÅÎÃÅ ÔÏ &åÇÒÉ ÁÎÄ )ÖÅÒÓÅÎȭÓ 4ÅØÔÂÏÏË ÏÆ 0ÏÌÌÅÎ !ÎÁÌÙÓÉÓ τth edition (Fægri and Iversen, 
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1989). At least 500 terrestrial pollen grains and spores were identified before a sample was 

considered investigated.  

It is common practice to present and describe pollen diagrams in pollen assemblage zones, 

however, due to the multiproxy nature of this study as well as limitations in the pollen data ɀ 

which shall be discussed in section 4.3.5 ɀ it was decided that the pollen diagram be partitioned 

into the same units as in the sedimentary analysis diagrams (c.f. Fig.4.3). Upon inspection, the 

reader will notice that units III 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 interpretation. Pollen analysis data was 

presented in the main thesis as a percentage diagram; using additional 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, peaks and troughs on the LOI graph were used to select areas 

of interest and following this, 30cm3 samples were extracted from these depths. Samples were 

then washed through a 125µm sieve, before being placed in observation dishes. It should be noted 

that whilst 250µm sieves are acceptable for radiocarbon macrofossil extraction, Ericaceae, 

Juncus, and SaxifrÁÇÁ ÓÅÅÄÓ ÅÁÓÉÌÙ ÐÁÓÓ ÔÈÒÏÕÇÈ Á ÓÉÅÖÅ ÍÅÓÈ ÄÉÁÍÅÔÅÒ ÏÆ ςυπʈÍ ÁÎÄ ÔÈÅÒÅÆÏÒÅ 

125µm sieves were used as analysis required detail upon environmental composition (Birks and 

Birks, 2006). After this, picking and identification was carried out in the pollen lab, utilising the 

Figure 3.3: Microscope photograph of a Betula pollen grain, taken at a depth of 5cm in core LdvU-2-21. G. Young, 2022 
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extensive reference collection in the Department of Biological Sciences at the University of 

Bergen. 

 

  

3.5 GIS  
For remote sensing analysis (RS), 2019 satellite imagery of Saltfjellet with a resolution of 0.25m 

was downloaded with infrared, red, green, and blue bands, from Norge i Bilder. The following 

ÆÕÎÃÔÉÏÎÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÕÓÉÎÇ %32)ȭÓ !ÒÃ')3 0ÒÏ 2.9.3: 

,ÅÉÒÄÁÌÓÂÒÅÅÎȭÓ ÆÏÒÅÌÁÎÄ ×ÁÓ ÍÁÓËÅÄ and clipped before running Normalised 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 and 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 were relatively small (often to three significant figures), manual calibration was 

used to define categories using ground truthing points established during fieldwork. Locations 

were recorded with a known cover so they could be used as reference pixels for the categories 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 Høgtuvbreen, in 2016, very 

kindly shared data files for the palaeoglacier extents and mapped quaternary geomorphology 

which were then used to sectionalise the NDVI map and calculate percentage cover of each 

category for each foreland swale (terrain between moraines). These extents were also combined 

with lichenometric dating performed by this study to ascertain terrain age for each swale. 

Vegetation plot data was combined 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 methods while 

the discussion of some issues will follow in further chapters. The author notes that all issues faced 

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

This thesis strived to research a 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 as there was also a desire to map the grouped-

species/community extents of the foreland, of which RS ground resolution was too coarse to 

identify species in some circumstances. Fortunately, the foreland exhibited a relatively consistent 

grouping of species which allowed the species interpretation of NDVI cover to be a valuable data 

set  

Lichenometry, whilst being a widely accepted method, often comes under scrutiny. This study 

chose to process the LL and 5LL together because the outputs and the method were considered 

similar to other regional studies. Critics may here decry confirmation bias, however LL sometimes 

presented data approximately one century different 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 detailed exploration of lichens around the Høgtuvbreen 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 too coarse for the accurate logging of the youngest sections of terrain, due to 

the sporadic and isolated nature of floral individuals. Therefore, in-field 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 succession may be missing the most significant changes in ecosystems 

adapting to rapid climate change.   

Low resolution historic satellite images caused [RS] vegetation change analysis to be ineffectual 

for the study area and later rejected from the original method proposal, which was considered 

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

3.6.3 Unpredicted actual limitations 

Because 14C analysis is a protracted process, the preparation and analysis of pollen was completed 

prior to the learning of the macrofossil dates. Thus, pollen sample selection was completed using 
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knowledge of LOI, DBD, and XRF. Upon delivery of 14C 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 core, a large amount of 

sediment was extracted and disposed of. This created a specific limitation for only one five-

centimetre section of LdvU-2-21: a tilted layer caused 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 different ages. Because the angle of tilt was deemed gentle, this 

incidence did not affect the conclusions of the overall study, however, it does draw uncertainties 

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

 

Before studying the modern colonisation and succession within the Høgtuvbreen foreland, it was 

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 was gathered 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. 3.1. This chapter is split 

into three sections, initially, the sedimentary 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 Sedimentary 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 the 14C ages of 11 samples, ten from LdvU-2-21 and one from LdvU-1-21; the 

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

ÙÒȢ "0  ÁÔ ρʎ φψϷ  ÃÏÎÆÉÄÅÎÃÅ ÉÎÔÅÒÖÁÌȢ ,ÁÂÏÒÁÔÏÒÙ ÅÒÒÏÒ ÉÓ ÂÅÔ×ÅÅÎ  σπ-50 years, except one 

where the error is negligible. Within LdvU-2-21, 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 from the age depth model. 

Furthermore, because the radiocarbon age for LdvU-1-21 was calibrated to be Early Holocene 

and could not be paired to LdvU-2-21, then after being analysed for LOI and DBD it was 

abandoned from further analysis.  
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Figure 4.1 depicts a linear age depth model constructed from the radiocarbon ages for LdvU-2-21 

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 interest and 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.  

