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Abstract 

Mean temperatures have increased and are expected to rise even more in the future as a result 

of an increase in greenhouse gasses (GHG) such as carbon dioxide (CO2) in the atmosphere. 

About 23% of the anthropogenic GHG emissions derive from agriculture, forestry and other 

land use. However, land use change such as afforestation may also sequester CO2 and therefore 

mitigate climate change. Afforestation may change above- and belowground carbon stocks as 

well as other ecosystem properties such as biodiversity. 

The aim of this research project was to study changes in soil properties (soil bulk density 

(BD), organic carbon (SOC) and nitrogen (SON) concentrations and stocks, C/N ratio and pH), 

ecosystem C stocks (above- and belowground) and diversity of ground vegetation following 

afforestation. Differences between tree species, forest age, soil depths and inventory years were 

studied. Additionally, the reliability of the chronosequence method was tested. 

Analysis was performed on repeated soil, vegetation and forest inventory measurements 

from two chronosequences consisting respectively of downy birch (Betula pubescens) forests 

which naturally regenerated and Siberian larch (Larix sibirica) forests planted on heathland in 

East Iceland from 2002 and 2015. Mechanical thinning had been conducted in all the Siberian 

larch forests between the two inventory years, but not in the naturally regenerated downy birch 

forests. 

A significant change in soil BD following afforestation was not found, possibly due to 

mechanical thinning or a limited number of samples. The SOC stock at 0-30 cm depth did not 

change significantly following afforestation as a result of a similar increase and decrease in the 

upper (0-10 cm) and lower (10-30 cm) topsoil respectively. Results indicated that changes in 

SOC following afforestation may be non-linear and could therefore not be accurately described 

by the linear models used in this study. Soil C/N ratio significantly increased while pH 

significantly decreased following afforestation, faster for Siberian larch than for downy birch 

in the upper topsoil. However, the small changes in soil pH suggested that soil acidification 

may not be a serious problem in forests in East Iceland. 

The total ecosystem C stock was significantly greater in older Siberian larch forests than 

in heathland and younger downy birch and Siberian larch forests. The total ecosystem C stock 

significantly increased with forest age with about 133.0 g C/m2/year (Siberian larch) and 33.3 

g C/m2/year (downy birch), which equals 4.9 and 1.2 tonnes CO2/ha/year respectively. The C 

stocks in above- and belowground tree mass significantly increased with forest age with about 

105.0 g C/m2/year (Siberian larch) and 29.5 g C/m2/year (downy birch). These sequestration 
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rates do not include biomass removed from the Siberian larch forests by mechanical thinning. 

Litter, coarse woody debris and snags also significantly increased with forest age for downy 

birch, but mechanical thinning likely disturbed the age-dependent trend for these stocks in the 

Siberian larch forests. The relative contribution of SOC to the total ecosystem C stock decreased 

with forest age, while the relative contribution of C in aboveground tree mass increased for both 

forest types. The relative aboveground tree mass was significantly greater for Siberian larch 

than for downy birch, while the relative SOC was greater for downy birch. Still, the SOC 

generally remained the largest C stock. 

Ground vegetation composition changed following afforestation, showing a decrease in 

mosses and an increase in pteridophytes and monocots. Species richness decreased following 

afforestation, while species diversity showed a similar trend for old growth downy birch, but 

not for the Siberian larch forests. 

Lastly, comparisons between the chronosequence and permanent plot method showed 

that some repeated inventory results supported the observed trends found by the 

chronosequence method, while others indicated that more than 13 years between repeated 

measurements were needed to draw significant conclusions in this respect. This may be 

explained by the relatively slow growth rate in Iceland compared to other more temperate or 

sub-tropical study sites where such methodological comparisons have been made. Therefore, 

more long-term monitoring studies would be necessary to address this issue in Iceland. 

 

Keywords: Afforestation; soil organic carbon; C/N ratio; pH; carbon sequestration; 

biodiversity; birch (Betula pubescens); larch (Larix sibirica). 
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Samantekt 

[Áhrif nýskógræktar á jarðveg, kolefnisforða og líffræðilega fjölbreytni á Fljótsdalshéraði] 

Meðalhiti hefur hækkað á jörðinni og því er spáð að hann haldi áfram að hækka vegna aukningar 

í styrk gróðurhúsalofttegunda (GHG) eins og koltvísýrings (CO2) í andrúmslofti. Um 23% af 

GHG losun af mannavöldum er frá landbúnaði, skógareyðingu eða annarri landnýtingu. 

Breytingar á landnýtingu, svo sem nýskógrækt, getur hinsvegar einnig verið mikilvæg 

mótvægisaðgerð til að draga úr nettólosun GHG. Nýskógrækt á áður skóglausu landi getur 

breytt kolefnisforða þess, bæði ofan- og neðanjarðar, og öðrum vistkerfisbreytum, svo sem 

líffræðilegum fjölbreytileika. 

Markmið þessarar ritgerðar er að svara hver voru áhrif nýskógræktar á ýmsa 

jarðvegsþætti (rúmþyngd, styrk kolefnis (C) og köfnunarefnis (N) í jarðvegi, C/N hlutfall og 

sýrustig (pH)), meta breytingar á kolefnisforða alls vistkerfisins ofan- og neðanjarðar eftir því 

sem lengra leið frá breytingum á landnýtingunni, og að lokum breytingar á líffræðilegum 

fjölbreytileika sem áttu sér stað í gróðurfari eftir nýskógræktina. Niðurstöðurnar voru greindar 

með tilliti til skógargerðar, aldri skóganna, dýptar í jarðvegi og úttektarárs. Að auki voru 

niðurstöður fengnar með aldursseríuaðferð bornar saman við niðurstöður sem fengust með 

endurtekinni úttekt á hverjum stað. 

Í þessari rannsókn var gerð endurtekin úttekt á hvernig jarðvegur, gróðurfar og 

kolefnisforði breyttist þegar skóglaust mólendi breyttist í náttúrulegan birkiskóg (Betula 

pubescens) með sjálfsáningu eða í nytjaskóg með gróðursetningu rússalerkis (Larix sibirica) á 

Fljótsdalshérði á Austurlandi. Úttektirnar fóru fram árin 2002 og 2015 og báru saman 

aldursseríu (e. chronosequence) af skógarreitum af hvorri tegund. Grisjun hafði farið fram í 

öllum ræktuðu lerkiskógunum milli úttektanna, en ekki í náttúrulegu birkiskógunum. 

