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Abstract 

Glaciers in Iceland have been steadily retreating since the end of the Little Ice Age ~1890, 

exposing surfaces where weathering and vegetation succession commences. This thesis 

presents the results from studies on soil development along chronosequences, a time for 

space substitution, within the fore-fields of Skaftafellsjökull and Breiðamerkurjökull outlet 

glaciers in SE-Iceland. The study showed that with increasing time since deglaciation and 

vegetation succession, bulk density and pH (H2O) decreased, while concentrations of loss 

on ignition (LOI), soil organic carbon (SOC) and total nitrogen (N) along with pH (NaF) 

increased. There was a slow yet significant increase of ammonium oxalate extractable 

aluminium (Alox) and iron (Feox) in the oldest moraine at Skaftafellsjökull. Vegetation 

succession was initially slow but then the vegetation stratigraphy developed in two 

different directions. Dwarf shrubs and shrubs characterized the oldest moraines at 

Skaftafellsjökull but grasses at Breiðamerkurjökull where shrubs were completely absent. 

The rates of soil development were initially slow, reflecting the trend in vegetation 

succession, but the rates increased after the first 50 years. The highest rates of soil organic 

carbon accretion (SOC) were reached in the 120 yr-old moraine at Skaftafellsjökull, 9.1 g 

m
-2

 yr
-1

. The rates were considerably lower for Breiðamerkurjökull, reaching 4−4.5 g m
-2

 

yr
-1

 in the 67−122 yr-old moraines. The rates of increase for both the study sites were 

considerably lower than compared to sites of revegetation or forestry. Topography affected 

both vegetation establishment and soil development, where the base of slopes significantly 

contained higher SOC, N, Alox and Feox concentrations. At Breiðamerkurjökull, avifauna 

had a point-centered impact on soil formation, creating hot spots within ‘bird hummocks’ 

on the summits of moraine ridges by adding nutrients through their droppings. The current 

annual increase in SOC stocks was estimated at 20.7 Mg C yr
-1

 for Skaftafellsjökull and 

19.7 Mg C yr
-1

 at Breiðamerkurjökull. 





 

 

Útdráttur 

Jöklar á Íslandi hafa hörfað meira og minna frá lokum litlu ísaldar um 1890. Þar sem land 

verður íslaust hefst gróðurframvinda og efnaveðrun sem leiðir til jarðvegsmyndunar. Þessi 

ritgerð fjallar um jarðvegsmyndun og gróðurframvindu fyrir framan tvo skriðjökla á 

Suðausturlandi, Skaftafellsjökul og Breiðamerkurjökul. Þar sem staða jökla á ákveðnum 

tíma er þekkt má nýta það til að rekja breytingar á gróðri og jarðvegi með auknum aldri 

yfirborðsins. Rannsóknir sýndu að breytingar á jarðvegi stjórnuðust af aldri yfirborðs og 

gróðurframvindu; rúmþyngd og pH (H2O) lækkuðu með tíma en glæðitap (LOI), lífrænt 

kolefni (SOC) og köfnunarefni (N) ásamt pH (NaF), jukust með tíma. Til að byrja með var 

gróðurframvinda hæg, sem endurspeglaðist í hægri jarðvegsmyndun fyrstu 50 árin. Eftir 

það þróaðist gróðurfar við jöklana í sitt hvora áttina, þar sem smárunnar og runnar 

einkenndu elstu jökulgarða við Skaftafellsjökul, en grös einkenndu elstu jökulgarða við 

Breiðamerkurjökul þar sem engir runnar voru. Mesti uppsöfnunarhraði kolefnis reyndist 

vera í elstu jökulurðinni við Skaftafellsjökul, 9.1 g m
-2

 yr
-1

 eftir 120 ár. Söfnunarhraðinn 

var talsvert lægri við Breiðamerkurjökul eða 4−4.5 g m
-2

 yr
-1

 eftir 67−122 ár. Hann var 

talsvert lægri við jöklana tvo en mælst hefur í uppgræðslum og í skógrækt hér á landi. 

Landslag hafði áhrif á jarðvegsmyndun þar sem lægðir innan jökullandslagsins höfðu 

marktækt hærri SOC, N, Alox og Feox gildi. Við Breiðamerkurjökul skipti fuglalíf sköpum 

þar sem ‘svalþúfur’ eða ‘fuglaþúfur’ höfðu myndast á toppum jökulgarða og þær reyndust 

vera ‘heitir reitir’ jarðvegsmyndunar í jökulurðinni. Árleg uppsöfnun SOC í jökulurðinni 

var áætluð 20.7 Mg C ár
-1

 við Skaftafellsjökul og 19.7 Mg C ár
-1

 við Breiðamerkurjökul.  
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1 Introduction 

1.1 Background 

1.1.1 Soil development and the soil forming factors 

The importance of soils for life on Earth is great. With an increasing human population the 

importance of soil resources is likely to keep increasing since food production is largely 

dependent on soils. Soils are regarded as one of Earth’s non-renewable resources as they 

form over a long period of time (hundreds to thousands of years) and the need for 

sustainable use of this resource is rightfully receiving strong attention worldwide. Soils are 

both physical and a biological entities and can be viewed as a link between the physical 

and biological components of the landscape (Matthews, 1992). Where land emerges from 

beneath retreating glaciers they reveal moraines of raw materials, which over time are 

altered through physical- and chemical weathering and the input of plants colonizing the 

surface, slowly forming the thin soil layer upon which terrestrial ecosystems largely 

depend. 

Soil formation is controlled by five factors. The soil as a whole or a particular soil property 

is dependent on, or a function of, the various soil forming factors: regional climate, 

organisms (the available biota), landscape or topography incorporating the water table, the 

nature of the parent material and time (Jenny, 1941). These factors play different roles in 

soil formation. Some may be regarded as passive, e.g. the parent material and landscape 

may remain unchanged, or active, such as some climatic and biotic variables, but time is 

the only independent factor (Matthews, 1992). In a chronosequence, a space for time 

substitution, time is the principal factor driving the soil development through vegetation 

succession and weathering processes. The pioneering chronosequence studies of soil 

development and vegetation succession from Glacier Bay, Alaska, (Crocker and Dickson, 

1957; Crocker and Major, 1955) are an example of this approach. As a response to the 

impact of climate change causing glacial retreat worldwide, the number of published 

chronosequence studies from recently deglaciated areas has increased since 1980s. This 

study ranks in the same category.  

Glacial recession since the end of the Little Ice Age (LIA) 

During the LIA, a period from the Middle Ages till the close of the 19th century, glaciers 

in Iceland advanced and piedmont glaciers culminated between 1850 and 1890 (Björnsson 

and Pálsson, 2008). The terminal moraines, demarcating the maximum extent of glaciers at 

the end of the LIA, are generally dated to 1890. For the two outlet glaciers that were 

chosen for this chronosequence study, Skaftafellsjökull and Breiðamerkurjökull, their 

terminal moraines are dated to 1890, but as for most glaciers in Iceland, their recession 

until today has been interrupted with static periods and/or readvance. Hannesdóttir et al. 

(2014) studied the recession of Skaftafellsjökull (Fig 1.1) as well as the other outlet 

glaciers from Öræfajökull and reported a slow recession/advance after 1900 until ~1935 

and again during the period from ~1965−1995. The variations in Breiðamerkurjökull’s 

glacier front (Figure 1.2) were studied by Guðmundsson (2014) but the glacier is 
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composite of three ice flows with the middle part, Esjufjallajökull, being the one exposing 

the area concerning this study. The Esjufjallajökull part of Breiðamerkurjökull slowly 

receded from 1890−1930, then the front receded rapidly but after that two periods of static 

front/readvance were reported: from around 1950−1965 and again after 1980−1995.  

Both Skaftafellsjökull and Breiðamerkurjökull have receded considerably since 1890 and 

the distance to the terminal moraines is currently ~2.8 and 5 km, respectively. With the 

continued recession of Skaftafellsjökull a glacial lake is forming at the glacier front in the 

trench dug out during the advance of the glacier in the LIA (Magnússon et al., 2012). Two 

glacial lakes are in front of Breiðamerkurjökull, the larger Jökulsárlón to the east and 

Breiðárlón to the west. The proglacial area included in this study is at the western edge of 

Jökulsárlón (Figure 1.2). This recently deglaciated terrain in between the present day 

glacier terminus and the terminal moraines formed towards the end of the LIA, which 

herein will be referred to as glacier fore-field, proglacial area or glacier foreland. Since the 

end of the LIA, from 1890 to 2000, the glacial recession in Iceland is estimated to have 

exposed 1285 km
2
  (Sigurðsson et al., 2013). Many of these deglaciated areas are now 

dynamic sites of chemical weathering and plant succession. 

The power of plants 

Vegetation colonization and increase in plant cover are probably the most obvious changes 

occurring within glacier fore-fields. Vegetation succession has been described for 

numerous glaciers but patterns of successional change differ between study sites. 

Vegetation colonization begins almost immediately after deglaciation and a full cover is 

often attained within 30−50 years. It is, however, highly dependent on local environmental 

factors, such as the nature of the substrate, the landscape and biological controls, such as 

patterns of immigration and species interaction (Matthews, 1992). In general, vegetation 

stratification is developed over time, with time-dependent sequence of herbs, shrubs and 

trees in specific regions such as the Alps and Alaska (Burga et al., 2010; Crocker and 

Major, 1955), and cryptogams appear to precede phanerogams at higher latitudes and in 

mid- and high-alpine zones (Hodkinson et al., 2003; Persson, 1964; Stork, 1963).  

The input of plant detritus to the soil, chemical- and biological processes and physical 

changes of the parent material slowly forms a sequence of horizons within the soil profile. 

Typically, the biological activity in the surface material forms an A horizon on top of the 

relatively unaltered parent material (the C horizon). Where the input of organic matter is 

abundant or decomposition slow, an O horizon may form on top of or instead of the A 

horizon. Over time, a B horizon forms below the A horizon, representing a layer of 

chemical weathering and formation of clay minerals. In some cases, an E horizon of 

eluviations may form below the A horizon. This process of horizonation operates on the 

timescale of 100−200 years and has been described from various locations (Alexander and 

Burt, 1996; Crocker and Dickson, 1957; Dümig et al., 2011; Egli et al., 2010; He and 

Tang, 2008; Kabala and Zapart, 2012). 
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Figure 1.1 The Skaftafellsjökull proglacial fore-field. Above -  a view eastward to Öræfa-

jökull volcano and the outlet glaciers Skaftafellsjökull (left) and Svínafellsjökull (right) 

with Skaftafellsheiði heathland in the foreground. Below – a close up on the northern part 

of the proglacial fore-field. Photos: Snævarr Guðmundsson. 
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Figure 1.2 An aerial view of the Breiðamerkurjökull glacial fore-field. Above - Fjallsárlón 

glacial lake is closest, Breiðárlón in the middle and then Jökulsárlón with its blue color. 

The Atlantic Ocean is on the right. Below – a close up on the northern part of the pro-

glacial fore-field. Photos: Snævarr Guðmundsson. 
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1.1.2 Why the SOC soil organic carbon? 

Plants use the energy from the sun and carbon dioxide (CO2) from the atmosphere to grow 

and reproduce, a process called photosynthesis. Their detritus is broken down and 

incorporated in the soil during decomposition (Figure 1.3). The organic matter (OM), or 

soil organic matter (SOM), plays various important roles in the soil as it provides water-

holding capacities, cation exchange capacity (CEC), nutrients, especially nitrogen (N), and 

supplies energy for microorganisms (Brady and Weil, 2004). The OM is defined as the 

mixture of recognizable plant and animal parts and material that has been altered to the 

degree that it no longer contains its original structural organization. The non-recognizable 

material is called humus and makes up the bulk of SOM (Oades (1989) cited by Amundson 

(2001)). As all organic substances, OM contains carbon (C), and organic carbon in the soil 

is referred to as soil organic C (SOC). The OM in soils is on different stages of 

decomposition and on different forms where it becomes immobilized. SOM is stabilized 

through different mechanisms that may be categorized as biochemical recalcitrance, 

chemical stabilization and physical protection; for example, SOC may be bound to clay 

minerals and organo-mineral compounds or by forming stable soil aggregates  

(Christensen, 1996; Dahlgren et al., 2004). 

The plant uptake of C from the atmosphere therefore leads to sequestration of soil organic 

carbon into the SOC stock, which comprises the largest terrestrial C pool of 1550 Pg (1 Pg 

= 10
9
 Mg, 1 metric ton = 1 Mg) to 1 m depth (Figure 1.4). This ability of soils to sequester 

C from the atmosphere is now seen as a way to off-set the increased anthropogenic 

emission rates of greenhouse gases (GHG’s) until improved technology allows for a 

reduced use of fossil fuels (Lal, 2008).  

 

Figure 1.3 The carbon cycling process in soil. Source:  ©FAO, 2005. The importance of 

soil organic matter – Key to drought-resistant soil and sustained food and production, p. 5, 

http://www.fao.org/3/a-a0100e.pdf, 22.6.2015.  

 

http://www.fao.org/3/a-a0100e.pdf
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Figure 1.4 The global carbon pools and fluxes between them. Adapted from Lal (2008), 

with kind permission from the Royal Society of Chemistry. 

Different soil types contain different amounts of OM. Organic soils, such as Histosols and 

Gelisols (Soil Taxonomy, ST), are the soils of wetlands and regions of permafrost, and 

contain the highest amount of (OC), while Andisols, soils of volcanic origin, contain the 

highest amount of OC of the mineral soil orders (Brady and Weil, 2004). Intact soils store 

SOC but land use, soil erosion, draining of wetlands, especially peatlands, and the thawing 

of permafrost may deplete the SOC stock by making the C accessible to oxidation. In fact, 

since the settlement (870 AD), soil erosion has severely depleted the SOC stock in Iceland 

as a consequence of land-use, volcanism and climate deterioration (Gísladóttir et al., 2011; 

Gísladóttir et al., 2010; Ólafsdóttir and Guðmundsson, 2002). Óskarsson et al. (2004) 

estimated the amount of SOC eroded since the settlement at 120−500 Tg (1 Tg = 10
12

 g = 1 

million t). This widespread soil erosion has led to stark differences in the SOC and N 

stocks between vegetated land and the eroded and barren areas. The soils of the barren 

areas are of poor quality with low SOC content and often low water holding capacity and 

rapid water infiltration in summer but the low N content is the major nutrient limiting the 

reestablishment of vegetation (Arnalds, 2008b; Bradshaw, 1997; Magnússon, 1997). 

During the 20th century up today, actions have been undertaken to prevent further erosion 

and stabilize eroded areas through revegetation and ecosystem restoration. Several 

methods have been used; grass seeding and fertilization, tree planting, lupine (Lupinus 
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nootkatensis) dispersal, lyme grass (Leymus arenarius) seeding and prevention from sheep 

grazing to name a few (Arnalds et al., 2000). The purpose is to stabilize the barren areas 

and start a vegetation succession so that eventually a sustainable ecosystem will develop. 

As a result, the soil underneath will develop from being nutrient poor to feature 

characteristics beneficial to plants and animals, such as containing SOM, nutrients, 

secondary clay minerals, high water holding capacity, rapid hydraulic conductivity and 

infiltration (Arnalds, 2008b). 

Today, land restoration and forestry are considered important options to contribute to the 

counteraction of the ongoing climate change as the soils and vegetation take up C from the 

atmosphere and store it in plant tissues and soil (Aradóttir et al., 2000; Arnalds et al., 2013; 

Kolka-Jónsson, 2011; Ritter, 2007; Snorrason et al., 2002). According to the United 

Nations Framework Convention on Climate Change, the net change in C stocks and GHG 

emissions by sources and removals by sinks, resulting from direct human-induced land-use 

change and forestry activities, is considered as an option for countries to meet the 

commitments of the Kyoto Protocol (UNFCCC, 2015). This includes, under article 3.4, 

any elected human-induced activities, which can be forest management, revegetation, 

cropland management and grazing land management. In a report from 2014, the net CO2 

removal due to afforestation, reforestation and deforestation were estimated to be 162 Gg 

in 2011 and 174 Gg due to revegetation in Iceland (Borgþórsdóttir et al., 2014). In some 

places natural processes are active that generate results of similar nature as what is being 

acquired with the restoration activities. These sites are occurring where the environment is 

considerably stable for plants to colonize the surface, as can be found in front of retreating 

glaciers. The proglacial areas and the chronosequences that can be established in front of 

them serve as excellent sites to evaluate the rate of SOC accretion and the increase in SOC 

stock following natural processes and can be regarded as a baseline or reference sites to 

compare the results of restoration actions.  

1.1.3 From raw moraine material to soil 

Chronosequence studies have shown that over time, changes occur in the moraines 

exposed, where morphological changes create soil horizons, bulk density (BD) and soil pH 

(H2O) decrease with increase in time since deglaciation but the SOM, SOC and N contents 

increase as the time proceeds. Chemical weathering releases iron (Fe) and aluminum (Al) 

and silica (Si), secondary minerals form and with time it leads to the formation of B 

horizons. A compilation of the time induced changes has been published by Matthews 

(1992). Estimating and measuring soil properties and components is done both in the field 

and in laboratory but working with glacial moraines can pose challenges. A short 

introduction to some of the methods may therefore be relevant in this chapter.  

BD is the weight of the soil per unit volume and is usually presented as g cm
-3

 or kg m
-3

 

(Blake and Hartge, 1986). To determine stocks of elements, such as for SOC or N, it is 

essential to know the dry bulk density for the given soil. It is used as a multiplier for 

converting a measured amount of elements into weight by area (Lal and Shukla, 2004). 

The BD value may also provide information on the nature and properties of the soil itself, 

its composition and even quality. It is therefore widely used and the procedure of 

measuring BD is rather simple. What is needed is the volume of the sample, including 

pores, and the weight of the soil after drying for 24 hrs at 105°C. Gravelly soils do 

however pose challenges for measuring BD as the sample itself must represent the coarse 

fraction of the soil matrix. To measure bulk density of gravelly soils, excavation methods 
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are often used where a hole is dug into the soil and its volume measured by using sand, 

water or insulation foam to fill the holes (Blake and Hartge, 1986; Brye et al., 2004; Page-

Dumroese et al., 1999; Stanich, 2013). The volume estimate of the sample is therefore 

done after retrieving the sample. The volume of the coarse fraction (> 2 mm) is determined 

with water displacement and must be included when calculating the stocks of elements. 

The OM content of the soil is often determined through loss on ignition (LOI) where oven 

dried soil (105°C) is combusted at 550°C and the weight loss can subsequently be used to 

determine the SOM content. The SOM concentration may be used to estimate SOC 

concentration in soils and vice versa. Published SOC−SOM conversion factors for surface 

soils have varied from 1.724 to 2.0 but the appropriate factor must be determined 

experimentally for each soil by independent analysis of SOM and SOC (Nelson and 

Sommers, 1996). The SOM is the major contributor to SOC (50 to 58%) and nitrogen (N) 

contents but SOC and N are usually determined simultaneously to SOC. Soil pH (H2O) is a 

commonly measured value as it affects a wide range of soil properties, for instance the 

availability for root uptake of elements, both nutrients and toxins. The accumulation of 

OM tends to lower the pH value of the soil, which facilitates leaching of cations and 

provides H
+
 from acid functional groups (Brady and Weil, 2004). 

Andisols – soils of volcanic regions 

Iceland is a volcanic island primarily consisting of igneous rocks of basaltic composition with 

frequent tephra fall and active eolian deposition (Arnalds, 2008b). Andisols (ST) or Andosols 

(WRB) developed from the volcanic ejecta comprise the primary soil order (Arnalds and 

Óskarsson, 2009). The glassy nature of basalts, especially the glassy tephra, has high 

weathering rates despite the prevalence of cool climate (Gislason et al., 2009). Through water-

rock/tephra interaction, some minerals are dissolved completely and leached out of the parent 

material while others, such as Al, Fe and silica (Si) are tied up in the weathering residues of the 

primary mineral, such as clays and hydroxides (Gíslason, 2008). The most common 

weathering residuals of basalts comprise allophane and/or imogolite of variable Al:Si ratios 

and poorly crystalline iron oxide, ferrihydrite, all mostly amorphous and referred to as the ‘clay 

minerals’ of Andisols (Arnalds, 2004). The basaltic parent material favors formation of 

allophane and ferrihydrite, dominating the secondary clay mineral fraction, and their ability to 

stabilize OC is integral to the high SOC sink capacity of Andisols (Dahlgren et al., 2004). The 

formation of allophane is inhibited by the presence of large quantities of organic matter and by 

low pH (generally <5) as the organic materials form complexes with Al or Fe (Arnalds, 2004; 

Dahlgren et al., 2004). OM sorption to allophane, ferrihydrite and imogolite, the formation of 

stable Al/Fe-humus complexes and frequent burial of the topsoil by tephra fall all lead to the 

high SOC accumulation in Andisols. Allophane and ferrihydrite contents in volcanic soils are 

commonly determined by the indirect measure where Al, Si and Fe are extracted with 

ammonium oxalate (Alox, Siox and Feox), which dissolves allophane, allophane-like materials, 

organic Al and Fe complexes as well as noncrystalline Al and Fe oxides and ferrihydrite 

(Wada, 1985). Soil reaction in sodium fluoride solution (pH NaF) is also used as an indicator 

of andic properties, as it usually correlates strongly with allophane content (Arnalds, 2008a).  

1.1.4 The effects of vegetation and landscape on soil formation 

Soil development is not simply a time-related factor but also influenced by vegetation and 

landscape, and these factors function on different scales (Burga et al., 2010). During the 

initial stages of plant succession, SOC and N concentrations in soils are closely related to 
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the extent and species composition of vegetation cover and depend upon the magnitude of 

litter accumulation and OM input between plant species and growth forms (Crocker and 

Major, 1955; Dahlgren et al., 2004; Rajaniemi and Allison, 2009; Su et al., 2004). 

Similarly, abiotic factors such as landscape form, slope aspect, grain size distribution and 

moisture content affect vegetation establishment and can enhance soil development in their 

initial stages (Burga et al., 2010; Egli et al., 2006; Houle, 1997; Jumpponen et al., 1999). 

The concurrent yet incongruent effect of biotic and abiotic factors entails spatial variation 

in the developing soil properties. 

Table 1.1 REIS spectral bands and principal applications, modified from Lillesand et al. 

(2014). 

Band Wavelength (nm) Nominal spectral 

location 

Principal applications 

1 440–510 Blue Designed for water body penetration, making it useful 

for coastal water mapping. Also useful for 

soil/vegetation discrimination, forest–type mapping, and 

cultural feature identification. 

2 520–590 Green Designed to measure green reflectance peak of 

vegetation for vegetation discrimination and vigor 

assessment. Also useful for cultural feature 

identification. 

3 630–685 Red Designed to sense in a chlorophyll absorption region 

aiding in plant species differentiation. Also useful for 

cultural feature identification. 

4 690–730 Red–edge Designed to facilitate the differentiation of vegetation 

types and conditions. 

5 760–850 Near IR Useful for determining vegetation types, vigor, and 

biomass content, for delineating water bodies and for soil 

moisture discrimination. 

 

The proposed effects of vegetation and landscape on soil formation were the insipiration to 

estimate regional SOC stocks within the proglacial areas based on the chronosequences, 

vegetation cover and plant communities and SOC stock. However, vegetation maps for the 

two study sites were not available and other means of estimating vegetation cover were 

needed to pursue this goal. Remote sensing images have been used for regional vegetation 

mapping and images that contain spectral information on ‚red-edge‘ and near infrared 

wavelengths have proven especially useful to detect different vegetation types (Lillesand et 

al., 2014). Remote sensing data have been used to classify vegetation cover and estimate 

biomass of aboveground vegetation via indicies (VI‘s). For example Eckert and Engesser 

(2013) compared different indicies when assessing the vegetation cover and biomass 

within areas of land restoration in Iceland. They concluded that based on VI‘s, vegetation 

cover within areas of low biomass could be classified with high accuracy using SPOT-5 

images. The emerging proglacial areas feature extermely dynamic environments with 

active vegetation succession. Thus recent satellite images were required for the vegetation 

classification. The National Land Survey has been systematically collecting RapidEye 

images for the entire country and an image from 2012 was available for use in this 

research. The RapidEye Earth Images Scanning System (REIS) contains a five band 

multispectral imager that employs linear poosh broom scanning. The five spectral bands 

include the blue, green and red (440–510, 520–590, 630–685 nm) and the ‚red-edge‘ and 

near-infrared bands detecting radiation of 690–730 and 760–850 nm wavelengths, 

respectively (Table 1.1) (BlackBridge, 2015; Lillesand et al., 2014). The use of the five 
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spectral bands, including the red-edge band has proven effective to classify the vegetation 

cover (Roslani et al., 2014; Schuster et al., 2012). Remote sensing and image classification 

have been used to assess SOC in the surface layers of bare soil (Chen et al., 2000; Gomez 

et al., 2008). However, estimates of SOC contents under vegetated surfaces must be based 

on established relationships between vegetation cover/types and SOC data. 

1.2 Aims of the research 

The overall objective of the research was to investigate vegetation succession and soil 

development on the glacial moraines since the end of the LIA, in front of two outlet 

glaciers, Skaftafellsjökull and Breiðamerkurjökull, SE-Iceland. The Skaftafellsjökull fore-

field represented an area with a seed source from birch woodlands right at its side. The 

Breiðamerkurjökull study site is within the vast plains being exposed by the recession of 

the glacier and is relatively isolated from seed sources as the closest birch woodlands are in 

11−12 km distance. A chronosquence approach, a time for space substitution, was used to 

assess the developing vegetation stratigraphy, changes in soil properties and rates of soil 

formation, where the location of a glacier’s terminus is known in time. Morphological, 

physical and chemical properties of the soil were used to assess the soil development in 

relation with time, vegetation succession and topography as the soil forming factors. The 

accretion of SOC was emphasized as plant succession and soil forming processes 

transform atmospheric C into SOC, increasing the SOC stock.  

The specific objectives of this PhD study were: 

 To study soil formation on the glacial moraines along the two chronosequences 

established in front of Skaftafellsjökull and Breiðamerkurjökull, representing a time 

period of ~120 years. This was done by investigating morphological changes such as 

formation of soil horizons, changes in color, structure etc., and physical and chemical 

changes, such as BD, LOI, SOC and N accretion, changes in pH H2O and NaF and by 

extracting Al, Fe and Si in ammonium oxalate solution. Chapters 2 and 4.  

 To study vegetation succession and changes in vegetation composition over time 

since deglaciation. Total vegetation cover was measured as well as the cover of 

plant groups and the relationship between total cover and plant group cover with 

time and soil properties analyzed. Chapters 3 and 4. 

 To investigate the relationship between the soil forming factors, time, vegetation 

and landscape, and the developing soil properties. Chapter 3. 

 To study the impact of avifauna on soil development where the great skua and the 

Arctic skua have brought in nutrients from the ocean to the terrestrial ecosystem 

developing within the Breiðamerkurjökull foreland. Chapter 4.  

 To assess the regional SOC stock accumulating in the glacial fore-fields of 

Skaftafellsjökull and Breiðamerkurjökull using the chronosequence approach, 

vegetation cover, bulk density and SOC concentrations. Chapter 5. 

The hypotheses tested in this research were that 1) the developing vegetation stratigraphy 

in front of Breiðamerkurjökull would be different from glaciers which are closer to seed 

sources and result in lower rates of soil formation, 2) the presence of avifauna enhanced 

vegetation growth and soil formation rates within restricted locations, and 3) the 

chronosequence setup along with vegetation and plant group cover and soil data could be 

used to estimate the regional SOC stock within the glacier forelands. 
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1.3 Methodology 

1.3.1 Study sites 

The two study sites were within the proglacial areas of two outlet glaciers flowing towards 

south from the Vatnajökull ice-cap in southeast Iceland (64°00’−05’, W16°14’−57’). 

Skaftafellsjökull is a small piedmont glacier flowing down from the main ice-cap in 

between steep mountain ridges (Figure 1.5). The thick proglacial moraines are intersected 

by former and current river paths. Beyond the terminal moraine are vast outwash plains 

formed by the material transported by Skaftafellsá and Skeiðará glacial rivers. 

Breiðamerkurjökull is one of the largest outlet glaciers in Vatnajökull and its recession 

since the end of the LIA has exposed vast plains of moraines (Figure 1.6). The terminal 

moraines are located close to the ocean with the shortest distance being ~1 km but current 

distance from the terminus to the coast is ~5 km. The study site within the proglacial area 

was defined to be in between the distinct pathways of the two medial moraines, 

Mávabyggðarönd and Esjufjallarönd, that are evident along the recessional path of the 

glacier (Snævarr Guðmundsson, personal communication, see also Guðmundsson (2014)). 

The glacial lake Jökulsárlón also defined the study area to the east. Both sites are at low 

altitudes with an oceanic climate where summers are cool but winters mild (Einarsson, 

1984). The mean annual temperature is around 5°C and is slightly higher for 

Skaftafellsjökull compared to Breiðamerkurjökull (Table 1.2). The glacial moraines mainly 

consist of volcanic basalt and hyaloclastite (Jóhannesson and Sæmundsson, 2009) along 

with tephra deposited both on glaciers and on the moraines from subglacial eruptions in 

Grímsvötn, Katla, Bárðarbunga and Öræfajökull (Óladóttir et al., 2011). 

Table 1.2 General information for the two study sites. 

 Skaftafellsjökull / Breiðamerkurjökull 

Position N 64°02’−64°00’ 

W 16°57’−16°53’ 

 N 64°05’−64°02’ 

W 16°18’−16°14’ 

Elevation range 70−120 m a.s.l.  15−70 m a.s.l. 

 

Mean annual temperature* 

July 

January 

Skaftafell 

5.1°C 

10.5°C 

3.3°C 

Fagurhólsmýri 

4.8°C 

10.6°C 

0.4°C 

Hólar in Hornafjörður 

4.7°C 

10.5C 

0.3°C 

Mean annual rainfall* NA 1800 mm 

 

1500 mm 

Kvísker: 3500 mm 

Hali: 2250 mm 

Approximate area  7 km
2
  11 km

2
 

*Based on unpublished data from the Icelandic Meteorological Office. Skaftafell weather station is the 

closest to the Skaftafellsjökull study site and spans the period from 1996−2007. Fagurhólsmýri weather 

station is midway between Skaftafellsjökull and Breiðamerkurjökull and the average values represent the 

period of 1949−2007. Hólar in Hornafjörður is the closest weather station to Breiðamerkurjökull to the east, 

values represent the period from 1949−2011. Additional precipitation data from Kvísker and Hali are also 

shown but those weather stations are located closer to Breiðamerkurjökull than Fagurhólsmýri and Hólar. 

1.3.2 Field setup and sampling 

Fieldwork at Skaftafellsjökull was done during summer of 2010 and 2011 along three 

moraines with a known time of deposition: 2003, 1945 and 1890 (Hannesdóttir et al., 2014). 