 

 

 

 

Leirdalsvatnet 
14

C dates Core LdvU - 2 - 21  

Depth (cm) Lab. no. Sample Type
Age 

14
C 

(BP) 

1ů cal yr 

BP Ranges

Relative 

area under 

probability 

distribution

1ů cal yr 

AD Ranges

Most likely 

cal. yr BP 

range

7-8 Poz-147455 
Terrestrial 

Macrofossil

101.34 ± 

0.48  

44 - 59 

117 - 134 

230 - 243 

246 - 249

0.286 

0.378 

0.296 

0.040

1891-1906 

1816-1833 

1707-1720 

1701-1704   

117 - 134

15-16 Poz-147457 
Terrestrial 

Macrofossil
150 ± 30 

71 - 114 

185 - 201 

207 - 226 

254 - 277

0.261 

0.112 

0.138 

0.167

1836-1879 

1749-1765 

1724-1743 

1673-1696

207 - 226

22-23 Poz-147435 
Terrestrial 

Macrofossil
395 ± 30 

335 - 350 

453 - 502

0.168 

0.832 

1600-1615 

1448-1497 
453 - 502

27-28 Poz-147419 
Terrestrial 

Macrofossil
2525 ± 30 

2518-2531 

2536-2588 

2615-2635 

2698-2726

0.086 

0.440 

0.194 

0.280

582-569 BC 

639-587 

686-666 

777-749

2536-2588

38-39 Poz-147720 
Terrestrial 

Macrofossil
3245 ± 30 

3404-3427 

3444-3482

0.306 

0.694

1478-1455 

1533-1495
3444-3482

42-43 Poz-147793 
Terrestrial 

Macrofossil
3630 ± 35 

3887-3984 

4055-4058

0.982 

0.018

2035-1938 

2109-2106 
3887-3984

49-50 Poz-147458 
Terrestrial 

Macrofossil
3970 ± 35 

4409-4446 

4475-4517

0.494 

0.506

2497-2460 

2568-2526 
4409-4446

53-54 Poz-147459
Terrestrial 

Macrofossil
4520 ± 35 

Inverted

5054-5110 

5124-5186 

5269-5302

0.368 

0.415 

0.217

3161-3105 

3237-3175 

3353-3320  

Ommitted

58.5-60.5    Poz-147794
Terrestrial 

Macrofossil
4500 ± 35 

Inverted

5052-5144 

5157-5191 

5259-5287

0.540 

0.196 

0.156

3195-3103 

3242-3208 

3338-3310

Ommitted

66-69 Poz-147795 
Terrestrial 

Macrofossil
4260 ± 35 4824-4860 1.000 2911-2875 4824-4860

Core LdvU - 1 -21

16-17 Poz-147397 

 

Terrestrial 

Macrofossil

8680 ± 50 9549-9673 1.000 7724-7600 BC 9549-9673

Table 4.1 14C radiocarbon dates calibrated to 1ʎ cal. Yr BP in Calib 8.20. The most likely cal. Yr BP range is used in 
text and derived from 1ʎ ÃÁÌÉÂÒÁÔÅÄ ÁÇÅ ÒÁÇÅ ×ÉÔÈ ÓÏÍÅ ÉÎÓÔÁÎÃÅÓ ÏÆ ÓÕÐÐÌÅÍÅÎÔÁÒÙ ÉÎÆÏÒÍÁÔÉÏÎȢ  
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4.1.2 Geology and geochemistry  

Figure 4.2 presents the LOI and DBD measurements for both cores along with the depths and 

assumed age ranges for the 14C dates. Core LdvU-2-21 can be seen in Fig. 4.2 whereas no scan or 

photographs were taken of LdvU-1-21, instead a description follows; this sediment core was split 

between an organic upper and a minerogenic lower half. Bands of organic matter, colour code 

5YR2.5/1 were interspersed with thin  sandy bands coloured 5YR3/1 between the surface and 

four centimetres deep. Dark organic matter followed this until a thick yellow band (2.5YR6/8) 

was recorded at 18 cm in depth, a transitional band (5YR5/1) then introduced the heavily silty 

grey sediment of assumed glaciogenic origin. LdvU-2-21 did record lower bands colour coded 

5YR4/1 however no such heavily minerogenic sediment was found in core LdvU-2-21. Therefore, 

as can be inferred from these graphs and supported by the calibrated ages, LdvU-1-21 could not 

be matched to LdvU-2-21, causing its analysis to be halted after receiving this data. Further 

interpretation is of core LdvU-2-21. Of particular interest to 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 

Figure 4.1 Age-depth model for LdvU-2-21 using AMS 14C radiocarbon dates. Sedimentation rate is given in yr/cm. 
The model is constructed using Rbacon. Age range has been extrapolated from 1950 AD to 2021 AD. Table 4.1: AMS 
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with 0.7%, alongside the drastic 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 

ÔÈÅ ÃÁÔÃÈÍÅÎÔ ÁÎÄ ÃÌÉÍÁÔÅȠ ÍÏÓÔ ÉÎÔÅÒÅÓÔÉÎÇ ÉÔ ÁÌÌÕÄÅÓ ÔÏ ÔÈÅ Ȭ×ÏÒÓÔ ÙÅÁÒ ÉÎ ÈÉÓÔÏÒÙȭ Ánd shall be 

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.  

 

Figure 4.3 shows the physical and geochemical parameters of core LdvU-2-21 alongside a colour 

image and CT scan, indicating density measurements with lighter colours representing high 

density and darker colours representing low density. LdvU-2-21 has been divided 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 unhelpful to the 

analysis of the core; therefore, said units are derived from radiocarbon dates (highlighted by 

Figure 4.2 Lithology diagram of sediment cores LdvU-2-21 and LdvU-1-21 presenting colour photograph and 
orthophoto of LdvU-2-21 (lighter colours indicating increasing relative density) and LOI, DBD, and 1  ̀cal. yr BP 

ranges. 
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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  50 ɀ 72 cm  