Engin marktæk aukning varð á rúmþyngd jarðvegs eftir skógræktina, sem gæti hafa 

stafað af þjöppun eftir grisjun með skógarhöggsvélum eða vegna of takmarkaðrar sýnatöku. 

Heildarmagn kolefnis (SOC) í efstu 30 cm jarðvegs breyttist ekki marktækt í kjölfar 

skógræktarinnar þar sem aukningu í yfirborðslagi (0-10 cm) fylgdi álíka mikið tap á SOC í 

dýpri jarðvegslögum (10-30 cm), að jafnaði. Niðurstöðurnar aldursseríunnar bentu jafnframt til 

að svörunin í kolefnisbindingu í jarðvegi hafi verið ólínuleg og því hentaði línulegt 

aðhvarfsmódel sem notað var í þessari rannsókn ekki til að lýsa því sem gerðist með aldrinum. 

Hinsvegar hækkaði C/N hlutfall og sýrustig (pH) lækkaði marktækt í yfirborðslagi jarðvegs í 

kjölfar skógræktarinnar og hraðar fyrir lerkið en fyrir birkið. Súrnunin var þó mjög lítil og fór 

ekki yfir vistræðileg mörk annarra tegunda. 
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Kolefnisforði alls vistkerfisins jókst marktækt í eldri lerkiskógunum miðað við 

skóglaust mólendi eða yngri birki- og lerkiskóga. Árleg kolefnisbinding í öllu vistkerfinu var 

að jafnaði 133,0 (lerki) og 33,3 g C/m2/ári (birki), en það samsvarar 4,9 og 1,2 tonnum 

CO2/ha/ári fyrir lerki og birkiskógana sem hér voru rannsakaðir. Aukningin varð mest í lífmassa 

trjánna ofan- og neðanjarðar, eða 105,0 og 29,5 g C/m2/ári fyrir lerki og birkiskóga, að jafnaði. 

Þeir stuðlar taka ekki tillit til þess lífmassa sem hafði verið fjarlægður með grisjunum úr 

lerkiskógunum. Hlutdeild rotnunar- og feyrulags jarðvegsins (sóp), grófs liggjandi viðar og 

standandi dauðra tráa jókst marktækt með aldri í náttúrulegu birkiskógunum, en í 

lerkiskógunum höfðu grisjanirnar sennilega haft meiri áhrif á þessa kolefnisforða en aldur 

skóganna. 

Hlutdeild SOC í heildar kolefnisforða vistkerfisins minnkaði með aldri en hlutdeild 

lífmassa trjánna jókst, óháð skógargerð. Að jafnaði var hlut forðans sem var í lífmassa trjánna 

marktækt hærra í lerkiskógunum, á meðan að hlutfall SOC af heildarforðanum var hærra í 

birkinu. Kolefnisforði jarðvegs var þó í flestum tilfellum stærsti kolefnisforði vistkerfisins.  

Gróðurfar breyttist í kjölfar þess að skógarnir spruttu upp. Hlutdeild mosa minnkaði, en 

byrkningar og einkímblöðungar jukust hlutfallslega í skógunum. Tegundaauðgi (e. species 

richness) gróðurs minnkaði þar sem skógar uxu og tegundafjölbreytileiki gróðurs (e. species 

diversity) gekk í sömu átt í gamalgróna birkiskóginum en breyttist ekki marktækt í 

lerkiskógunum. 

Samanburður milli endurtekinnar úttektar á sömu reitum og þeim breytingum sem 

aldursseríuarnar í skógunum gáfu til kynna sýndi svipaðar niðurstöður fyrir hluta 

mælibreytanna, en fyrir aðrar breytur voru 13 ár milli úttekta of skammur tími til að geta dregið 

marktækar ályktanir. Væntanlega var það svo því að vaxtarhraði er hægari á Íslandi en sunnar 

sem slíkur samanburður á aðferðum hefur oftast verið gerður. Það þarf því langtíma vöktun til 

að geta svarað þessari aðferðafræðilegu spurningu við íslenskar aðstæður. 

 

Lykilorð: jarðvegskolefni; C/N hlutfall; sýrustig; kolefnisbinding; birki; lerki 
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1. Introduction 

1.1 Land use and climate change 

Earth’s mean surface temperatures have increased by about 0.8°C since the Industrial 

Revolution in the 19th century (Ring, Lindner, Cross & Schlesinger, 2012). This is caused by 

an increase in greenhouse gasses (GHGs) such as carbon dioxide (CO2) in the atmosphere, 

which is predominantly induced by human activities. This trend is expected to continue, except 

at an even faster rate than before. Without mitigation efforts, global mean surface temperatures 

are predicted to increase from about 3.7 °C to 4.8 °C in 2100 compared to pre-industrial levels 

(IPCC, 2014). 

Global warming can have many consequences, not only environmentally but also socio-

politically. Examples of environmental consequences are ocean acidification (Boyd, 2011), 

thawing of permafrost (Schuur et al., 2008), melting of glaciers (Chen, Wilson & Tapley, 2006), 

a rise in sea level (Meehl et al., 2005), an increase in risk of natural disasters (van Aalst, 2006) 

such as high-intensity storms (Mendelsohn, Emanuel, Chonabayashi & Bakkensen, 2012), an 

increase in the intensity of insect pests (Logan, Régnière & Powell, 2003), a change in the 

dispersal, survival (Massot, Clobert & Ferrière, 2008), and metabolism (Dillon, Wang & Huey, 

2010) of organisms and possibly a change in biodiversity (Pereira et al., 2010). Such results of 

(primarily) climate change have consequences, which may also interplay with each other, for 

organisms and entire ecosystems. Human welfare is also directly and indirectly affected. This 

may especially be the case for poorer people, because their adaptive capacity is lower and their 

exposure is higher (Tol, Downing, Kuik & Smith, 2004). An example of a consequence of 

climate change which may affect society is (clean) water scarcity, which may lead to violent 

conflicts in several parts of the world (Scheffran & Battaglini, 2011). 