For each moraine six points were randomly selected on undisturbed sites. A 10-m transect was 

fixed parallel to the moraine ridge for each point. Soil samples were collected within three 0.25 

m
2
 quadrants per transect at 0−10 cm and 10−20 cm depths, in total 54 sampling sites. Soil 
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samples were also collected from nearby birch woodlands in Skaftafellsheiði (Figure 1.5) 

where downy birch (Betula pubescens) and willows (Salix spp.) are most abundant. The birch 

woodlands served as a reference area to compare the young soils with those in a mature 

ecosystem to which moraines may transform in the future. Fieldwork at Breiðamerkurjökull 

was done in summer of 2012 and included moraines exposed in 2012 (right in front of the 

terminus), 2004, 1994, 1982, 1960, 1945, 1930 and 1890 (Figure 1.6). Five random points 

were chosen for sampling within one 0.25 m
2
 quadrant at 0−5 cm and 5−15 cm depths. Where 

the presence of seabirds had created distinct bird hummocks, one such site was chosen for 

sampling per moraine. In total 38 moraine samples were collected and 6 bird hummock 

samples. Similarly to the Skaftafellsjökull study, soils were also sampled in the most proximal 

birch forest at Stórihnaus close to the farm Kvísker west of the moraines. 

 

Figure 1.5 The location of the study site within the Skaftafellsjökull fore-field. Samples were 

collected along three known positions of the glacier terminus, 2003, 1945 and 1890. The 1890 

moraine marks the maximum extent during the LIA. Circles represent location of sampling 

transects. Soil sampling was also done in the birch woodlands close to the Skaftafell visitor 

centre, and it served as a baseline on the reference area. Each circle represents a sampling 

zone in the forest. The map shows the developing glacial lake in 2011, drawn from airborne 

Lidar – digital elevation model (The Icelandic Meteorlogical Office), and the location of the 

terminus in 2012, drawn from RapidEye image. The locations of the glacier’s termini sampled 

in this study are redrawn based on the work of Hannesdóttir et al. (2014). K, G and Ö mark 

the location of the subglacial volcanoes Katla, Grímsvötn and Öræfajökull. 

Prior to soil sampling, the landscape was classified using the geomorphic description and 

surface morphometry by Schoenberger et al. (2002): slope aspect, slope gradient, slope 

complexity, profile position, and landform (shape). The vegetation cover, total cover, bare 

ground and cover of plant groups, was estimated using a Braun-Blanquet cover scale 

(Goldsmith and Harrison, 1976). This applies to both the study sites. 
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Figure 1.6 The study site at Breiðamerkurjökull. Lines mark the glacier position in 1890, 

1930, 1945, 1960, 1982, 1994, 2004 and 2012, and are redrawn from S. Guðmundsson 

(personal communications and Guðmundsson (2014)). Dots mark soil sampling sites and 

stars mark sampling sites in bird hummocks. Soil samples were also collected in birch 

woodlands at Stórihnaus (reference area) 11 km southwest of the study site. The figure 

shows the location of the terminus as well as the distribution of lakes and rivers in summer 

2013, drawn on aerial photographs from Loftmyndir Inc. (2013). The digital elevation 

model (from the Icelandic Meteorological Office), based on images from an airborne 

Lidar, shows the proglacial landscape in 2010. G, B, K and Ö mark the location of 

Grímsvötn, Bárðarbunga, Katla and Öræfajökull subglacial volcanoes. 

1.3.3 Sample analysis 

Bulk density of the fine earth fraction was measured for both depths using small cubical 

cores of known volume. The volume of coarse fragments was measured for the top 10 cm 

depth at Skaftafellsjökull and determined with an excavation method using insulation foam 

(Brye et al., 2004; Page-Dumroese et al., 1999) and reported by Stanich (2013). It is used 

here to calculate the SOC stocks in the glacier forelands. The volume of the coarse material 

(>2 mm) was estimated with water displacement. The bulk density of the fine earth 

fraction (<2 mm) was calculated after subtracting the weight and volume of the coarse 

fraction from the weight and volume of the total bulk density sample. Similarly, bulk 

samples were air dried and passed through a 2 mm sieve. Samples were combusted in a 

muffled furnace at 550°C for four hours to determine loss on ignition (LOI). SOC and N 

concentrations were determined by the dry combustion for the Skaftafellsjökull samples by 

using a Vario Max C-N elementar analyzer and for Breiðamerkurjökull samples on a Flash 

2000 Elemental Analyzer. Samples were dried at 50°C prior to weighing. Soils were 

estimated to be carbonate free, therefore the measured C was assumed to be the SOC. Soil 
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pH (H2O) was determined in water-soil suspension. Andic propreties were evaluated by the 

indirect method of determining soil pH in 1 M NaF solution. For the Skaftafellsjökull 

samples, ammonium oxalate extraction was obtained in the dark by the shaking method 

(Blakemore et al., 1987), with oxalate solution buffered at pH 3.0. The Al, Fe, and Si 

extracted were determined by inductively coupled plasma optical emission spectrometry 

(ICP-PES). Concentrations of non-crystalline secondary clay minerals were calculated 

using the proportion of extracted Si and Fe as summarized by (Shang and Zelazny, 2008), 

the standard method for estimating the allophane and ferrihydrite content in Andisols.  

1.4 Results 

1.4.1 Development of selected soil properties within the glacial 
fore-fields (chapters 2, 3, 4 and 5) 

Time and vegetation succession were the primary controls of soil formation on the glacial 

moraines inducing morphological, physical and chemical changes in the soil. With time, 

changes in texture occurred where the finest grains were removed from the top layer. Then, 

with the input of OM the proportion of fines increased again as an A horizon formed. A 

distinct A horizon was evident in 65−67 yr-old moraines exposed in 1945 although it was 

generally thicker at Skaftafellsjökull compared to Breiðamerkurjökull (Figure 1.7). The 

color of the A horizon was dark as expected from the basaltic parent material and 

accumulation of OM. The C horizon had a more grayish tone and had the appearance of an 

unsorted glacial till (chapters 2 and 4). 

With increase in time since deglaciation, the BD decreased from being 1.2−1.4 g cm
-3

 in 

the youngest moraines decreasing down to 0.8−1.0 g cm
-3

 over 67−120 years depending on 

study sites. LOI concentration increased with increase in soil age but the values for the 

youngest moraines started at 0.6−0.8% indicating that some other material was being lost 

during combustion than OM. The pH H2O was as high as 8.1 in the fresh moraines exposed 

in 2012 in front of Breiðamerkurjökull. It decreased rapidly and was the only value 

reaching a steady state (5.7−6.0) for the time span investigated. The SOC concentration 

increased with increase in moraine age from being 0.02−0.05 to reaching the maximum 

values of 2.7% in the oldest moraines of Skaftafellsjökull. Total N increased with increase 

in soil age from being around zero attaining a value of 0.07−0.1% in 120 and 82 yr old 

moraines for Skaftafellsjökull and Breiðamerkurjökull, respectively (chapters 2 and 4).  

Both the chronosequences exhibited slow initial rates of soil formation with increasing 

rates after the first 52−67 years (chapters 3 and 5). For Skaftafellsjökull the highest LOI, 

SOC and N values were for the 120 yr-old terminal moraine but for Breiðamerkurjökull, 

the values were highest for the 82 yr-old moraine. The SOC stocks were estimated to have 

reached 1.1 kg C m
-2

 in the 120 yr-old moraines at Skaftafellsjökull and 0.5 kg C m
-2

 in the 

122 yr-old moraines at at Breiðamerkurjökull. Rates of SOC accretion were 9.1 g C m
-2

 yr
-1

 

in the 120 yr-old moraine at Skaftafellsjökull but peaked in the 67−82 yr-old soil at 

Breiðamerkurjökull with rates of 4.5 g C m
-2

 yr
-1

.  
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Figure 1.7 Soil profiles from moraine at Skaftafellsjökull exposed in 1890 (left) and from 

Breiðamerkurjökull exposed in 1930 (right). A much thicker A horizon is developing in the 

surface at Skaftafellsjökull.  

There was a trend towards increase in Alox concentration with increase in time and the 

concentration of Alox was significantly higher in the 120 yr-old moraine of 

Skaftafellsjökull compared to that in the younger two. The trend of increase of Feox 

showed a significant increase in Feox between in the oldest moraine compared to the 

youngest (chapter 2). The increase may be reflected by higher pH NaF values for the older 

two moraines investigated. A clear trend of increase in pH NaF values for the 

Breiðamerkurjökull moraines may indicate such an increase in oxalate extractable Al and 

Fe (chapter 4). 

1.4.2 Comparison to the birch woodlands (reference sites) 

(chapters 2, 3 and 4)  

A comparison to nearby birch woodlands showed that the young soils on the moraines still 

need a long time to develop the properties of well drained Andisols. The BD values for the 

woodland soils (Figure 1.8) were much lower or 0.5−0.6 g cm
-3

. LOI concentrations were 

much higher or 17−22%, SOC concentrations were 6.6−10% and total N was ~ 0.5%. pH 

NaF values were also higher with values of 9.2 and 10.1 and then the extracted Alox and 

Feox were two to four times higher than compared to the 120 yr-old moraine soils of 

Skaftafellsjökull. 

This indicated that the developing proglacial soils are still evolving and undergoing 

pedological transformation. The older moraines represented an A-C horizon sequence but a 

fine-grained cambic (Bw) horizon had not yet formed in the moraines. In addition, low 

SOC concentrations and oxalate extractable Al and Fe values did not meet the criteria for 

volcanic soils in ST or WRB systems of soil classification, whereas soils under the birch 

woodlands would likely be classified as Cryands (ST) or Silandic Andosols (WRB). If the 

Icelandic soil classification system is applied (Arnalds and Óskarsson, 2009), the moraine 

soils would be classified as Gravelly Vitrisols (the equivalent to Cryands, ST, and Vitric 

Andosol/Regosol/Leptosol,  WRB). 
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Figure 1.8 Soil profile from the birch woodlands at Stórihnaus close to the farm Kvísker. 

Note the dark colored tephra bands. 

1.4.3 Vegetation succession and the effects of vegetation and 

landscape on soil development (chapter 3 and 4) 

The vegetation cover increased over time since deglaciation, from being completely absent 

on the moraines closest to the glacier, to reaching close to full cover in the oldest moraines 

(67−88%) (chapter 3 and 4). In the 8 yr-old moraines the vegetation cover was 1−6% on 

average where mosses and grasses were the pioneering plant groups. The vegetation cover 

progressively increased with increase in moraine age although large stones on the surface 

often inhibited the low growing plants to acquire full cover. Mosses comprised most of the 

vegetation cover for both study sites but at Skaftafellsjökull, biological crust and 

macrolichens increased their cover with increase in moraine age but the oldest moraines 

were characterized by dwarf shrubs. Low growing shrubs (Salix spp. and birch) covered 

5−7% on average in the 65 and 120 yr-old moraines with average height 20 cm. Birch 

grew only within the oldest moraine. The vegetation succession at Breiðamerkurjökull was 

similar as where the cover of biological crust and macrolichens increased with moraine 

age, as did the cover of grasses, which characterized the vegetation of the moraines. 

However, dwarf shrubs were rare and shrubs completely absent. 

The study from Skaftafellsjökull showed that landscape affected vegetation establishment 

and the distribution of plant groups and it was principally affected by two of the landscape 

parameters analyzed; profile potition and landform (chapter 3). Footslopes and toeslopes 

(the base of slopes) and depressions allowed for denser vegetation cover predominantly 

comprising mosses and shrubs. On the other hand macrolichens predominated on ridges. 

Similarly, the two landscape parameters were significantly connected with several of the 

soil properties studied. Soils on backslopes had significantly higher pH (H2O) and lower 

SOC and N concentrations compared to soils on ridges and depressions. SOC and N 

concentrations along with Alox and Feox were generally higher at the base of slopes and in 

depressions within the landscape. 
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The relationships between the developing soil properties and vegetation cover showed that 

the age-dependent vegetation parameters correlated strongly with the soil parameters. For 

Skaftafellsjökull, total vegetation cover, mosses, macrolichens and dwarf shrubs showed 

the strongest relations with the soil properties. The concentrations of SOC, N and oxalate 

extractable Al increased significantly with increase in vegetation cover. Similar trends 

were observed for increase in cover by mosses, marcrolichens and dwarf shrubs. For 

Breiðamerkurjökull, the underlying soil had lower bulk density, higher LOI, SOC and N 

concentrations and lower pH (H2O) where the vegetation cover and moss cover was denser 

(chapter 3 and 4). 

1.4.4 Soil development in bird hummocks (chapter 4) 

Bird hummocks, sites where the great skua and the Arctic skua regularly perch and 

defecate, were on the tops of moraine ridges in particular but also occurring on more level 

surfaces. The hummock vegetation differed from the surroundings as they were fully 

covered by vigorous grasses and herbs (Figure 1.9). The vegetation formed zones of 

different species; grasses were dominant in the center, encircled by herbs and at last 

mosses and macro-lichens encircled the grasses and herbs. The hummocks occurred in all 

the moraine age groups studied, except for the two youngest moraines, although their size 

and prevalence were seemingly reduced in the younger moraines (chapter 4). 

  

Figure 1.9 An example of a ‘bird hummock’ in the terminal moraine deposited in 1890. 

María Svavarsdóttir for scale. 

The soil under the hummocks featured thick A (or O) horizons with dense but fine root 

systems. The sandy texture of the soil indicated an eolian deposition and tephra from the 

Grímsvötn eruption in 2011 was evident in the sward layer. Soil properties of the bird 

hummocks were different from those of the surrounding moraine soils. BD was much 

lower within the 0−5 cm layer, maintaining below 0.8 g cm
-3

 and usually between 0.3−0.6 

g cm
-3

, showing a trend towards decrease from younger to the older moraines.  LOI values 

were much higher than in the moraine soils, reaching 40% in the 67 yr-old moraine. SOC 

and total N concentrations also reached the highest values of 18% and 1.1%, respectively, 

in the 67 yr-old moraine. These parameters were more comparable to what was measured 
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in the soil under the birch woodlands. Soil pH (H2O) was considerably lower than that in 

the moraine soils as was the pH (NaF).  

1.4.5 Regional SOC stock estimates (chapter 5) 

The SOC stocks of densely vegetated surfaces were 53−65% higher than those of sparsely 

vegetated (<50%) surfaces. The total area of each glacial fore-field (undisturbed moraines 

only), for which the SOC sotck was calculated, was 457 ha and 632 ha for Skaftafellsjökull 

and Breiðamerkurjökull, respectively (Figure 1.10). Thereof, densely vegetated areal 

extent was estimated to be 233 ha (51%) and 360 ha (56%). The regional SOC stocks for 

the two fore-fields were estimated at 1604.6 Mg C (0−10 cm) for Skaftafellsjökull in 2010, 

and 1105.9 Mg (0−5 cm) for the Breiðamerkurjökull study site in 2012 (chapter 5). 

 

Figure 1.10 The classification of vegetation cover based on RapidEye satellite images from 

2012 and the defined time-zones used as an input to calculate the regional SOC stocks. 

Green areas represent sites with dense vegetation (cover >50%) and orange areas sites 

where vegetation is sparse (cover <50%). 

1.5 Discussion 

1.5.1 Vegetation succession 

The developing vegetation stratigraphy differed between the two study sites, as was 

expected due to the differences in distances to seed sources. Within both sites, mosses 

comprised most of the cover, but at Skaftafellsjökull dwarf shrubs and shrubs characterized 

the vegetation, whereas grasses characterized the moraines of Breiðamerkurjökull 

(chapters 3 and 4). The effects of other factors on the vegetation stratigraphy, such as the 

past and present land-use, or the regional topography affecting winds or precipitation still 

cannot be overlooked. 

In comparison with the published data from Alaska, China and Switzerland, the vegetation 

succession on the proglacial area in Skaftafell occured at seemingly slower rate. For 
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example, Crocker and Dickson (1957) reported a spruce forest development on the 

moraines after 100−120 years of soil exposure. He and Tang (2008) described 

development of a coniferous forest over 150 years and Egli et al. (2010) reported 

establishment of Larici-Pinetum cembrae forests after only 77 years. A shrub cover was 

forming in places closest to the seed source at Skaftafellsjökull, a future indicator of 

woodlands and was the most apparent in the 120 yr-old moraine (chapter 3). This trend 

was more comparable to a chronosequence from Norway at an elevation above the tree 

line, showing that dwarf shrubs along with Salix spp. and Betula nana have established 

after 60 years (Matthews and Whittaker, 1987). The development on the Breiða-

merkurjökull moraines will likely experience an extended lag time until woodlands will 

develop on the Breiðamerkurjökull moraines (chapter 4), making the current status of the 

chronosequence more comparable to the development in glacial fore-fields in Svalbard, 

where vascular plants are slow to establish and represent only a small part of vegetation 

cover for the first 100 years (Hodkinson et al., 2003; Kabala and Zapart, 2012).  

The relatively slow vegetation succession within the two fore-fields was probably a result 

of various environmental factors; frequent freezing and thawing cycles with concurrent 

cryoturbation, general species paucity in Iceland, strong winds, sheep grazing (for 

Skaftafellsjökull, sheep grazing ceased in the 1980’s (Ives, 2007)) and lack of soil moisture 

and available nutrients (Arnalds, 2008b; Magnússon, 1997; Þórhallsdóttir, 2010). The 

topography had an effect on the vegetation establishment where it was favored in 

depressions and at the base of slopes within the moraine landscape due to abiotic factors 

such as differences in soil moisture content and soil texture, shelter, snow cover and 

incident radiation (Fowler, 1986) (chapter 3).  

1.5.2 Soil development 

Physical and chemical weathering 

The unsorted glacial moraines started undergoing changes as soon as the surface is 

deglaciated, where wind and water erosion and downward translocation removed the finest 

grains from the surface layer and sandy loam with gravel remained (Boulton and Dent, 

1974; Romans et al., 1980) (chapters 2 and 4). The removal of the finer grains in 

conjunction with an increase in organic matter lowered the bulk density (Crocker and 

Dickson, 1957; He and Tang, 2008). The color changed from dark gray to a blacker hue in 

the oldest soils, similar to that reported by Arnalds and Kimble (2001) for Andisols of 

deserts in Iceland.  

Abundant precipitation, basal meltwater and ground basaltic rocks of a wide range of grain 

sizes should provide an environment conducive to active chemical weathering (Gislason et 

al., 2009; Gíslason, 1993). There was a detectable but slow increase in Alox and Feox 

concentrations in the moraine soils and the values were in accord with those reported by 

Arnalds and Kimble (2001) from Icelandic deserts. Dümig et al. (2011) also reported an 

increase in non-crystalline Al-phases with increase in time from 15 to 127 years for a 

chronosequence in front of the Damma glacier. However, concentrations of Alox 

(0.02−0.08%, 15−140 years) and of Feox (0.04−0.14%, 15−140 years) are lower for the 

Damma glacier (Dümig et al., 2011) than those for the Skaftafellsjökull glacier at Alox 

(0.35−0.55% and Feox 1.31−1.51% (8−120 years) (chapter 2). On the other hand, the Alox 

and Feox presented in this study are lower in the glacial moraines than 1.22% Alox and 

2.08% Feox concentrations from barren areas in South Iceland (Arnalds et al., 2013). 
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Poorly crystalline phases of Al and Fe can stabilize organic matter and is one of the 

reasons of high SOC concentrations in Andisols (Dahlgren et al., 2004). This study shows 

a moderately strong correlation between extracted Alox (R
2 

= 0.52, p <0.001) and Feox (R
2 

= 

0.20, p <0.001) concentrations and SOC for the 120 yr-old moraine only, possibly an 

indication of increased potential for stabilizing OM as andic properties evolving in the 

young moraine soils (chapter 2). The increase in pH NaF values throughout the 

Breiðamerkurjökull chronosequence (with the exception of the 122 yr-old moraine) and 

between the 65 and 120 yr-old moraine also indicates the evolution of andic properties 

(chapters 2 and 4). 

The pH in H2O is the only soil property that has attained equilibrium when compared to the 

birch woodland soils. The pH values in the woodlands were slightly higher in the 

Skaftafell area compared to the adjacent moraines, but the woodland soils close to Kvísker 

(at Stórihnaus) had slightly lower pH values compared to those of the Breiðamerkurjökull 

moraines (chapters 2 and 4). In Iceland, pH H2O values are generally maintained high due 

to eolian deposition (Arnalds, 2008b).  

The accretion of SOM, SOC and N 

Concentrations of SOC increased with increase in moraine age for both study sites. Initial 

rates of increase were low but after the first 50 years they increased, suggesting a threshold 

or lag-time which may be linked to the initial slow vegetation succession as previously 

discussed. The initial SOC concentrations were very low, 0.02−0.05% depending on the 

study site, and the origin of the SOC is unknown. The high LOI concentrations compared to 

the SOC concentrations for the youngest soils in both study sites indicate that in addition to 

SOM some inorganic volatile compounds were lost during the ignition (chapters 2 and 4).  

The SOC stock at Skaftafellsjökull since 120 years after glacial retreat was estimated at 

1.10 kg C m
-2

 (0−10 cm) and 0.50 kg C m
-2

 (0−5 cm) at Breiðamerkurjökull 122 years 

after glacial retreat (chapters 3 and 5). The stocks corroborated with other estimations: 

~1−5.5 kg C m
-2

 after 100−150 years (Egli et al., 2010), 0.55 kg C m
-2

 after 120 years 

(Dümig et al., 2011), 2.0 kg C m
-2

 after 130 yrs (He and Tang, 2008), and 2.5 kg C m
-2

 

after 122 yrs from Glacier Bay in Alaska (Crocker and Major, 1955). Different sampling 

protocols must still be regarded when comparing the SOC stocks. 

Bulk density affected the calculated SOC stocks as was evident in the stocks calculated for 

the Breiðamerkurjökull moraines. There, past eolian activity has reduced the 

concentrations of SOC and increased the bulk density, resulting in higher SOC stocks 

when compared to for example the 82 yr-old moraine, which featured both higher SOC 

concentration and lower bulk density (chapter 5). The raw SOC concentration values are 

therefore often more informative of the soil properties than the actual calculated stocks and 

emphasizes the importance of measuring bulk density for the relevant study sites. 

Comparison with SOC accretion rates from other chronosequences showed that the curves 

depicting the rate of increase differ in the way that in SE-Iceland the rates of increase were 

initially slow but increased after the first 50 years. This trend is in contrast to studies of soil 

formation from other glaciated regions such as from the Swiss Alps (Egli et al., 2010), 

Glacier Bay in Alaska (Crocker and Major, 1955), China (He and Tang, 2008), and 

Svalbard (Kabala and Zapart, 2012), where the reported rates were higher during the first 
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decades and then decreased. The reason for this anomaly may be linked to the slow 

vegetation succession in the first decades after deglaciation (chapters 3 and 4). 

The concentrations of N from Skaftafellsjökull (~0.1%) after 120 years are similar to those 

reported by He and Tang, (2008), 0.2−0.4% of N in soils formed on 130 yr-old moraines, 

depending on the horizon sampled (chapters 2 and 3). The values were lower for 

Breiðamerkurjökull, reaching 0.07% N in the 82 yr-old moraine. N concentrations at 

Breiðamerkurjökull were first detectable in the 30 yr-old moraine, before they were zero 

and they remained at zero for the 5−15 cm depth throughout the chronosequence (chapter 

4). At Skaftafellsjökull, N concentration of 0.004% in the 8 yr-old moraine was 

considerably higher than at Breiðamerkurjökull. The annual wet N deposition is typically 

rather low for Iceland, <1 kg N ha
-1

 yr
-1

 (Kleemola and Forsius, 2006). The higher values 

in the youngest moraine at Skaftafellsjökull is a probability an overestimation due to 

problems with the CN analyser and considerable error margin when dealing with such low 

quantities of N in the soil. In that regard, the N data from Breiðamerkurjökull is probably 

more reliable.  

The SOC stocks in soils developed on lavas in S-Iceland under natural conditions showed 

that 0.21 kg C m
-2

 had accreted on a lava field formed in 1783 AD (McPeek et al., 2007), 

which is lower than the 0.50 and 1.1 kg C m
-2

 in front  of Breiðamerkurjökull and 

Skaftafellsjökull in the 120−122 yr-old moraines. Preliminary results of a chronosequence 

study from restored birch forests in S-Iceland reported SOC concentration of 8.8−11% in 

the surface horizon of a 60 yr-old forest, 5.6−8.0% SOC of 5−15 yr-old forest, and 

4.5−6.2% in unforested, fully vegetated land (Kolka-Jónsson, 2011). These concentrations 

are similar to those under the birch woodlands (chapters 3 and 4). 

When comparing the SOC stock of the oldest moraines at Skaftafellsjökull to that under 

the birch woodlands, the unfilled C sink capacity for the surface layer (0−10 cm) was 

estimated at ~2.0 kg C m
-2

 (chapter 3) With the observed accrual rate of 9.1 g C m
-2

 yr
-1

 in 

the moraine soils, it may take an additional ~220 yrs to accrue SOC stocks comparable to 

those under the birch woodlands, or a total of 340 yr since deglaciation, given that the SOC 

stocks under the birch woodlands have reached a steady state for well drained Andisols of 

Iceland. These projections do not account for the fact that Icelandic Andisols, especially 

soils within the volcanic zone, tend to form thicker solum which contains SOC throughout 

the entire profile because of the specific pedological conditions of Andisols (Óskarsson et 

al., 2004). 

The effects of vegetation and topography on the developing soils 

Landscape seemed to favor soil development similar to that of vegetation establishment, 

and these two factors had synergistic effects in creating ‘hot spots’ or sites of relatively 

rapid soil development, where the accretion of SOC, N and oxalate extractable Al and Fe 

phases and therefore weathering, occur at faster rates than those at other locations (chapter 

3). Similarly, Egli et al. (2006) proposed a basis for spatial modeling by assessing the 

effects of landscape on soil properties. They documented that various landforms correlated 

well with soil evolution, where slope, exposure and landform determined the soil 

development. On a larger scale, Yoo et al. (2007) have pointed out and modeled higher 

chemical weathering rates at the base of hillslopes due to weathering of parent material in 

situ and of material eroded and transported from upslope. Erosional and depositional 
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processes may also be at play in small scale landscape features as studied in the 

Skaftafellsjökull fore-field. 

Vegetation itself also directly affected the underlying soil properties. As presented in 

chapters 3 and 4, an increase in vegetation cover and moss cover indicated lower bulk 

density, higher LOI, SOC and N and lower pH (H2O) of the underlying soils.  Studies from 

Svalbard and the Andes have shown that cyanobacterial crust starts to form 2−4 years after 

deglaciation and it plays a major role in C and N inputs to the sol system (Hodkinson et al., 

2003; Schmidt et al., 2008). Preliminary results show that N2 fixing moss associated 

cyanobacterial communities are important in Icelandic ecosystems (Jónsdóttir, 2014; Russi 

Colmenares et al., 2014). In the chronosequences, time and succession were dominant 

factors of soil formation and the strong time factor masked the relationship between 

vegetation cover and the soil properties to some extent (chapter 3). While examining the 

relationship between vegetation and soil within each time group indicated only a few 

parameters with significant relations. This relationship, as examined by analyzing the 

entire dataset, added important information on the effects of vegetation and soil 

development and along with the chronosequence concept served as a basis for the concept 

of chapter 5. 

1.5.3 The effects of the avifauna on plants and soils 

Within the Breiðamerkurjökull fore-field the presence of the great skua and the Arctic skua 

had great influence on the developing soils and vegetation. This was reflected in thick A 

(or O) horizons, dense but fine root system and high SOC and N concentrations (chapter 

4). The bird hummocks were the hot spots for soil formation within the Breiðamerkurjökull 

fore-field, a result from the birds bringing nutrients from the sea to the terrestrial 

ecosystem, creating stark differences among sites of fertilization and the regular nutrient-

poor surfaces (Bockheim and Haus, 2014). Verbeek and Boasson (1984) studied bird 

hummocks in the Pyrenees, France, and similarly reported significantly more N compared 

to the soils of their surroundings. As did Tomassen et al. (2005) for bird dropping sites in 

Irish bogs but those had significantly higher influxes of nutrients and showed more 

vegetation vigor than at reference sites without droppings. At Breiðamerkurjökull, the 

effects of nutrient input seemed to be much localized to the areas with direct manure 

inputs, affecting the biogeomorphic characteristics of the moraines. Such point-centered 

effects on the soil environment can also be allotted to individual trees, ants and termites, 

where they can change both physical and chemical properties in their closest vicinity, often 

raising the nutrient status (Donovan et al., 2001; Frouz and Jilková, 2008; Gersper and 

Holowaychuk, 1971; Rhoades, 1996). 

The bird activity within the Breiðamerkurjökull moraines created the hot spots of soil 

formation on the tops of moraine ridges although also occurring on more level surfaces. 

This differed from Skaftafellsjökull, where sites of the most rapid soil development were 

related to depressional landforms, as a result from several abiotic factors such as textural 

differences in the soil, higher moisture content and shelter. 

1.5.4 Regional SOC accretion and SOC accretion rates 

Several reports on SOC accretion rates are available from sites of land reclamation 

treatments and forestry. Arnalds et al. (2000) reported a significant increase in SOC stock 

with increase in treatment age, with the average rate of increase of 0.027 kg C m
-2

 yr
-1

. 
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Arnalds et al. (2013) reported accretion rates for different reclamation methods, and 

concluded that sites revegetated by seeding of grasses with fertilization result in the highest 

SOC accretion rates (0.055−0.065 kg C m
-2

 yr
-1

). Würsch (2012) reported the SOC 

accretion rates of 0.022 kg C m
-2

 yr
-1

 (0−20 cm) in sites revegetated by the nootka lupine. 

These results are substantially higher than the rates reported in chapter 3 and 5, where the 

accretion rates reached the highest average values of 0.009 and 0.005 kg  in the 

Skaftafellsjökull (0−10 cm) and Breiðamerkurjökull (0−5 cm) moraines, respectively. The 

(IPCC, 2000) estimates the potential of restoring severely degraded land to be 0.03 kg C m
-2

 

yr
-1

, which is similar or lower to what has been reported for the restored areas in Iceland, 

yet considerably higher than the SOC accretion within the glacier fore-fields. 

In a restored birch forest, the SOC accretion rate was reported by Kolka-Jónsson (2011) as 

0.12 kg C m
-2

 yr
-1

 in the top 0−5 cm. Within planted larch forests of 14−53 years, Ritter 

(2007) reports a non-clear trend of increase in SOC stock with time or –0.018− +0.023 kg 

C m
-2

 yr
-1

, probably because larch was planted in an already vegetated land. The accretion 

rates within the two forest types are considerably lower than those reported from the 

reclamation sites and the proglacial areas have the lowest SOC accretion rates compared to 

revegetation and forestry. Still, the rates of increase present background values that are 

generated via natural plant succession without human input. On the other hand, 

revegetation efforts generally require inputs depending on the method used. The most 

commonly used method in restoration is by seeding and fertilization where a mineral 

fertilizer is applied for the first years mainly supplementing N, P and K (50−100 kg N and 

27 kg P2O5 ha
-1

 (Arnalds et al., 2013; Arnalds et al., 2000). 