Unit V contains three dates within, and its upper boundary is dated with Unit IV. The lowest date 

between 66 ɀ 69 cm in depth, was recorded to be 4824 ɀ 4860 cal. yr BP, within this unit lie also 

the two inverted and omitted dates of 5054 ɀ 5302 and 5052 ɀ 5287 cal. yr BP. The 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 the boundary to Unit IV. DBD records its highest values 

in this unit with 0.94 g/cm 3 and 0.87 g/cm3 at 69.5 cm and 57.5 cm in depth respectively. The 

peak of 0.87 g/cm3 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 10-3 in 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. This reason is why the lowest 

retrieved date covers a three-centimetre 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 could be 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  30 ɀ 50 cm  

Unit IV contains three radiocarbon dates, the lowest marking the boundary between Unit IV and 

Unit V, recording 4409 ɀ 4446 cal. yr BP; 42 cm in depth is recorded as 3887 ɀ 3984 cal. yr BP and 

38 cm in depth recorded as 3444 ɀ 3482 cal. yr BP, 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 III. 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/cm3 correlates strongly with major peaks in Mn (12.7 counts per second(cps) x 10-

3) and Fe (925 cps x 10-3) 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 Mn being an 

established indicator of tephra and volcanic activity (Kylander et al., 2012; Peti et al., 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 LdvU-2-21 physical and geochemical parameters presented alongside CT scan and colour 
photograph; black lines represent the moving average of 10 points whilst grey represents the original values. Units 
I-V are identified from cal. yr BP ranges (orange dashed lines) and events within the parameters (grey dotted line).  
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Figure 4.3B: Core LdvU-2-21 further geochemical parameters presented alongside CT scan and colour photograph; 
only the 10-point moving averages are presented for these parameters. Units I-V are identified from cal. yr BP 
ranges (orange dashed lines) and events within the parameters (grey dotted line). 
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Unit III   22 ɀ 30 cm  

Unit III has a surface date of 453 ɀ 502 cal. yr BP (1448-1497 AD) and a further date at 27 cm in 

depth of 2536 ɀ 2588 cal. yr BP (639-587 BC); Unit III 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 a complete 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 LOI is at its lowest, and finally 

decreases again 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 the Neoglaciation. 

All geochemical parameters support the double spiked DBD peak, although 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 x 10-3, alongside major 

peaks in Ca, Ti, and Fe associated 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 III 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 II  8 ɀ 22 cm 

Unit II is flanked by a lower date of 453 ɀ 502 cal. yr BP and an upper date of 117 ɀ 134 cal. yr BP 

determining that this section should represent the LIA for the Høgtuvbreen region. LOI values 

flux between 16 ɀ 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 207-226 cal. yr BP, and is considered to be a lentic-production 

response to a climatic period of rapid warming, concurring with increased solar activity between 

the Maunder and Dalton minima (Tung and Zhou, 2013). LOI values then steadily decrease to the 

foundation of Unit I. LOI peaks can also be seen as 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 10-3) 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 II Presents the cessation of the MWP, the 

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

Unit I  0 ɀ 8 cm  
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Unit I is located at the topmost part of the core, dated from 117-134 cal. yr BP to modern day. LOI 

values for this section rise from 13% to 15% before fluctuating between a short-lived trough of 

11% to a drastic incline to a surface value of 18.33%, representing both a warming climate and 

the undecayed nature of 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, however 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 (in cps) may be linked 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 103) around the middle of this section may 

be linked to volcanic activity ca. turn of the 19-20th century; this may be linked to the trough of 

LOI and cold anomalies throughout Europe around this time. Unit I is believed to consist of 

sediment deposited between the 19th 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 LdvU-2-21. 

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

ÓÈÁÌÌ ÂÅ ÄÉÓÃÕÓÓÅÄ ÆÕÒÔÈÅÒ ÉÎ ÓÕÂÓÅÃÔÉÏÎ τȢρȢσȢ -3ȭÓ ÍÏÓÔ Óignificant value was a 0.6 correlation 

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 correlation with S.  

 

Table 4.2: LdvU-2-21 correlation matrix for geophysical parameters. 
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4.1.3 Magnetic Susceptibility 

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 at EARTHLAB, 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 following discussions.  

 

4.1.4 Computed Tomography 

CT analysis of the core permitted a non-ÉÎÔÒÕÓÉÖÅ ÁÓÓÅÓÓÍÅÎÔ ÏÆ ÔÈÅ ÃÏÒÅȭÓ ÄÅÎÓÉÔÙ ÁÎÄ ÍÁÔÅÒÉÁÌ 

within; Fig. 4.5 depicts the visual representation of relative density with material of particular 

interest emphasised with 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 orthophoto, 

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 plastic pipe housing. Images B & C 

are enlarged density interpretations of the outlined cuboid found in image A. The latter two 

Figure 4.4: Magnetic Susceptibility graph of core LdvU-2-21. 
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images have been adjusted to highlight only lower density material, removing sediment from the 

visualisation. In these images, [relative] higher density material (red-yellow) indicates organic 

material whereas Ȱ  lower density (purple-blue) areas indicate internal air pockets and cavities. 

This adjustment was completed manually, using the structures enlarged in image C as control 

Figure 4.5: Computed Tomography diagram of LdvU-2-21 (a) with adjusted density enlargements (b & c) of 
sections with identifiable organic structures. Light coloured layers in image a pertain to higher density 
measurements.  
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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 non-intrusive 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 been retrieved 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 photograph. This 

section, as stated in Unit III, covers ca. 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, and the 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 LdvU-2-21 depicts an interesting 

sedimentary and inferred climatic history and is highly suggestive of a system under strong 

influence of regional climatic changes. Unit V represented 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 a marked decrease, possibly 

due to a negative flux in the NAO index around this time (Jansen et al., 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 stated 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 temperature records discussed later in this chapter actually attribute this unit 

to have some of the warmest winters recorded in the Neoglaciation. Following this, Unit IV shows 

far slower sedimentation rates of 66, 126, then 81 yr/cm implying much less input to the lake 

system. Ti is a commonly favourable indicator of terrestrial erosion due to its abundance and 

resistance from redox processes (ibid)  and thus during the ca. 600 years at the bottom of this 
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unit, consistent peaks in most geochemical parameters including 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 to a sharp 

decline in the index (ibid).   