The Paris Agreement of the United Nations Framework Convention on Climate Change 

(UNFCCC) has set the goal to hold the increase in the global average temperature to below 2°C 

above pre-industrial levels and aims to take actions that may limit the temperature increase to 

1.5 °C above industrial levels (UNFCCC, 2015). The Special Report on Climate Change and 

Land by the Intergovernmental Panel on Climate Change (IPCC) reported that this is only 

possible when greenhouse gas emissions from all sectors are reduced and negative emissions 

(e.g. carbon sequestration) are increased (IPCC, 2019). 

Following fossil fuel combustion, land use change is the second largest anthropogenic 

source of GHGs (IPCC, 2019). About 23% of the anthropogenic GHG emissions (2007-2016) 
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derive from agriculture, forestry and other land use. However, natural and managed land 

systems also sequester large amounts of CO2, almost as much as a third of the emitted CO2 from 

fossil fuels and industry (IPCC, 2019). Most carbon (C) in terrestrial ecosystems is stored in 

soil (Janzen, 2004). About two-third of this is stored as soil organic carbon (SOC), while one 

third is stored as inorganic C (Batjes, 1996). As reviewed by Scharlemann, Tanner, Hiederer 

and Kapos (2014), most studies estimate a global soil C stock of 1500 Pg. This exceeds the 

amount of C stored in terrestrial below- and aboveground living plant biomass and the 

atmosphere combined. The exact size of the total global soil C stock is relatively uncertain, 

with estimates ranging from 504 Pg C to 3000 Pg C. As reviewed by Houghton, Hall and Goetz 

(2009), the estimated amount of C in terrestrial plant biomass ranges from 385 to 650 Pg C. 

About 70-90% of this is stored in forests. 

Changes in land use can both lead to an increase and a decrease in GHG emissions as 

well as in C sequestration. Large scale deforestation has been and still is an important source 

of CO2 emissions (IPCC, 2019). Other examples of land use change which cause GHG 

emissions are wetland drainage, biomass burning and soil cultivation, as reviewed by Lal 

(2004). Both the conversion of forest and pasture to cropland may significantly reduce SOC, 

especially in the topsoil (Guo & Gifford, 2002; Poeplau & Don, 2013). As reviewed by Piñeiro, 

Paruelo, Oesterheld and Jobbágy (2010), several studies have shown a decrease or an increase 

in SOC as result of grazing. This may depend on the initial conditions of the land and may be 

a consequence of for example a change in species composition or soil nitrogen (N) limitation 

following grazing. They have also shown that grazing intensity can play an important role. High 

intensities could cause a decline, while low intensities possibly do not affect or may increase 

SOC stocks. 

Other changes in land use may lead to C sequestration and thereby mitigation of climate 

change (Smith, 2008). The conversion of agricultural land to natural ecosystems may lead to an 

increase in soil C stocks (Guo & Gifford, 2002; Post & Kwon, 2008). The way agricultural land 

is used and managed is also important. For example, no till or conservation tillage significantly 

reduce soil disturbance and SOC loss compared to conventional tillage (Lal, 2004). 

Reclamation of degraded land may also lead to considerably C accumulation in both soil and 

vegetation (Aradóttir, Svavarsdóttir, Jónsson & Guðbergsson, 2000; Arnalds, Guðbergsson & 

Guðmundsson, 2000). Afforestation (described in detail in subchapter 1.3) and permanent 

grassland establishment on former agricultural land may increase SOC stocks (Lal, 2005; 

Poeplau et al., 2011; Poeplau & Don, 2013). 
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Beside the effect on above- and belowground C stocks, land use change can affect 

among others soil properties such as pH, bulk density (BD) and N stocks (Smith et al., 2016), 

and ecosystem biodiversity (Pereira, Navarro & Martins, 2012). Several of these factors are 

also connected to C stocks and ecosystem functioning. 

1.2 Land use and land use change in Iceland 

Iceland is a relatively young volcanic island located above a mantle plume at the boundary 

between the American and the Eurasian plates in the northern North Atlantic Ocean, which 

started forming approximately 40-60 million years ago (Denk, Grímsson, Zetter & Símonarson, 

2011). The climate of Iceland is characterized by relatively strong winds, frequent precipitation, 

cool summers with mean temperatures of about 10°C, and mild winters with mean temperatures 

of about 0°C (Ólafsson, Furger & Brümmer, 2007). 

 Downy birch (Betula pubescens) is the only native tree species in Iceland that forms 

woodland, although rowan (Sorbus aucuparia) and tea-leaved willow (Salix phylicifolia) may 

occur in the tree layer in these woodlands as well (Blöndal, 1987). Also, a few native aspen 

(Populus tremula) stands exist, mainly in East Iceland. However, the abundance of downy birch 

woodlands has changed enormously throughout the centuries, predominantly as a result of land 

use change. 

It has been estimated that before the first settlement of Iceland, around 874 AD, about 

25-35% of the total land area of Iceland was covered by downy birch woodlands, and 65% was 

covered by vegetation (Sigurðsson, 1977; Jónsson, 2005). However, use of wood for fuel and 

building purposes and grazing by sheep, which hindered natural regeneration, gradually 

destroyed the woodlands following human settlement (Thorarinsson, 1944). Currently, about 

45% of the land is covered by vegetation (Arnalds, 2015) and only about 1.5% of the land is 

covered by downy birch (Snorrason et al., 2016). Including cultivated forests, the total forest 

and woodland cover is nearly 2%. 

Free-range sheep grazing as well as the drainage of wetlands, mainly for hayfields and 

pastures, have been important land use practices in the past centuries, especially before 1980, 

and a strong competition for other land uses such as afforestation (the establishment of forests 

on land which has remained treeless for at least 50 years) (Eysteinsson, 2017). The term 

afforestation is used both for planted forests and for forests which expand through natural 

regeneration (self-seeding or direct seeding by humans) (Lacombe et al., 2015). Before 1950, 

afforestation mainly focussed on natural regeneration of downy birch in grazing enclosures and 

it was only since the 1950s that afforestation of other species increased, mainly through planting 
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exotic trees such as Siberian larch (Larix sibirica), Norway spruce (Picea abies), Sitka spruce 

(Picea sitchensis), Scots pine (Pinus sylvestris), lodgepole pine (Pinus contorta) and black 

cottonwood (Populus trichocarpa) (Eysteinsson, 2017). Native downy birch has been the most 

planted tree species since around the year 2000 in Iceland (Eysteinsson, 2017). Throughout the 

decades, the number of planted trees each year has varied, ranging from four million seedlings 

annually in the 1990s and six million per year in 2007-2009, to three million in 2015 as a result 

of reduced funding after the financial crisis in 2008-2009 (Eysteinsson, 2017). Besides planting, 

natural regeneration of downy birch continues to be used to increase woodland area (Snorrason 

et al., 2016; Eysteinsson, 2017; Elefsen & Brynleifsdóttir, 2020). 