The Soil Conservation Service in Iceland (SCSI) estimated the average net removal of CO2 

from the atmosphere through land restoration (seeding and fertilizing, lupine, fertilizing) 

by soil formation to be 0.71 Mg C ha
-1

 yr
-1

 (2.6 Mg CO2 ha
-1

 yr
-1

) (Guðmundur 

Halldórsson, personal communication). The areal extent of land restoration between 

1990−2009 is estimated to be 115 000 ha, leading to the annual accumulation of SOC 

stock of 81 551 Mg C yr
-1

. The current annual increase in the moraine SOC stock was 20.7 

Mg C yr
-1

 for Skaftafellsjökull and 19.7 Mg C yr
-1

 for Breiðamerkurjökull (chapter 5). 

From 1890 to 2000, the total decrease in glacial cover in Iceland has been estimated as 

1285 km
2
 or by >11% (Sigurðsson et al. 2013). The total area of the two study sites is 18 

km
2
, which is only ~1% of the entire area that is estimated to have been deglaciated 

between 1890 and 2000. The proglacial areas within Iceland probably differ greatly with 

regards to vegetation succession and SOC accretion rates, as shown by the comparison 

between the two study sites. In order to estimate the SOC stock within other glacial fore-

fields, additional field data are needed for assessing the SOC content of the soils. 

1.6 Conclusions 

The overall objective of the research was to study the vegetation succession and soil 

development on the glacial moraines since the end of the LIA, in front of the two outlet 

glaciers Skaftafellsjökull and Breiðamerkurjökull, using a chronosequence approach. 

Changes in soil properties occurred with increasing surface age as a result from physical 

and chemical weathering and vegetation succession. With increasing age, bulk density and 

pH H2O decreased, while concentrations of LOI, SOC, N, and ammonium oxalate 

extractable Al and Fe increased, as well as pH NaF (chapters 2 and 4). Despite these 

changes, the young moraine soils still featured values much different from soils under 
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birch woodlands, the future climax ecosystem that may possibly develop on the moraines, 

which feature properties typical for well drained Andisols. The moraine soils at 

Skaftafellsjökull are expected to take another ~220 years to attain the SOC values of the 

adjacent birch woodlands given the current rate of SOC accretion. Vegetation succession 

differed between the two study sites (chapters 3 and 4) where at Skaftafellsjökull shrubs 

were colonizing the moraines but they were absent on the study site at Breiðamerkurjökull. 

This resulted in different rates of soil formation, where the slower rates at 

Breiðamerkurjökull were due to the different vegetation stratigraphy as a result from the 

long distance to seed sources and unstable environment showing past and present signs of 

eolian activity. Landscape features affected the soil formation by influencing the 

vegetation establishment and through abiotic factors, where the hot spots of soil formation 

were within depressional features in the landscape (chapter 3). The presence of the great 

skua and the Arctic skua had a point-centered effect on the soil development of the 

moraines of Breiðamerkurjökull by adding nutrients to the otherwise nutrient poor 

moraines. There, the hot spots of soil formation were within the bird hummocks, where the 

vigorous growth of grasses resulted in thick A (or O) horizons and high SOC and N 

concentrations (chapter 4). Vegetation cover and related SOC stock values allowed for the 

use of simple vegetation cover classification of two classes, >50% vegetation cover and 

<50% vegetation cover, to assess the regional SOC stocks. Comparison with sites of 

forestry and land reclamation showed that the rates of accretion are considerably lower 

(chapter 5), but the natural SOC accretion rates in front of the glaciers provide a 

background value for Iceland to compare with other sites of vegetation succession whether 

they are human-induced or natural. The results also show that soil formation in Iceland is a 

slow process, operating on the scale of centuries. This emphasizes the need for a 

sustainable use of the soil resource and for reducing the current extent of soil erosion. 

In order to strengthen the knowledge with regards to the dynamic proglacial areas, based 

on our analyses, there are several aspects that need further investigation: 

 Assessing the effects of vegetation and landscape on soil development by designing 

the sampling protocol with regards to vegetation cover, landscape position and 

moraine age, as it could further clarify the relationship between those factors. 

 The nature of SOC being accreted in the moraine soils is not accounted for and 

information on whether and how SOC is being immobilized could be useful to 

understand the C dynamics within these young soils. 

 Evaluating similar dynamics of N and the types of N present in the moraines and in 

the bird hummocks. 

 Estimating the SOC accretion within proglacial areas for the entire country. For 

that, additional SOC data must be acquired from other outlet glaciers from other 

regions of the country, featuring different environmental conditions. 
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2 Early stage development of selected 
soil properties along the proglacial 

moraines of Skaftafellsjökull 
glacier, SE-Iceland 
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ng, 2008; Mavris et al., 2010).
rong impact of climate change on glacial environments
soil formation has attracted global scientific interest
al., 1999), research information on soil formation in
in Iceland is rather limited. Persson (1964) briefly

ubject while investigating primary succession on the
ftafellsjökull, SE-Iceland. Proglacial areas are sites of
al reactivity due to the abundance of ground permeable
andwater percolation (Egli et al., 2010; Gíslason, 2008).
xcellent sites for studying soil formation on a temporal
f primary interest to envision future soil development
imate scenarios. Icelandic glaciers have been retreating
f the Little Ice Age (LIA) almost continuously over the
or since around 1890 when they reached their maxi-
jörnsson and Pálsson, 2008; Sigurðsson et al., 2007).
s predicted to prevail over the next several decades
t environmental impact along with the reduction in
xposing vast areas, changing drainage patterns, increas-
me and forming of new glacial lakes (Björnsson and
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Iceland is a volcanic island primarily consisting of igneous rocks
basaltic composition. Andisols (Soil Taxonomy, ST) or Andosols
orld Reference Base, WRB) developed from the volcanic ejecta com-
ise the primary soil order (Arnalds and Óskarsson, 2009). These soils
hibit somedistinctive properties unique to the soil order, e.g. lowbulk
nsity and accumulation of soil organic carbon (SOC), which is largely
e to the formation of noncrystalline secondary minerals (e.g., active
- and Fe- allophane, imogolite, ferrihydrite, Al/Fe- humus complexes)
ahlgren et al., 2004; Shoji et al., 1993). Nitrogen (N) is the major
trient limiting establishment of plants in volcanic deposits within
e volcanically active zones in Iceland (Gislason and Eiriksdottir,
04; Gíslason et al., 1996).
The glassy nature of basalts exhibits high weathering rates despite

e prevalence of cool climate (Gislason et al., 2009; Gíslason et al.,
96). Through water-rock/tephra interaction, some minerals are
ssolved completely and leached out of the parent material while
hers are tied up in the weathering residues of the primary mineral,
ch as clays and hydroxides (Gíslason, 2008). The weathering of
-rich plagioclase (CaAl2Si2O8) (one of the most abundant primary
ineral of basalt), to allophane (Al2SiO5 · 2.53H2O), an important
condary mineral in Icelandic soils, is shown in Eq. (1) (assuming
at carbonic acid is the only important proton donor (Gíslason, 2008)):

Al2Si2O8 þ 2 CO2 þ 5:53H2O→Al2SiO5 � 2:53H2Oþ Caþ2

þH4SiO4 þ 2 HCO−
3 ð1Þ

Ca andhalf of the Si in Eq. (1) aremobile,whereasAl is immobile and

allophane an
tion, and the
SOC sink cap
allophane is
ter and by lo
plexes with
and ferrihyd
by the indire
um oxalate (
like materia
Al and Fe ox
fluoride solu
it is usually c
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basaltic orig
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2. Materials

2.1. Study sit

The study
glacier Skaf

O.K. Vilmundardóttir et al. / Catena 121 (2014)
mains in situ along with half of the silica. The most common
eathering residuals of basalts comprise of allophane and/or imogolite
variable Al:Si ratios and poorly crystalline iron oxide, ferrihydrite, all
ostly amorphous and referred to as the ‘clay minerals’ of Andisols
rnalds, 2004). The basaltic parent material favors formation of

(N64°00′, W16°
to the lowlands
National Park, es
National Park es
with sheep graz

g. 1. The research site at the Skaftafellsjökull glacier, SE-Iceland. Samples were collected along three known posit
aximum extent of the glacier in around 1890, the one in the middle represents the location of the terminus in 19
03. Triangles, circles and squares along the relevant termini locations represent the location of transects. Soil s
se to the Skaftafell visitor centre, and it served as a baseline on the reference area. Each diamond represents a s
ld sampling setup. The map shows the position of the terminus and the developing glacial lagoon in 2011, d
eterological Office). The location of the glacier's termini is redrawn based on the work of Hannesdóttir et al. (in re
rrihydrite, dominating the secondary claymineral frac-
bility to stabilize organic carbon is integral to the high
y of Andisols (Dahlgren et al., 2004). The formation of
bited by the presence of large quantities of organicmat-
H (generally b5) as the organic materials form com-
r Fe (Arnalds, 2004; Dahlgren et al., 2004). Allophane
contents in volcanic soils are commonly determined
easure where Al, Si and Fe are extractedwith ammoni-
, Siox and Feox), which dissolves allophane, allophane-
rganic Al and Fe complexes as well as noncrystalline
and ferrihydrite (Wada, 1989). Soil reaction in sodium
(NaF) is also used as an indicator of andic properties, as
lated stronglywith allophane content (Arnalds, 2008a;
, 2010).
sent results from a study on an 8–120 year chrono-
t of the Skaftafellsjökull glacier, SE-Iceland. The aim
ort-term (120 years) soil development in glacial till of
rough a selection of morphological, physical, chemical
al properties of the soil and to assess whether the
developed the distinctive properties of Andisols.

methods

a lies within the recessional path of the Icelandic outlet
llsjökull (the Icelandic term for glacier is jökull)

143150
55′), extending south from the Vatnajökull ice cap
(Fig. 1). It is within the boundaries of the Vatnajökull
tablished in 2008, before it was a part of the Skaftafell
tablished in 1967. Prior to 1967, traditional farming,
ing and hay-making, was practiced in the area (Ives,

ions of the glacier terminus, the southernmost one representing the
45, and the northernmost position marks the extent of the glacier in
ampling was also done at the birch (Betula pubescens Ehrh.) forest
ampling zone in the forest. See main text for further clarification of
rawn from airborne Lidar – digital elevation model (The Icelandic
view).
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Table 1
General information about the Skaftafellsjökull proglacial study area.

Position N 64°00′
W 16°55′

Elevation range 90–120 m
Climate Maritime, cool summers andmildwinters

Skaftafell Fagurhólsmýri
Mean annual temperature⁎ 5.1 °C 4.8 °C (5.3)
July 10.5 °C 10.6 °C (10.8)
January 3.3 °C 0.4 °C (1.4)

Mean annual precipitation⁎ NA 1800 mm

v
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si
st
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007). The glacial valley runs in N−S direction with a small difference
relief (Table 1). The moraines are intersected with runoff channels

f former and current rivers emerging from the glacier's terminus.
ock formations in the vicinity consist primarily of basaltic lava and
yaloclastite (Jóhannesson and Sæmundsson, 2009; Thorarinsson,
958) and the proglacial area is covered with thick deposits of glacial
ll comprising of the same material. Tephra, fragmental materials
roduced in volcanic eruptions, is a substantial constituent of the mo-
ines originating from subglacial volcanoes, such as in Grímsvötn (G),
atla (K) and Öræfajökull (Ö) (Fig. 1) central volcanoes (Larsen and
iríksson, 2008), that have precipitated tephra over Skaftafellsjökull
nd the nearby areas.
The predominant climate in the study area is maritime with cool

ummers and mild winters (Einarsson, 1980) with mean annual
mperature of ~5 °C and mean annual precipitation of 1800 mm.
kaftafellsjökull responds to climatic conditions with a change in rate
f advance or retreat as a result of changes in the surface mass balance
f the main ice cap (Sigurðsson et al., 2007). Skaftafellsjökull is a non-
urging type of a glacier and presumably provides a clear indication of

and downy
by Kristinss
drawing clo
birch becom
moraines, m
Shrubs are t
an example
west of the m
is active on
where the
(Marteinsdó
the Skaftafel
of a mature

Soils on y
as Cryands
Leptisols (W
landscapes
birch forest
(WRB).

2.2. Field setu

Sample c
Sample site
moraines w
(Hannesdót
was identifie
for each of

Geology/parent material Basalt, hyaloclastite, tephra
Area 7 km2

⁎ Based on unpublished data from The Icelandic Meteorological Office. Temperature
alues are from the Skaftafell weather station, 1996–2007, and temperature and precipi-
tion values from the Fagurhólsmýri weather station, 1949–2007 (numbers in parenthe-
s represent averages for Fagurhólsmýri, 1996–2007). See Fig. 1 for location of weather
ations.
e climatic history. The location of Skaftafellsjökull's terminus has
een measured since the 1930's by the Icelandic Glaciation Society,
howing that the glacier reacts to climatic changes with a lag time of

points from both
in vegetation cou
forested Skaftafe

Fig. 2. Birch, willows and mosses growing in moraines exposed around 1890 in the southwestern part
e glacier has receded since the end of the LIA, where
nes deposited in 1890 mark the maximum extent of
recession is intersected by a few periods of glacial ad-
se to changes in temperature (Sigurðsson et al., 2007).
eceded ~2 km between 1890 and 2003 and a lagoon
g in front of the glacier since ~2000.
ion of the proglacial area is primarily comprised of
hrubs and shrubs. The plant groups characterizing the
re shrubs, willows (Salix lanata L. and S. phylicifolia L.)
h (Betula pubescens Ehrh.), nomenclature follows that
2010), dwarf shrubs and macrolichens (Fig. 2). When
to the glaciers' present position, macrolichens and
ss abundant and mosses predominate. In the youngest
es and grasses make up for a sparse vegetation cover.
pecies that characterize climax ecosystems in Iceland,
which is found on the Skaftafellsheiði heathland

aines (Fig. 1). Natural colonization of birch and willows
e sandur plains and moraines south of Vatnajökull
est in Skaftafellsheiði is an ideal source of seeds
et al., 2007). Continuation of vegetation succession on
kull moraines may eventually lead to the development
ystem.
g moraines such as in Skaftafell are generally classified
) and range between Vitric Andosols, Regosols or
) (Arnalds and Óskarsson, 2009). Soils in well drained
h shrub or heathland vegetation such as under the
uld be classified Cryands (ST) or as Silandic Andosols

nd soil sampling

ctionwas carried out during summer of 2010 and 2011.
the proglacial area were distributed along three end
known time of deposition: 2003, 1945 and 1890
t al., in review) (Fig. 1). The outline of the moraines
s GPS waypoints and six points were randomly selected
moraines. The selection was stratified to ensure that

150
sides of the proglacial areawere chosen since a gradient
ld be expected because of much richer vegetation in the
llsheiði heathland west of the moraines. If the site of a

of the research area. View north towards Skaftafellsjökull.

image of Fig.�2
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145142–150
lected point exhibited anydisturbance, such as dry riverbeds orflooded
eas, the point was omitted and the next random point chosen instead.
r each point, a 10m transect was selected parallel to themoraine ridge
lacier's terminus). Soil samples were collected on 0, 4 and 8m distance
r each transect within a 0.25 m2 quadrant at two depths, 0–10 cm and
–20 cm.
Because of the rocky nature of the material, conventional sampling

ethods were not applicable. Bulk density of the fine earth fraction
as measured using small cubical cores of known volume by digging
o holes within quadrant and the cores were applied perpendicular
the soil profile. The cores were of three sizes, 1.4 cm3 (n = 5),

9 cm3 (n = 3) and 19.5 cm3 (n = 2), and were used interchangeably
ring sampling. The larger two were preferred but the smallest size
as preferred where the gravel content was large. Due to the small
ze of the cores, replicates (n) for each bulk density sample were col-
cted to obtain an average value. This samplingmethod was compared
the results reported by Stanich (2013), who sampled the same soils
ing the cavitymethodwith insulation foam to determine bulk density
d gravel volume using much larger samples (~1000 cm3), a method
ually applied to gravelly soils. The two methods resulted in similar
lk density values,which support the validity of the cubical coremeth-
. Bulk sample was collected from two holes, mixed in a bucket and
gged for further analysis. The soil profile was described bymeasuring
e depth of horizons down to N20 cm, and the colors assessed on field
oist soil using a Munsell soil color chart. At one transect for the 1890
d 1945 moraines, an intricate profile description was performed
cording to Schoeneberger et al. (2002).
Soils were also sampled in the birch forest of Skaftafellsheiði heath-

nd (Fig. 1) to compare the young proglacial soils to those in a mature
osystem. Samples were obtained in the southernmost part of the
athland at an elevation range of 100–160 m a.s.l. within an area of
.3 ha (220 × 150 m). The slope is convex with gradient of ~27%.
mpling was divided into three zones along elevational contours
40–160m, 120–140m and 100–120m a.s.l.). One soil profile was de-
ribed and a composite sample was obtained with a core at two 10 cm
pth increments for each zone. Each composite sample consisted of
cores collected randomly within the relevant zone. Bulk density

mples were obtained for each of the three soil profiles at both depth
tervals using the cubical cores.

3. Soil sample analysis

Soil samples were analyzed at The University of Iceland and at The
hio State University, Ohio, USA. Bulk density sampleswere dried, gent-
ground and sieved through a 2 mm sieve. The volume of coarse frag-
ents (N2 mm)was determined by the water displacement technique.
e bulk density of the fine earth fraction (b2mm)was calculated after
btracting the weight and volume of the coarse fraction from the
eight and volumeof the total bulk density sample. Similarly, bulk sam-
es were air dried and passed through a 2-mm sieve. Samples were
mbusted in a muffled furnace at 550 °C for four hours to determine
ss on ignition (LOI). Concentrations of SOC and total N were deter-
ined by the dry combustion method at 900 °C using a Vario Max C-
elementar analyzer, and the data were used to compute the C:N
tio. Soil pH was determined in water-soil suspension (1:1) and in 1
NaF solution for estimation of andic properties of the soil following
e method of Fields and Perrott as outlined by Blakemore et al.
987). Ammonium oxalate extraction was obtained in the dark by
e shakingmethod (Blakemore et al., 1987),with oxalate solution buff-
ed at pH 3.0. The Al, Fe, and Si extracted were determined by induc-
vely coupled plasma optical emission spectrometry (ICP-OES).
ncentrations of non-crystalline secondary clay minerals were calcu-
ted using the proportion of extracted Si and Fe as summarized by
ang and Zelazny (2008), the standardmethod for estimating the allo-
ane and ferrihydrite content in Andisols. The amount of ferrihydrite
as calculated by multiplying the %Fe by a factor of 1.7. For estimating

the allophan
on the Al:Sim
of 2, and 12
allophanes o
very young
in the form
two seconda

2.4. Statistica

Descripti
software (JM
since deglac
parameters
tion was no
parametric W
honestly sig
of means of
non-parame
The correlat
bivariate ana

3. Results

3.1. Morphol

For most
65-year-old
forming on t
the develop
absent in th
soil, and 8 c
the horizons
rial, where th
and the col
towards the

The soil i
terspersed w
The A-horiz
high organic
structure an
A-horizon. T
gravelly par
origins of th
basaltic phre
glacial volca

3.2. Bulk den

The follo
depth unles
bulk density
the initial st
0.79% on av
2.67%. The a
lines. %LOI i
groups (p b

Bulk den
attained a va
in the young
higher in th
little differe
the forest so
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ntent %Siwasmultiplied by a factor f,where f depended
r ratio. The factorwas 5 for an Al:Si ratio of 1, 7 for Al:Si
an Al:Si ratio of 3. Intermediate factors were used for
termediate composition. Since the moraine soils are
noncrystalline forms of Al and Fe are not necessarily
lophane and ferrihydrite, the calculated values of the
inerals must be considered with caution.

alysis

tatistics and correlation were performed using the JMP
005). The relationship between soil properties and time
n was analyzed with one way ANOVA. Non-normal
log-transformed prior to analysis. When transforma-
ant difference test was used for pair wise comparison
soil properties for each time group, and a Wilcoxon
test for each pair for the non-parametric properties.
between two soil properties was determined with
s.

l properties of the soil

he soil profiles of the older two timelines (120- and
) horizonation is evident and an A-horizon is gradually
f the parentmaterial (C-horizon) (Fig. 3a). The depth of
-horizon increases with increase in time, from being
ungest soil to 4.4 cm on average in the 65-year-old
r the oldest soil of 120 years (Table 2). The color of
ark, as is to be expected from the basaltic parent mate-
eveloping A-horizon has a very dark gray or black color
radually becomes lighter with a more grayish tone
orizon.
birch forest contains an A-Bw-C horizon sequence, in-

three to four thin, black colored tephra layers (Fig. 3b).
as a granular structure and a dark color indicative of
tter content. The Bw horizon has a subangular blocky
lighter and more reddish color than the overlying
-Bw sequence is 32 cm thick (Table 2), resting upon a
material and another black colored tephra layer. The
phra layers are unknown but the dark color indicates
and loss on ignition

g results and discussion are focused on the 0–10 cm
ted otherwise. The %LOI in the soil increases and the
reases with increase in time. The %LOI is very low for
of soil formation when vegetation cover is sparse, or
e (Table 3). For the oldest soil, the average LOI is
ge values for the 10–20 cm are similar for all the time-
nificantly different between each of the three time
, Wilcoxon/Kruskal-Wallis).
decreases with time and after 120 years of weathering
of 1.07 g cm−3, which is significantly lower than those
wo surfaces (p b 0.001) (Table 3). The bulk density is
er depth except for the youngest soil where there is

between the two depth intervals. The bulk density of
0.49 g cm−3 (Table 3).
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.3. Soil organic carbon and total nitrogen

year-old mo
with increas
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tion betwee
p b 0.001) a
tractable Si d

ig. 3. a) Soil profile from transect 2 in the 1890 moraine and b) from the birch forest
rving as a reference area.
Soil organic carbon content (SOC) increases with increase in age and
ere was a significant difference in SOC between each of the three time

timelines, stron
and extracted A

able 2
oil morphology and profile description of selected profiles, one from moraines exposed in 1890 and 1945 and one

Horizon Depth
(cm)

Roots
(quantity, size)

Boundary (distinctness,
topography)

Structure
(grade, size, type)

Texture C
(

1890 – 2
A1 0–2.5 2, vf c, s 0, sg ls 1
A2 2.5–14 m1, vf; v1, f a, i 0, sg s 1
C N14 5

1945 – 2
A 0–3 2, vf; v1, f c, w 0, sg s 5
C N3 v1, vf 0, sg 5

Birch forest – ref. area, top slope
A 0–13 2, vf; m1, m; v1, c c, w 2, f, gr sil 1
Bw 13–32 m1, vf; m1, f g, w 2, m, sbk sil 7

C N32

rofile description terminology is from Schoeneberger et al. (2002). Abbreviations: Roots, quantity – v1, very few;m
, medium; c, coarse. Boundary, distinctness – a, abrupt; c, clear; g, gradual. Boundary, topography – s, smooth; w
ructure, size – f, fine;m,medium. Structure, type – sg, single grain; gr, granular; sbk, subangular blocky. Texture – ls, lo
1). In the youngest soil, the SOC is close to zero (0.05%
le 3). The average SOCvalue in 0–10 cm layer increased
65 years of soil formation and to 1.77% SOC after
rate of increase of SOC is much slower in the lower
r. The SOC concentration under the birch forest was
0 cm layer, almost four times higher than that of the
soils.
n of total N in the 0–10 cm layer increased with in-
lthough still only 1/5th of that in the forest soil in the
. The N content was frequently under detection limit
ld soil. The general trend in C:N ratio shows an increase
time from around 12–17 over the 120 years.
ignificant inverse relationship between bulk density
0.48, p b 0.001) (Fig. 4). Examining each time group
bivariate fit of bulk density and SOC shows a similar
t the correlation coefficient is slightly lower for the
ar-old soil (65 year: R2 = 0.42, p b 0.01; 120 year:
0.05) than for the whole dataset.

)

) decreases significantly with increase in age, fromneu-
erage to 5.7 in the 120-year-old soil (Table 3). The pH
tly higher for the lower depth. The reference area has
slightly higher than that in the 120-year-old moraine
significant inverse relationship between soil reaction
tration (R2 = 0.83, p b 0.001) (Fig. 5). When the bivar-
o soil properties was applied to the individual time
65-year-old soil showed a significant decrease in pH
ase in SOC concentration (R2 = 0.32, p b 0.05)

oxalate extractable Al, Fe and Si

nd towards increase in Alox concentrationwith increase
concentration of Alox is significantly higher in the 120-
e compared to that in the younger two (p b 0.01), and
Alox concentration between the 8-year-old and 65-
nes was not significant. The trend of increase of Feox
time was weaker, with only the oldest soil differing
the youngest (p b 0.05). There is a significant correla-

C and the amount of oxalate extractable Al (R2 = 0.52,
Fe (R2 = 0.20, p b 0.001) (Fig. 6a and b) whereas ex-
ot correlate with SOC concentration. Within individual

150
g correlation occurred between SOC concentration
l and Fe values only in the 120-year-old moraine (Alox:

from the birch forest.

olor
moist)

Consistence
(moist)

Tephra layers

0YR 2/2 lo Tephra and eolian material
0YR 2/2 lo Dark colored tephra at AC boundary
Y 2.5/1

Y 2.5/2 lo
Y 2.5/1 lo

0YR 2/2 fr
.5YR 2/3 fr Four dark tephra layers, one at

each boundary

1, moderately few; 1, few; 2, common. Root, size – vf, veryfine; f, fine;
, wavy; i, irregular. Structure, grade – 0, structureless; 2, moderate.
amy sand; s, sand; sil, silt loam. Consistencemoist – lo, loose; fr, friable.

image of Fig.�3
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Table 3
Selected soil characteristics for 0–10 and 10–20 cm depths presented as average values with standard deviation in parenthesis.

Depth (cm) Age (years) A-horizon (cm) Bulk density (g cm−3) LOI (%) SOC (%) Total N (%) C:N pH (H2O)

0–10 8 0.0 (0.0) 1.36 (0.16) 0.79 (0.26) 0.05 (0.01) 0.004 (0.001) 12 (2) 7.4 (0.2)

n ears
65 n = 6
n
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so
so
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us
re

147O.K. Vilmundardóttir et al. / Catena 121 (2014) 142–150
= 0.42, p b 0.01; Feox: R2= 0.33, p b 0.05). If the extractedAl, Fe and
values are used to calculate allophane and ferrihydrite concentra-
ns, these values are much lower than those of the forest soil, where
ere is a greater difference in allophane concentration than that in
e ferrihydrite (Table 4).
The Al:Si ratio increaseswith increase in time from ~1.3 in the youn-

3.6. Soil pH (

The pH
increase wit
between the
Wilcoxon/Kr

0–10 65 4.4 (3.2) 1.33 (0.17) 1.29 (0.60)
0–10 120 8.0 (2.4) 1.07 (0.15) 2.67 (1.13)
0–10 Ref. area 12.7 (0.6) 0.49 (0.04) 16.77 (1.75)
10–20 8 – 1.35 (0.20) 0.86 (0.20)
10–20 65 – 1.40 (0.19) 0.75 (0.20)
10–20 120 – 1.19 (0.10) 0.88 (0.10)
10–20 Ref. area – 0.62 (0.05) 9.96 (3.77)

= 18 for moraine soils and n = 3 for reference area except for: bulk density and LOI 10–20 cmwhere for 8 y
years n = 16; Total N 0–10 cmwhere for 8 years n = 3, 65 years n = 17 and 10–20 cmwhere for 8 years

= 3, 65 years n = 17, and 10–20 cm where for 8 years n = 6, 65 years n = 6, 120 years n = 17.
st soil to 2.2 after 120 years of weathering (Table 4). The Al:Si ratio in
l three time groups differed significantly among each other (p b 0.01).
ere is a significant correlation between SOC concentration and Al:Si
tio (R2=0.77, p b 0.001) (Fig. 7) for themoraine soils. The correlation
ithin individual time groups is significant for the 65- and 120-year-old
il groups (R2 = 0.32, p b 0.05 and R2 = 0.59, p b 0.001 respectively).
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F) in the moraine soils does not show a trend of
rease in time although there is a significant difference
er two time groups and the youngest group (p b 0.001,
al-Wallis). The reaction trend is stronger in the sub-soil
he youngest soil has a higher pH (NaF), but pH (NaF)
n the 65- and 120-year-old soils. There is a significant
tion between pH (NaF) and Siox concentration (R2 =
fter splitting up the bivariate fit for each time group,
est and significant only between pH (NaF) and Siox
r the youngest soil (R2 = 0.41, p b 0.01).

0.30 (0.22) 0.024 (0.016) 13 (6) 6.5 (0.2)
1.77 (1.10) 0.101 (0.064) 17 (3) 5.7 (0.2)
6.60 (0.49) 0.492 (0.057) 13 (1) 6.0 (0.1)
0.06 (0.02) 0.004 (0.001) 16 (4) 7.6 (0.2)
0.21 (0.26) 0.030 (0.023) 14 (1) 6.6 (0.3)
0.34 (0.16) 0.022 (0.010) 16 (2) 5.9 (0.2)
2.91 (0.78) 0.243 (0.071) 12 (0) 5.9 (0.1)

n = 6, 65 years n = 10, 120 years n = 6; SOC 10–20 cmwhere for
, 65 years n = 6, 120 years n = 17; C:N 0–10 cmwhere for 8 years
il properties with time

sented indicate that the time (increasing age) and
ssion are the driving forces of soil formation. With the

1 2 3 4 5

Soil organic carbon (%)

8
65
120

Yrs

R2=0.52 
y = 0.36 + 0.11x 

p<0.001

1 2 3 4 5
Soil organic carbon (%)

8
65
120

Yrs

R2=0.20 
y = 1.35 + 0.11x 

p<0.001

owing the linear relationships between soil organic carbon (%) and a)
(%).

image of Fig.�4


e
c
fo
d
is
o
y
th
d
h
o
e

o
s
m
is
g
m
s
a
la
th
w

1
o
C
T
s
w
s
o

reA
rup
atio
enc
o (
201
gla
ted
. Th
low
.60
s, th
com
the
. Th
s m
ma
ever
-ho
rmo
die
g of
rizo
hat
rain
ma
a m
duc
nd o
cate
4)

Table 4
Selected soil mineralogical properties for 0–10 cm and 10–20 cm depths presented as average values with standard deviation in parenthesis.