Unit III contains the irregular pattern of parameters within the sediment core, with a 

sedimentation rate of 417 yr/cm covering ca. 2086 years in 5cm. This time period contains the 

most negative, albeit fluctuating, NAO index values for the past ca. 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; Peti et al., 2018) ÔÏ ÃÒÅÁÔÅ ÔÈÅ ÐÈÅÎÏÍÅÎÏÎ ËÎÏ×Î ÁÓ ÔÈÅ Ȭ×ÏÒÓÔ ÙÅÁÒ ÔÏ 

ÂÅ ÁÌÉÖÅȭ (Gibbons, 2018); the year 536 AD surrounded by periods of dire climatic events. 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 colder 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 II 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 cease 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 of LOI 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 Temperature records 

(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 productivity seems to then decrease again, although not as drastically as 

before the 15cm event, this is probably caused by events similar to the Dalton Minimum (Tung 

and Zhou, 2013). 
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Unit I encompasses what 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 20th 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 century, further implying timescales that assist the interpretation of 

other variables and which support the C14 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 to regional climatic factors. Rapid 

responses often accompany delicate systems, and these highlight climate fluxes not seen in the 

cryosphere, hence why this lake may hold climatic data not found in the many glacier-climate 

reconstructions of Svartisen.  

 

4.2 Palynological analysis  
In order to further investigate the Late Holocene climate of Leirdalen and the Høgtuvbreen region, 

as well as to determine a Late Holocene vegetational composition prior to the LIA, therefore 

completing Objective 2, LdvU-2-21 was investigated 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 were extracted from LdvU-2-21 

ÆÏÒ ÅÖÅÒÙ ÃÍ ÏÆ ÔÈÅ ÃÏÒÅȠ ÔÈÅÓÅ ×ÅÒÅ ÓÔÏÒÅÄ ÁÔ τᴈ ÕÎÔÉÌ ÔÈÅ ÂÅÇÉÎÎÉÎÇ ÏÆ ÔÈÅ ÌÁÂÏÒÁÔÏÒÙ ÐÒÏÃÅÓÓȢ 

For the top 15cm subsamples (1cm3) were analysed at 2cm intervals starting at 1cm in depth 

ρȟσȟυȣ  ÁÎÄ ÆÏÌÌÏ×ÉÎÇ ÔÈÉÓȟ ÓÉÇÎÉÆÉÃÁÎÔ ÐÅaks and troughs were selected for analysis up to 45cm 

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 sections. Pollen 

accumulation rates (PAR) were also calculated for these samples but have not been presented 

here, instead being referenced where appropriate and located in the appendix.  
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Figure 4.6: Percentage pollen diagram with selected pollen and spore taxa including LOI of LdvU-2-21. The data are 
presented on a depth (cm) basis with pollen assemblage units on the right flank. Shaded silhouettes denote a 10-
fold exaggeration of percentage data. Analysis: G.E. Young, 2021-22. 
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Unit III & IV Pollen 22 ɀ 45 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, particularly visible in the tenfold 

exaggeration. Pollen from the tree taxa, Alnus, Betula, and Corylus all show a decline between 45 

and 40cm in depth with a corresponding rise which can be seen in pollen from Pinus sylvestris. 

Plantago, Poaceae, and some Pteridophyte spores repeat this rise with Plantago maritima pollen 

accompanying P. sylvestris in having their highest percentage value at 40cm in depth. Cyperaceae, 

both Isoëtes, and Selaginella all repeat the trend of Betula; 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 phase (Jansen et al., 2016) where the trough in LOI around 40cm 

in depth is indicative of a cold anomaly which may have caused the relative lake-loading of local 

palynomorphs to decrease and the long distance loading to increase in percentage values. This is 

reasoned from the peak in Plantago maritima, commonly known as Sea Plantain in English and 

Strandkjempe (Sea-giant) 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 Høgtuvbreen. 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 majority of this section. The 

appearance of Juniperus communis pollen 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 2536-2588 cal. yr BP. J. 

communis is a hardy species well associated with 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 phase (ibid). This appearance 

accompanies a rise in Picea abies and Salix pollen as well as peaks occurring for both 

undifferentiated Ericaceae and Cyperaceae pollen.   

Unit II Pollen 8 ɀ 22 cm 

This unit largely shows the domination of pteridophytes in the percentage group portion and can 

been similarly seen in the high gradual rise of Dryopteris-type spore percentages. At 20cm in 

depth J. communis, Salix, and Plantago major then records their early peaks in the pollen diagram 

corresponding with both the lowest recorded values in P. sylvestris and a peak in LOI. This peak 

is dated to be between 435-502 cal. yr BP which corresponds to a positive NAO phase dated 

between 500-600 cal. yr BP (Olsen, Anderson and Knudsen, 2012; Jansen et al., 2016) and 

suggests the continuation of the amelioration mentioned above (c.f. Unit III & IV). Following this 

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

alongside Cyperaceae and 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, Betula and Salix pollen steadily increase complemented by the steady 

decrease in P. sylvestris and Poaceae pollen most probably representing the gradual increase in 

local representation over far travelling allochthonous palynomorphs. Although it should be noted 

that here can be seen another rise in Plantago maritima pollen (identifiable in the exaggeration) 

which is suggestive of coast derived pollen rain.   

 Unit I Pollen 0 ɀ 8 cm  

Within this unit, dated between 117-134 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 major, and Rumex all increase around 7cm in 

depth whilst a stark drop in Dryopteris-type spores can be observed. Interestingly this is 

accompanied by a small peak in Picea abies possibly denoting its entrance to the locality, 

supported by PAR values, although like Bjune and Birks (2008), P. abies was first identified ca. 

3000 cal. yr BP by this study. Immediately after this at 5cm in depth many pollen counts decrease 

when Dryopteris-type spores climbs again; several of the dwarf shrubs and herbs appear to 

increase during this event and suggest that either the climate deteriorates for a transitory period 

or pollen loading becomes very locally sourced. C14 dating and Mn values in Fig.5.3 would permit 

this to be associated with volcanism and thus could be a short-lived climatic deterioration, tephra 

layers in Fig.4.5A could be argued for to accompany this. Directly after this Betula pollen rises 

again, with a similar trend seen in Empetrum, Cyperaceae, Onagraceae and Isoëtes echinospora 

yet the reverse trend is observed in Salix, Calluna vulgaris, and 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 4.3.4. Above this event to modern day, 

Betula, P. sylvestris, Empetrum and Dryopteris-type, decrease whereas pollen from P. abies, J. 

communis, Salix, Poaceae and Rumex all increase to their greatest percentages.  