In recent years, there has been a debate on the use of non-native species in among others 

land reclamation and afforestation. This is mainly the result of negative effects associated with 

invasion of species such as the Nootka lupine (Lupinus nootkatensis), and the possible threat of 

other species such as lodgepole pine becoming invasive (Von Schmalensee, 2010). Icelandic 

ecosystems are quite vulnerable to introduction of new species because the island is isolated 

and the number of species is small. The potential threat of species invasion may be increased 

by the effects of climate change, which may promote establishment of invasive plant species 

(Wasowicz, Przedpelska-Wasowicz & Kristinsson, 2013). 

Land use change plays an important role in climate change as described in subchapter 

1.1. Annual net GHG emissions from Land Use, Land Use Change and Forestry (LULUCF) in 

Iceland are estimated to be about 11566.2 kt CO2e, which predominantly includes emissions 

related to drainage of organic soils mostly under grassland and cropland (Keller et al., 2020).

 The Icelandic government has announced a Climate Action Plan, which aims to increase 

activities that can help reduce net GHG emissions in order to meet the targets of the Paris 

Agreement and to reach the government’s aim to make the country carbon (C) neutral before 

2040 (Ministry for the Environment and Natural Resources, 2018). Such activities include 

wetland restoration, reforestation, revegetation and afforestation, which should receive 

increased funding. These land use efforts are meant to increase the uptake of C from the 

atmosphere. 

Andosols, the main soil type found in Iceland, contain the highest concentration of C of 

all dryland soils (Batjes, 1996). However, erosion in Iceland has caused the replacement of 

Andosols by C-poor Vitrisols in some areas and has reduced C stocks in surface horizons in 

many ecosystems (Arnalds, 2015). Several studies in Iceland have shown that efforts such as 

revegetation (e.g. Aradóttir et al., 2000; Arnalds, Orradottir & Aradottir, 2013), reforestation 
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and afforestation (e.g. Snorrason, Sigurdsson, Gudbergsson, Svavarsdottir & Jonsson, 2002; 

Hunziker, Arnalds & Kuhn, 2019), further discussed in subchapter 1.3, may increase C stocks. 

This indicates that there is a large C sequestration potential in Iceland, which may be used to 

decrease the large net GHG emissions from the LULUCF sector in Iceland (see earlier). 

1.3 Effects of afforestation globally and in Iceland 

Afforestation can lead to changes in for example soil properties (e.g. Berthrong, Jobbágy & 

Jackson, 2009; Korkanç, 2014), above- and belowground C stocks (e.g. Paul, Polglase, 

Nyakuengama & Khanna, 2002; Peichl & Arain, 2006) as well as biodiversity (e.g. Rusina, 

Bambe & Daugaviete, 2011; Saure, Vandvik, Hassel & Vetaas, 2014). Some of these effects 

will be reviewed in the following subchapters. 

1.3.1 Effects of afforestation on soil properties 

1.3.1.1 Soil bulk density 

Bulk density (BD) often decreases with afforestation as well as with forest age, especially in 

the topsoil (Markewitz, Sartori & Craft, 2002; Wang et al., 2011; Korkanç, 2014; Chen et al., 

2016). A decrease in BD in the topsoil may be attributed to an increase in soil organic matter 

(SOM) (Brady & Weil, 2014). In most soils, the BD at greater depth is higher than in the topsoil 

due to e.g. less incorporation of SOM with depth. But the BD may also decrease at greater 

depth, even at 20-50 cm, following afforestation (Markewitz et al., 2002), which may be 

explained by tree root growth and increased bioturbation, the moving and mixing of sediment 

by organisms, which can change the structure and the porosity of the soil (Johnson, 1990; 

Graham & Wood, 1991). An example of bioturbators are earthworms, whose activity can be 

important in reducing BD (Graham & Wood, 1991). However, Blanchart et al. (1999) suggested 

that there are compacting species and decompacting species, which means that an increase or 

decrease in BD may depend on the species. Lang and Russell (2020) found that the effects of 

earthworms on BD are species-specific and depend on earthworm body mass as well as soil 

texture. It is not entirely clear how earthworms are affected by afforestation. Spurgeon, Keith, 

Schmidt, Lammertsma and Faber (2013) suggested that the size of earthworm communities and 

their complexity may be positively or negatively affected depending on woodland type and 

potential changes in soil properties such as pH that may take place during afforestation of 

grassland. They found that afforestation with deciduous trees generally has a more positive 

effect on the abundance of earthworms than coniferous trees and suggested that this might be 
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explained by the fact that coniferous needles are not a very good source of food or by a lower 

soil pH, although the latter was not statistically supported in their study. 

Forest management may also affect BD. Heavy machinery, for example used during 

thinning, may increase BD, especially at permanent forest trails (Schack‐Kirchner, Fenner & 

Hildebrand, 2007; Picchio et al., 2012). Labelle and Jaeger (2011) found that the effect of 

machinery on soil compaction extended up to one meter away from trails and that soil density 

had not yet recovered five years later. Jourgholami, Soltanpour, Abari and Zenner (2014) 

emphasised that forests on slopes in particular are rather vulnerable to negative effects of 

machinery. Compaction may be related to forest type, original BD and soil parent material 

(Williamson & Neilson, 2000). The type of machinery that is used as well as how often they 

pass by are also very important (Picchio et al., 2012). For example, manual cutting and 

transportation using tractors may have a less negative effect than using a harvester and a 

forwarder. 

1.3.1.2 Soil bulk density in Iceland 

In Iceland, BD is usually low, generally < 0.8 g/cm3 under vegetation, which is characteristic 

of Andosols and is related to the high C concentration of the soil as well as other factors such 

as density of the parent materials (Arnalds, 2015). Unlike most soils in the world, in which BD 

increases with depth, both a decrease (e.g. Strachan et al., 1998) and an increase (e.g. Arnalds 

et al., 2013; Nyirenda, 2020) in BD with depth have been found in soils in Iceland. The decrease 

in BD with depth may be explained by frequent burying of A horizons, porous aeolian materials 

and freeze-thaw cycles which may cancel the effect of compaction (Strachan et al., 1998). 