Depth Age pH Alox Feox Siox Al:Si Allophane Ferrihydrite

(cm) (years) (NaF) (%) (%)

0–10 8 8.9 (0.4) 0.35 (0.07) 1.31 (0.19) 0.26 (0.04) 1.3 (0.2) 1.5 (0.3) 2.2 (0.3)
(0.04
(0.07
(0.10
(0.03
(0.03
(0.06
(0.18

n

F
lo
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stablishment of vegetation cover, the input of organicmatter gradually
hanges the color of the topsoil from a dark gray to a blacker hue
rming a horizon sequence in the moraines. Andisols typically have a
ark colored A-horizon and the color of the horizons in the oldest soil
similar to that reported by Arnalds and Kimble (2001) for Andisols
f deserts in Iceland. The color difference between the oldest and the
ounger two timelines indicates a more progressive soil formation in
e 120-year-old soil, where the parent material is altered to a greater
epth, and will eventually develop a weak B horizon (Bw). Such a Bw
orizon is common in Andisols of Icelandic deserts and in more devel-
ped soils of well drained surfaces (Arnalds and Kimble, 2001; Arnalds
t al., 1995) such as in the reference site.
Reduction in bulk density with increase in age is caused by the input

f organic material (Crocker and Dickson, 1957; He and Tang, 2008), as
hown by the increase in LOI (%) and SOC (%) with time, but also by the
orphological changes of themorainematerial. Freshmorainematerial
typically poorly sorted. Wind and water erosion removes the finest
rains either from the surface or translocate these deeper within the
oraine profile (Romans et al., 1980), increasing the pore space in the
urface layer. Additionally, freeze and thaw cycles uplift coarser materi-
l to the surface. These processes are the most active in the 0–10 cm
yer. The high LOI (%) compared to the SOC (%) concentrations indicate
at in addition to organic matter some inorganic volatile compounds
ere lost during the ignition.
An AC horizon sequence has developed in the moraines over

20 years, a simple sequence in comparison with those reported by
ther chronological studies over a similar time span, e.g. in Switzerland,
hina and Alaska (Alexander and Burt, 1996; Egli et al, 2010; He and
ang, 2008). The simple horizon sequence may be a result of relatively
low vegetation succession, retarded by the frequent freeze/thaw cycles,
ind and water erosion, low summer temperatures and scarce seed

Iceland, featu
position by e

Concentr
chronosequ
close to zer
Egli et al. (
Morteratsch
4 cm) repor
Switzerland
considerably
glacier and 0
Nevertheles
old moraine
raines from
et al., 2013)
(0–10 cm) i
for the Dam
2011). How
SOC in the A
cm). Furthe
between stu
cause mixin
the same ho
pared with t
that the mo
to that of a
ratio reflects

As the re
bonic acid a
sub-soil indi
Persson (196

0–10 65 8.0 (0.4) 0.40 (0.09) 1.47 (0.19) 0.24
0–10 120 8.3 (0.4) 0.55 (0.18) 1.51 (0.31) 0.25
0–10 Ref. area 9.2 (0.1) 1.90 (0.21) 3.01 (0.33) 0.63
10–20 8 9.1 (0.3) 0.33 (0.05) 1.26 (0.15) 0.25
10–20 65 8.3 (0.5) 0.36 (0.08) 1.51 (0.20) 0.25
10–20 120 8.5 (0.3) 0.40 (0.12) 1.41 (0.34) 0.23
10–20 Ref. area 9.5 (0.1) 2.11 (0.45) 3.27 (0.64) 0.78

= 18 for moraine soils and n = 3 for reference area.
upply. However, the freeze/thaw cycles also affect the development
f horizons. Normally, Andisols formed on well drained surfaces in

in front of Skaf
8-year-old surfa
posed moraines
and the subglac
data based on s
beneath the Ska
edwithCO2 in c
eight years tim
basalt and basal
sphere (Gislason
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that in the 120-
slightly upon rea
trast, studies fro
during the sam
and Major, 195
by the input of
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2010, 2011), w
Icelandic Andis
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YrsR2=0.77 
y = 2.06 - 0.25log(x) 

p<0.001
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i 

ig. 7. Bivariate fit of organic carbon (%) and Al:Si ratio in the top 10 cm. Best fit by using a
garithmic model where SOC (%) values were log transformed.
BwChorizon sequences,maintainedby frequent ash de-
tions and eolian reworking.
n of SOC (%) increased with increase in time for this
e. The SOC values for the 8-year-old moraine were
0.05%) or slightly less than 0.09% SOC reported by
0) in 10-year-old moraines (0–9 cm depth) for the
cier, and 0.09–0.14% SOC in 15-year-old moraines (0–
by Dümig et al. (2011) for the Damma glacier, both in
e 0.30% SOC in the 65-year-old moraines in Skaftafell is
er than 0.69% SOC (0–4 cm, 65 years) for the Damma

% SOC (0–12 cm, 60 years) for the Morteratsch glacier.
e SOC concentration in the Skaftafellsjökull 65-year-
pared to non-vegetated barren lands (relic glacial mo-
last ice age) in South Iceland (0.25–0.28%) (Arnalds
e 1.77% SOC from 120-year-old moraines in Skaftafell
ore comparable with that of the surfaces of similar age
glacier with 1.5–2.4% SOC (0–4 cm) (Dümig et al.,
, Egli et al. (2010) reported values ranging from 17.6%
rizon (0–3 cm) to 1.67% SOC in the C-horizon (3–13
re, the different sampling methods make comparison
s difficult as sampling at fixed depth intervals can
horizons within samples, altering the SOC values for
ns. When the SOC concentration of themoraine is com-
of the topsoil in the birch forest (Table 3), it is evident
e soils have a large C sink capacity and comparable
ture ecosystem. The general trend of increase in C:N
ore rapid increase in %SOC than that of %N.
tion in soil pH (H2O) with time occurs through the car-
rganic acids from plants, slightly higher values for the
limited effects of these two factors in the lower layers.

reported high pH (8.2–8.3) in freshly exposedmoraines
tafellsjökull, which is 1 unit higher than that for the
ce in the present study. The high pH of the freshly ex-
indicates limited interaction between the atmosphere
ial basal moraine (Gislason and Eugster, 1987). The
tudies of the Skaftafellsá river, where it emerges from
ftafellsjökull, show that the river water is undersaturat-
omparisonwith the atmosphere (Ágústsdóttir, 1990). In
e, pH has decreased to 7.5, which is the typical pH of
tic glass where water interaction is open to the atmo-
and Eugster, 1987).
in the reference area has pH values slightly higher than
year-old moraine, meaning that the soil pH increases
ching a lowpoint after 120 years ofweathering. In con-
m Alaska showed that soil pH decreased from ~7 to b5
e period of time (Crocker and Dickson, 1957; Crocker
5). At Skaftafell, the lower limit of pH may be caused
basaltic parent material, either volcanic deposits or
volcanic material (Arnalds, 2008b; Gísladóttir et al.,
hich rejuvenates the soil system and thus the pH.
ols exhibit a distinct trend towards lower pH with

) 1.6 (0.2) 1.5 (0.3) 2.5 (0.3)
) 2.2 (0.3) 2.1 (0.7) 2.6 (0.5)
) 3.1 (0.2) 8.1 (1.0) 5.1 (0.6)
) 1.3 (0.1) 1.4 (0.2) 2.2 (0.3)
) 1.4 (0.2) 1.5 (0.3) 2.6 (0.3)
) 1.7 (0.2) 1.5 (0.4) 2.4 (0.6)
) 2.7 (0.1) 8.5 (2.0) 5.6 (1.1)
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crease in SOC concentration (Arnalds, 2004; Gísladóttir et al., 2010).
e weak correlation between pH (H2O) and SOC concentration within
ch timeline indicates that it is the duration of weathering and vegeta-
n succession that are the driving forces for reduced soil pH.
Conditions at Skaftafellsjökull, with abundant precipitation, basal

eltwater and ground basaltic rocks of a wide range of grain sizes, pro-
de an environment conducive to active chemical weathering. The
esent study shows a slow increase in the extracted values of Alox
d Feox, in accord with those reported by Arnalds and Kimble (2001)
r some Icelandic desert soils. The rate of increase is gradual, but poorly
ystalline Al- and Fe-phases are already in the 8-year-old moraines
esent, 0.35% Alox and 1.31% Feox. The abundance of these elements
ads to the formation of allophane and imogolite, the amorphous
condary minerals characteristic for volcanic soils. The calculated
condary mineral concentrations must be regarded with caution
nce the extracted Al and Fe in the raw moraine material may not
cessarily originate from those forms. Dümig et al. (2011) also report-
an increase in non-crystalline Al-phases with increase in time from
to 137 years for a chronosequence in front of the Damma glacier.

owever, concentrations of Alox (0.02–0.08%, 15–140 years) and of
ox (0.04–0.14%, 15–140 years) are lower for the Damma glacier
ümig et al., 2011) than those for the Skaftafellsjökull glacier at Alox
35–0.55% and Feox 1.31–1.51% (8–120 years). On the other hand, the
lox and Feox values presented in this study are lower in the glacial
oraines than 1.22% Alox and 2.08% Feox concentrations from barren
eas in South Iceland (Arnalds et al., 2013).
High soil pH (NaF) is indicative of allophane and ferrihydrite and the
served increase between 65- and 120-year-old soils may represent
crease in the duration of weathering of the secondary minerals.
e high pHvalues for the youngest soil also indicate other possible rea-
ns. According to the Soil Survey Staff (2010), measurement of pH
aF) is not applicable to soils with free carbonates. Icelandic soils are
rbonate-free but perhaps the ground basalt rock in the moraine de-
sits contains carbonates in the form of amygdules. Carbonates dis-
lve much faster than silicates, and would be rapidly dissolved and
ached out of the soil under the proglacial conditions.
Poorly crystalline phases of Al and Fe can stabilize organicmatter, an
portant factor of sequestering organic carbon in soils and one of the
asons of high SOC concentration in Andisols (Dahlgren et al., 2004).
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leber et al. (2005) concluded from the strong correlation between
alate extracted Al and Fe and stable carbon concentration that the
orly crystalline Al- and Fe- phases were actively protecting organic

changes in the p
over time. Chem
the chronosequ

g. 8. Temporal changes in soil constituents and properties over 120 years. The lines start at 8 years, progress to 65 a
presents a dynamic equilibrium for the soil in the climax ecosystem. Concentrations of SOC, N, Alox and Feox are pre
the left y-axis. Bulk density and pH (H2O) are presented as themaximumandminimumvalues of the specific prop
dashed until ‘maturity’ is achieved and developed volcanic soils of well drained surfaces are formed, since the dur
oils. This study shows a moderately strong correla-
xtracted Al and Fe concentrations and SOC for the
raine only, possibly an indication of increased potential
ganic matter as andic properties evolving in the young

ent of Andisols on the proglacial moraines

cate that the developing proglacial soils are still evolv-
ing pedological transformation. The older moraines
horizon sequence but a fine-grained cambic (Bw) hori-
ormed in themoraines. In addition, low SOC concentra-
e extractable Al and Fe values do not meet the criteria
s in ST or WRB systems of soil classification, whereas
irch forest would likely be classified as Cryands (ST)
sols (WRB).
ime is needed to formation of mature Andisols from
raines? It is evident that the different soil constituents
evelop at different rates. Soil pH (H2O) is the only prop-
ched some sort of a steady state (Fig. 8), other proper-
uch slower rate although occurring at different stages
from under the glacier. The relatively mild and wet
ons in Skaftafell may favor chemical weathering
al., 2012). Dahlgren et al. (1997) have suggested that

erties may develop into Andisols in 200–300 years
eathering conditions. The present study indicate that
for Andisols to develop is considerably more than

xactly how much more time is needed is difficult to

l soils are still in evolving compared to the well devel-
, which represent a climax ecosystem that will likely
ines in the future. There is a gradual increase in soil or-
nitrogen concentrations over time. The increase in ox-
l- and Fe-phases occurs at a slower rate but already in
raine considerable concentrations of those elements
input of organic material, morphological and physical

149150
arent material decrease the bulk density of the soil
ical weathering reduces soil pH rapidly throughout
ence to levels below the reference area. In order to

nd 120 years, presenting themoraine soils. At last, the reference area
sented as the percentage of the reference area (potential maximum),
erties (Table 3), on the right y-axis. After thefirst 120 years the x-axis
ation of the process is not known.
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rther clarify the relationship between soil development and time,
e study must incorporate a higher time resolution by increasing the
umber of time groups investigated.
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lands. The N stock estimated at 0.06 kg N m−2 after 120 yrs is almost one fourth of that under the
. The data suggest that landscape affects vegetation establishment and in turn, both landscape and
affect soil development. Thus, concentrations of SOC, N and noncrystalline oxalate extractable Al
higher within depressions in the proglacial landscape. The comparison of SOC stock in the moraine
hat under the birch forest shows that the young proglacial soils still have a large potential to accrete
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The melting of glaciers exposes new surfaces where weathering and
oil formation commence. These proglacial sites respond rapidly to
limate change and usually have ample water draining through the de-
osits, which is important to chemical weathering and active vegetation
olonization and succession, which accelerate soil formation processes
Gíslason, 2008; He and Tang, 2008; Egli et al., 2010). Time and climate
re the primary determinants of the relative degree ofweathering in the
edogenic environment (Ugolini and Dahlgren, 2002), and both affect
eathering rates and plant succession in glacier forefields. Effects of
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roglacial sites for assessing the rates of soil formation (e.g., Alexander
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nd Tang, 2008; Egli et al., 2010; Dümig et al., 2011). Glaciers in
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nt day glaciers' termini and the terminal moraines is
to as proglacial areas.
ment is not simply a time-related factor but also influ-
tion and landscape, and these factors function on differ-
ga et al., 2010). During the initial stages of plant
organic carbon (SOC) and nitrogen (N) concentrations
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etween plant species and growth forms (Crocker and
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hich is attributed to: 1) successive ash deposition and burial of
e topsoil, 2) formation of stable bonds between organic matter
M) and noncrystalline secondary minerals (e.g., active Al- and
-allophane, imogolite, ferrihydrite, Al/Fe–humus complexes),
d 3) development of stable aggregates, encapsulating OM and
otecting it against microbial attack (Dahlgren et al., 2004).
ndisols are among themost fertile soils in theworld and often accu-
ulate large amounts of nutrients in the organic rich topsoil, e.g. N,
hich is the most important nutrient for plant growth and the main-
nance of agricultural ecosystems.
Icelandic ecosystems have undergone large scale deterioration and
bsequent soil erosion since the settlement of the island in 874 AD as
consequence of land use, volcanic eruptions and climate deterioration
lafsdóttir and Guðmundsson, 2002; Gísladóttir et al., 2010, 2011).
ils of the eroded and barren areas differ markedly from those of veg-
ated land with stark differences in SOC and N pools. Óskarsson et al.
004) estimated the amount of SOC eroded since the settlement at
0–500 Tg (1 Tg = 1012 g = 1 million Mg) and low soil N content is
e major nutrient limiting the reestablishment of vegetation
radshaw, 1997; Magnússon, 1997). A comprehensive background
ta is needed to compare the added value of land restoration and the
companied increase in SOC with sites where natural vegetation suc-
ssion is active. In principle, a chronosequence represents conditions
here time is the dominant factor of soil formation, but all other soil
rming factors (i.e. parent material, climate, biota, and landscape) are
milar (Jenny, 1941). A few chronosequence studies have been con-
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bout 2 km and a lagoon has been forming in front of the glacier since
2003.
The vegetation of the proglacial area primarily comprisesmosses, dwarf

rubs and shrubs. Trees and shrubs (B. pubescens Ehrh. and Salix spp.) are
e species that characterize climax ecosystems in Iceland, an example of
hich is found on the Skaftafellsheiði heathland west of the moraines
Fig. 1). Natural colonization of birch and willows is active on the sandur
lains and moraines south of Vatnajökull where the woodlands in
kaftafellsheiði are an ideal source of seeds (Persson, 1964; Marteinsdóttir
t al., 2007). Amature ecosystemwill eventually develop as vegetation suc-
ession continues on the Skaftafellsjökull moraines. Soil development is at
n early stage and the proglacial soils have been classified as Cryands
ST) or Vitric Andosol/Regosol/Leptosol (WRB) (Vilmundardóttir et al.,
014). An AC horizon sequence has formed with the accumulation of OM
nd alteration of parent material on the oldest moraines.

The research area has been protected since 1967,when the Skaftafell
ational Parkwas established. The parkwas included in the Vatnajökull
ational Park in 2008, which currently covers an area of ~14 000 km2.
rior to being included within the Skaftafell National Park, traditional
rming was practiced in the area with sheep grazing and hay-making,
ut the farming conditions deteriorated during the LIA and ceased
fter the establishment of the National Park (Ives, 2007). Sheep grazing
as abandoned entirely in 1987 when the area was fenced off for en-
ancing colonization of birch and willows on the heathland, glacial mo-
ines and the sandur plains.

. Materials and methods

.1. Field setup

Sample collection and vegetationmeasurements were carried out in
ummer of 2010 and 2011. Sample sites in the proglacial area were dis-
ibuted along three moraines with a known time of deposition: 2003,
945 and 1890 (Hannesdóttir et al., 2014). The outline of the moraines
as obtained as global positioning system (GPS) waypoints and six
oints were randomly selected for each of themoraines (Fig. 1). The se-
ction was stratified to ensure that points from both sides of the
roglacial area were chosen since a gradient in vegetation could be ex-
ected because of much richer vegetation in the forested
kaftafellsheiði heathland west of the moraines. If the site of a selected
oint showed a sign of disturbance, such as riverbeds or flooded areas,
e point was omitted and the next random point was chosen in its
lace. A 10 m transect was fixed parallel to the moraine ridge (glacier's
rminus) for each point. Soil samples were collected within three
.25 m2 quadrants per transect at 0–10 and 10–20 cm depths. Each of
e three moraines was, therefore, sampled 18 times for each depth in-
rval, giving a total of 54 sampling points on the moraines. Samples
ere also collected from nearby birch woodlands in Skaftafellsheiði
Fig. 1) where downy birch and Salix spp. are most abundant and
rasses and herbs form dense undergrowth with ground moraine as
ubstrate (Gudmundsson, 1998). The birchwoodlands served as a refer-
nce area to compare the young soils with those in a mature ecosystem
which moraines may transform in the future.

.2. Landscape and vegetation measurements

The landscape position and vegetation characteristics were docu-
ented for each quadrant. Landscape was classified using the geomor-
hic description and surface morphometry by Schoeneberger et al.
2002) — slope aspect (North/South), slope complexity (Simple/
omplex), profile position (Summit/Shoulder/Backslope/Footslope/
oeslope) with an additional category for landform (Ridge/Slope/
epression). Vegetation was recorded using a Braun-Blanquet
over scale (Goldsmith and Harrison, 1976) where total vegetation
over, bare ground and cover of specific plant groups were estimated
Table 1) and the shrub height was measured. The dwarf shrubs

species inc
(L.) Hull, Va
cies include
L. (Table 1).
(2010).

3.3. Soil sam

Bulk den
using small
ments for th
using insula
and reporte
and N stock
difference i
chronoseque
of the A-ho
did not exce
of the three
the 10–20 cm

Soil sam
Ohio State
were dried, g
of coarse fra
ment metho
was calculat
fraction from
were air drie

Concentr
bustion met
Soils were e
C was assum

The C sto

SOC stock
�

where BD is
centration (%
ments (N2m
was determ
assuming ze

Concentr

S %ð Þ ¼ coar
h

Total SOC
the stocks o

Soil pH w
nium oxala

Table 1
The cover sca
plant groups.

Braun-Blan

N0–0.5% =
N0.5–1% =
N1–5% = 3
N5–25% =
N25–50% =
N50–75% =
N75–100%
0 = Absen

26 O.K. Vilmundardóttir et al. / Geomorphology 228 (20
species like Empetrum nigrum L., Calluna vulgaris
ium uliginosum L. and Salix herbacea L. and shrub spe-
pubescens (Ehrh.), Salix lanata L. and Salix phylicifolia
menclature followed is that described by Kristinsson

g, preparation and analysis

of the fine earth fraction was measured for both depths
ical cores of known volume. The volume of coarse frag-
10 cm depth was determined with the cavity method
foam (Page-Dumroese et al., 1999; Brye et al., 2004)

y Stanich (2013). It is used here to calculate the SOC
the glacier foreland. Stanich reported a non-significant
e total volume of coarse fragments throughout the
. Based on that and the fact that the average thickness
n featured in the 120 yr-old and 65 yr-old moraines
10 cm (Vilmundardóttir et al., 2014), an average value
elines was used to evaluate the SOC and N stocks for
epth. However, the calculations are only tentative.
were analyzed at The University of Iceland and The

versity, Columbus, Ohio, USA. Bulk density samples
ly ground and sieved through a 2mmsieve. The volume
ents (N2 mm) was determined by the water displace-
The bulk density of the fine earth fraction (b2 mm)
after subtracting the weight and volume of the coarse
e weight and volume of the total sample. Bulk samples
ently ground and passed through a 2 mm sieve.
ns of SOC and total N were determined by the dry com-
at 900 °C using a Vario Max C–N elementar analyzer.
ated to be carbonate-free and, therefore, the measured
to be the SOC.
as estimated by:

C m−2
�
¼ BD� T � SOC%� 100−S=100ð Þ � 10−2

; ð1Þ

bulk density (kg m−3), SOC is the organic carbon con-
is the thickness (m) and S is the content of coarse frag-
of the soil horizon (vol.%). The rate of change of C andN
d by dividing the stocks by the time since exposure,
tock(s) in the unweathered moraines.
n of coarse fragments (S) was estimated by:

ragmentsN2 mm m3
� �

=total volume m3
� �i

� 100: ð2Þ

dN stockswere subsequently determined by combining
th 0–10 and 10–20 cm depth intervals.
determined in water–soil suspension (1:1), and ammo-
xtraction was obtained in the dark by the shaking

Biological crust
.5 Macrolichens
.5 Mosses
7.5 Equisetum

Grasses
Sedges and rushes
Herbs
Dwarf shrubs
Shrubs



m
pH
pl

3.

ch
pa
20
ly
Kr
18

de
y, S
the
veg
tica

Fi B, se
Ye neral

Fi
re

127O.K. Vilmundardóttir et al. / Geomorphology 228 (2015) 124–133
ethod (Blakemore et al., 1987), with oxalate solution buffered at
3.0. The extracted Al and Fewere determined by inductively coupled

asma optical emission spectrometry (ICP-OES).

4. Data analyses

Comparison of vegetation and plant group cover between the three
ronosequence age groups was done by comparing the groups

was used to
(bulk densit
dataset and
the effects of
iate fit. Statis

4. Results

g. 2. Profile section through the proglacial area of Skaftafellsjökull as situated in 2011, from north to south (A to
ars indicate the location of the glacier's terminus at which samples were collected. Glacial landforms and ge
irwise, using the Wilcoxon non-parametric method (McDonald,
09). The effects of landscape on vegetation establishment were ana-
zed for the whole moraine dataset (n = 54) using the Wilcoxon/
uskal–Wallis non-parametric test and then for each age group (n =
) using the Wilcoxon non-parametric method. The same analysis

4.1. Landscape an

4.1.1. Landscape
The proglaci

southwith small

a b

c d

g. 3.Overview of transects, one from eachmoraine sampled in this study, showing the different stages of vegetation
spectively. d) The birch woodlands in Skaftafellsheiði to the west of the moraines.
termine the effects of landscape on soil properties
OC, N, pH (H2O), Alox and Feox), first for the moraine
n for each individual age group. In a similar manner,
etation on soil properties were analyzed using a bivar-
l analysis was done in the JMP software (JMP, 2005).

e Fig. 1; derived from the airborne Lidar DEM (IMO) shown in Fig. 1).
vegetation description represent the moraines sampled.
d vegetation along the chronosequence

al area is heterogeneous, inclines slightly toward the
elevation difference from the terminalmoraine toward

succession.Moraines were exposed in a) 2003, b) 1945 and c) 1890,

image of Fig.�2
image of Fig.�3
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e current terminal position (90–120 m a.s.l.). The topography of
e older two moraines is affected by decades of weathering and

ryoturbation, and large rocks are prominent on the surface. Small
cale proglacial landforms are still evident in the youngest moraine,
here features as annual moraines, crevasse fillings, and small scale es-
ers are evident in some places. Such forms consist largely of sand and
ave been eroded from the older moraines (Fig. 2).

.1.2. Vegetation
Overall, vegetation is in early stages of colonization in the proglacial

rea. In the youngestmoraine (8 years), mosses (Racomitrium spp.) and
rasses (e.g. Festuca spp., Poa alpina L.) are the pioneer plants (Figs. 2
nd 3a) but with a total ground cover of b10%. The vegetation cover
rogressively increases on the 65- and 120 yr-old moraines compared
ith that on the 8 yr-old moraine. The average plant cover after 65 yrs
f exposure is 61.3% comprising mosses, dwarf shrubs (E. nigrum L.,
. vulgaris (L.) Hull) and occasional willow shrubs (S. lanata L. and
. phylicifolia L.) with an average height of 10 cm (Fig. 3b). The average
lant cover on the 120 yr-old moraine is 66.7% but the increase is not
ignificantly different from the 65 yr-old moraine. The composition of
e vegetation cover changes; mosses and dwarf shrubs are still the
rimary plant groups but there is a notable increase in relative pro-
ortion of biological crust and macrolichens (Fig. 3c). The shrub cover
oes not differ between the 65- and 120 yr-old surfaces. Downy birch
B. pubescens Ehrh.) grows only within the oldest age sequence among
e willows, and the average shrub height is 20 cm.
Since mosses comprise most of the vegetation cover in the young

oraines, it takes more than 120 years to provide a complete cover
ecause of large rocks on the surface. Thus, the vegetative cover is sim-
ar for the two older timelines. Only dwarf shrubs have significantly
ore cover on the 120 yr-old moraines compared with that on the
5 yr-old moraines (Table 2). Similarly, macrolichens and biological

grasses hav
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elationship between vegetation cover and selected plant groups with time since exposure (years). Average c

Total vegetated Biological crust Macrolichens Mosses

Yrs 8 65 120 8 65 120 8 65 120 8 65 120

8
6.2

(5.6)
0.001
***

0.001
***

0.4
(0.7)

0.001
***

0.247 0.3
(0.3)

0.001
***

0.001
***

2.3
(3.4)

0.001
***

0.001
***

65
0.001
***

61.3
(23.1)

0.503 0.001
***

3.6
(5.4)

0.295 0.001
***

2.7
(3.3)

0.124 0.001
***

39.7
(22.5)

0.855

120
0.001
***

0.503 66.7
(20.9)

0.247 0.295 6.9
(12.1)

0.001
***

0.124 7.5
(6.8)

0.001
***

0.855 37.7
(20.4)

onparametric comparisons for each pair (p-value with level of significance as ‘⁎’) using the Wilcoxon/Kruska
rusts have larger average cover in the oldestmoraines but do not differ
ignificantly from those of the 65 yr-old moraines. On the other hand,

soil contains ab
woodlands (3.1

able 3
elationship between landscape position and vegetation cover combined for the three age chronosequences (n =

Landscape Age (yrs) Total vegetated Biological crust Macro-lich

Slope aspect (north/south) n = 54 0.078 0.653 0.427
8 0.858 0.347 ×
65 0.013⁎ 0.418 0.513
120 0.088 0.629 0.843

Slope complexity (simple/complex) n = 54 0.907 0.928 0.543
8 0.308 0.025⁎ ×
65 0.675 0.362 0.326
120 0.923 0.427 0.811

Profile position (SU/SH/BS/FS/TS) n = 54 0.007⁎⁎ 0.279 0.145
8 × × ×
65 0.549 0.863 0.186
120 0.028⁎ 0.703 0.393

Landform (ridge/slope/depression) n = 54 0.003⁎⁎ 0.503 0.003⁎⁎

8 × × ×
65 0.261 0.805 0.259
120 0.372 0.680 0.178

onparametric comparisons for each pair (p-value with level of significance as ‘⁎’) using theWilcoxon/Kruskal–Wa
stimated ‘×’ due to absence of plant group or uneven distribution within landscape categories.
rofile position: SU = summit, SH = shoulder, BS = backslope, FS = footslope, TS = toeslope.
gnificantly more cover on the youngest than on the
.

f landscape on vegetation establishment

he total dataset (n = 54) show that vegetation estab-
cipally affected by two of the landscape parameters an-
position and landforms (Table 3). Vegetation cover is
eater in toeslopes and footslopes when compared to
the trend is also significant for the 120 yr-old moraine.
sitions also have significantly more shrub cover. The
r is significantly denser in depressions than on ridges
dominantly comprising mosses and shrubs. On the
rolichens predominate on ridges. The relationship be-
n and landscape within each age group is less clearly
h similar trends as observed in the total dataset. Slope
complexity, however, do not have much effect on veg-
ment.

carbon and nitrogen accretion in the proglacial area

centration in soils increases with increase in the mo-
been reported by Vilmundardóttir et al. (2014). It can
average in the 0–10 cm after 120 years of exposure
e increase in the subsoil is slower. There was no evi-
ried soil, neither within the surface basal till nor in the
cted by the rivers. The moraine soils contain only one-
C concentration (0–10 cm) found in the reference area
dlands.
of increase in SOC stock shows slower increase during
rs after deglaciation than that during the latter half of
e period (Fig. 4a). After 120 years of surface exposure,

values (standard deviation in parenthesis) are shaded.

Grasses Dwarf shrubs Shrubs

65 120 8 65 120 8 65 120

0.006
**

0.001
***

0.0
(0.0)

0.001
***

0.001
***

0.1
(0.2)

0.006
**

0.086

0.9
(1.2)

0.302 0.001
***

5.6
(9.6)

0.001
***

0.006
**

6.5
(12.2)

0.304

0.302 0.4
(0.3)

0.001
***

0.001
***

20.4
(13.0)

0.086 0.304 5.4
(14.6)

llis method. Signif. codes: 0.001 ‘⁎⁎⁎’; 0.01 ‘⁎⁎’.
out one third of the stock measured under the birch
6 kg C m−2) in the topsoil (Table 4). The SOC stock is

54) and separately for each age group (n = 18).

ens Mosses Grasses Dwarf shrubs Shrubs

0.137 0.519 0.318 0.927
0.713 0.912 × ×
0.147 0.202 0.267 0.791
0.069 0.763 0.959 0.343
0.563 0.453 0.805 0.947
0.925 0.163 × ×
0.225 0.534 0.084 0.085
0.537 0.173 0.805 0.075
0.087 0.298 0.191 0.002⁎⁎

× × × ×
0.669 0.225 0.315 0.097
0.094 0.259 0.957 0.049⁎

0.016⁎ 0.060 0.039⁎ 0.001⁎⁎⁎

× × × ×
0.826 0.055 0.147 0.022⁎

0.152 0.039⁎ 0.718 0.001⁎⁎⁎

llis method. Signif. codes: 0.001 ‘⁎⁎⁎’; 0.01 ‘⁎⁎’; 0.05 ‘⁎’, parameter not
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ns along with Alox and Feox than those evolved at other
rthermore, soils formed on the 120 yr-old moraine contain
more oxalate extractable Fe in toeslopes and depressions.