 

4.2.2 Macrofossil analysis 

Investigating the LOI graph, nine major peaks and troughs were selected as areas of interest for 

macrofossil study, 30cm3 samples were extracted and washed through a 125µm sieve. The 

extremities sampled were the immediate subsurface (1-2cm in depth) and 28cm in depth, 

allowing for analysis of all aspects of interest in the upper half of the 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 Isoëtes seed. 
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 Fig 4.7 depicts the macrofossil 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 amount recorded, 

found in both the subsurface and deepest sample analysed interestingly. In this sample 

Empetrum nigrum records its lowest value of leaves whilst both Betula pubescens and Betula 

nana are recorded as being present from fruits and leaves, respectively.  

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 of Ranunculus is found 

alongside leaves of Vaccinium oxycoccus and Vaccinium uliginosum, a spike in E. nigrum leaves 

and the only other occurrence of B. pubescens, both Ranunculus and B. pubescens record one 

Figure 4.7: Macrofossil diagram of selected taxa and unidentifiable organic structures presented on a depth scale 
with flanking cal. yr BP age ranges. Analysis: G.E. Young, 2021-22. 
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fruit. 7-8cm in depth, dated to be 117-134 cal. yr BP, records a near equal spike in Salix herbacea 

and E. nigrum, as well as the occurrence of B. nana leaves.  

10cm in depth records various proofs of B. nana presence, the greatest spike in both S. herbacea 

and E. nigrum found, as well as various other minor occurrences and 10 woody fragments. Within 

this sample, a lone possible S. polaris leaf was recorded, the only one found during the macrofossil 

study. 10cm in depth, again, occurs during a short-lived trough in LOI and a peak in DBD. 15cm in 

depth, dated to be 207-226 cal. yr BP and experiencing an 18.75% peak in LOI, record no Betula 

but an average count of E. nigrum and a low count for S. herbacea. Vaccinium types and Carex 

along with woody fragments are present at this depth. At 18cm in depth, B. nana reappears, 

together with a spike in S. herbacea and E. nigrum as well as the occurrence of Vaccinium types, 

Menyanthes trifoliata, Trichophorum and many leaf and woody fragments. This sample lies 0.5cm 

before a trough in LOI which is the assumed LIA for LdvU-2-21.  

22cm in depth only records the presence of S. herbacea and E. nigrum as well as unidentified 

woody fragments; whereas 25cm in depth only records E. nigrum and V. oxycoccus along 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 a B. nana fruit, an equal maximal spike in 

E. nigrum, both Vacciniums and Carex, as well as 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 section 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 between the spike of E. nigrum and a lack of S. 

herbacea which might indicate to snowbanks in low-lying areas around Leirdalsvatnet (c.f. 

subsection 4.2.3). E. nigrum is present throughout followed by V. oxycoccus, being present in 

seven of nine samples. Cumulating spikes in S. 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 help reconstruct the palaeoenvironment both 

at the localised scale and regional scale over the past ca. 4000 years and in conjunction can be 

greatly helpful in completing Objective 2 of this study. The palaeoenvironment shall be reviewed 

as follows in chronological 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 from long 

distance sources, particularly exemplified by the occurrence of Plantago maritima a coastal 

growing herb not locally found in Leirdalen. Due to its geography, Leirdalsvatnet is theoretically 

prone to pollen insensitivity during direful climates and thus sections of Fig.4.6 representing 

regional baselines can be interpreted as climatic deterioration in Leirdalen. The appearance of J. 

communis pollen in 2536-2588 cal. yr BP, supported by a B. nana fruit just prior to this is 

indicative of the lake catchment 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 solely E. nigrum and the pollen 

percentage diagram recording mainly regional signals; it can be inferred that if the sediment 

record is intact, then Leirdalsvatnet experienced ca. 2000 years of harsh climatic conditions, 

ÃÅÎÔÒÅÄ ÁÒÏÕÎÄ ×ÈÁÔ ÉÓ ÃÏÍÍÏÎÌÙ ËÎÏ×Î ÁÓ ÔÈÅ ȬÔÈÅ ×ÏÒÓÔ ÙÅÁÒ ÔÏ ÂÅ ÁÌÉÖÅȭ (Gibbons, 2018). This 

is supported by Olsen, Anderson and Knudsen (2012) who 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 cold period is 

recorded at 453-505 cal. yr BP, translating to the late 15th century 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 established upland heath supported by pollen 

spikes in J. communis and blooms in Isoëtes indicating eutrophic lake conditions. Pollen evidence 

then records an increase in the weight of long-distance pollen loading ca. 300 cal. yr BP, between 

16-17cm in depth, which has been recognised to indicate deteriorating conditions. Subsequently, 

between 207-254 cal. yr BP (ca. 1730AD) ɀa sharp peak of18.75% is logged in LOI and varied 

presence of macrofossils. Notably similar values of E. nigrum to the MWP yet low occurrences of 

S. herbacea leaves: 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 the S. herbacea from establishing fully each season and 

further proposing the slow amelioration of a climate in flux. The 207-254 cal. yr BP event shall be 

discussed in relation to Leirdalsbreen further in this chapter, however it is here noted that, 14C 

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 regionally from pollen data and 

locally from macrofossil presence. Macrofossil evidence identifies that an ecology of B. nana, S. 
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herbacea, and Vacciniums grew in the lake catchment; with the lake experiencing eutrophic 

conditions. Pollen data suggest that J. communis was present and most likely growing within the 

same confines, whilst Alnus and P. sylvestris were in the region or abundant on the southwest 

approaches of the Høgtuva system ɀ P. abies may have been regionally close by but with low 

pollen abundances, its 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 of the 

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 as Betula 

pubescens fruits can be carried airborne in some instances (van Dinter and Birks, 1996). Another 

pitfall when investigating pollen is that the pollen rain may represent the local or regional scale 

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 arctic-alpine environment.  