There is a general lack of research on BD in Icelandic soils, especially on how it is 

affected by different land use factors. Not many studies on afforestation in Iceland have 

measured changes in BD and knowledge is therefore limited. A number of studies, mostly on 

succession following glacier retreat or land revegetation efforts, have shown lower BD in 

forested sites compared to relatively little vegetated land (e.g. Stanich, 2013; Vilmundardóttir, 

Gísladóttir & Lal, 2014; 2015; Nyirenda, 2020). A recent study that focussed on BD change 

following afforestation is Owona (2019), which showed that BD decreased with afforestation 

in the upper 20 cm of the soil in South-West Iceland. Further, Ritter (2007) found a tendency 

for a decrease in BD with time after afforestation at 0-10 cm depth at the same study sites as in 

the present study in East Iceland. 
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1.3.1.3 Soil pH 

Afforestation is often associated with a decrease in pH (e.g. Jobbágy & Jackson, 2003; Farley 

& Kelly, 2004; Berthrong et al., 2009; de Schrijver et al., 2012; Rigueiro‐Rodríguez, Mosquera‐

Losada & Fernández‐Núñez, 2012; Chen et al., 2016). Possible explanations for this are for 

example higher productivity of forests and the input of organic acids such as acidic litter, 

decomposition products and canopy leaches by trees or redistribution and accumulation of 

cations in certain layers of the soil due to more intense base cation cycling by trees (Jobbágy & 

Jackson, 2001; 2003), or a combination of different mechanisms (Chen et al., 2016). 

Generally, coniferous forests have lower pH than broadleaf forests (e.g. Mueller et al., 

2012; Augusto et al., 2015; Dawud et al., 2016). As reviewed by Augusto et al. (2015), this 

difference may be caused by several processes such as a difference in the deposition of 

acidifying pollutants from the atmosphere, nutrient uptake rates, production of organic acids, 

production of acid exudates in the rhizosphere, and because litterfall of conifers is usually more 

acidic and nutrient poor. Norway spruce (Oostra, Majdi & Olsson, 2006) and Scots pine are 

examples of species that may cause considerable soil acidification (Augusto, Ranger, Binkley, 

& Rothe, 2002). The difference in the effect of tree species on pH is most significant in the 

upper 10 cm of the topsoil (Nordén, 1994; Finzi, Canham & van Breemen, 1998). Dawud et al. 

(2016) suggested that tree species identity and diversity could affect pH in the topsoil, although 

species identity explains more of the pH variation. The positive effect of species diversity on 

pH may be attributed to stronger or larger amounts of organic acids in less diverse stands, while 

more diverse stands may have higher fine root biomass in deeper layers thereby using nutrients 

at greater depth better, and possibly increasing circulation of base cations and the pH of topsoil 

(Dawud et al., 2016). 

Soil acidification as a result of vegetation change may also partially depend on the type 

of soil and its buffer capacity (Ashman & Puri, 2002). Soils with high cation exchange capacity 

(CEC), the sum total of exchangeable cations that a soil can absorb, may have high buffer 

capacity (Brady & Weil, 2014). For example, Andosols are known to have a high CEC 

(Arnalds, 2015). Some clay minerals have higher CEC than others, for example smectite has 

higher CEC than kaolinite, and are therefore more resilient to soil acidification (Parfitt, Giltrap 

& Whitton, 1995). The interaction between SOM and clay minerals may also influence CEC 

and thus buffer capacity. 
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1.3.1.4 Soil pH in Iceland 

A reduction of soil pH from mild alkaline (>7.5) to slightly acidic (<6.5) is generally observed 

during primary succession on basaltic substrates in Iceland (Sigurdsson & Magnusson, 2010; 

Sigurðsson, Heiðmarsson, Björnsson & Einarsson, 2020). The soil pH in vegetated soils in 

Iceland generally ranges from 5 to 7 (Arnalds, 2015). 

A tendency for a decrease in pH following afforestation of barren land and heathland or 

forest development has been indicated in multiple studies in Iceland (e.g. Sigurðsson, 

Elmarsdóttir & Magnússon, 2005a; Vilmundardóttir et al., 2014; Sigurðsson et al., 2016; 

Owona, 2019). Sigurðardóttir (2000) and Sigurðsson et al. (2005a) did not find a significant 

difference in pH between Siberian larch and downy birch at the same study sites as in the present 

study. However, Owona (2019) observed a mild but significant decrease in pH with age for 

conifer stands but not for deciduous or mixed stands in South-West Iceland. Furthermore, both 

Sigurðsson et al. (2005a) and Owona (2019) only found a small decrease in pH with 

afforestation or forest development compared to studies from other countries, and only in the 

(upper) topsoil. Overall, soil acidification is generally not considered a problem in forests in 

Iceland (Sigurðsson et al., 2005a; Haraldsson, Sverdrup, Belyazid, Sigurdsson & Halldórsson, 

2007; Owona, 2019). 

1.3.1.5 Belowground carbon stocks 

Belowground C stock studies often only include SOC, but living roots and the litter layer (also 

called e.g. organic layer or forest floor layer in forest ecosystems) are also important and have 

been receiving more attention in recent years. The litter layer is sometimes included as a 

belowground C stock but other times as a separate aboveground C stock. 

The SOC stock in most soils decreases with depth and its distribution is partially related 

to climate (Jobbágy & Jackson, 2000). However, plant functional type, and therefore 

afforestation, may affect the vertical distribution of SOC as well. Generally, forests may store 

a larger percentage of SOC in the top 20 cm relative to the first meter than shrublands and 

grasslands. This could be attributed to differences in above- and belowground biomass 

allocation and root distribution (Jobbágy & Jackson, 2000). Oostra et al. (2006) and Ahmed, 

Smith, Jones and Godbold (2016) found that tree species may also affect the distribution of 

SOC in the top 20 cm. Further, Ahmed et al. (2016) found that mixed stands may have a positive 

effect on accumulation of recalcitrant C in deep soil layers, which has a great potential for long-

term sequestration. 
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As briefly mentioned in subchapter 1.1, afforestation and other land use changes may 

affect SOC stocks. Globally, SOC stocks have been found to decrease, increase or not change 

significantly following afforestation, as reviewed by Paul et al. (2002). A common pattern that 

has been observed is an initial decrease in SOC, followed by an increase after some years (e.g. 