Table 4
Soil constituents/properties and stocks of the moraine soils and the birch woodlands (reference area); average values (standard deviation in parenthesis).

Depth
(cm)

Time
(yrs)

C (%)b kg C m−2 g C m−2 yr−1 N (%)b kg N m−2 g N m−2 yr−1 Bulk density
(g cm−3)b

b2 mm
(vol.%)a

pH
(H2O)b

Alox
(%)b

Feox
(%)b

0–10 8 0.05 (0.01) 0.04 5.09 0.004 (0.001) 0.004 0.46 1.36 (0.16) 37.1 (12.6) 7.4 (0.2) 0.35 (0.07) 1.31 (0.19)
65 0.30 (0.22) 0.27 4.17 0.024 (0.016) 0.021 0.32 1.33 (0.17) 32.5 (15.5) 6.5 (0.2) 0.40 (0.09) 1.47 (0.19)
120 1.77 (1.10) 1.10 9.14 0.101 (0.064) 0.063 0.52 1.07 (0.15) 42.2 (18.5) 5.7 (0.2) 0.55 (0.18) 1.51 (0.31)
Birch woodlands 6.60 (0.45) 3.16 – 0.492 (0.053) 0.236 – 0.49 (0.04) 1.39 (1.39) 6.0 (0.1) 1.90 (0.21) 3.01 (0.33)

10–20 8 0.06 (0.02) 0.05 5.94 0.004 (0.001) 0.003 0.39 1.35 (0.20) – 7.6 (0.2) 0.33 (0.05) 1.26 (0.15)
65 0.21 (0.26) 0.18 2.83 0.030 (0.023) 0.027 0.41 1.40 (0.19) – 6.6 (0.3) 0.36 (0.08) 1.51 (0.20)
120 0.34 (0.16) 0.25 2.12 0.022 (0.010) 0.016 0.14 1.19 (0.10) – 5.9 (0.2) 0.40 (0.12) 1.41 (0.34)
Birch woodlands 2.91 (0.70) 1.79 – 0.243 (0.064) 0.151 – 0.62 (0.05) – 5.9 (0.1) 2.11 (0.45) 3.27 (0.64)

0–20 8 – 0.09 11.03 – 0.007 0.85 – – – – –

65 – 0.45 7.00 – 0.048 0.74 – – – – –

120 – 1.35 11.26 – 0.079 0.66 – – – – –

n N 0–1
8

y = 10-3.4+0.03x

rs = 0.91
p<0.001
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wer in the 10–20 cm depth, and the difference in SOC stock among
e two depths is the most profound for the soil formed on the oldest
oraine and those under the birch woodlands.
Trends in the accretion pattern of N in the soil are generally the same
those for the SOC. The N stock in the topsoil increases with time
ig. 4b); being ~0.004 kg Nm−2 in the 8 yr-old moraine, and accumu-
ting 0.063 kg N m−2 in the 120 yr-old moraine (Table 4).
The rate of accretion of SOC stock differs among two depths, being

gher for the 0–10 than 10–20 cm depth, and considerably so in the
oraines of N65 yr age (Table 4). For the 10–20 cm depth, however,
e rate of accretion decreases with the increase in moraine age. A sim-
r trend was observed for the rate of accretion of the N stock. The ac-
ual rates of SOC and N in the youngest moraines are slightly higher
an those for the 65 yr-old moraines. However, the concentrations
e close to the detection limit of the analyzer and should be regarded
ith caution, especially the N values.
The SOC stock increased considerably over the 120 yr period and in
mparison with the SOC stock of soils under the birch woodlands, the

concentratio
positions. Fu
significantly

Birch woodlands – 4.95 – – 0.387 –

= 18 formoraine soils and n = 3 for reference area except for: SOC 10–20 cmwhere for 65 yrs n = 16; total
yrs n = 6, 65 yrs n = 6 and 120 yrs n = 17.
a Data published by Stanich (2013).
b Data published by Vilmundardóttir et al. (2014).
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4. Effects of vegetation and landscape on soil formation

Among the vegetation parameters analyzed, total vegetation cover,
osses, macrolichens and dwarf shrubs show the strongest relations
ith the soil properties/constituents (Table 5). The concentration of
C, N and oxalate extractable Al increases significantly with increase
vegetation cover. Similar trends are observed for increase in cover
mosses, macrolichens and dwarf shrubs. In contrast, the grass cover
negatively related to SOC and N concentrations. Bulk density and
il pH (H2O)declinewith increase in vegetation cover, cover ofmosses,
acrolichens and dwarf shrubs. Total vegetation and moss cover in
me cases also show significant or near significant relationship with
C and N concentrations, indicating the effect of vegetation/plant
oups on soil development.
Profile position and landformagain are the twoparameters,which are

gnificantly connected with several of the soil properties/constituents
udied. Soils formed on backslope (BS) positions have significantly
gher pH (H2O) and lower SOC and N concentrations than those formed
other positionswithin a landscape. Similarly, soils developedon slopes
ve significantly higher pH (H2O) and bulk density compared to those
r the other landforms. Although not significantly different, soils devel-
ed on footslopes and toeslopes consistently contain more SOC and N
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. Discussion

.1. Vegetation and landscape considerations

After 120 yrs since deglaciation, the vegetation cover of the
kaftafellsjökull moraines is ~65%. It comprises mosses along with
warf shrubs and occasional low growing shrubs rarely exceeding
0 cm in height and withholds an AC soil horizon sequence
Vilmundardóttir et al., 2014). Grasses characterize the youngest mo-
ine, indicating less stable environmentwherewinds andwater active-
erode the fresh moraines. The shrub species seem to be active

olonizers as well, establishing even in the youngest moraine. Mosses
haracterize the older moraines along with dwarf shrubs, indicating re-
uced eolian input andmore stable environment but these plant groups
ave low tolerance to eolian deposition in comparison with grasses and
hrubs (Vilmundardóttir et al., 2009).

In comparison with the published data from Alaska, China and
witzerland, the vegetation succession on the proglacial area in
kaftafell occurs at seemingly slower rate. For example, Crocker and
ickson (1957) reported a spruce forest development on the moraines
fter 100–120 years of soil exposure. He and Tang (2008) described
evelopment of a coniferous forest over 150 years and Egli et al.
2010) reported establishment of Larici–Pinetum cembrae forests after
nly 77 years. These forest types and species do not exist in the
kaftafell area. The relatively slow vegetation colonization and succes-
ion is probably a result of various environmental factors; frequent
eezing and thawing cycles with concurrent cryoturbation, general
pecies paucity in Iceland, strong winds, sheep grazing until the 1980s,
nd lack of soil moisture and available nutrients (e.g. Magnússon,
997; Arnalds, 2008; Þórhallsdóttir, 2010). Skaftafell is still regarded
s one of the sites in Iceland where plants are rapidly colonizing the
oraines due to the proximity to the seed source in the woodlands in
kaftafellsheiði.
The data presented indicate the important effect of landscape on

egetation establishment where it is favored in depressions (and
otslope/toeslope profile positions) within the moraine landscape
ue to some abiotic factors such as differences in soil moisture content,
helter, snow cover and incident radiation (Fowler, 1986). Some plant
roups such as macrolichens did favor ridges above depressions. Land-
cape seemingly favors soil development similar to that of vegetation
stablishment, and these two factors have synergistic effects in creating
ot spots’ or sites of relatively rapid soil development, where the accre-
on of SOC, N and oxalate extractable Al and Fe phases and therefore
eathering, occur at faster rates than those at other locations. Similarly,
gli et al. (2006) proposed a basis for spatial modeling by assessing the
ffects of landscape on soil properties. They documented that various
ndforms correlated well with soil evolution, where slope, exposure
nd landform determined the soil development. On a larger scale, Yoo
t al. (2007) have pointed out andmodeled higher chemicalweathering
tes at the base of hillslopes due to weathering of parent material in
itu and of material eroded and transported from upslope. Erosional
nd depositional processes may also be at play in small scale landscape
atures as studied in the Skaftafellsjökull glacial foreland.
It is difficult to distinguish between the effects of time vs. vegetation

s soil forming factors because the time factor also affects successional
tages of the colonizing vegetation. While examining the relationship
etween vegetation and soil within each time group, only a few param-
ters indicate significant relations. This relationship, as examined by
nalyzing the entire dataset, added important information on the effects
f vegetation on soil development. However, the significance of mean
alues should be regarded with caution.

.2. Soil organic carbon and nitrogen

When the SOC concentrations from the present study are compared
ith those of the findings of other studies in proglacial areas, the SOC
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1.77% in the0–10 cm layer after 120 years of soil forma-
thefindings from theDammaglacier (Switzerland)with
SOC in the top at 0–4 cm after 120 yrs since glacial

et al., 2011). The SOC concentration measured in the
s slightly higher than that reported by He and Tang
Hailuogou glacier (China) where soils contained

ter 130 yrs of soil formation in E and Bhs horizons. Egli
orted the SOC concentration in soils of the Morteratsch
land), showing a wide range of SOC after 120–128 yrs
C), depending on the horizon sampled. However, the
l for soil sampling, e.g. whether sampling is done at
rvals or by horizons, must be consideredwhen compar-
f different studies as the difference in SOC values be-
horizons can be large. Further, the variation in SOC
creases with increase in time as is observed in soils of
oraines. Such a trend of an increase in variation with

eported by Dümig et al. (2011) who concluded that
such as drainage and debris flows, is the driving force
iation. Sites of the present study were chosen carefully
se with recent disturbance. Thus local effects of land-
e the high variation observed, with frequently higher
ons in depressional positions.
ck at Skaftafellsjökull 120 years after glacial retreat
at 1.10 kg C m−2 (0–10 cm), corroborating with
ns: ~1–5.5 kg C m−2 after 100–150 yrs (Egli et al.,
g C m−2 after 120 yrs (Dümig et al., 2011),
fter 130 yrs (He and Tang, 2008), and 2.5 kg C m−2 after
cier Bay in Alaska (Crocker and Major, 1955) but again
pling protocols must be regarded. The rate of accretion
the surface layer at Skaftafellsjökull ranges between
−2 yr−1 which is also in accord with rates reported by
2010), He and Tang (2008) and Dümig et al. (2011).
rations of N from Skaftafellsjökull (~0.1%) after 120 yrs
ose reported by He and Tang (2008) (0.1–0.2% of N in
130 yr-old moraines), who also estimated the N stock
which is considerably higher than the values observed
layer of the 120 yr-old soil in the studied site
. The source of N in the soil was not investigated further
y related to microbial activity established early on after
a study from a glacial chronosequence in the Peruvian
et al. (2008) reported the presence of cyanobacteria in
lready after 4–5 yrs since deglaciation and a great
N fixation rates long before the establishment of plant
same time, the importance of biological crust for
igh arctic ecosystems has been established (Zielke
5). No data for N input via precipitation is available
celand but studies from the south-west part indicate
w (Eiríksdóttir, 2008).
0.05% SOC concentration on the 8 yr-old moraines is
er than the reported value of 0.25–0.28% SOC in barren
treatments) in restoration experiment in S-Iceland
alds et al. (2013). Indeed, the SOC concentration in the
had superseded those for the soils on the 65 yr-oldmo-
rends were observed for the accretion of N. The soils
20 yr-old moraines contained more than double the
d N than those of the reclaimed area. The SOC concen-
eveloped on lavas in S-Iceland under natural conditions
21 kg C m−2 had accreted on a lava field formed in
eek et al., 2007), which is still lower than that of
n soils formed on the 120 yr-old moraines. Preliminary
nosequence study from restored birch forests (no fertil-
land reported SOC concentration of 8.8–11% in the sur-
a 60 yr-old forest, 5.6–8.0% SOC of 5–15 yr-old forest,
n unforested, fully vegetated land (Kolka-Jónsson,
ncentrations are similar to those under the birch wood-
ellsheiði (reference area). The rate of SOC accretion of
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Table 5
Relationship between vegetation, landscape and soil properties/constituents examined for the total dataset (n = 54) and for each age group (n = 18).

Age Bulk density (kg m−3) SOC (%) N (%) pH (H2O) Alox (%) Feox (%)

Total vegetated n = 54 0.17/0.002⁎⁎ 0.32/0.001⁎⁎⁎ 0.34/0.001⁎⁎⁎ 0.64/0.001⁎⁎⁎ 0.27/0.001⁎⁎⁎ 0.17/0.002⁎⁎

8 0.02/0.602 0.30/0.019⁎ × 0.02/0.532 0.02/0.572 0.02/0.610
65 0.06/0.346 0.28/0.024⁎ 0.23/0.047⁎ 0.26/0.029⁎ 0.49/0.001⁎⁎⁎ 0.08/0.242
120 0.02/0.586 0.21/0.057 0.16/0.096 0.07/0.287 0.07/0.281 0.06/0.316

Biological crust n = 54 0.03/0.202 0.03/0.024 0.06/0.066 0.10/0.022⁎ 0.12/0.012⁎ 0.09/0.027⁎

8 × × × × × ×
65 0.01/0.952 0.07/0.277 0.08/0.271 0.05/0.363 0.01/0.878 0.03/0.464
120 0.01/0.887 0.01/0.649 0.01/0.831 0.01/0.913 0.08/0.261 0.14/0.133

Mosses n = 54 0.14/0.005⁎⁎ 0.21/.001⁎⁎⁎ 0.21/0.001⁎⁎⁎ 0.41/0.001⁎⁎⁎ 0.11/0.013⁎ 0.07/0.058
8 0.04/0.454 0.49/.001⁎⁎⁎ × 0.02/0.605 0.02/0.599 0.05/0.396
65 0.16/0.099 0.09/.230 0.07/0.288 0.09/0.216 0.20/0.067 0.03/0.507
120 0.03/0.461 0.18/.080 0.11/0.185 0.04/0.434 0.01/0.982 0.01/0.855

Macro-lichens n = 54 0.30/0.001⁎⁎⁎ 0.38/.001⁎⁎⁎ 0.33/0.001⁎⁎⁎ 0.25/0.001⁎⁎⁎ 0.15/0.004⁎⁎ 0.05/0.110
8 × × × × × ×
65 0.20/0.063 0.01/.671 0.05/0.375 0.01/0.741 0.01/0.880 0.10/0.197
120 0.16/0.097 0.15/.110 0.08/0.248 0.07/0.306 0.02/0.564 0.01/0.987

Grasses n = 54 0.01/0.538 0.06/.085 0.05/0.098 0.17/0.002⁎⁎ 0.07/0.046 0.04/0.144
8 0.08/0.268 0.06/.329 × 0.20/0.059 0.01/0.673 0.01/0.675
65 0.01/0.906 0.01/.943 0.01/0.857 0.03/0.499 0.48/0.002⁎⁎ 0.11/0.176
120 0.24/0.038⁎ 0.03/.510 0.01/0.873 0.34/0.012⁎ 0.03/0.523 0.06/0.316

Dwarf shrubs n = 54 0.27/0.001⁎⁎⁎ 0.47/.001⁎⁎⁎ 0.41/0.001⁎⁎⁎ 0.46/0.001⁎⁎⁎ 0.27/0.001⁎⁎⁎ 0.06/0.074
8 × × × × × ×
65 0.13/0.143 0.06/.329 0.01/0.724 0.07/0.724 0.15/0.117 0.02/0.580
120 0.13/0.143 0.17/.087 0.10/0.209 0.20/0.064 0.04/0.454 0.03/0.518

Shrubs n = 54 0.01/0.321 0.01/.394 0.02/0.254 0.03/0.247 0.01/0.544 0.02/0.274
8 × × × × × ×
65 0.11/0.174 0.05/.362 0.06/0.327 0.01/0.999 0.02/0.572 0.01/0.801
120 0.01/0.927 0.01/.932 0.01/0.778 0.11/0.187 0.01/0.788 0.01/0.707

Slope aspect (north/south) n = 54 0.894 0.531 0.533 0.576 0.483 0.970
8 0.521 0.471 × 1.00 0.843 0.961
65 0.401 0.324 0.730 0.131 0.152 0.961
120 0.888 0.349 0.261 0.775 0.673 0.925

Slope complexity (simple/complex) n = 54 0.759 0.693 0.908 0.779 0.707 0.529
8 1.00 0.151 × 0.115 0.504 0.266
65 0.373 0.756 0.929 0.414 0.247 0.656
120 0.785 0.297 0.222 0.334 0.160 0.238

Profile position (SU/SH/BS/FS/TS) n = 54 0.108 0.007⁎⁎ 0.009⁎⁎ 0.013⁎ 0.132 0.141
8 × × × × × ×
65 × × × × × ×
120 0.430 0.040⁎ 0.025⁎ 0.373 0.065 0.023⁎

Landform (ridge/slope/depression) n = 54 0.012⁎ 0.002⁎⁎ 0.003⁎⁎ 0.004⁎⁎ 0.169 0.260
8 × × × × × ×
65 × × × × × ×
120 0.510 0.405 0.229 0.159 0.201 0.047⁎

Analyses: bivariate fit (vegetation components: correlation coefficient/p-valuewith level of significance ‘⁎’) and oneway analysis of variance (landscape components: p-valuewith level of
significance ‘⁎’) using theWilcoxon/Kruskal–Wallis non-parametric method. Signif. codes: 0.001 ‘⁎⁎⁎’; 0.01 ‘⁎⁎’; 0.05 ‘⁎’, parameter not estimated ‘×’ due to lack of data, absence of plant
group or uneven distribution within landscape categories.
Profile position: SU = summit, SH = shoulder, BS = backslope, FS = footslope, TS = toeslope.
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14 g C m−2 yr−1 in the Skaftafellsjökull foreland is considerably
wer than that reported for the restored barren lands with rate of
g C m−2 yr−1 (Arnalds et al., 2013) and for the ~65 yr-old

stored birch forests of 47 g C m−2 yr−1 (Kolka-Jónsson, 2011)
d for the grazing lands of Krýsuvíkurheiði with the SOC accretion
te of 25–28 g C m−2 yr−1 (time period 1500–2006) (Gísladóttir
al., 2010). The rate of accretion by natural development in the
oglacial area is therefore slower than that of fully vegetated
osystems, such as grasslands and forests, under restoration. On
e other hand, the rate of accretion in the proglacial area is higher
an that of soils formed on lava flows (McPeek et al., 2007).

3. SOC and N accretion

The SOC and N stocks increase exponentially with increase in time,
ower during the first decades and faster after the first 65 yrs since de-
aciation. In contrast, several glacial chronosequence studies common-
report a power increase in SOC and N stocks; high rates during the
st decades after deglaciation, followed by a regressive decline with
crease in time and asymptotically approaching a steady state

(Crocker an
2008). A stu
same trend o

Soil form
seemingly h
in compariso
ments. The t
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the SOC and
for other gla
on the lag tim
ing and thaw
deposition fr
events of tep
especially du

When co
unfilled C sin
~2.0 kg C m
in the morai
stocks comp
ickson, 1957; Egli et al., 2001, 2010; He and Tang,
from the Werenskiold glacier in Svalbard shows the
crease (Kabala and Zapart, 2012).
n and the accretion of SOC and N in exposed moraines
a time threshold (lag) under conditions of SE-Iceland
ith Alaskan, Chinese, Alpine and High-Arctic environ-
threshold concept implies that the SOC accretes initial-
s but the rate of accretion increases subsequently and
tocks after 120 yrs are comparable to those reported
chronosequence studies. The apparent anomaly acting
ay be attributed to the concurrent effects of e.g. freez-
cycles and eolian activitywithin the proglacial area and
the nearby sandur outwash plains along with the odd
deposition,whichmay hold back vegetation succession
the earlier stages of vegetation succession.
red to the SOC stock under the birch woodlands, the
apacity for the surface layer (0–10 cm) is estimated at
With the observed accrual rate of 9.14 g C m−2 yr−1

oils, it may take an additional ~220 yrs to accrue SOC
ble to those under the birch woodlands, or a total of
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40 yrs since deglaciation, given that the SOC stocks under the birch
oodlands have reached a steady state for well drained Andisols of
eland. If calculated for the top 20 cm the additional time needed is
20 yrs. These projections do not account for the fact that Icelandic
ndisols, especially within the volcanic zone, tend to form thicker
olum which contains SOC throughout the entire profile because of
e specific pedologic conditions of Andisols (Óskarsson et al., 2004).
hese projections are also based on the assumption that the rates of
ccretion do not slowdownover timeuntil the stock attains the concen-
ation of 6%, which is the steady state level observed for most undis-
rbed Andisols (Nanzyo et al., 1993).

. Conclusions

The data presented lead to the conclusion that time plays a funda-
ental role in soil forming process; nevertheless, vegetation succession
lone and in conjunction with landscape is also an important factor of
oil formation and C and N accretion. However, a different sampling
rotocol is needed to emphasize the role of these two factors and
inimize the time effect. The modeling of SOC and N increase with
me could be improved by including more moraines of different times
f exposure within the chronosequence. The data of the present study
an serve as a basis for modeling the regional C stock within the
kaftafellsjökull foreland, where time, vegetation and/or landscape are
sed as an indicator of the accrual rate of C and N stocks in soils devel-
ping over exposed moraines. Finally, the developing soils in the
roglacial area of Skaftafellsjökull reveal the active C accrual processes
hich may continue for another 220 yrs (two centuries) and perhaps
nger given the high volcanic activity within the region. The fact that
ll Icelandic glaciers are reducing in sizemakes this an important quality
ith respect to balancing national greenhouse gas emissions.
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a c t

in Iceland retreat they expose new surfaces for plant succession and soil formation. In the foreland of
urjökull glacier, we used a high time resolution chronosequence to study vegetation succession;
ical, physical and chemical changes in soils; and the impact of avifauna on the vegetation and soils
on the moraines. In total, 38 sampling sites were distributed along moraines deposited in 1890,
, 1960, 1982, 1994, 2004 and 2012, representing 8 age groups. On moraines, where the influence of
as apparent, soils were collected from bird hummocks, one for each age group. Soil samples were
ed from nearby birch (Betula pubescens Ehrh.) woodlands, representing soils in a potentially future
system. The results show that mosses and grasses dominated and characterized the vegetation on
es with the exception of the two youngest moraines that were non- or sparsely vegetated. An AC
uence slowly formed yet the A horizon remained thin (b2.5 cm). Bulk density decreased with time
ciation, from 1.2 g cm−3 down to 0.8−1.0 g cm−3 in the oldest moraines. Similarly, soil pH (H2O)
ith time, reaching a steady state at the value of 6 after 67 yrs. LOI (loss on ignition), SOC (soil organic
d total N (nitrogen) concentrations along with pH (NaF) increased over the time span investigated.
e in LOI, SOC and N concentrations occurred slowly during the first few decades, rates increased
since deglaciation but eolian input appeared to reduce the rates again in the 122 yr-old moraine.
SOC andN concentrationswere reached in the 82 yr-oldmoraine (1.4% SOC, 0.07%N) and the highest
of 9.3 after 67 yrs. The lack of shrubs and dwarf shrubs indicated that the long distance from seed
arded vegetation succession within the Breiðamerkurjökull moraines, which in turn affected the soil
nt on themoraines, although perhaps to a lesser degree than expected. The soil in the bird hummocks
terized by dense root system and thick A (or O) horizons (b14 cm) generated by the dense growth of
herbs, accompanied by considerably much higher SOC and N values (18% SOC, 1.1% N after 67 yrs)
ared to the surrounding moraine soils. Additionally, bulk density was much lower within the bird
(0.26−0.75 g cm−3) and soil pH (H2O)was generally lower, ranging between 5.2 and 6.2 depending
age. This study shows that the point-centered input by avifauna into the terrestrial ecosystem is an
actor in locally enhancing vegetation growth and the rates of soil formation increasing the heteroge-
important f

neity within t
he moraine soils.

© 2015 Elsevier B.V. All rights reserved.
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he
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y th
Ag
the
r st
. Introduction

Chronosequences, an approach involving space-for-time substitu-
on, have beenwidely used to study primary succession and soil forma-
on. The concept of a chronosequence was systematized by Jenny
1941) in the context of soil development, where the soil as a whole,
r a specific soil property, is a function of the soil forming factors:

climate, ava
time being t
is presuppo
but in realit
the Little Ice
climate and
ideal sites fo

Matthews (1992
from glacial for
the plant succe
Alaska, by Cro
Dahlgren (2002

. Gísladóttir),
le biota, topography, parent material and time, with
only truly independent factor. In a chronosequence, it
that time can be isolated as a factor in soil formation,
e other factors may also change through time. Since
e (LIA), glaciers have been retreating due to a warming
emerging glacial fore-fields have been regarded as

udying primary plant succession and/or soil formation.
) did a comprehensive review on the various research
e-fields worldwide but one of the first studies linking
ssion and soil development was done in Glacier Bay,
cker and Major (1955). According to Ugolini and
), time and climate are the main determinants of the
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15) 3
lative degree of weathering of the soil environment but also affect the
ota and plant succession. Increase in vegetation cover is probably the
ost obvious change occurring within glacier forelands, being initially
ow and then the rate increases and a full cover is often attainedwithin
–50 yrs (Matthews, 1992). It is, however, highly dependent on local
vironmental factors, such as the nature of the substrate, the landscape
d biological controls, such as patterns of immigration and species
teraction. In general, vegetation stratification is developed over time,
ith time-dependent sequence of herbs, shrubs and trees for specific
gions such as the Alps and Alaska (Burga et al., 2010; Crocker and
ajor, 1955), and cryptogams appear to precede phanerogams at
gher latitudes and in mid- and high-alpine zones (Hodkinson et al.,
03; Persson, 1964; Stork, 1963). Animals also impact the plant suc-
ssion and soil development in various ways and add nutrients to the
il through dropping, often creating stark differences among sites of
rtilization and the regular nutrient-poor surfaces (Bockheim and
aus, 2014; Tomassen et al., 2005).
The parent material is a fundamental determinant of the soil type

rmed in glacial moraines (Jenny, 1941). Iceland is a volcanic island
d the moraine material is a mixture of ground volcanic rocks and
assy tephra, which covers outlet glaciers to a significant extent due
relatively frequent events of tephra fall during sub-glacial eruptions.
e windy environment redistributes tephra and finer particles depos-
d by rivers and glaciers, and this deposition rejuvenates the soil sys-
m through the addition of fresh parent material (Arnalds, 2008).
ils in Iceland are generally classified as Andisols/Andosols (ST/WRB)
rnalds and Óskarsson, 2009), which feature distinct properties such
high carbon (C) sink capacity, low bulk density and poorly crystalline
ay constituents with allophane being the most common. Icelandic
ils have undergone large scale erosion and consequently the SOC
d nitrogen (N) pools of eroded surfaces differ greatly from those
der vegetated land (Gísladóttir et al., 2010; Óskarsson et al., 2004).
stabilize and improve the status of eroded areas, studies on revegeta-

on and restoration are being done in many regions of the country.
orldwide, soils contain ~1500 Pg organic carbon (OC) to 1 m depth,
d comprise the largest terrestrial C pool (Scharlemann et al., 2014).
owever, human and natural processes have depleted the SOC pool af-
cting the net flux of greenhouse gases (GHGs) between the soil and
e atmosphere (Arrouays et al., 2014). Currently there is a great inter-
t in soil C as it offers an option tomitigate the increasing anthropogen-
emissions and the ongoing climate change by being a potential sink
r GHGs (Hartemink and McSweeney, 2014; IPCC, 2014). Many of the
cent chronosequence studies have focused on this aspect, including
e research from the Skaftafellsjökull fore-field, SE-Iceland, where the
cumulation of SOC, governed by time and natural plant succession,
oved to be less effective than restoration efforts of eroded areas
spite a relatively rapid shrub land establishment (Arnalds et al.,
13; Vilmundardóttir et al., 2014; Vilmundardóttir et al., 2015). The
aftafellsjökull proglacial area is in close proximity to birch (Betula
bescens Ehrh.) woodlands, which is the natural climax ecosystem in
eland (Sigurðsson, 1977). However, there are many outlet glaciers in
e country that are isolated from such seed sources but studies on
il development from these areas are lacking.
Many outlet glaciers of various sizes flow from the Vatnajökull ice-

p down to the lowlands of SE-Iceland (b100 m a.s.l.). These pro-
acial areas have similar maritime climate (cool summers and mild
inters) (Einarsson, 1984) but feature different geomorphic surround-
gs and drainage systems as well as vegetation composition. The
st Breiðamerkurjökull outlet glacier is a challenge to plant colonization
themoraines due to relatively long distance to seed sources. Nonethe-
ss, the sparsely vegetated moraines have attracted seabirds that fre-
ent this area for roosting and nesting purposes. Breiðamerkurjökull's
story of advance and retreat is well known and it provides the settings
high time resolution chronosequence within the glacier foreland. By
ing data on soil development and vegetation succession within eight
ell dated glacial moraines, formed since the end of the LIA ~1890,
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O.K. Vilmundardóttir et al. / Geoderma 259–260 (20
d bird hummocks,1 the objectives were to investigate
ccession within the pro-glacial area that is relatively
ed sources, 2) soil formation on the glacial moraines
e and vegetation, and 3) the impact of avifauna on the
eveloping soils. It was hypothesized that the vegeta-
y, developing on the moraines, would be different
cial areas that are closer to seed sources, such as for
, and it would result in lower rates of soil formation.
thesiswas that the presence of avifauna enhanced veg-
nd soil formation rates within restricted locations.

methods

s

e lies within the pro-glacial area of Breiðamerkurjökull
′−64°02′, W16°18′−16°14′) (Fig. 1), which is the
utlet glacier in Iceland (Björnsson, 2009). The study
between the remnants of the relic ice and the asso-
es left by the two medial moraines Máfabyggðarönd
Esjufjallarönd and Jökulsárlón glacial lake to the

kurjökull advanced when climate cooled during the
its maximum extent in 1880–1890, creating the termi-
rking the LIA glacial maximum (Guðmundsson, 2014).
minal moraines are the Breiðamerkursandur glacio-
close proximity to the Atlantic Ocean. To the west, the
d the moraines are demarcated by the glacial river

Jökulsá to the east, originating from the pro-glacial
and Jökulsárlón. Despite being isolated by glaciers

glacial rivers, the area has been utilized by farmers for
ther land use is limited to tourismwithin the southern
es of Jökulsárlón.
a lies within 18–70m a.s.l. in a relatively flat landscape
rop in relief where the glacier terminus was located
m there the land rises gradually to the present day ter-
ate is maritime with cool summers and mild winters
), with amean annual temperature of ~5 °C and inwin-
ure often hovers around zero (Table 1). Precipitation is
gh likely less than measured at Kvísker and Hali, the
s in the shortest distance from Breiðamerkurjökull.
glacier front has receded although with static or

iods, exposing various kinds of geomorphic features;
d moraines and a series of end moraines that have
mented by the Icelandic Glaciation Society and by
ndsson (Guðmundsson, 2014). The moraines are com-
dmaterial derived from rock formations in the vicinity,
ostly volcanic basalt and hyaloclastite (Jóhannesson
n, 2009) although plutonic and geo-thermally altered
lso present. Tephra, fragmental materials produced in
s, is a substantial constituent of themoraines originating
volcanoes, such as Grímsvötn, Bárðarbunga, Katla and
ral volcanoes (Óladóttir et al., 2011).

ction and vegetation measurements were carried out
of 2012 where sampling sites were restricted to end
aines with a known/estimated time of deposition:
4, 1982, 1960, 1945, 1930 and 1890, comprising 8 age
line of the moraines/glacial margin was identified as
nd five points were randomly selected for each of the
asuring landscape, vegetation and for soil sampling.
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ampling sites are well drained and without signs of disturbance, such
s dry riverbeds or flooded areas, otherwise they were omitted and
e next point chosen instead. Sampling sites were restricted to the
orthern side of moraine ridges, excluded depressions/toe-slope posi-
ons (Schoenberger et al., 2002) to avoid sites of considerable sediment
eposition, evident in the oldestmoraine. Breiðamerkursandur is one of
eland's largest nesting grounds for the great skua (Stercorarius skua)

environmen
often on the
soil samplin
ment, one sa

Birch an
climax ecosy
in front of S

ersonal communications andGuðmundsson (2014)). Dotsmark soil sampling sites and starsmark sampling s
Stórihnaus (the reference or baseline area) 11 km southwest of the study site. The figure shows the location

013, drawn on aerial photographs from Loftmyndir Inc. (2013). The digital elevation model (from the Icelan
ows the pro-glacial landscape in 2010. G, B, K and Ö mark the location of Grímsvötn, Bárðarbunga, Katla and
Lund-Hansen and Lange, 1991). Both the great skua and the Arctic
kua (Stercoarius parasiticus) have had considerable impact on the soil

(Marteinsdóttir
those specieswo
on the Breiðame
from the neare
~11 kmdistance
the birch wood
moraine soils w

2.3. Field measur

All measurem
quadrant. Vege
slightly modifie
1976), where th
estimated (Tabl
species was doc
species follow
0–5 cm and 5–
was measured
volume and app
three sizes, 1.7

able 1
eneral information about the Breiðamerkurjökull study area.