 

4.3 Høgtuvbreen palaeoenvironment 
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 the HCO and the commencement of the Late Holocene in Norway is 

judged to have started around ca. 4200 cal. yr BP, with Jansen et al. (2016)  establishing distinct 

glacier advances of Høgtuvbreen between 4420 ± 45 and 4300 ± 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 LdvU-2-21, commencing at approximately 4800 cal. yr BP, comprising Units IV and 

V, and ceasing around 2536 ɀ 2588 cal. yr BP and the boundary to Unit III. Lake temperature 

records (Fig.4.8) established by Bjune and Birks (2008) for Svanåvatnet and adjusted to the 

ÁÌÔÉÔÕÄÅ ÏÆ ,ÅÉÒÄÁÌÓÖÁÔÎÅÔ ÕÓÉÎÇ Á ÌÁÐÓÅ ÒÁÔÅ ÏÆ πȢφυ ᴈ ÐÅÒ ρππÍ elevation gain, define this period 

as having the warmest summer temperatures before anthropogenic warming. Jansen et al. (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 Høgtuva remained, with probable TPW-ELAs fluctuating between 1020 

and 961 m a.s.l. 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 Si-counts and Ti-counts,  in LdvU-2-21 suggest that whilst Jansen et al. 

(2016)  dated the glacial response to the Neoglaciation, 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 lake (Nesje and Dahl, 2001).  

For this period of ancient history, only the sedimentary analyses covered the whole period, with 

the aforementioned step change in sedimentation rates indicative of a deteriorating climate 

occurring at depths lower than the start of palynological analyses obtained from this study. 

Fortunately, both Jansen et al. (2016)  and Bjune and Birks (2008) 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 step-change; Alnus, Betula, and Corylus pollen percentages 

all show a decline whilst the opposite is observed in P. sylvestris, Plantago, and Poaceae pollen. 

This is the point at which Plantago maritima records its greatest percentage values, along with P. 

sylvestris recording over 20%, indicating the dominance of long-distance palynomorphs and the 

inferred lack of productivity in the local catchment ca. 3900 cal. yr BP. This can be supported by 

Figure 4.8: Mean July and January temperatures presented on an age cal. Yr BP scale. Taken from Bjune and Birks 
2008 created from pollen analysis using a WA-PLS model, adjusted to Leirdalsvatnet. Analysis: Anne E. Bjune 
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Bjune and Birks (2008) who inferred that high Betula PAR values are consistent throughout the 

HCO until ca. 5700 cal. yr BP when a decrease in values are highly suggestive of an opening of the 

woodland and a further decrease ca. 3200 cal. yr BP indicate a scattered presence of B. pubescens. 

The investigation found macrofossil evidence to confirm the presence of P. sylvestris after 7500 

cal. yr BP and supporting PAR values suggested a reduction in abundance around 4700 cal. yr BP, 

ÃÏÎÃÕÒÒÅÎÔ ×ÉÔÈ ÔÈÉÓ ÓÔÕÄÙȭÓ ÄÁÔÅÄ ÏÎÓÅÔ ÏÆ Neoglaciation climate. Within this time period, the 

authors also documented the presence of palynomorphs considered proxy indicators of modern 

tree lines. Bjune and Birks (2008) also illustrates how a decrease in P. sylvestris PAR values 

suggest a reduction in abundance, yet their records show an increase in P. sylvestris percentage 

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 Leirdalsvatnet, the Late Holocene palaeoenvironment of the catchment 

comprised of similar, yet sparser and more open Betula presence, before encountering the 

deterioration of the Neoglacial climate and the lowering of the tree line out of the catchment ɀ 

this would suggest the transition to an upland heath ecotone (ibid). 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 discrepancy in radiocarbon dating 

between this study and the abovementioned (ibid) proving this inference possible but not certain. 

For comparative assistance, it should be noted that today, Leirdalsvatnet remains unforested 

whilst Svanåvatnet is shrouded in Betula-P. abies-P. sylvestris woodlands.  

 

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 identifiable 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 536 AD. 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-ςȢυ ᴈ ÉÎ ÔÈÉÓ ÐÅÒÉÏÄ (Gibbons, 2018). This event is dated to transpire centrally in Unit III, 

concurring with the lowest LOI values in the upper half of LdvU-2-21 and heightened geochemical 

values. This section records a sedimentation rate of 417 yr/cm and a significant plateau in the 

age-depth model. An increase in DBD values starting 2536-2588 cal. yr BP corresponds to spikes 

in Si and Ti-counts, 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 analysed by this study gives 

little indication of this event, however the appearance of J. communis at 2500 cal. yr BP steadily 

rising, does point to the transition from Betula open woodland to a Boreo-Alpine heath (Zaghi, 

2008), although this could be a rapid 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-Vaccinium heath with the presence of B. nana before recording a 

greater absence of Vaccinium and organic matter, leaving chiefly E. nigrum at 25cm in depth, the 

low point of this event.   

NAO index values do record many serious negative 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 low-lying furrows  (snøleie) 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 of hardy 

species favouring low-lying moist environments such as S. herbacea and Vaccinium (Wijk, 1986) . 

The presence of encompassing snowbanks may also provide a constant flow of near-freezing 

water into the lake, drastically reducing internal productivity (Griffiths  et al., 2017). The titular 

year and causes of, are supportive of this hypothesis, spikes is Mn-counts are coupled with 

volcanic eruptions and layers of tephra in the sedimentary records -  authors often ascribe cold 

summers to volcanic eruptions, attributing the cold summer of 536 AD to be a volcanic winter 

caused by an Icelandic volcano (Gibbons, 2018). It is reported that a further two eruptions caused 

this decade to be the said coldest for 2000 years (ibid). These phenomena are thought to be the 

origin of the Late Antique Little Ice Age (LALIA), a cooling period supposed to cover the 6th and 

7th centuries with assertions of being the underlying cause of the fall of the Roman Empire (ibid).  