Paul et al., 2002; Vesterdal, Ritter & Gundersen, 2002; Bárcena, Gundersen & Vesterdal, 

2014a; Bárcena et al., 2014b). Further, there are several factors that may affect the change in 

SOC following afforestation such as former land use, site preparation, climate, soil type, and 

forest type and management (Paul et al., 2002; Bárcena et al., 2014a; b). An initial decrease in 

SOC could be explained by a lack of plant growth and therefore C input to the soil, but also by 

site preparation (Paul et al., 2002; Laganière, Angers & Paré, 2010). Especially high intensity 

disturbances such as ploughing, mounding and machinery used for tree planting may cause 

SOC losses in the first few years, and minimizing such disturbances might increase SOC stocks 

by about 15% (Laganière et al., 2010). 

Former land use may explain much of the variability in SOC stocks (Laganière et al., 

2010). Several studies have shown that croplands generally show an increase in SOC following 

afforestation, while SOC stocks in natural grasslands or pastures may remain the same or 

decrease (Guo & Gifford, 2002; Paul et al., 2002; Laganière et al., 2010; Poeplau et al., 2011; 

Poeplau & Don, 2013; Bárcena et al, 2014b). The difference in SOC response to afforestation 

may partially be explained by the dissimilarities or similarities between the input and output C 

fluxes and the SOC control mechanisms in the former land use type compared to the forest 

environment (Laganière et al., 2010). The positive effect of afforestation on SOC stocks is 

generally greater when these dissimilarities between the former land use system and the forest 

system are greater. However, former land use types such as pastures or grasslands that often do 

not experience an increase in SOC stock, might observe an increase when the litter layer, 

discussed more later in this subchapter, is included (Poeplau et al., 2011). Also, more living 

tree biomass as result of afforestation may increase the total ecosystem C stock (Peichl, Leava 

& Kiely, 2012), discussed in more detail in subchapter 1.3.2, which could further compensate 

for a possible decrease in SOC stock. 

Changes in SOC stocks following afforestation may also vary with climate zone 

(Laganière et al., 2010). SOC losses following afforestation are more commonly observed in 

the boreal zone than in other climate zones. However, the boreal zone has the greatest potential 

to store C, mostly as SOC and litter, due to e.g. slow decomposition rate (Lal, 2005). For 

example, even though tropical regions have high net primary productivity (NPP) and C 
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accumulation in biomass as a result of warm temperatures and high precipitation, the climate 

also stimulates decomposition and thus reduction of SOC stocks (Lal, 2005). The SOC losses 

commonly observed following afforestation in the boreal zone might be explained by slower 

tree growth and therefore lower soil C inputs and a generally young age of studied plantations 

(Laganière et al., 2010). This could mean that it may take more time to observe SOC 

accumulations in the boreal zone than in other warmer climate zones with high NPP. 

Soil texture and drainage may affect SOC accumulation (Brady & Weil, 2014). For 

example, poorly drained soils generally accumulate more SOC than well drained soils. Further, 

Laganière et al. (2010) suggested that fine-textured clay soils may have a greater potential to 

accumulate SOC after afforestation than coarse-textured soils since fine particles are associated 

with organic compounds and organo-mineral complexes, which physically protect SOC against 

decomposition (immobilise it). However, only few studies have shown that soil texture actually 

plays an important role in the recovery of C stocks after afforestation (Paul et al., 2002). 

As mentioned before, the litter layer is also an important C stock (Peichl et al., 2012). 

The change from for example a harvested grassland with relatively little accumulation of dead 

herbaceous matter to a relatively thick continuously present decomposing litter layer in forests 

is large. Also, litter of coniferous trees decomposes slower due to larger amounts of more 

recalcitrant compounds such as lignin and polyphenols, than litter of grass (Zhang, Hui, Luo & 

Zhou, 2008) or broadleaf trees (Vesterdal & Raulund-Rasmussen, 1998). Further, C stocks in 

the litter layer have generally been found to be higher for conifers than broadleaves (Vesterdal, 

Clarke, Sigurdsson & Gundersen, 2013). Uri et al. (2012) and Samuelson et al. (2014) reported 

that the litter layer was the largest in middle-aged forests. Peichl and Arain (2006) found that 

the litter layer increased the first two decades and was followed by no effect of age in later 

years. Dead wood such as snags (standing dead trees) and coarse woody debris (CWD, fallen 

dead tree trunks and branches) may contribute considerably to C stocks as well, and may show 

an increase with stand age (Peichl & Arain, 2006). 

Forest type and tree species may also play a role in the change in SOC and litter C stocks 

(Vesterdal et al., 2013). However, it is difficult to compare natural forests since tree species are 

distributed following gradients of among others climate zone and soil type. For example the 

chance to observe a significant change in soil C stocks may be lower for conifers because they 

are usually associated with cooler climate zones with low plant growth (Laganière et al., 2010). 

However, several studies have shown that tree species at the same site may have different total 

soil C stocks (e.g. Mareschal, Bonnaud, Turpault & Ranger, 2010; Vesterdal et al., 2013). The 
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effect of tree species on C in the mineral soil (SOC) appears weaker and less consistent than 

the effect on the litter layer C (Vesterdal et al., 2013). In temperate forests, the C distribution 

between forest floor and mineral soil is generally more different between species than the sum 

of both (Vesterdal et al., 2013). Further, tree species diversity has been shown to positively 

affect soil C stocks (Vesterdal et al., 2013; Dawud et al., 2016). However, tree species diversity 

may be less important than tree species identity (Dawud et al., 2016). Overall, soil type and/or 

climate may have a stronger effect on mineral soil C content than tree species (Vesterdal et al., 

2013). 

Besides storage of C in soil and litter, a substantial amount of C can be stored 

belowground in fine and coarse roots as well (Varik, Aosaar, Ostonen, Lõhmus & Uri, 2013). 