Position N 64°05′−64°02′
W 16°18′−16°14′

Elevation range of sampling sites 18–70 m
Climate Maritime, cool summers and mild winters

Fagurhólsmýri Hólar in Hornafjörður
Mean annual temperature⁎ 4.8 °C 4.7 °C

–July 10.6 °C 10.5 °C
–January 0.4 °C 0.3 °C

Mean annual precipitation⁎ 1800 mm 1500 mm
Kvísker: 3500 mm Hali: 2250 mm

Geology/parent material Basalt, hyaloclastite, tephra
Area 11 km2

⁎ Based on unpublished data from IMO. Temperature and precipitation values are from
e Fagurhólsmýri weather station, 1949–2007, and Hólar in Hornafjörður weather station,
949–2011. Additional precipitation data are from Kvísker (1960–2011) and Hali
999–2011) weather stations, which are located closer to the study site but no data on
mperature is available. See Fig. 1 for locations of Fagurhólsmýri and Kvísker weather
ations.
nd created ‘bird hummocks’ on the moraines, most
mits, and they were excluded from regular moraine
investigate the impact of avifauna on the soil environ-
ling site was placed within such a hummock.
illows (Salix spp.) are the species that characterize
ms in Iceland and are already colonizing the moraines
tafellsjökull and the outwash plain Skeiðarársandur
et al., 2007; Vilmundardóttir et al., 2015). In theory,
uld therefore be the final stage of vegetation to develop
rkurjökullmoraines. However, the study area is isolated
st site of birch growing close to the farm Kvísker in
to thewest (Fig. 1). Soil samples were collected within
lands at Stórihnaus at Kvísker to compare the young
ith those of a mature ecosystem.

ements and soil sampling

ents and sampling were performed within a 0.25 m2

tation within the quadrant was recorded by using a
d Braun-Blanquet cover scale (Goldsmith and Harrison,
e total cover and cover of specific plant groups were

e 2). In addition, general information on vegetation and
umented for each moraine age group, names of plant
that by Kristinsson (2010). Soils were sampled at
15 cm depths. Bulk density of the fine earth fraction
for both depths using small cubical cores of known
lied perpendicular to the soil profile. The cores were of
cm3 (n = 5), 7.9 cm3 (n = 3) and 19.5 cm3 (n = 2)

nbirdhummocks. Soil sampleswere also collected in birchwoodlands
he terminus as well as the distribution of lakes and rivers in summer
eteorological Office - IMO), based on images from an airborne Lidar,
fajökull sub-glacial volcanoes.
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Table 2
The cover scale and median values used in the assessment of vegetation and plant
groups (based on Braun-Blanquet).

Braun-Blanquet cover scale Vegetation parameter

N0−0.5% = 0.25 Vegetated
N0.5−1% = 0.75 Non-vegetated
N1−5% = 3 Litter

O.K. Vilmundardóttir et al. / Geoderma 259–260 (2015) 3
d their application and validity has previously been described by
lmundardóttir et al. (2014). Bulk soil sample was collected and bagged
r further analysis. For one of the five moraine sampling sites, the soil
ofile was described by measuring the depth of horizons down to
15 cm, and the colors assessed on field moist soil using a Munsell soil
lor chart. Soils were also sampled in a birch forest close to the Kvísker
rm, north of Stórihnaus at ~70 m a.s.l, where three soil profiles were
scribed down to 30 cm depth and bulk density samples and bulk soil
ere collected in the same manner as for the moraine soils.

4. Soil sample preparation and analysis

Soil samples were analyzed at the University of Iceland. Soil bulk
nsity samples were air dried, gently ground and passed through a
mm sieve. The volume of coarse fragments (N2 mm)was determined
thewater displacement technique. The bulk density of the fine earth

action (b2 mm) was calculated after subtracting the weight and vol-
e of the coarse fraction from the weight and volume of the total
lk density sample. Similarly, bulk samples were air dried and passed
rough a 2 mm sieve. Samples were dried at 105 °C and combusted
a muffled furnace at 550 °C for four hours to determine LOI. Concen-
ations of SOC and total Nwere determined by the dry combustion on a
ash 2000 Elemental Analyzer (Thermo-Scientific, Italy). Samples were
ll milled and passed through a 150 μm sieve, then dried at 50 °C prior
weighing and packing into tin containers. Soil pH (H2O) was deter-
ined in soil–water suspension (1:5) after stirring for 2 h. Andic
operties were evaluated by the indirect method of determining soil
in 1 M NaF solution, by mixing 0.5 g soil with 25 ml NaF and taking

e reading after exactly 2 min.

5. Statistical analysis

The differences of means in vegetation cover/soil properties between
oraine age groups were analyzed with the non-parametric Wilcoxon/
uskal–Wallis test and the Wilcoxon non-parametric test for a pair-
ise comparison of means of each group. Linear regression was used to
odel the relationship between soil properties and surface age. The cor-
lation between vegetation and soil properties was analyzed for the
hole moraine dataset (n= 38) using a bivariate fit. Descriptive statis-
s and correlation were computed in the JMP software (JMP, 2005).

Results

1. Vegetation succession

The vegetation cover increased with time, from being completely
sent on the moraines closest to the glacier, to being close to full
ver in the oldest moraine (Figs. 2 and 3). The increase in vegetation
ver featured a setback on the 82 yr-old moraine. Mosses were the
ant group that characterized the moraines and comprised the largest
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N5−25% = 15 Biological crust
N25−50% = 37.5 Macro-lichens
N50−75% = 62.5 Mosses
N75−100% = 87.5 Equisetum
0 = absent Grasses

Sedges and rushes
Herbs
Dwarf shrubs
Shrubs
(Fig. 3a–h). Moss coverwas almost absent in the youn-
es but the cover significantly increased in the 18 yr-old
1). After that the average cover remained quite con-
). Grasses were already present in the 8 and 18 yr-old
Poa flexuosa and Poa glauca were most apparent

para featured throughout the chronosequence and
e cover in the oldest age groups. Biological crust in-
e and comprised a considerable part of the cover

r-old moraines. Macro-lichens did not feature such a
with increase in time and their cover was the maxi-
2 and 52 yr-old moraines. Dwarf shrubs, especially
m, were also present on the moraines, particularly in
moraines but their cover was patchy and rarely docu-
plots. Shrubs were almost completely absent, a few
alix lanata (~15−20 cm tall) were observed close to
raine and a single sprout of birch (~30 cm tall) close
ón by the sampling sites of the 30 yr-old moraine.
ere negligent except for themoraines close to the gla-

fter the 18 yr-old moraine, where evidence of grazing
e (Branta leucopsis) was present.

ent

of the moraine soils
xture were apparent already in the 8 yr-old moraine
and finer grains had been translocated from the surface
hind sandymaterial with a mantle of gravel on the sur-
d till underneath (Table 3). An A horizonwas beginning
e 30 and 52 yr-old moraines, which became more
er although remaining thin, the development was pri-
by darkening in colorwith a hint of a granular structure
raines. The oldest moraine featured more sandy hori-
lor was sometimes best fitted to describe the grayish
soil even though the soil was not waterlogged. The
órihnaus featured two A horizons and a Bw horizon, a
l for well drained Andisols (Fig. 3i–j). Tephra from the
svötn in 2011 was evident in the forest undergrowth
posits. The origins of the tephra layers buried in the
re unknown but likely fromGrímsvötn or Katla subgla-
ladóttir et al., 2011).

l and chemical properties
results are focused on the 0–5 cm depth unless stated
ulk density was the highest in the youngest moraines
rom 1.24 g cm−3 on average down to 0.81 g cm−3 in
raine, after which the value maintained ~1.0 g cm−3

ilcoxon non-parametric test indicated a division in
es of 18 yrs and younger compared with those of
. Soil bulk density values of the moraine were much
.62 g cm−3 in the woodland soil. LOI was low, ranging
youngest moraine to 3.1% in the 82 yr-old moraine,

ly 10% of the LOI in the birch woodlands (22.1%).
entration started close to zero (0.02%, Table 4) in the
erging from under the glacier. Increase in SOC concen-
t after 18 yrs as it was significantly higher than that in
o time groups. The 30 yr-old soil had a significantly
ation than the 18 yr-old soil. Thereafter, adjacent age
how a significant difference in SOC concentration and
oncentration increased within age groups. The highest
nwas attained in the 82 yr-oldmoraine, yet it was only
il under the birch woodlands. The magnitude of SOC
lower depth was much slower than that for the top
detectable until after 52 yrs.
tration was zero in the youngest three age groups but
as detectable in the moraine soil. The N concentration
and it was the highest after 82 yrs, still only 16% of
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at in soil under the birch woodlands. The C:N ratio was higher in the
ounger moraines compared to the older ones but Nwas not detectable
the lower depth in the moraine soils.
Soil pH (H2O) started as high as 8.3 and leveled off in 67 yrs,

maining at the value of 6 throughout the chronosequence. The wood-
nd soil had a lower pH than that of the moraine soils which was 5.3.
he lower depth featured pH values usually 0.5 unit higher than the
p depth. Soil pH (NaF) increased from being around 8.0 to 9.3 in the
7 yr-old moraine, whilst the birch woodland soils had the highest
aF values of 10.1. The pH values were generally similar for the lower
epth, except for the woodlands where the value reached 11.1.

.2.3. The pattern of changes in soil characteristics with increase in time
All the measured soil properties showed changes with increase in

me: bulk density and pH decreased whereas LOI, SOC, total N and pH
NaF increased with time since deglaciation (Table 4). These changes
ere generally less apparent in the subsoil except for soil pH (H2O
nd NaF).
When fittingmodels to describe the trends of increase or decrease of

e different soil properties, the best fit was most often through quartic
olynomialmodels since the curves changed their path at the end of the
hronosequence. This trend means that the increase in LOI, SOC, total N
nd pH (NaF) is ongoing more or less throughout the chronosequence,
ut instead of reaching its highest point in the oldest age group, a
ecrease was observed in the 122 yr-old moraine. The trend was just
e opposite for soil bulk density. For LOI, SOC and total N, the variation
lso increased with increasing age, with an exception in the 122 yr-old
oraine where it decreased again.
The relationships between the developing soil properties and vege-

tion cover showed that the age-dependent vegetation parameters cor-
lated strongly with the soil parameters. This trend was apparent for
e total vegetation cover andmoss cover, where the cover was denser;
e underlying soil had lower bulk density, higher LOI, SOC and N con-
entrations and lower pH (H2O). The relationship between the vegeta-
on parameters and soil pH (NaF) was not as clear but still showed an
crease with increase in cover. The other vegetation parameters did
ot show any strong relationship with the soil characteristics.

.3. The enriched soils under the bird hummocks

Bird hummocks, formed by the great skua and the Arctic skua, were
n the tops of moraine ridges in particular but they also occurred on

more level s
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(Fig. 4). The
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4. Discussio
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Since the
in Iceland is
(2013). Ma

18 19.5 0.65 0.05 0.35 17.1 1.6

8 1.1 0.75 0 0 0.2 0.9
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Fig. 2. Vegetation cover on the moraines, average values
aces. The hummock vegetation differed from the sur-
ey were fully covered by vigorous grasses and herbs
etation formed zones of different species; grasses like
grostis stolonifera were dominant in the center along
alium normanii, Rumex acetosilla and Thymus praecox,
curred on the margins of the grasses. Mosses and
hen encircled the grasses and herbs. The hummocks
d southerly directions and tephra from the eruption in
, alongwith other types of eolian deposits, were evident
er of most of the hummocks investigated (Table 5). The
rred in all the moraine age groups studied, except for
st moraines, although their size and prevalence were
ed in the younger moraines.
ummocks featured relatively thick A horizons incorpo-
ry fine roots compared to the other sampling sites on
pective age (Fig. 4), and an O horizon was featured in
oraine (Table 5). In the two oldest moraines, the struc-
rizon was granular although of weak grade. The texture
loamy sand to sand and it was apparent that the hum-
ped tephra and reworked aeolianmaterial. Below the A
horizon had the appearance of the glacial till.
es of the bird hummocks were different from those of
moraine soils. Bulk density wasmuch lower compared
oils in the top depth, it maintained well below 1.0 and
towards decrease from younger to the older moraines
uring bulk density was difficult due to the dense root
e values must be regarded with caution. LOI values
her than in the moraine soils, as were also SOC and
rations. These parameters were more comparable to
ured in the soil under the birch woodlands. Soil pH
iderably lower than that in the moraine soils as was
e highest LOI, SOC and N concentrations and the lowest
soil pH (H2O and NaF) were observed in the 67 yr-old

onsiderations

d of the LIA, from 1890 to 2000, the glacial recession
timated to have exposed 1285 km2 Sigurðsson et al.
f these deglaciated areas are now dynamic sites of

0.15 0.55 0.6

0 0.45 0

0 0 0

ach age group.
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Fig. 3. Examples from sampling sites: Moraines deposited in a: 2012, b: 2004, c: 1994, d: 1982, e: 1960, f: 1945, g: 1930 and h: 1890; i: birch forest at Stórihnaus and j: soil profile in the
birch woodlands (scale in cm).
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ant succession and chemicalweathering. Future predictions imply on-
ing glacial recession where the rapidly thinning Breiðamerkurjökull
tlet glacier will have retreated far inland by 2090 (Björnsson and

Pálsson, 200
grazing by l
and grasses d
increasing the area that is currently used for sheep
farmers. In the Breiðamerkurjökull foreland, mosses
inate and characterize the vegetation cover. This pattern
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Table 3
Soil morphology and profile description of selected profiles, one from each moraine investigated and one from the mature woodlands at Stórihnaus.

Horizon
(moraine)

Depth
(cm)

Roots
(quantity, size)

Boundary
(distinctness, topography)

Structure
(grade, size, type)

Texture⁎ Color
(moist)

Consistence
(moist)

Tephra layers

2012 — 0 yrs
C N0 – – 0, m ls 5Y 2.5/1 fr

2004 — 8 yrs
C1 0–3 v1, vf c, w 0, sg s 5Y 2.5/1 lo
C2 N3 – – 0, m sl fr

1994 — 18 yrs
C1 0–3 2, vf a, w 0, sg s 5Y 2.5/1 lo
C2 N3 v1, vf – 0, m sl 2.5Y 3/1 fr

1982 — 30 yrs
AC 0–4 2, vf c, w 0, sg sl 5Y 2.5/1 lo
C N4 v1, vf – 0, m ls 5Y 3/1 fr

1960 — 52 yrs
AC 0–2 2, vf a, w 0, sg fs 5Y 2.5/2 lo
C N2 v1, vf a, w 0, sg s GLEY1 2.5 N lo

1945 — 67 yrs
A 0–1 m1, f a, w 0, sg sl 10 YR3/2 lo
C N1 v1, vf – 2, m, sbk sl 5Y 2.5/1

1930 — 82 yrs
A 0–1.5 2, vf a, w 1, vf, gr sl 10 YR 2/1 lo
C N1 v1, vf – 3, m, sbk sl 5Y 2.5/1 lo

1890 — 122 yrs
A 0–2.5 2, f a, s 1, vf, gr ls 10 YR 2.1 lo
C1 2.5–11 1, vf a, s 0, sg s GLEY1 2.5/10Y lo
C2 N11 v1, f – 0, sg s GLEY1 2.5/2.5 N lo

Birch woodlands — ref. area (profile B)
A 0–5 3, vf; v1, f a, s 2, f, gr sl 10 YR 2/2 fr Grímsvötn 2011 tephra,

1 cm thick, in sward layer.
A2 5–11 3, vf; v1, f; v1, m c, s 2, vf, gr sl 7.5 YR 2.5/3 fr
Bw 30−? 2, vf; v1, f; v1, m; v1, co – 2, f, sbk sl 7.5 YR 2.5/3 fr Three dark colored tephra bands,

two 0.5 cm and one 2 cm thick.

Profile description terminology is from Schoenberger et al. (2002). Abbreviations: Roots, quantity— v1, very few; m1, moderately few; 1, few; 2, common; 3, many. Roots, size— vf, very
fine; f, fine; m, medium; c, coarse. Boundary, distinctness — a, abrupt; c, clear. Boundary, topography — s, smooth; w, wavy. Structure, grade — 0, structureless; 1, weak; 2, moderate;
3, strong. Structure, size — vf, very fine; f, fine; m, medium. Structure, type — gr, granular; sbk, subangular blocky; sg, single grain; m, massive. Texture — s, sand; fs, fine sand; ls,
lo
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f vegetation succession is different from a chronosequence studied
t Skaftafellsjökull, SE-Iceland, where dwarf shrubs and shrubs,
long with mosses, characterized the moraines after 65–120 yrs

difference co
seed sources
of Skaftafell

amy sand; sl, sandy loam; sil, silt loam. Consistence moist — lo, loose; fr, friable.
⁎ Texturewas estimated by feel on thefine earth fraction. Based on the values reported by Stanich (2013), gra
5–35%) and very gravelly (35–60%) with an exception in the 1890 moraine where it was b15%. The woodla
Vilmundardóttir et al., 2015), but those plant groups are rare to
ompletely absent on the moraines of Breiðamerkurjökull. The

Breiðamerkurjö
west, or toward

able 4
elected soil characteristics for 0–5 and 5–15 cm depths presented as average values with standard deviation in pa

Depth (cm) Moraine (year) Moraine age (yrs) Bulk density (g cm−3) LOI (%) SOC

0–5 2012 0 1.24 (0.08) 0.60 (0.06) 0.0
0–5 2004 8 1.19 (0.06) 0.61 (0.10) 0.0
0–5 1994 18 1.22 (0.07) 0.68 (0.08) 0.1
0–5 1982 30 0.94 (0.10) 0.97 (0.16) 0.2
0–5 1960 52 0.94 (0.13) 1.48 (0.52) 0.5
0–5 1945 67 0.81 (0.16) 2.76 (1.29) 1.1
0–5 1930 82 0.97 (0.14) 3.06 (1.16) 1.3
0–5 1890 122 1.01 (0.06) 2.53 (0.18) 1.0
0–5 Birch woodlands 0.62 (0.21) 22.13 (3.74) 10.2
5–15 2012 0 1.32 (0.20) 0.60 (0.03) 0.0
5–15 2004 8 1.21 (0.09) 0.57 (0.05) 0.0
5–15 1994 18 1.19 (0.09) 0.61 (0.07) 0.0
5–15 1982 30 1.20 (0.06) 0.60 (0.06) 0.0
5–15 1960 52 1.13 (0.10) 0.68 (0.13) 0.0
5–15 1945 67 1.17 (0.14) 0.68 (0.11) 0.1
5–15 1930 82 1.17 (0.14) 0.68 (0.07) 0.1
5–15 1890 122 1.15 (0.07) 0.80 (0.30) 0.2
5–15 Birch woodlands 0.71 (0.19) 10.76 (3.20) 4.4
be explained somewhat by the contrasted distance to
these sites. Skaftafellsjökull lies beside the woodlands

iði, and the nearest source of birch to the study site at

ntent (% volume) could be estimated to range between being gravelly
ils were gravel free.
kull could be close to Kvísker, around 11 km to the
s east to Reynivellir ~12 km. The sparsely vegetated

renthesis.

(%) Total N (%) C:N pH (H2O) pH (NaF)

2 (0.00) 0.000 (0.000) – 8.3 (0.1) 8.1 (0.2)
2 (0.01) 0.000 (0.000) – 7.0 (0.2) 8.3 (0.3)
1 (0.02) 0.000 (0.000) – 6.9 (0.2) 8.3 (0.4)
6 (0.10) 0.006 (0.005) 47 6.6 (0.0) 8.7 (0.6)
3 (0.29) 0.021 (0.014) 30 6.2 (0.2) 8.9 (0.3)
4 (0.63) 0.051 (0.024) 22 6.0 (0.2) 9.3 (0.3)
6 (0.62) 0.071 (0.034) 20 6.0 (0.3) 9.2 (0.1)
1 (0.07) 0.045 (0.002) 23 6.0 (0.1) 9.0 (0.4)
8 (1.65) 0.448 (0.078) 23 5.3 (0.3) 10.1 (0.3)
2 (0.00) 0.000 (0.000) – 8.8 (0.1) 8.5 (0.1)
2 (0.00) 0.000 (0.000) – 7.4 (0.3) 8.2 (0.2)
5 (0.00) 0.000 (0.000) – 7.5 (0.2) 8.5 (0.3)
3 (0.01) 0.000 (0.000) – 7.5 (0.1) 8.8 (0.5)
9 (0.05) 0.000 (0.000) – 6.9 (0.2) 9.1 (0.1)
0 (0.04) 0.000 (0.000) – 6.9 (0.3) 9.3 (0.1)
1 (0.05) 0.000 (0.000) – 6.8 (0.1) 9.3 (0.1)
1 (0.19) 0.000 (0.000) – 6.7 (0.1) 9.2 (0.3)
6 (1.48) 0.264 (0.075) 17 5.8 (0.3) 11.1 (0.1)
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ndur plains south of the study site hardly contribute to a seed source
r shrub or dwarf shrub dispersal. Further, the unstable surfaces of the
twash plains in SE-Iceland have shown to reduce seedling survival
tes (Marteinsdóttir et al., 2010). There are several signs of eolian ac-
vity throughout the chronosequence at Breiðamerkurjökull; the
treating glacier constantly leaves behind finely ground material that
removed from the surface throughwind andwater erosion, deposited
vegetated surfaces or transported towater bodies. The glacier itself is
vered by tephra deposits and plus recent events of tephra deposits,
ch as from Grímsvötn in 2011, this tephra is being reworked. This
ea was estimated by Arnalds (2010) to have a high deposition rate
75–250 g m−2 yr−1 depending on topography and wind pattern.
Vilmundardóttir et al. (2015) reported that the successional stages
the Skaftafellsjökull proglacial area also differ from what has been
ported for other pro-glacial areas such as the Alps, Alaska and China,
here forests are established within 70–150 yrs (Crocker and Dickson,

to the seed
comparable
tree line, sh
nana have e
The develop
experience
the Breiðam
chronoseque
fields in Sval
sent only a sm
et al., 2003;

Plant gro
Studies from
crust starts t
Schmidt et a
soil system. I

Fig. 4. An example of a bird hummock on the 1890 moraine (left) and a profile from the
57; Egli et al., 2010; He and Tang, 2008). In front of Skaftafellsjökull,
ere seemed to be a lag time in the initial plant establishment and
il development, possibly delaying the development of woodlands.
owever, after 120 yrs a shrub cover was forming in places closest

ported that soil
moss abundanc
shows that biolo
gradually increa

ble 5
il morphology and profile description under the bird hummocks found on all moraines except for the two young

Horizon
(moraine)

Depth
(cm)

Roots
(quantity, size)

Boundary
(distinctness, topography)

Structure
(grade, size, type)

Texture

1994 — 18 yrs
A? 0−11 3, vf c, w 0, sg s
C N11 ne – ne ne

1982 — 30 yrs
A 0−6 3, vf c, w 0, sg ls
C N6 2, vf – 0, sg ls

1960 — 52 yrs
A 0−3 3, vf c, w 0, sg sl
C N3 ne – ne ne

1945 — 67 yrs
O 0−7 3, vf a, w 0, sg sl
C N7 ne – ne ne

1930 — 82 yrs
A1 0−2.5 3, vf c, s 1, vf, gr ls
A2 2.5−9 3, vf a, s 0, sg s
C N9 ne – ne ne

1890 — 122 yrs
A1 0−4 3, f a, s 1, vf, gr sl
A2 4−14 2, vf a, s 1, vf, gr ls
C N14 ne – ne ne

ofile description terminology is from Schoenberger et al. (2002). Abbreviations: Roots, quantity — 2, common; 3,
rupt; c, clear. Boundary, topography — s, smooth; w, wavy. Structure, grade — 0, structureless; 1, weak. Structur
xture — s, sand; ls, loamy sand; sl, sandy loam. Consistence moist — lo, loose.
⁎ Texture was estimated by feel on the fine earth fraction, gravel content not estimated.
rce, a future indicator of woodlands, which is more
chronosequence from Norway at an elevation above
g that dwarf shrubs along with Salix spp. and Betula
lished after 60 yrs (Matthews and Whittaker, 1987).
nt on the Breiðamerkurjökull moraines will likely
xtended lag time until woodlands will develop on
urjökull moraines, making the current status of the
more comparable to the development in glacial fore-
, where vascular plants are slow to establish and repre-
part of vegetation cover for the first 100 yrs (Hodkinson
la and Zapart, 2012).
can directly affect the underlying soil properties.
lbard and the Andes have shown that cyanobacterial
rm 2–4 yrs after deglaciation (Hodkinson et al., 2003;
08), and it plays a major role in C and N inputs to the
tudy from the CanadianArctic, Stewart et al. (2011) re-

hummock featuring a thick A-horizon (right).
moisture influenced moss abundance and increasing
e positively influenced N2 fixation rates. Our study
gical crust starts to form in the 18 yr-old moraine and
ses its cover until reaching ~10% after 82 yrs. No

est.

⁎ Color
(moist)

Consistence
(moist)

Tephra layers

2.5Y 3/1 lo Grímsvötn 2011 tephra
ne ne

10 YR 3/2 lo
ne lo

7.5 YR 2.5/3 lo Grímsvötn 2011 tephra
ne ne

7.5 YR 2.5/2 lo Grímsvötn 2011 tephra
ne ne

10 YR 3/2 lo
10 YR 2/2 lo
ne ne

10 YR 2/1 lo Grímsvötn 2011 tephra
10 YR 2/2 lo
ne ne

many. Roots, size — vf, very fine; f, fine. Boundary, distinctness — a,
e, size — vf, very fine. Structure, type — gr, granular; sg, single grain.
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Table 6
Physical and chemical properties of the enriched bird hummocks.

Depth
(cm)

Moraine
(year)

Moraine
age
(yrs)

Bulk
density
(g cm−3)

LOI
(%)

SOC
(%)

Total
N (%)

C:N pH
(H2O)

pH
NaF

0–5 1994 18 0.75 2.94 1.29 0.087 15 6.20 8.12
0–5 1982 30 0.46 8.00 3.80 0.339 11 5.31 7.74
0–5 1960 52 0.40 23.76 11.79 0.829 14 5.69 7.88
0–5 1945 67 0.26 40.19 18.14 1.113 16 5.22 7.60
0–5 1930 82 0.57 17.04 9.07 0.594 15 5.55 7.93
0–5 1890 122 0.31 13.64 6.10 0.395 15 5.48 8.91
5–15 1994 18 (0.43) 1.30 0.41 0.018 23 6.43 8.25

B
in
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lationship was observed between the proportional cover of biological
rust, macro-lichens and the C and N concentration, there was, how-
ver, a significant positive relationshipwith themoss cover. Preliminary
esults show that N2 fixing moss associated cyanobacterial commu-
ities are important in Icelandic ecosystems (Jónsdóttir, 2014; Russi
olmenares et al., 2014). Plant groups can also indicate environmental
onditions such as eolian deposition (Maun, 1998) where it can have
positive effect on the cover of grasses but negative onmoss and lichen
over (Vilmundardóttir et al., 2009). The terminal moraines in the
reiðamerkurjökull foreland showed signs of past eolian deposition
ith the sandy texture (Table 3) and less stony surface compared to
e younger moraines at Breiðamerkurjökull and the 120 yr-old
oraines of Skaftafellsjökull. The eolian activity has probably receded
fter 1930 as indicated by the high proportions of mosses and macro-
chens in the 120 yr-old moraine at Breiðamerkurjökull.