Low values in LOI can be supported by Jansen et al. (2016)  recording approximately 2-6 % values 

(excluding rare peaks) fluctuations similarly seen in Bjune and Birks (2008) sediment data, 

nonetheless a dearth in sediment is 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 relatively high-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 that the previous inferences are 

appropriate to current knowledge.  
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4.3.3 MWP & LIA   

4ÈÅ Ȭ,ÉÔÔÌÅ )ÃÅ !ÇÅȭ ÉÓ ÃÏÍÍÏÎÌÙ ÃÏÎÓÉÄÅÒÅÄ ÔÏ ÂÅ ÔÈÅ ÁÃÍÅ ÏÆ ÔÈÅ Neoglacial period occurring 

between the 14th and 19th centuries AD although onset and ending of this is highly variable and 

non-congruous between atmosphere and cryosphere (Bickerton and Matthews, 1993; Matthews 

and Briffa, 2005; Nesje et al., 2008a). Some authors assign the LIA to the Younger Neoglacial 

however, separating it from the Older Neoglacial by a climate anomaly known as ÔÈÅ Ȭ-ÅÄÉÅÖÁÌ 

7ÁÒÍ 0ÅÒÉÏÄȭ -70 Álso known as MCA or MCO)) (Kjær et al., 2022) lasting between the 10th  

and the 14th centuries AD (950 and 750 cal. yr BP)(ibid).  

The MWP is considered to be represented here by a triple peak in LOI succeeding the Unit II-III 

boundary and is most notably witnessed in macrofossil evidence at depths 22 and 18cm in depth; 

the minor appearance of S. herbacea alongside E. nigrum is suggestive of climate amelioration 

with a lessening impact of snowbanks (c.f. 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 of B. nana. Further supported by high pollen 

percentages in J. communis and Isoëtes indicating more eutrophic lake conditions as well as fewer 

or the absence of summer snowbanks. Lake temperature calculations (Bjune and Birks, 2008) 

show the greatest variations here to be observed in winter temperatures possibly impacting the 

ice/snow accumulation in Leirdalen ɀ northern Scandinavian temperature records support this, 

unfortunately however, Jansen et al. (2016)  reconstructions encountered disturbed sediments 

for this exact time period and therefore it is difficult to observe responses in Høgtuvbreen.  

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 drivers of glacial advances 

(Nesje et al., 2008b). Close by, the Svartisen system experienced multiple glacial fluctuations in 

some outlets glaciers during this period (Innes, 1984; Winkler, 2003; Jansen et al., 2016; Jansen, 

Dahl and Nielsen, 2018). The Høgtuvbreen system was calculated to experience eight separate 

glacial advances throughout the Neoglacial with Jansen et al. (2016)  stating Høgtuvbreen to reach 

its maximum 190±10 cal. yr BP/AD 1773±29 and proposing that the most extensive advances in 

the system are triggered by high summer temperatures. Mn-counts spiking prior to this period 

support theories of climate deterioration being connected to volcanic eruptions (Wanner, Pfister 

and Neukom, 2022), following these spikes, the organic production of the catchment plummeted, 

with pollen analysis being overwhelmed by long-distance loading. The discord between 

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

Fig.4.6 between 16-ρχÃÍ ÉÎ ÄÅÐÔÈȟ (ĜÇÔÕÖÂÒÅÅÎȭÓ ÇÌÁÃÉÅÒ ÁÄÖÁÎÃÅÍÅÎÔ ÓÕÓÃÅÐÔÉÂÉÌÉÔÙ ÔÏ 

increased temperatures supports a proposal that the LOI peak at 15cm in depth is the climatic 

cÁÕÓÅ ÏÆ ,ÅÉÒÄÁÌÓÂÒÅÅÎȭÓ ,)! ÍÁØÉÍÕÍ ÅØÔÅÎÔȢ $ÁÔÅÄ ÔÏ ÂÅ ςπχ-226 cal. yr BP Leirdalsvatnet 

records a rapid response to a temperature increase experienced in the mid-18th century due to 

increased insolation, supported by the Torneträsk tree-ring records and CET (Tung and Zhou, 

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

have a closer response time to climatic alterations(Birks, 2006), thus this event can be used to 

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

Svartisen region, with many outlet glaciers here reaching LIA maxima in the late 18th century 

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

fleeting return to MWP conditions by recording similar presences of species, albeit low 

occurrence of S. herbacea, 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 values to 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 that 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 British Isles in the 18th 

century, its spread throughout Europe did not become significant until well into the 19th century, 

even though summer temperature increases do coincide with the first initiation of the Industrial 

Revolution (Hiemstra et al., 2022). Productivity in Leirdalsvatnet increases after the uppermost 

date in LdvU-2-21, 117-134 cal. yr BP/AD 1816-1833, which correlates with glacier surges in 

Høgtuvbreen in the late 19th century (Jansen et al., 2016); however, between this date and the 

lower, notable spikes in S-counts and Fe-counts register the ability for Leirdalsvatnet to record, 

and be affected by, events occurring overseas. Macrofossil evidence corroborates the 

continuation of a cold climate here with lesser counts of both E. nigrum and S. herbacea in the 

early 19th century yet pollen analyses suggest the entrance of P. abies into the locality, supported 

by PAR values from both this study and Bjune and Birks (2008) who affirm P. abiesȭÓ entrance 

and spread throughout the local area to be in the last 250 years. The authors propose that the 
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increases in J. communis, Cyperaceae and Dryopteris-type ɀ consistent with data ascertained by 

this project ɀ alongside cooler, drier summers would produce open landscapes suitable to the 

immigration of P. abies. Furthermore, the increases in Poaceae, Cyperaceae, and Solidago could 

reflect the modernisation of farming practices, often coinciding with the increase in local P. abies 

stands (ibid).  