Both the fine and coarse root mass may increase with stand age (Helmisaari, Makkonen, 

Kellomäki, Valtonen & Mälkönen, 2002; Huet, Forgeard & Nys, 2004; Varik et al., 2013). The 

allocation of biomass and C to belowground and aboveground stocks may change with age. For 

example, Helmisaari et al. (2002) observed a decrease in the belowground/aboveground 

biomass ratio with stand age. Although C accumulation in standing fine root biomass may 

sometimes be low, the C input to the soil through fine root litter may be considerable because 

fine roots may have a high annual turnover rate (Varik et al., 2013). 

Forest management such as thinning and harvesting can affect soil C stocks (Paul et al., 

2002; Jandl et al., 2007; Clarke et al., 2015), and may for example partially overwrite age-

dependent trends in litter layer dynamics (e.g. Sigurdsson, Magnusson, Elmarsdottir & 

Bjarnadottir, 2005b; Jandl et al., 2007). Thinning may temporarily increase decomposition of 

C in the litter layer as a result of higher temperatures and higher soil humidity due to reduced 

evapotranspiration, which negatively affects the soil C stock (Jandl et al., 2007). Further, 

litterfall may be reduced, depending on the thinning intensity, which reduces litter 

accumulation. However, thinning residues may compensate for such losses. Overall, the soil C 

stock may depend on the soil disturbance intensity, the input of thinning residues and the rate 

of litterfall (Jandl et al., 2007). 

Harvesting (clear felling) disturbs the forest ecosystem more than thinning. The overall 

effect of harvesting on the soil C stock depends mainly on the balance between the harvest 

residues that are left and add C to the soil and the disturbance of the soil structure which leads 

to soil C loss (Jandl et al., 2007). However, many different processes are involved following 

such forest management and long-term results of forest harvesting on soil C stocks are quite 

unclear (Jandl et al., 2007; Clarke et al., 2015). 
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1.3.1.6 Belowground carbon stocks in Iceland 

Andosols, the most common type of soils in Iceland, have relatively high SOC concentrations 

(up to 20%) (Arnalds, 2015). Two of the main processes that contribute to this are the formation 

of allophane-organic matter complexes at high pH and metal-humus complexes at low pH. 

Differences in SOC concentrations in Iceland can largely be explained by a difference in aeolian 

deposition, drainage and land use. Soils with poor drainage and low aeolian deposition rates 

usually have higher SOC concentrations than drier soils and soils with high aeolian deposition 

rates. However, soils with high aeolian deposition rates may also have high BD, meaning that 

they might have SOC stocks similar to soils with less aeolian deposition. Soils in vegetated 

areas generally have higher SOC concentrations and stocks than those in unvegetated areas 

(Arnalds, 2015). 

In Iceland, studies have shown an increase in SOC stocks following afforestation of 

mostly barren land and heathland and some grassland as well as with forest development (e.g. 

Snorrason et al., 2002; Bjarnadottir, Inghammar, Brinker & Sigurdsson, 2007; Sigurdsson, 

2014; Hunziker et al., 2019; Owona, 2019). However, some studies have found that the SOC 

stock may only become positively affected three decades after land use change took place on 

heathland (Ritter, 2007 (same study sites as in present study); Bárcena et al., 2014b). The 

Icelandic national inventory for the UNFCCC uses an estimated soil C sequestration factor of 

51 g C/m2/year for afforestation on mostly degraded land, and does not include the litter layer 

(Keller et al., 2020). However, Sigurdsson (2014) observed that there can be large spatial 

variation in SOC stocks within Iceland in similar ecosystems, which could be attributed to 

factors such as former land use, climate and aeolian deposition rates, as partially mentioned 

earlier (Óskarsson, Arnalds, Gudmundsson & Gudbergsson, 2004). 

Two studies, both of which were partly done at the same study sites as in the present 

study, have shown that forests with tree species such as lodgepole pine and Sitka spruce may 

have higher SOC stocks than Siberian larch (Bjarnadóttir, 2009) and downy birch (Sigurdsson, 

2014), but these results could possibly also be influenced by a difference in the geographical 

location of the forests (the Siberian larch being in East Iceland but the other conifers in West 

Iceland). Other local studies have shown that tree species or forest type may not affect SOC, 

unless the litter layer is included (Sigurðardóttir, 2000; Owona, 2019). Litter accumulation has 

been shown to increase both following afforestation (Snorrason et al., 2002; Owona, 2019) and 

with forest development in older forests (Owona, 2019). It is possible that more C may be 

accumulated in the litter layer in coniferous forests than in deciduous and mixed forests, 
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however, such differences may also be related to thinning (Owona, 2019). Also, the C 

concentration may be higher in litter in afforested sites than in treeless sites (Owona, 2019). 

Further, Sigurdsson (2014) found that the relative contribution of SOC to the ecosystem 

C sequestration rate may change with forest development, showing highest relative contribution 

of SOC in the initial years following afforestation, while aboveground biomass becomes a more 

dominating factor with greater forest age. 

The depth distribution of SOC is often erratic in Icelandic soils (Arnalds, 2015). The C 

levels may differ between soil horizons, with high C concentrations where aeolian deposition 

is low and vice versa. The difference between horizons may largely be explained by a change 

in environmental conditions during the formation of the soil. Bárcena et al. (2014) and Hunziker 

et al. (2019) showed that the effect of afforestation on SOC stocks in Iceland may be most 

distinct in the top 10 cm of the soil and Bárcena et al (2014) suggested that it may take more 

time to observe effects in deeper layers. 

Coarse root ratio for a number of tree species in Iceland has been found to be on average 

0.20 of the total above- and belowground dry tree mass, while fine roots have often too great 

variability to study the effect of afforestation (Snorrason et al., 2002). Bjarnadottir et al. (2007) 

and Sigurdsson, Thorgeirsson and Linder (2001) showed that the coarse root mass ratio may be 

larger for younger trees (0.29) than for older ones, suggesting that age differences might 

possibly be more important than species differences. 

1.3.1.7 Belowground nitrogen stocks and soil C/N ratio 

Soil organic nitrogen (SON) changes are usually correlated with changes in the SOC stock (Li, 

Niu & Luo, 2012). Like SOC stocks, changes in SON stocks and C/N ratio following 

afforestation have shown varying results, largely depending on similar factors as reviewed for 

SOC stocks such as former land use, climate and tree species (Berthrong, Piñeiro, Jobbágy & 

Jackson, 2012; Li et al., 2012; Shi et al., 2016). SON stocks depend on N input, through e.g. 

biological N fixation or atmospheric N deposition, and the N output, e.g. through uptake by 

plants and leaching (Li et al., 2012). When N inputs are limited, forest development and the 

accumulation of N in standing biomass might lead to a decrease in SON. 