.2. Changes of soil properties with time

The data presented show that the soil development is occurring at a
lower rate than that compared to the study from the Skaftafellsjökull
oraines. There is a thin A horizon evident after 67 yrs and it remains
in throughout the chronosequence. No O horizonswere present, indi-
ating a slow input and/or relatively rapid breakdown of organic matter
OM). For both Breiðamerkurjökull and Skaftafellsjökull, the initial loss
n ignition is too high to represent only OM being lost during the igni-
on process. This indicates that for soils developing in this kind of raw
aterial, the LOI values of 0.6−0.8% represent something else than OM.
The unsorted glacial moraines start undergoing changes as soon as

e surface is deglaciated, where wind and water erosion and down-
ard translocation removes the finest grains from the surface and a
yer of sandy gravel remains (Boulton and Dent, 1974; Romans et al.,
980; Vilmundardóttir et al., 2014).With the formation of an A horizon
e portion of finer grains in the surface layer increases again.
The oldest moraine showed the most apparent signs of eolian

ctivity, which could be related to the period when the glacier front
as static/advancing between the period of 1904–1930 (Guðmundsson,
014). Under such conditions, the glacial rivers shift their channels fre-
uently and the proglacial landscape in between 1890 and 1930 shows
complex pattern of river channels. The shifting rivers create sources of
ne grained material for eolian reworking and this may be reflected in
e soil profiles of the oldest moraine.
The sudden change in the curves of the developing soil properties

etween the 82 and 122 yr-old moraines is probably reflecting the
nvironmental conditions previously described, where eolian deposi-
on maintained a sandy texture, thin A horizon within the oldest mo-
ine, increased bulk density, decreased LOI, SOC and total N values,
aintained pH (H2O) of 6 and possibly decreased pH (NaF) (Tables 3

of the chara
SOC content
ditions for a
main clay co
et al., 2014)
chronosequ
within the s

When co
moraines to
was 1.77% S
et al., 2014
after 82 yrs.
ence, but th
more sampl
study. The h
still reflect th
and the mo
input of OM
position. The
moraines w
with those b
chuan, China
exposed mo
of 0.09% aft
(2012) obse
Bardgett et
moraines to
sequence, a
from its sur
known from
communicat
fresh morai
SOC and N i
82 yr-old m
1.1% SOC, 0
moraines, a
71–80 yr-ol
range of 0
78–98 yr-old
than the 1.9
(Kabala and
such as by d
soil profiles,

4.3. The enric

The mor
fine root sys
show that th
the pro-glac
from the sea
In contrast,
hummocks
cies, showe
the landscap

5–15 1982 30 1.12 1.46 0.41 0.020 21 5.43 8.20
5–15 1960 52 0.96 1.42 0.49 0.028 17 6.21 9.27
5–15 1945 67 0.39 25.28 12.92 0.821 16 5.23 7.70
5–15 1930 82 0.78 5.23 2.38 0.180 13 5.48 8.36
5–15 1890 122 0.87 4.42 2.07 0.136 15 6.13 7.71

ulk density wasmeasured once for each site but LOI, SOC, total N and pHweremeasured
duplicates.
elopment towards the soils under the birch woodlands
alted. This trend shows how changes in the soil forming
pact the path of soil formation as discussed by Huggett
gests using the term soil evolution to properly describe
e soil forming factors can impact the direction of soil
he effects of eolian deposition on the developing soil
lso interesting regarding soils of Iceland as the entire
ted eolian deposition of volcanic origin. This is due to
osion in dust-plume areas, related to glacier recession,
dplains and volcanic activity with tephra fall and glacial
(Arnalds, 2010). The findings of this study reflect many
istics of Icelandic soils such as how deposition lowers
oil horizons andmaintains pH N 5, creating optimal con-
hane formation, the secondary clay mineral that is the
ituent in Icelandic Andisols (Arnalds, 2008; Erlendsson
e increasing pH NaF values over the first 82 yrs of the
could be an indication on the formation of allophane
rofile.
aring the SOC accumulation in the Breiðamerkurjökull
Skaftafellsjökull moraines, the average concentration
after 120 yrs for Skaftafellsjökull (Vilmundardóttir
t reached 1.36% SOC in front of Breiðamerkurjökull
s difference is not large when regarding the age differ-
OC values for Skaftafellsjökull may be lower due to
depth (0–10 cm), compared to the top 5 cm in this
r SOC concentrations at Skaftafellsjökull may therefore
ifferences in plant composition between the study sites
bust ecosystem developing in Skaftafell, with higher
a more stable environment with regards to aeolian de-
tial SOC andN concentrations in the Breiðamerkurjökull
low (SOC 0.02%, N 0.00%), and these data are in accord
e and Tang (2008) for soils exposed for b2 yrs in Si-
her studies have shown higher values from the recently
es. For example, Bardgett et al. (2007) reported SOC
yrs from the Austrian Alps and Kabala and Zapart
SOC of 0.45% and N of 0.02% after 1 yr from Svalbard.

2007) reported the OM in the most recently exposed
of older origin than the OM later along the chrono-
the origin would be from underneath the glacier or
(cryoconite). Although layers of buried paleosol are

s area (Romans et al., 1980) (S. Guðmundsson, personal
), SOC concentration of 0.02% in the Breiðamerkurjökull
is of unknown origin. The highest concentration of
e Breiðamerkurjökull moraines were measured in the
ne (1.36% SOC, 0.071% N). The values are similar to the
N, reported by He and Tang (2008) from 98 yr-old
he 1.49% SOC reported by Dümig et al. (2011) in the
oraines from the Swiss Alps, and are also within the
−5.6% SOC reported by Egli et al. (2010) from
oraines, also from the Swiss Alps. The values are lower
SOC reported from 60–70 yr-old moraines in Svalbard
part, 2012). However, different sampling methods,
ent fixed depth intervals or by horizons evident within
make comparisons between studies difficult.

soils of the bird hummocks

logy, such as the thick A (or O) horizons and dense but
, and the soil properties, high SOC andN concentrations,
rd hummocks are the hot spots for soil formationwithin
landscape, a result from the birds bringing nutrients
the terrestrial ecosystem (Bockheim and Haus, 2014).
study from Skaftafellsjökull, which was devoid of bird
featured both less bird activity and different bird spe-
e most rapid soil development within depressions in
Vilmundardóttir et al., 2015). Although the age of the

310–320
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15) 3
mmocks is considerably lower than the age of the moraines, as the
rds probably avoid the immediate vicinity of the glacier and reflected
the lack of hummocks on the b18 yr-old moraines, there is some

fluence of time on the hummock soils. N concentrations were high
ready in the bird hummocks of the 18–30 yr-old moraines, which
as not the case for SOC, suggesting that N input from birds in the oth-
wise nutrient-poor moraines is the trigger for plant establishment
d OM input. The highest SOC and N concentrations were attained in
e 67 yr-old moraine (18.1% SOC, 1.1% N), perhaps reflecting more
vel topography, less input of eolian material or longer distance from
emain road, which runs close by the terminal moraine, and therefore
quieter environment favored by the birds compared to the 82 and
2 yr-old moraines. Verbeek and Boasson (1984) studied bird hum-
ocks in the Pyrenees, France, and similarly reported significantly
ore N compared to the soils of their surroundings. As did Tomassen
al. (2005) for bird dropping sites in Irish bogs but those had signifi-
ntly higher influxes of nutrients and showed more vegetation vigor
an at reference sites without droppings. The impact of seabirds on
getation establishment and soil formation is well established from
e volcanic island, Surtsey, off the coast of S-Iceland, where the lesser
ack-backed gull (Larus fuscus) colonized the island in 1985, establishing
nesting colony on the young lava (Magnússon et al., 2009). After
yrs, the average SOC concentration within the bird colony was

84% and 0.15% N, creating a stark difference with low concentrations
tside of the colony (0.05% SOC, 0.007% N). Seabirds are an important
urce of nutrients driving plant succession and soil formation with
gh C, N and P values in high latitudes (Croll et al., 2005; Maron
al., 2006; Michel et al., 2006), sometimes forming ornithogenic soils
ockheim and Haus, 2014). At Breiðamerkurjökull, the effects of nutri-
t input seemed to be much localized to the areas with direct manure
puts, affecting the biogeomorphic characteristics of the moraines.
ch point-centered effects of the soil environment are not only allotted
birds. Similarly, individual trees can locally increase the amount of
trients, as their root system withdraws soil-nutrients from its sur-
undings and redistributes them via precipitation that comes in con-
ct with the tree (Gersper and Holowaychuk, 1971; Rhoades, 1996).
nts and termites also change the soil properties in the vicinity of
eir nests and mounds by changing the physical and chemical proper-
es, often raising the nutrient status (Donovan et al., 2001; Frouz and
ková, 2008). The point-centered effects of these organisms, both
ra and fauna, therefore increase the spatial variation of the soil itself
d can maintain heterogeneity within ecosystems.
The elevated nutrient status also affects the soil pH (H2O), which
substantially lower than in the Breiðamerkurjökull moraine soils
d is related to microbial activity producing acids that lower the pH
ichel et al., 2006). Grasses respond quickly to available nutrients
reflected by the abundance of grasses in the bird hummocks of
e Breiðamerkurjökull fore-field and the dense root system under the
mmocks was remarkably different to the root system present of the
getation on the surrounding moraines. The grasses are an excellent
nd trap, as was demonstrated by the thick soils formed in the bird
mmocks. The captured eolian sediments reduce the OM concentra-

on although the absolute content is not reduced (Vilmundardóttir
al., in preparation), usually producing A horizons instead of O
rizons.

Conclusions

The data presented supports the two hypotheses proposed: the
lative isolation from available seed sources affected the vegetation
ratigraphy developing on the moraines as indicated by the absence
shrubs and rare occurrence of dwarf shrubs, and the point-centered
trient inputs by bird droppings enhanced vegetation growth and
il formation. The soil development seemed somewhat slower as
hen compared with similar sites within the region of SE-Vatnajökull
d was evident by the thin (1–2.5 cm) A horizon developing

throughout t
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Skaftafellsjök
tional contex
land, domin
grasses,was
esized. Still, c
the different
the moraine
between sit
moraines, cr
(or O) horiz
high as 18%
however, se
sion and soil
and as all Ice
OM and SOC
quality in ba

Acknowledg

This rese
The Univers
Research Fun
and the Icela
thank Sigrún
Friðþór Sófu
Guðmundss
Magnússon
research.

References

Arnalds, O., Orr
Andosols d

Arnalds, Ó., 200
Arnalds, Ó., 201

Sci. 23, 3–2
Arnalds, Ó., Ó

Náttúrufræ
Arrouays, D., M

M.P., Bellam
carbon mon
Springer, p

Bardgett, R.D.,
Manning, D
use ancient

Björnsson, H., 2
Björnsson, H., P
Bockheim, J.G.,

Soil Carbon
Boulton, G.S., De

deposited t
Burga, C.A., Krü

Plant succe
(Pontresina

Crocker, R.L., D
Herbert an

Crocker, R.L., M
Glacier Bay

Croll, D.A., Maro
form subar

Donovan, S.E., E
soil-feeding
termites m
forests. Ped

Dümig, A., Smit
mineral co
glacier, Swi

Egli, M., Mavris
chronosequ
Catena 82 (

Einarsson, M.A.

O.K. Vilmundardóttir et al. / Geoderma 259–260 (20
hronosequence. The highest LOI, SOC and total N con-
cm) were reached in the 82 yr-old moraines, 3.1%,

espectively. The difference in LOI, SOC andN concentra-
was less than expected when compared to the
tudywith its shrubland vegetation and even in interna-
erefore, the vegetation of the Breiðamerkurjökull fore-
by mosses along with lichens, biological crust and

e effective at accumulatingOM, SOC andN thanhypoth-
arisons between studies are not straight forward due to
pling techniques. The effects of seabird droppings on
eated a stark difference in the vegetation and soils
of fertilization and the surrounding nutrient poor
g conditions for lush and grassy vegetation forming A
up to 14 cm thick, with SOC and N concentrations as
1.1% respectively in the 67 yr-old moraine. The effects,
d to be restricted to the bird hummocks. Plant succes-
ation is an active process within the glacier forelands

dic glaciers are currently retreating, the accumulating
a result of natural processes could be an important
ing national greenhouse gas emissions.

nts

was supported by the University of Iceland Trust Fund,
of Iceland Research Fund, the Landvirkjun's Energy
no. 04–2010), the Friends of Vatnajökull Fund (no. 11)
c Research Fund (no. 1201211021). We would like to
gg Eddudóttir, María Svavarsdóttir, Utra Mankasingh,
igurmundsson, Höskuldur Þorbjarnarson, Snævarr
rafnhildur Hannesdóttir, Páll Kolka-Jónsson, Borgþór
Finnur Pálsson for their assistance in the field and in

ir, B., Aradottir, A.L., 2013. Carbon accumulation in Icelandic desert
early stages of restoration. Geoderma 193–194, 172–179.
ils of Iceland. Jökull 58, 409–421.
st sources and deposition of aeolian materials in Iceland. Icel. Agric.

son, H., 2009. Íslenskt jarðvegskort (A soil map of Iceland).
rinn 78 (3–4), 107–121.
ant, B.P., Saby, N.P.A., Meersmans, J., Jolivet, C., Orton, T.G., Martin,
.H., Lark, R.M., Louis, B.P., Allard, D., Kibblewhite, M., 2014. On soil
ng networks. In: Hartemink, A.E., McSweeney, K. (Eds.), Soil Carbon.
68.

ter, A., Bol, R., Garnett, M.H., Bäumler, R., Xu, X., Lopez-Capel, E.,
obbs, P.J., Hartley, I.R., 2007. Heterotrophic microbial communities
on following glacial retreat. Biol. Lett. 3 (5), 487–490.
Jöklar á Íslandi. Bókaútgáfan Opna, Reykjavík.
n, F., 2008. Icelandic glaciers. Jökull 58, 365–386.
N.W., 2014. Distribution of Organic Carbon in the Soils of Antarctica,
inger, pp. 373–380.
., 1974. The nature and rates of post-depositional changes in recently
m south-east Iceland. Geogr. Ann. Ser. A Phys. Geogr. 121–134.
Egli, M., Wernli, M., Elsener, S., Ziefle, M., Fischer, T., Mavris, C., 2010.
and soil development on the foreland of the Morteratsch glacier

tzerland): straight forward or chaotic? Flora 205 (9), 561–576.
n, B.A., 1957. Soil development on the recessional moraines of the
ndenhall Glaciers, south-eastern Alaska. J. Ecol. 45 (1), 169–185.
., 1955. Soil development in relation to vegetation and surface age at
ka. J. Ecol. 43 (2), 427–448.
., Estes, J.A., Danner, E.M., Byrd, G., 2005. Introduced predators trans-
lands from grassland to tundra. Science 307 (5717), 1959–1961.
ton, P., Dubbin, W.E., Batchelder, M., Dibog, L., 2001. The effect of a
ite, Cubitermes fungifaber (Isoptera: Termitidae) on soil properties:
an important source of soil microhabitat heterogeneity in tropical
ogia 45 (1), 1–11.
rg, R., Kögel-Knabner, I., 2011. Concurrent evolution of organic and

nents during initial soil development after retreat of the Damma
and. Geoderma 163 (1–2), 83–94.
irabella, A., Giaccai, D., 2010. Soil organic matter formation along a
in the Morteratsch proglacial area (Upper Engadine, Switzerland).
1–69.
4. Climate of Iceland. World Surv. Climatol. 15, 673–697.

31910–320

http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0005
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0005
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0010
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0015
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0015
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0020
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0020
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0025
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0025
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0025
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0030
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0030
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0035
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0040
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0045
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0045
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0050
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0050
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0055
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0055
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0060
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0060
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0065
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0065
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0070
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0070
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0075
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0075
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0075
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0075
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0080
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0080
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0080
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0085
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0085
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0085
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0090


E

Fr

G

G

G

G

H
H

H

H

IP

Je
JM
Jó

Jó

K

K

Lu

M

M

M

M

M

M

M

M

rsen
ga an
3 (9)
Arna
ndo

4. T
rn Ic
996.
est a
ertso
. Ge
es, A
f N2-
Ice
Icela
.P., T
nd m

eed
A.W.
cosy
glaci
.,Wy
oils (
DA, L
Willi
eteo
977
013.
acia
Ohio
mb, E
a key

Plan
area
., Sm
the
.
hlgr
.
., Bo
e bi
ir, O.
ties
, 142
ir, O
uenc
ology
ir, O
e re
preparation).
ir, O.K., Magnússon, B., Gísladóttir, G., Magnússon, S.H., 2009. Áhrif
mólendisgróður við Blöndulón, [Effect of sand burial on alpine heathland
at Blöndulón Reservoir, Iceland]. Náttúrufræðingurinn 78 (3–4), 125–137.

3 15)
rlendsson, E., Edwards, K., Gísladóttir, G., 2014. Landscape change, land use & occupation
patterns inferred from two palaeoenvironmental datasets from the Mosfell Valley,
SW Iceland. Viking Archaeology in Iceland: The Mosfell Archaeological Project.
Brepols, Turnhout.

ouz, J., Jilková, V., 2008. The effect of ants on soil properties and processes (Hymenoptera:
Formicidae). Myrmecological News 11, 191–199.

ersper, P.L., Holowaychuk, N., 1971. Some effects of stem flow from forest canopy trees
on chemical properties of soils. Ecology 52 (4), 691–702.

ísladóttir, G., Erlendsson, E., Lal, R., Bigham, J., 2010. Erosional effects on terrestrial
resources over the last millennium in Reykjanes, southwest Iceland. Quat. Res. 73
(1), 20–32.

oldsmith, F.B., Harrison, C.H., 1976. Description and analysis of vegetation. In: Chapman,
S.B. (Ed.), Methods in Plant Ecology. Blackwell Scientific Publications, Oxford,
pp. 85–155.

uðmundsson, S., 2014. Reconstruction of Late 19th Century Geometry of Kotárjökull and
Breiðamerkurjökull in SE-Iceland and Comparison With the Present. The University
of Iceland, Reykjavík (55 pp.).

artemink, A.E., McSweeney, K., 2014. Soil Carbon. Springer Science & Business Media.
e, L., Tang, Y., 2008. Soil development along primary succession sequences on moraines

of Hailuogou Glacier, Gongga Mountain, Sichuan, China. Catena 72 (2), 259–269.
odkinson, I.D., Coulson, S.J., Webb, N.R., 2003. Community assembly along proglacial

chronosequences in the high Arctic: vegetation and soil development in north-west
Svalbard. J. Ecol. 91 (4), 651–663.

uggett, R., 1998. Soil chronosequences, soil development, and soil evolution: a critical
review. Catena 32 (3), 155–172.

CC, 2014. Summary for Policymakers. Cambridge University Press, Cambridge, United
Kingdom, and New York, NY, USA.

nny, H., 1941. Factors of Soil Formation. McGraw-Hill Book Company, New York, NY.
P, 2005. JMP User Guide. SAS Institute Inc., SAS Campus Drive, Cary.
hannesson, H., Sæmundsson, K., 2009. Geological Map of Iceland. The Icelandic Institute

of Natural History, Reykjavík.
nsdóttir, I.S., 2014. Vistfræði mosa í ljósi loftslagsbreytinga (Bryophyte ecology in light

of climate change). Náttúrufræðingurinn 84 (3–4), 99–112.
abala, C., Zapart, J., 2012. Initial soil development and carbon accumulation on moraines

of the rapidly retreating Werenskiold Glacier, SW Spitsbergen, Svalbard archipelago.
Geoderma 175–176, 9–20.

ristinsson, H., 2010. Íslenska plöntuhandbókin — Blómplöntur og byrkningar. Mál og
menning, Reykjavík.

nd-Hansen, L.C., Lange, P., 1991. The Numbers and Distribution of the Great Skua:
Stercorarius Skua Breeding in Iceland, 1984–1985. IcelandicMuseumofNatural History,
p. 16.

agnússon, B., Magnússon, S.H., Fridriksson, S., 2009. Developments in plant colonization
and succession on Surtsey during 1999–2008. Surtsey Res. 12, 57–76.

aron, J.L., Estes, J.A., Croll, D.A., Danner, E.M., Elmendorf, S.C., Buckelew, S.L., 2006. An
introduced predator alters Aleutian Island plant communities by thwarting nutrient
subsidies. Ecol. Monogr. 76 (1), 3–24.

arteinsdóttir, B., Svavarsdóttir, K., Thórhallsdóttir, T.E., 2010. Development of vegetation
patterns in early primary succession. J. Veg. Sci. 21 (3), 531–540.

arteinsdóttir, B., Svavarsdóttir, K., Þórhallsdóttir, Þ.E., 2007. Landnám birkis (Betula
pubescens) á Skeiðarársandi. Náttúrufræðingurinn 75, 123–129.

atthews, J.A., 1992. The Ecology of Recently-deglaciated Terrain: A Geoecological
Approach to Glacier Forelands. Cambridge University Press.

atthews, J.A.,Whittaker, R.J., 1987. Vegetation succession on the Storbreen glacier foreland,
Jotunheimen, Norway: a review. Arct. Alp. Res. 19 (4), 385–395.

aun, M.A., 1998. Adaptations of plants to burial in coastal sand dunes. Can. J. Bot. 76 (5),
713–738.

Óladóttir, B., La
Bárdarbun
Volcanol. 7

Óskarsson, H.,
Icelandic A
225–238.

Persson, Å., 196
Southeaste

Rhoades, C.C., 1
natural for

Romans, J., Rob
east Iceland

Russi Colmenar
diversity o
VistÍs / Eco
Reykjavík,

Scharlemann, J
standing a
81–91.

Schmidt, S.K., R
M.N., Hill,
stages of e
recently de

Schoenberger, P
Sampling S
Service, US

Sigurðsson, O.,
Icelandic M

Sigurðsson, S., 1
Stanich, N.A., 2

About a Gl
Columbus,

Stewart, K.J., La
ciations as
335–346.

Stork, A., 1963.
Kebnekajse

Tomassen, H.B
can affect
1046–1056

Ugolini, F.C., Da
(2), 69–82

Verbeek, N.A.M
birds: do th

Vilmundardótt
soil proper
Catena 121

Vilmundardótt
chronoseq
Geomorph

Vilmundardótt
estimate th
Iceland (in

Vilmundardótt
sandfoks á
vegetation

20 O.K. Vilmundardóttir et al. / Geoderma 259–260 (20
Mendonça, E., 2006. Ornithogenic gelisols (cryosols) from maritime Antarctica. Soil
Sci. Soc. Am. J. 70 (4), 1370–1376.
, G., Sigmarsson, O., 2011. Holocene volcanic activity at Grímsvötn,
d Kverkfjöll subglacial centres beneath Vatnajökull, Iceland. Bull.
, 1187–1208.
lds, Ó., Gudmundsson, J., Gudbergsson, G., 2004. Organic carbon in
sols: geographical variation and impact of erosion. Catena 56 (1),

he vegetation at the margin of the receding glacier Skaftafellsjökull,
eland. Bot. Notiser 117 (4), 323–354.
Single-tree influences on soil properties in agroforestry: lessons from
nd savanna ecosystems. Agroforest. Syst. 35 (1), 71–94.
n, L., Dent, D., 1980. The micromorphology of young soils from south-
ogr. Ann. Ser. A Phys. Geogr. 93–103.
.J., Andrésson, Ó., Jónsdóttir, I.S., 2014. Community composition and
fixing cyanobacteria associated with mosses in subarctic ecosystems.
- Fall meeting of The Ecological Society of Iceland. Nordic House,
nd.
anner, E.V., Hiederer, R., Kapos, V., 2014. Global soil carbon: under-
anaging the largest terrestrial carbon pool. Carbon Manag. 5 (1),

, S.C., Nemergut, D.R., Stuart Grandy, A., Cleveland, C.C., Weintraub,
, Costello, E.K., Meyer, A.F., Neff, J.C., Martin, A.M., 2008. The earliest
stem succession in high-elevation (5000 metres above sea level),
ated soils. Proc. R. Soc. B Biol. Sci. 275 (1653), 2793–2802.
sicki, D., Benham, E., Broderson,W., 2002. Field Book for Describing and
ver. 2.0). National Soil Survey Center, Natural Resources Conservation
incoln NE PDF.
ams Jr., R.S., Víkingsson, S., 2013. Map of the Glaciers of Iceland. The
rlogical Office, Reykjavík.
. Birki á Íslandi (útbreiðsla og ástand). Skógarmál 146–172.
Soil Physical Property Characteristics and Chronosequence Analysis
l Fore-field in Skaftafellsjökull, Iceland. The Ohio State University,
, USA (130 pp.).
.G., Coxson, D.S., Siciliano, S.D., 2011. Bryophyte-cyanobacterial asso-
factor in N2-fixation across the Canadian Arctic. Plant Soil 344 (1–2),

t immigration in front of retreating glaciers, with examples from the
, northern Sweden. Geogr. Ann. 1–22.
olders, A.J., Lamers, L.P., Roelofs, J.G., 2005. How bird droppings
vegetation composition of ombrotrophic bogs. Can. J. Bot. 83 (8),

en, R.A., 2002. Soil development in volcanic ash. Glob. Environ. Res. 6

asson, R., 1984. Local alteration of alpine calcicolous vegetation by
rds create hummocks? Arct. Alp. Res. 16 (3), 337–341.
K., Gísladóttir, G., Lal, R., 2014. Early stage development of selected
along the proglacial moraines of Skaftafellsjökull glacier, SE-Iceland.
–150.
.K., Gísladóttir, G., Lal, R., 2015. Soil carbon accretion along an age
e formed by the retreat of the Skaftafellsjökull glacier, SE-Iceland.
228, 124–133.
.K., Gísladóttir, G., Lal, R., 2015. A chronosequence approach to
gional soil organic carbon stock within two glacial fore-fields in SE-

310–320
ichel, R.F.M., Schaefer, C.E.G.R., Dias, L.E., Simas, F.N.B., de Melo Benites, V., de Sá

http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0095
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0095
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0095
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0095
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0100
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0100
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0105
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0105
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0110
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0110
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0110
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0115
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0115
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0115
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0120
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0120
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0120
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0125
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0130
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0130
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0135
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0135
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0135
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0140
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0140
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0145
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0145
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0150
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0155
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0160
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0160
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0165
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0165
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0170
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0170
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0170
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0175
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0175
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0180
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0180
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0180
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0185
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0185
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0190
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0190
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0190
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0195
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0195
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0200
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0200
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0205
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0205
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0210
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0210
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0215
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0215
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0220
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0220
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0225
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0225
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0225
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0230
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0230
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0230
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0235
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0235
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0240
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0240
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0245
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0245
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0250
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0250
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0250
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0250
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0250
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0255
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0255
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0255
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0260
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0260
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0260
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0265
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0265
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0265
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0270
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0270
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0275
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0280
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0280
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0280
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0285
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0285
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0285
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0285
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0290
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0290
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0295
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0295
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0295
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0300
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0300
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0305
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0305
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0310
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0310
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0310
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0315
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0315
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0315
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0325
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0325
http://refhub.elsevier.com/S0016-7061(15)30003-3/rf0325




71 

5 A chronosequence approach to 
estimate regional soil organic 

carbon stocks within two glacial 
fore-fields in SE-Iceland 





73 

Vilmundardóttir, O.K., Gísladóttir, G. and Lal, R. A chronosequence approach to 

estimate the regional soil organic carbon stock within two glacial fore-fields in SE-Iceland. 

Submitted to Geografiska Annaler: Series A, Physical Geography, 5 August 2015. 

Referencing style according to the journal guidelines. 

Abstract 

Soil organic carbon (SOC) has received increased attention over the last decades because 

of its role as an option to mitigate the effects of increased anthropogenic greenhouse gas 

emissions. In Iceland, the loss of vegetation and soil due to land-use and natural processes 

has left large parts of the country as barren deserts. Land restoration actions have the 

primary goals to prevent further land degradation and restore lost ecosystems but the 

ancillary benefits of SOC accumulation with regards to the Kyoto Protocol are obvious. 

Natural vegetation succession is active in areas being exposed by glacial recession since 

the end of the Little Ice Age in ~1890. In this paper, we attempt to estimate the current 

regional SOC stocks on moraines in front of two glaciers in SE-Iceland, using surface age 

and SOC and vegetation cover data. RapidEye images were used to estimate the surface 

area of two vegetation classes with <50% cover and >50% cover. The regional SOC stock 

was calculated using soil data and the sum of the area of each cover class for each time 

zone.  The rates of SOC accretion reached the maximum rates of 0.004−0.009 kg C m
-2

 yr
-1

depending on the study site and moraine age. The regional SOC stocks for the two glacier 

fore-fields were estimated at 1605 Mg C (0−10 cm) for Skaftafellsjökull, and 1106 Mg C 

(0−5 cm) for Breiðamerkurjökull. The current annual increase in the moraine SOC stock 

was estimated to be 20.7 Mg C yr
-1

 for Skaftafellsjökull and 19.7 Mg C yr
-1

 for

Breiðamerkurjökull. 

Keywords: Glacial recession, land reclamation, soil organic carbon, SOC accretion, SOC 

stock, soil development, vegetation cover. 
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5.1 Introduction 

Soil organic carbon (SOC) has received increased attention over the last decades because 

of its importance as an option to mitigate the human-induced increase of greenhouse gas 

(GHG) emissions to the atmosphere and the concurrent climate change via soil carbon 

sequestration (SCS) (Kennett 2002; Lal 2008; McBratney et al. 2014). Through the process 

of photosynthesis, where plants convert CO2 from the atmosphere to produce organic 

matter (OM), their detritus is consequently incorporated in the underlying soils resulting in 

immobilization of carbon (C). The mechanisms for stabilizing SOC may be categorized as 

biochemical recalcitrance, chemical stabilization and physical protection. For example, 

SOC may be bound to clay minerals and organo-mineral compounds or by forming stable 

soil aggregates (Christensen 1996; Dahlgren et al. 2004). Under natural conditions, plants 

and soils thus sequester C from the atmosphere but human land-use has depleted the 

terrestrial carbon pool by disturbing and utilizing plants and soils (Lal 2004). According to 

the United Nations Framework Convention on Climate Change, the net change in C stocks 

and GHG emissions by sources and removals by sinks, resulting from direct human-

induced land-use change and forestry activities, is considered as an option for countries to 

meet the commitments of the Kyoto Protocol (UNFCCC 2015). This includes, under article 

3.4, any elected human-induced activities, which can be forest management, revegetation, 

cropland management and grazing land management.  

In Iceland, the history of ecosystem decline and land degradation goes back to the 

Settlement in 874 AD and as a result from land-use, climate deterioration and volcanism, 

large parts of the country are now barren deserts (Arnalds et al. 2001; Ólafsdóttir and 

Guðmundsson 2002; Gísladóttir et al. 2010; Gísladóttir et al. 2011). Óskarsson et al. 

(2004) estimated the amount of SOC eroded since the Settlement at 120−500 Tg (1 Tg = 

10
12

 g = 1 million Mg). Since 1907, the Soil Conservation Service in Iceland (SCSI) has

been combating soil erosion and sand encroachment, undertaking large scale revegetation 

actions, e.g. by using lyme-grass, seeding of grass species, applying mineral and organic 

fertilizers, protection from livestock grazing, planting of trees and seeding with the nootka 

lupine (Lupinus nootkatensis) (Aradóttir et al. 2013). As a result, these areas are accreting 

plant biomass and SOC (Aradóttir et al. 2000; Arnalds et al. 2000; Arnalds et al. 2013). 

Although the primary goals of the SCSI are to prevent land degradation and erosion, 

revegetate eroded areas, restore lost ecosystems and improve grazing lands, the ancillary 

benefits of SOC accumulation, with regards to the Kyoto Protocol, are obvious. In 2011, 

revegetation actions are estimated to have resulted in the net removal of CO2 of 174 Gg 

and are projected to reach 274 Gg in 2030 (Borgþórsdóttir et al. 2014).  