Decreases in most palynomorphs followed by a reduction in lake productivity between 3-4 cm in 

depth along with significant spikes in Mn-counts and Fe-counts and with reference to the age-

depth model, it is highly feasible that this event is a record of the infamous 1883AD eruption of 

+ÒÁËÁÔÏÁȢ !Î ÅÖÅÎÔ ÓÏ ÃÁÔÁÓÔÒÏÐÈÉÃ ÉÔ ÃÁÕÓÅÄ Á ÇÌÏÂÁÌ Ô×ÉÌÉÇÈÔ ×ÈÉÃÈ ×ÁÓ ÄÅÓÃÒÉÂÅÄ ÁÓ ȬÂÌÏÏÄ-ÒÅÄȭ 

in the formerly named ChristiÁÎÉÁȟ ÏÆÔÅÎ ÐÒÏÐÏÓÅÄ ÁÓ ÔÈÅ ÉÍÐÅÔÕÓ ÆÏÒ %ÄÖÁÒÄ -ÕÎÃÈȭÓ 4ÈÅ 3ÃÒÅÁÍ 

(Olson, 2014).  

After this, multiple proxies such as LOI, S-counts, Pb-counts (not shown in Fig.4.3, access through 

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

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

return of B. pubescens into the catchment, associated with altitudinal increase in tree-limits; 

supported by increases in local pollen loading of species linked with the shift in ecotones between 

Empetrum-Vaccinium heaths, dwarf juniper heaths, and upland-open-woodland (Zaghi, 2008). 

Such woodlands and tree-limits have historically been determined by Betula, however the 

combination of temperature increases as well as the evolution of the range of P. abies may imply 

the inclusion of this tree in the upper reaches of upland-open-woodlands ɀ 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 climatic fluctuations 

controlling the established succession have been investigated. The MWP produced and preserved 

lots of palaeolimnological data proving to be useful for the determination of the palaeoecology of 

Leirdalen preceding the LIA, while transitions of proxy indicators are useful to infer the condition 

ÏÆ ,ÅÉÒÄÁÌÅÎȭÓ ÐÁÌÁÅÏÅÎÖÉÒÏÎÍÅÎÔ ÐÒÉÏÒ ÔÏ ÔÈÅ LIA (Neoglacial) maximum. The MWP presents a 

return to warm summers in a high mountain Empetrum-Vaccinium heath, with sporadic presence 

of B. nana. The values for S. herbacea suggest the decline in influence of snowbanks while pollen 

of J. communis and Isoëtes supports 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 
Høgtuvbreen 

 
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 vegetation in northern Norway as addressed by Objective 3. This data was 

mainly gathered from fieldwork completed between mid-July and mid-August 2021. Firstly, the 

lichenometric dating of the foreland will be presented (5.1) as it is an integral part of the space 

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 and the theoretical start of colonisation.  

5.1.1 Lichen dates 

Figure 5.1: Photograph of Rhizocarpon geographicum in situ at the Leirdalsbreen foreland. Black arrow indicates 
largest thalli to be measured. G.E. Young. 
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Lichenometry is a method which has been employed 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. There are limitations 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 north-eastern end of the 

foreland had relatively well preserved moraines with visible embankments and relatively 

complete extents, however further infield moraine 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 the proximal 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 lichen growth, 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. 

 

These recorded measurements were later processed using Winkler (2003)  formulas for lichen 

growth rates derived from Røsvoll cemetery ɀ with the additional 18 years between studies ɀ 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 and Jansen et al. (2016)  quaternary map of Høgtuvbreen 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 (± 

ρʎ  ÆÏÒ ÔÈÅ ÂÏÔÈ ÔÈÅ ÓÉÎÇÌÅ ÌÁÒÇÅÓÔ ÌÉÃÈÅÎ ,,  ÁÎÄ ÔÈÅ ÍÅÁÎ ÁÖÅÒÁÇÅ ÏÆ ÔÈÅ ÆÉÖÅ ÌÁÒÇÅÓÔ Ìichens 

Table 5.1: Moraine sequence ages for Leirdalsbreen foreland by lichenometry with compositional data. Enlarged 
version found in appendix 
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(5LL) using both growth curves from Røsvoll cemetery; using Jansen et al. (2016)  and historical 

maps (c.f. 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 representative 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 Leirdalsbreen 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 the M1 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 close position for many decades throughout this cold period 

before a marked recession around 1778 AD.  

Figure 5.2: Lichenometry age map of Leirdalsbreen foreland. A: Former glacier extents and their calculated mean 
lichenometric ages of recession. B: Point locations of lichenometry measurements in the 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 calculated by Jansen et al. (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 north-eastern 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 photographs (Jansen 

et al., 2016) and thus are accurately 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 LIA maximum, 

retreat phase 1 (RPh1) is dated by lichenometry whilst retreat phase 2 (RPh2) can be 

documented by remote sensing, established by Jansen et al. (2016) . Moraine sequence 8, 

represented by a question mark in Fig.5.3 unfortunately lay between the limit of the smallest 

lichens found and the start of photographic documentation. Jansen et al. (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 this and 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 1940s, 50s, & 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, originally mapped in 1896 AD appears to register the 

glacier snout in line and in date with moraine sequences M4 and M5. Jansen et al. (2016)  

determined this extent to date M5; with reference to the lichenometry completed by this study, 

the date of Fig.5.4 would 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 a ca. 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.  



 

56 
 

Whilst it  is inherent to experience time-lags 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 colonisation (Trenbirth and Matthews, 2010; 

Armstrong, 2016). Therefore, a time-lag of three decades is certainly plausible but this incidence 

could also pertain to discrepancies between LL and 5LL methods. Regarding M4, the LL calculated 

ÕÓÉÎÇ ÔÈÅ ÃÕÒÖÅ Ȭ,ÏÇ 9 σπ   πȢππφσ Ø ρȢφτςφȭ ÐÒÏÄÕÃÅÓ ÔÈÅ ÙÅÁÒÓ ρωπσ !$ȟ ×ÈÉÃÈ ÁÌÔÈÏÕÇÈȟ ÎÏÔ 

agreeing with Fig.5.4, it does bring the lichenometry date into a reasonable time-lag difference of 

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

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 older and younger moraine 

Figure 5.3: Graphed retreat/fluctuation of Leirdalsbreen since the calculated LIA maximum in time and space. 














































