Glaciers cover ~10% of Iceland and since the end of the Little Ice Age (LIA) in ~1890 they 

have been steadily retreating. The area that has been deglaciated since 1890 until 2000 has 

been estimated to be 1285 km
2
 (Sigurðsson et al. 2013). Models predict further reduction

in glacial cover, and the largest ice-caps will have reduced in size with 15−40% of the 

glacial cover remaining by 2090 (Björnsson and Pálsson 2008). The emerging proglacial 

areas are now sites of active plant succession and soil formation (Persson 1964; 

Vilmundardóttir et al. 2015a; Vilmundardóttir et al. 2015b) and the moraine soils in front 

of Skaftafellsjökull glacier are estimated to have accumulated 1.1 kg C m
-2

 over a period of

120 years (Vilmundardóttir et al. 2015b). Since the processes of plant succession and soil 

development are governed by natural causes, these are not considered under the Kyoto 

Protocol. However, questions arise whether: 1) these proglacial areas are accreting SOC in 
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comparison with the sites of revegetation or forestry, and 2) do these areas contribute 

significantly to the country’s sources leading to the accumulation of C stocks with regards 

to the large areas emerging from glacial retreat. 

During the initial stages of plant succession, SOC concentrations are closely related to the 

extent and species composition of vegetation cover and depend upon the magnitude of 

litter accumulation and OM input between plant species and growth forms (Crocker and 

Major 1955; Dahlgren et al. 2004; Su et al. 2004; Rajaniemi and Allison 2009). Based on a 

chronosequence study from Skaftafellsjökull, Vilmundardóttir et al. (2015b) reported that 

time and vegetation in conjunction with landscape were the primary drivers of soil 

formation and SOC accretion. The SOC stocks correlated with vegetation cover, and the 

latter itself reflected the impact of topography to some extent. Similarly, Egli et al. (2006) 

documented that various landforms correlated well with soil evolution, wherever the slope, 

exposure and landform determined the soil development.  

The present study tests the hypothesis that the regional SOC stocks can be estimated within 

young proglacial landscapes on the basis of surface age, vegetation cover and plant 

communities. Therefore, the aim of this study was to estimate the SOC stock and rate of 

accretion for the Breiðamerkurjökull fore-field and the regional SOC stocks within the two 

forefields of Skaftafellsjökull and Breiðamerkurjökull, using the specific parameters of 

time since deglaciation, vegetation and plant group cover and SOC stocks. The study is 

based on previous work from Skaftafellsjökull (Stanich 2013; Vilmundardóttir et al. 2014; 

Vilmundardóttir et al. 2015b) and Breiðamerkurjökull (Vilmundardóttir et al. 2015a) to 

estimate the regional SOC stocks being formed within the two proglacial areas through the 

natural processes of plant succession and soil formation over the last 120 years.   

5.2 Study area 

The study sites are within the glacial fore-fields of two outlet glaciers extending from the 

Vatnajökull ice-cap down to the lowlands, Skaftafellsjökull and Breiðamerkurjökull (Fig. 

5.1). Both glaciers advanced during the Little Ice Age (LIA) and reached their 

maximum extents in ~1890. Since then, both glaciers have receded although with some 

periods of re-advance (Guðmundsson 2014; Hannesdóttir et al. 2014b).  The 

relatively small Skaftafellsjökull glacier has created a fore-field sheltered between 

mountain ridges while the vast Breiðamerkurjökull has exposed wide plains of thick 

moraines which are in close proximity to the Atlantic Ocean. Both sites have an oceanic 

climate with cool summers and mild winters (Einarsson 1984) with a mean annual 

temperature ~5°C, and in winter the temperatures often hover around zero (Table 5.1).  
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Figure 5.1 The study sites within the glacier fore-fields of Skaftafellsjökull and 

Breiðamerkurjökull. Lines mark the glacier position for a given year, redrawn from 

Hannesdóttir et al. (2014a) and Guðmundsson (2014), and circles mark the location of 

sampling sites/transects. The map background is a Lidar DEM from the Icelandic 

Meteorological Office (IMO). The position of the glaciers’ termini is from 2012 for 

Skaftafellsjökull (drawn from RapidEye image) and 2013 for Breiðamerkurjökull (drawn 

from aerial photographs from Loftmyndir Inc. 2013). The locations of Skaftafell and 

Kvísker weather stations (Table 5.1) are shown on the larger inset map. 

Both sites have similar parent material where the glacial moraines are mainly comprised of 

ground basaltic rock and hyaloclastite, including tephra that originates from sub-glacial 

volcanoes and has deposited on the glaciers or straight onto the fore-fields. Vegetation 

within the proglacial areas is primarily comprised of mosses; the Skaftafellsjökull 

moraines are characterized by dwarf shrubs and shrubs, whereas grasses characterize the 

moraines of Breiðamerkurjökull. The difference in vegetation stratigraphy is most likely 

the result of distance to seed sources (Vilmundardóttir et al. 2015a; Vilmundardóttir et al. 

2015b). The developing soils on the well drained moraines have a thin A horizon, if 

present, with a large portion of the coarse material.  
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Table 5.1 General information about the study sites. 

Parameter Skaftafellsjökull / Breiðamerkurjökull 

Position N 64°02’−64°00’ 

W 16°57’−16°53’ 

N 64°05’−64°02’ 

W 16°18’−16°14’ 

Elevation range 70−120 m a.s.l. 15−70 m a.s.l. 

Mean annual temperature* 

July 

January 

Skaftafell 

5.1°C 

10.5°C 

3.3°C 

Fagurhólsmýri 

4.8°C 

10.6°C 

0.4°C 

Hólar in Hornafjörður 

4.7°C 

10.5C 

0.3°C 

Mean annual precipitation* NA 1800 mm 1500 mm 

Kvísker: 3500 mm 

Hali: 2250 mm 

Approximate area 7 km
2
 11 km

2
 

*Based on unpublished data from the IMO. Skaftafell weather station is the closest to the Skaftafellsjökull

study site and records span the period from 1996−2007. Fagurhólsmýri weather station is midway between

Skaftafellsjökull and Breiðamerkurjökull and the average values represent the period of 1949−2007. Hólar in 

Hornafjörður is the closest weather station to Breiðamerkurjökull to the east and values represent the period

from 1949−2011. Additional precipitation data from Kvísker and Hali are also shown but those weather

stations are located closer to Breiðamerkurjökull than Fagurhólsmýri and Hólar.

5.3 Methods 

5.3.1 Field setup and sampling 

Three moraines were sampled in summer 2010 and 2011 in the Skaftafellsjökull fore-field, 

representing the location of the terminus in 1890, 1945 and 2003. The outline of the 

moraines was identified as GPS waypoints and six points were randomly selected for each 

of the moraines. Sites with signs of disturbance were omitted and the next random point 

chosen instead. A 10 m transect was selected parallel to the moraine ridge for each point. 

Soil samples were collected on 0, 4 and 8 m distance for each transect within a 0.25 m
2

quadrant at 0−10 and 10−20 cm depths. Vegetation cover was measured using a Braun-

Blanquet cover scale prior to sampling (Goldsmith and Harrison 1976). Soil samples from 

the Breiðamerkurjökull proglacial area were obtained during the summer 2012 on 

moraines exposed in 1890, 1930, 1945, 1960, 1982, 1994, 2004 and 2012. Five random 

GPS points were selected for sampling on the sites which met the same terms regarding 

disturbance as those for Skaftafellsjökull. Vegetation cover was measured within a 0.25 m
2

quadrant and soils were sampled at 0−5 and 5−15 cm depths for each site. 

Bulk density of the fine earth fraction was measured at both depths using small cubical 

corers of known volume and obtained perpendicular to the soil profile. The corers were of 

three sizes, ranging from 1.4−19.5 cm
3
. The larger corers were preferred but the smaller

ones were used in places where gravel content was high. Due to the small size of the 

corers, replicates for each bulk density sample were collected to obtain an average value of 

5 replicates for the smallest, 3 for the medium sized and 2 for the largest corer. This 

sampling method was compared to the results reported by Stanich (2013), who sampled the 

same soils using the excavation method with insulation foam to determine bulk density and 

gravel volume using much larger samples (~1000 cm
3
). The methods resulted in very

similar bulk density values but showed that the gravel content was greatly underestimated 

by the core method (Vilmundardóttir et al. 2015b).  
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5.3.2 Soil sample preparation and analysis 

Soil samples were analyzed at the University of Iceland and the Ohio State University, 

Columbus, Ohio, USA. Bulk density samples were dried, gently ground and sieved through 

a 2 mm sieve. The volume of coarse fragments (>2 mm) was determined by the water 

displacement method. Bulk density of the fine earth fraction (<2 mm) was calculated after 

subtracting the weight and volume of the coarse fraction from the weight and volume of 

the total sample. Bulk samples were air dried, gently ground, passed through a 2 mm sieve, 

and stored pending analysis. 

Concentrations of SOC in the Skaftafellsjökull soils were determined by the dry 

combustion method using a Vario Max C-N elementar analyzer. Samples were dried at 

40°C, ground by hand and sieved through a 250 μm mesh. Samples from 

Breiðamerkurjökull moraines were ball milled and passed through a 150 μm sieve, then 

dried at 50°C prior to weighing and packing into tin containers. Concentrations of SOC 

were determined by a Flash 2000 Elemental Analyzer (Thermo-Scientific, Italy). Soils 

were estimated to be carbonate-free and the measured C assumed to be the SOC. 

The C stock was estimated by using Eq. 1: 

SOC stock (kg C m
−2

) = BD × T × SOC% × (100-S/100) × 10
-2

, (Eq. 1)

where, BD is the bulk density (kg m
−3

), SOC is the organic carbon concentration (%), T is

the thickness (m) and S is the content of coarse fragments (>2 mm) of the soil depth (vol. 

%). Data on concentration of coarse material reported by (Stanich 2013) were used herein 

to calculate SOC stocks in the glacier fore-fields. Concentration of coarse fragments (S) 

was estimated by using Eq. 2: 

S (%) = [coarse fragments >2 mm (m
3
) / total volume (m

3
)] × 100. (Eq. 2)

5.3.3 Vegetation cover assessment 

Recent vegetation maps for the two study sites were not available. Therefore, other means 

for assessing regional vegetation cover were identified. The National Land Survey has 

been systematically collecting RapidEye images to cover the entire country. Images from 

the RapidEye satellite are composed of spectral bands designed for detecting vegetation 

cover with resolution of 5 m (orthorectified pixel size).  The satellite’s sensors include five 

spectral bands. In addition to the blue, green and red (440−510, 520−590, 630−685 nm); it 

also has the ‘Red-Edge’ and Near-Infrared bands detecting radiation of 690−730 and 

760−850 nm wavelengths, respectively (BlackBridge 2015). The use of the five spectral 

bands, including the Red-Edge band, has proven effective to classify vegetation cover and 

surface types  (Schuster et al. 2012; Roslani et al. 2014). Cloudless images from this area 

are rare, but an image from 12 September 2012 was suitable for the image classification.  

Since the field data only represented well drained and undisturbed ground or end moraines, 

subsets of the satellite images were created, omitting areas with former riverbeds, lakebeds 

or dead ice landscapes. For both glaciers, the terminal moraines from 1890 defined the 

southwardly extent of the areas to be classified. At Skaftafellsjökull, lateral moraines 

determined the western and eastern margins and the shores of the glacial lagoon that 

started forming in ~2000, determined the northern extent of the moraines included in the 
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classified area. At Breiðamerkurjökull, the eastern and western margins were determined 

by the dead-ice landscape formed by the median moraines of Mávabyggðarönd and 

Esjufjallarönd and by the shores of Jökulsárlón glacial lake to the east. The northern extent 

was confined to the terminus of Breiðamerkurjökull as located in 2012. 

After trying out different ways of classifying the regions based on vegetation cover and/or 

plant groups and comparing them to the appropriate SOC stock values, a simple two class 

system using the vegetation cover only was chosen. In conjunction with time since 

deglaciation, those two indicators were used for assessing the regional SOC stock.  The 

vegetation cover was subsequently classified into two groups: densely vegetated (cover 

>50%) and sparsely vegetated (cover <50%). The median values from the Braun-Blanquet

cover scale were used to determine whether the vegetation cover percentage of sampling

sites was above or below 50%. For Skaftafellsjökull, the average values of the three

quadrants per transect were used to create one value, determining the cover class. Each

sampling site has thus the attributes as a densely vegetated or a sparsely vegetated site.

Field measurements of vegetation cover and aerial images from Loftmyndir Inc. were used 

to create training samples for a supervised classification of each RapidEye image subset 

using the ArcGIS software. Each image subset, using all the five bands, was classified with 

the maximum likelihood classification method using the input signature file created with 

the training samples. The accuracy of the classification was determined using the field 

measures of vegetation cover, resulting in the overall accuracy of 78−82% accuracy for the 

Skaftafellsjökull and Breiðamerkurjökull fore-fields. 

5.3.4 Estimating the carbon stocks of the glacier fore-fields 

The glacier fore-fields were divided into time-zones to estimate the regional carbon stocks, 

and to which the SOC stock values from every moraine would apply. The two proglacial 

areas needed different approaches to define the time-zones due to the different resolution 

in the sampled chronosequences. The higher resolution in the Breiðamerkurjökull 

chronosequence allowed for drawing time-zone boundaries midway between each of the 

moraines sampled. At Skaftafellsjökull, boundaries were drawn representing the location 

of the glacier’s terminus ~1930 and 1980, representing the onset of new recession periods 

after having been advancing or static for some time (Guðmundsson 2014; Hannesdóttir et 

al. 2014a).   

The areal extent of the two vegetation cover classes for each time-zone was calculated after 

converting the classified raster subset into shapefile, splitting the shapefile according to the 

defined time-zones and calculating the area of each polygon. The sum of the area of each 

vegetation cover class for each time zone was then used to calculate the regional carbon 

stock by using Eq. 3: 

 Regional SOC stock (Mg C ha) = BD × T × A × SOC% × (100-S/100), (Eq. 3) 

where, BD is the bulk density (Mg m
−3

), T is the thickness (m), A is the areal coverage

(ha), SOC is the organic carbon concentration (%), and S is the content of coarse fragments 

(>2 mm) of the soil depth (vol. %).  
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5.4 Results 

5.4.1 SOC stocks and rates of SOC accretion in the proglacial 
soils 

The SOC stock increased with increase in time since deglaciation, although being less 

profound in the Breiðamerkurjökull area. In the oldest moraine of Breiðamerkurjökull 

representing 122 yrs since deglacition, the SOC stock was estimated to be 0.50 kg C m
-2

, 
compared to 1.10 kg C m

-2
 for Skaftafellsjökull after 120 yrs since deglactiation (Table 

5.2). The magnitude of SOC stock at Breiðamerkurjökull showed a slow initial 

increase, followed by an increase in rates after the first 50 years, reaching 4.5 g C m
-2

 yr
-1

 in 
the 67 and 82 yr-old moraines, and then decreasing again in the oldest moraine. The 

decrease in rates of SOC accretion at the end of the chronosequence is in contrast to the 

trend apparent for the Skaftafellsjökull area, which attained the maximum SOC accretion 

rate in the oldest moraine of 9.1 g C m
-2

 yr
-1

.

Table 5.2 SOC stocks and rate of SOC accretion for Skaftafellsjökull and Breiðamerkur-

jökull glacier fore-fields. 

Moraine 

(year) 

Depth 

(cm) 

Moraine 

age (years) 

Bulk density 

(g cm
-3

)
a, b

 

SOC 

(%)
a, b

 

< 2 mm 

(vol.%)
c, d

 

kg C m
-2 a

g C m
-2

 

yr
-1 a

 

Skaftafellsjökull 

2003 0−10 8 1.36 (0.16) 0.05 (0.01) 37.1 (12.6) 0.04 5.09 

1945 0−10 65 1.33 (0.17) 0.30 (0.22) 32.5 (15.5) 0.27 4.17 

1890 0−10 120 1.07 (0.15) 1.77 (1.10) 42.2 (18.5) 1.10 9.14 

Breiðamerkurjökull 

2012 0−5 0 1.24 (0.08) 0.02 (0.00) 37.1 0.01 − 

2004 0−5 8 1.19 (0.06) 0.02 (0.01) 37.1 0.01 1.12 

1994 0−5 18 1.22 (0.07) 0.11 (0.02) 37.1 0.04 2.26 

1982 0−5 30 0.94 (0.10) 0.26 (0.10) 37.1 0.07 2.49 

1960 0−5 52 0.94 (0.13) 0.53 (0.29) 32.5 0.16 3.14 

1945 0−5 67 0.81 (0.16) 1.14 (0.63) 32.5 0.30 4.48 

1930 0−5 82 0.97 (0.14) 1.36 (0.62) 42.2 0.37 4.46 

1890 0−5 122 1.01 (0.06) 1.01 (0.07)   3.5 0.50 4.05 

a
 Results from Skaftafellsjökull published by Vilmundardóttir et al. (2015b). 

b
 Results from Breiðamerkurjökull published by Vilmundardóttir et al. (2015a). 

c
 Results from Skaftafellsjökull published by Stanich (2013). 

d
Concentrations of coarse fragments was not estimated in the Breiðamerkurjökull fore-field using the 

excavation method. Values from Skaftafellsjökull were used to calculate the SOC stock with the exception of 

the 1890 moraine, where the concentration of coarse fragments was estimated by using values from the 

cubical cores. 

5.4.2 Regional SOC stocks 

The SOC stocks (Mg ha
-1

, Mg = 1 metric ton) of densely vegetated surfaces (>50% cover) 
were 53−65% higher than those of the sparse vegetation cover (<50%). The total area of 

each glacial fore-field (undisturbed moraines only), for which the SOC stock was 

calculated, was 457 ha and 632 ha for Skaftafellsjökull and Breiðamerkurjökull, 

respectively (Fig. 5.2). Thereof, densely vegetated areal extent was estimated to be 233 

ha (51%) and 360 ha (57%). The regional SOC stocks for the two fore-fields were 

estimated 
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at 1604.6 Mg C (0−10 cm) for the Skaftafellsjökull fore-field and 1105.9 Mg C (0−5 cm) 

for the Breiðamerkurjökull pro-glacial area (Table 5.3). 

Figure 5.2 The glacial moraines classified into densely vegetated (>50% cover, green) and 

sparsely vegetated surfaces (<50% cover, orange) including the defined time-zones. 

Table 5.3 Calculated SOC stocks according to moraine age, the two vegetation cover 

classes and aerial extent for the Skaftafellsjökull and Breiðamerkurjökull fore-fields. 

Moraine 

(year) 

Depth 

(cm) 

Moraine 

age (years) 

SOC 

(Mg ha
-1

) 

Area 

(ha) 

Regional SOC 

stock (Mg) 

SOC 

(Mg ha
-1

) 

Area 

(ha) 

Regional SOC 

stock (Mg) 

Dense vegetation cover >50% Sparse vegetation cover <50% 

Skaftafellsjökull 

2003 0−10 8 0.72
a
 0.1 0.1 0.42 (0.10) 63.3 26.6 

1945 0−10 65 3.03 (1.94) 154.7 468.7 1.64 (0.57) 93.3 153.0 

1890 0−10 120 11.66 (6.32) 78.2 911.8 7.53 (2.90) 5.9 44.4 

Total 1380.6 Total 224.0 

Combined for both cover classes: 1604.6 Mg C (0−10 cm) 

Breiðamerkurjökull 

2012 0−5 0 0.14
 a
 0 0.0 0.08 (0.02) 39.1 3.1 

2004 0−5 8 0.15
 a
 0.1 0.3 0.09 (0.02) 66.7 6.0 

1994 0−5 18 0.70
 a
 5.3 3.7 0.41 (0.08) 46.0 18.9 

1982 0−5 30 0.88 (0.13) 33.4 29.4 0.54 (0.27) 50.3 27.2 

1960 0−5 52 1.81 (0.88) 95.8 173.4 0.96 (−) 39.9 38.3 

1945 0−5 67 3.01 (1.51) 94.5 284.4 1.75
 a
 13.4 23.5 

1930 0−5 82 3.23 (1.92) 107.6 347.5 1.88
 a
 13.0 24.4 

1890 0−5 122 4.95 (0.56) 22.9 113.4 2.89
 a
 4.3 12.4 

Total 952.1 Total 153.8 

Combined for both cover classes: 1105.9 Mg C (0−5 cm) 

a
 Where SOC values for both vegetation cover classes were not available from the field dataset, they were 

estimated to be of similar proportions as featured by values where both vegetation cover classes for the same 
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moraine were available; the SOC stock was 58% higher on average, where surface was densely vegetated 

(>50%) compared to where vegetation cover was sparse (<50%). 

5.5 Discussion 

The studies from Skaftafellsjökull and Breiðamerkurjökull show that the rates of SOC 

accretion are low during the first decades after deglaciation but increased after the first 50 

years. This trend is in contrast to studies of soil formation from other glaciated regions 

such as from the Swiss Alps (Egli et al. 2010), Glacier Bay in Alska (Crocker and Dickson 

1957) and Svalbard (Kabala and Zapart 2012), where the reported rates were higher during 

the first decades and then decreased. At Skaftafellsjökull the rates of SOC accretion 

increased to 9 g m
-2

 yr
-1

, but the rates remained at 4−4.5 g m
-2

 yr
-1

 at Breiðamerkurjökull

during the last decades. The different patterns of SOC increase observed in SE-Iceland 

indicate that the rates of soil formation are initially restricted by relatively slow vegetation 

succession within the fore-fields. It may be caused by various environmental factors, such 

as by frequent freezing and thawing cycles and concurrent cryoturbation, general species 

paucity in Iceland, past and present land-use, strong winds, lack of available nutrients and 

N-fixing plants (Magnússon 1997; Arnalds 2008; Þórhallsdóttir 2010).

The present study also attempted to apply a more intricate vegetation classification than 

reported herein to estimate the regional SOC stock based on cover percentage and plant 

composition. However, these approaches did not sufficiently reflect the SOC stocks of the 

moraine soils. These trends were attributed to the fact that the soil properties develop at a 

slower rate than the plant communities present within the proglacial landscapes in SE-

Iceland, or that the stronger time factor was masking their effects on the rate of SOC 

accretion. 

5.5.1 Comparison of the moraine soils to SOC accretion by land 

reclamation and forestry 

Several reports on SOC accretion rates are available from sites of land reclamation 

treatments and forestry. Arnalds et al. (2000) reported a significant increase in SOC stock 

with increase in treatment age, with the average rate of increase of 0.06 kg C m
-2

 yr
-1

 (0−30

cm depth). The SOC stock within sites of exclusion from grazing only showed no 

relationship with time since exclusion. Arnalds et al. (2013) reported SOC accretion rates 

for different reclamation methods, and concluded that sites revegetated by seeding of 

grasses with fertilization result in the highest SOC accretion rates (0.055−0.065 kg C m
-2

yr
-1

, 0−10 cm depth). Reclamation sites that received no fertilizer or seeds (lupine and/or

trees) produced the lowest rates of SOC accretion (0.04 kg C m
-2

 yr
-1

, 0−10 cm depth).

Würsch (2012) reported the SOC accretion rates of 0.022 kg C m
-2

 yr
-1

 (0−20 cm) in sites

revegetated by the nootka lupine. These rates are substantially higher than those reported 

herein, where the accretion rates reached the highest average values of 0.009 and 0.005 kg 

C m
-2

 yr
-1

 in the Skaftafellsjökull (0−10 cm) and Breiðamerkurjökull (0−5 cm) moraines,

respectively. It should be noted that comparisons between studies are not straight forward 

due to the differences in sampling depths used for calculating SOC stocks. During natural 

colonization of lime grass, Stefansdottir et al. (2014) estimated the rate of SOC accretion 

as 0.013 kg C m
-2

 yr
-1

  in 37 yr-old sand-dunes (0−75 cm depth) in the pristine volcanic

island, Surtsey. The IPCC (2000) estimates the potential of restoring severely degraded 

land to be 0.03 kg C m
-2

 yr
-1

, which is similar or lower to what has been reported for the

restored areas in Iceland (Arnalds et al. 2000; Arnalds et al. 2013), yet considerably higher 
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than the SOC accretion within the glacier fore-fields. However, the present study excludes 

sites within the proglacial landscape that may feature higher rates of SOC accretion, such 

as dry streambeds and relic ponds, but aerial photographs indicate a more rapid vegetation 

succession in these features. These areas were not included in this study due to difficulties 

assessing the age of these surfaces and the different soil formation environment where 

water level is high. 

In a restored birch forest, the SOC accretion rate was reported by Kolka-Jónsson (2011) as 

0.012 kg C m
-2

 yr
-1

 in the top 0−5 cm layer. Within the 0−10 cm soil depth in planted larch

forests of 14−53 years, Ritter (2007) reported a non-clear trend of increase in SOC stock 

with time or -0.018− +0.023 kg C m
-2

 yr
-1

, probably because larch was planted in an

already vegetated land. The accretion rates within the two forest types are considerably 

lower than those reported from the reclamation sites. The proglacial areas have the lowest 

SOC accretion rates compared to revegetation and forestry, nevertheless the rates of 

increase present background values that are generated via natural plant succession without 

any human input. In contrast to the natural SOC accretion, revegetation efforts generally 

require inputs that involve CO2 emissions, depending on the method used. The most 

commonly used method in restoration is by seeding and fertilization where a mineral 

fertilizer is applied for the first years manly supplementing N, P and K (50−100 kg N and 

27 kg P2O5 ha
-1

 (Arnalds et al. 2000; Arnalds et al. 2013)).

The SCSI estimates the annual removal of CO2 from the atmosphere through land 

restoration (seeding and fertilizing, lupine, fertilizing) by soil formation to be 0.71 Mg C 

ha
-1

 yr
-1

 in the 0−30 cm soil depth (2.6 Mg CO2 ha
-1

 yr
-1

) (Guðmundur Halldórsson,

personal communications). In Hallsdóttir et al. (2010), the areal extent of land restoration 

between 1990−2008 was estimated to be 100 650 ha. This would lead to the annual 

accumulation of SOC stock of 71 462 Mg C yr
-1

. When calculating the annual accretion for

each time zone in the proglacial areas, using the average accretion rates from Table 2 and 

then combined, the current annual increase in the moraine SOC stock is 20.7 Mg C yr
-1

 for

Skaftafellsjökull in the top 10 cm layer and 19.7 Mg C yr
-1

 for Breiðamerkurjökull in the

top 5 cm layer. 

5.5.2 Regional application possibilities 

This method of using chronosequences, vegetation cover and SOC measurements provides 

an insight to the active SOC accretion rate in the moraine soils within the proglacial areas. 

This is particularly important in the context that large areas have been deglaciated during 

the last century, and the deglaciation trend is not foreseen to end in the nearest future. 

From 1890 to 2000, the total decrease in glacial cover has been estimated as 1285 km
2
 or

by >11% (Sigurðsson et al. 2013). The total area of the two study sites is 18 km
2
, which is

only ~1% of the entire area that is estimated to have been deglaciated during the period of 

1890−2000. The proglacial areas within Iceland probably differ greatly with regards to 

vegetation succession and SOC accretion rates, as is shown by the comparison between the 

two study sites. In order to estimate the SOC stock within other glacial fore-fields, 

additional field data are needed for assessing the SOC content of the soils. Large scale 

SOC stock estimates can be made possible by using information on glacial recession, 

remote sensing data suitable for vegetation classification and additional SOC data. 
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5.6 Conclusions 

The slow rates of soil formation and SOC accretion made it difficult to use plant 

communities in conjunction with vegetation cover to estimate the regional SOC stocks. 

Using a simple cover classification of two classes proved the best way of estimating the 

underlying SOC stocks. A more intricate vegetation (or cover) classification could be made 

possible by ensuring the soil sampling scheme includes all the presupposed classes being 

used for the regional SOC stock estimate. The regional estimates of the SOC stocks were 

1605 and 1106 Mg C for the Skaftafellsjökull (0−10 cm) and Breiðamerkurjökull (0−5 cm) 

proglacial areas, respectively. The current annual increase in the moraine SOC stock was 

20.7 Mg C yr
-1

 for the 0−10 cm soil depth at Skaftafellsjökull and 19.7 Mg C yr
-1

 for the

0−5 cm depth at Breiðamerkurjökull. The maximum rates of increase were 0.004−0.009 kg 

C m
-2

 yr
-1

, depending on the study site, soil depth and moraine age. These rates were

considerably lower in comparison with sites of land reclamation where seeding by grasses 

and fertilizing is applied, where the nootka lupine has been seeded and in forest 

plantations. 
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Appendix A 

Author contributions to the papers 

Chapter 2. I collected field data along with three graduate students at the OSU, Guðrún 

Gísladóttir and more field assistants according to the setup of Þóra Ellen Þórhallsdóttir and 

Ólöf Birna Magnúsdóttir. I prepared soil samples and analyzed them both at the UI and 

OSU. I did the data analysis and wrote the manuscript. Co-authors, anonymous reviewer 

and journal editor provided valuable comments and suggestions on the manuscript. 

Chapter 3. I collected field data along with three graduate students at the OSU, Guðrún 

Gísladóttir and more field assistants according to the setup of Þóra Ellen Þórhallsdóttir and 

Ólöf Birna Magnúsdóttir. I prepared soil samples and analyzed them both at the UI and 

OSU. I did the data analysis and wrote the manuscript. Co-authors, two anonymous 

reviewers and journal editor provided valuable comments and suggestions on the 

manuscript. 

Chapter 4. I planned the study with Guðrún Gísladóttir, set up the sampling scheme and 

collected field data along with graduate students at the UI and Guðrún Gísladóttir. I 

prepared soil samples and analyzed them at the UI. I did the data analysis and wrote the 

manuscript. Co-authors, two anonymous reviewers and the journal editor provided 

valuable comments and suggestions on the manuscript.  

Chapter 5. I planned the study with Guðrún Gísladóttir, based on the previous study setup 

from Skaftafellsjökull and Breiðamerkurjökull. I analyzed the data, carried out the GIS 

analysis and wrote the manuscript. Co-authors provided valuable comments on the 

manuscript. 
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Appendix B 

Scientific publications outside of the PhD thesis 

Vilmundardóttir, O.K., Þorsteinsson, Þ., Magnússon, B., Gísladóttir, G. 2011. Bank 

erosion at the Blöndulón reservoir in Iceland (Landbrot og mótun strandar við Blöndulón). 

Náttúrufræðingurinn, 81(1), 17−30. In Icelandic with English abstract. 

Elmarsdóttir, Á., Vilmundardóttir, O.K., Magnússon, S.H., 2015. Vegetation of High-

temperature Geothermal Areas in Iceland. World Geothermal Congress Proceedings 2015 

Melbourne, Australia. p 1–11. 
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Good times during fieldwork at Skaftafellsjökull 2010: 2 m tall birch in the 120 yr-old 

moraine, Hvannadalshnúkur in Salix-sight; C-MASC for dr. Lal; sweating canoe carriers; 

canoe ride on the glacial lake; wiggling through a birch forest is great fun. Photos by Olga 

K. Vilmundardóttir, Nick Stanich, Melissa Herman and a helpful tourist. 
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At Breiðamerkurjökull; a lonely gullsteinbrjótur (Saxifraga azeioides) growing in 30 year 

old moraines; the local terrorist the great skua; the mighty Öræfajökull; my never ever 

complaining field assistants; waiding one of the many glacial rivers; discovering the 

power of the great skua. Photos by Olga K. Vilmundardóttir and Friðþór Sófus Sigur-

mundsson. 
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