Although SON stocks in certain soil layers have in several cases been shown to increase 

following afforestation, the rate of relative N stock change has often been found to be lower 

than the relative C change, resulting in an increase in the C/N ratio in several studies (Berthrong 

et al., 2009; Li et al., 2012; Chen et al., 2016). This might lead to N limitation in the long-term, 

which could reduce C sequestration rates (Li et al., 2012). However, other studies such as Xu, 
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Li, Cheng, Ruan and Luo (2016) and Yang and Luo (2011) have shown that the C/N ratio in 

the mineral soil can also remain relatively constant following afforestation and with forest 

development. 

The C/N ratio generally decreases with soil depth (Cools, Vesterdal, de Vos, 

Vanguelova & Hansen, 2014). However, tree species may be a more important factor for the 

C/N ratio in the topsoil, while soil depth may be more important in deeper soil layers (Cools et 

al., 2014; Dawud et al., 2016). Low soil C/N ratios are mostly associated with N fixing tree 

species such as alder (Alnus sp.), while high C/N ratios are usually found beneath coniferous 

species (Cools et al., 2014). Yang and Luo (2011) found that C/N ratios were generally higher 

in coniferous forests than in broadleaf forests and attributed this to a difference in N use 

efficiency. Further, Dawud et al. (2016) found that more diverse forests had higher C/N ratios 

in the 20-40 cm layer. However, they also suggested that tree species identity may be a stronger 

driver than tree species diversity. 

1.3.1.8 Belowground nitrogen stocks and soil C/N ratio in Iceland 

In Iceland, only few studies have focussed on changes in the SON stock and soil C/N ratio 

following afforestation and with forest development or following other land use changes, and 

no such study exists in which soil, forest floor and plant biomass are all included to understand 

potential changes in the whole ecosystem N stock or its translocation between different layers. 

Some studies have found no effect of afforestation on the SON stock (Ritter, 2007) and 

no difference in the SON stock between tree species or forest type (Ritter, 2007; Owona, 2019). 

However, soil C/N ratio at 0-10 cm depth has been shown to increase with afforestation 

(Sigurdsson et al., 2005b; Ritter, 2007; Haraldsson et al., 2007), but did not differ between 

species (Ritter, 2007). All these studies, except Owona (2019), were done at the same study 

sites as in the present study. As mentioned before, an increase in soil C/N ratio could indicate 

N limitation in the long-term (Li et al., 2012). 

Soil N can sometimes be a constraining factor for plant growth in soils in Iceland 

(Gudmundsson, Björnsson & Thorvaldsson, 2004). This may be attributed mainly to the andic 

soil properties which slow down organic N turnover, low N mineralization rates (Pálmason, 

Þorgeirsson, Sigurðardóttir, Björnsson & Arnalds, 1996) and low atmospheric deposition 

(Ritter, 2007; Leblans et al., 2014). For example, N fertilization has been shown to have a 

positive effect on the initial survival and growth of tree seedlings in Iceland (Óskarsson, 

Sigurgeirsson & Raulund-Rasmussen, 2004). 
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1.3.2 Effects of afforestation on aboveground carbon stocks 

1.3.2.1 Aboveground carbon stocks 

Afforestation changes aboveground biomass by adding overstorey biomass (stem, branches, 

and foliage) (e.g. Uri et al., 2012). Overall, biome‐level estimates have shown that NPP and net 

ecosystem productivity are generally the highest in intermediate-aged forests (Pregitzer & 

Euskirchen, 2004). In older forests, it is the species’ height growth potential and shade tolerance 

that decides the maximum standing wood volume (or basal area) that can be maintained (Smith, 

Larson, Kelty & Ashton, 1997). All forests go through a sigmoid production curve, where tree 

mortality will become equal to the stand growth rate at a certain age, meaning that the standing 

biomass will stop increasing. However, the maximum amount of biomass that can be 

maintained in old forests may not only be a function of tree species, but also of soil condition 

(Smith et al., 1997). 

While the overstorey biomass increases with age, the understorey and ground vegetation 

biomass often decrease with lower light availability due to closing of the canopy after several 

years (e.g. Rigueiro‐Rodríguez et al., 2012; Uri et al., 2012). Understorey and ground vegetation 

cover may also be affected by a change in pH and accumulation of litter (Thomaes et al., 2012). 

Some ground vegetation species are more tolerant to lower pH (generally defined as <4.5) and 

light conditions than others and frequently observed litter accumulation may reduce 

colonization of certain plant species while others may benefit from it (Thomaes et al., 2012). 

The change in conditions at the forest floor may therefore also change the composition and the 

diversity of the ground vegetation, which will be discussed further in subchapter 1.3.3. 

The C stocks in the ground vegetation depend on the amount of vegetation biomass but 

also on the contribution of different vegetation growth forms such as dwarf shrubs, forbs, 

grasses and mosses, since their C concentrations differ (Chapin III & Shaver, 1988). The C 

concentrations in ground vegetation and woody debris are usually 46-53% of dry biomass in 

forest ecosystems (Peichl & Arain, 2006), and 50% is commonly used when woody biomass is 

converted to C stock (e.g. Snorrason et al., 2002). 

Thinning may affect C stocks, as previously mentioned in subchapter 1.3.1.5. 

Sequestration of C may be increased by extending the rotation lengths, especially when the 

maximum biomass productivity has not yet been reached (Carroll, Milakovsky, Finkral, Evans 

& Ashton, 2012), and by reducing the thinning intensity (D’Amato, Bradford, Fraver & Palik, 

2011). Further, maintaining old forests is important since they may store large amounts of C 
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and conversion of old growth natural forests to managed forests is likely to result in ecosystem 

C loss which will be difficult to regain (Keeton, 2006). 

1.3.2.2 Aboveground carbon stocks in Iceland 

In Iceland, several studies have shown an increase in aboveground biomass following 

afforestation (e.g. Snorrason et al., 2002; Owona, 2019; Kristjánsson, 2020), some of which 

were done at the same study sites as in the present study (Sigurðsson, Elmarsdóttir, Bjarnadóttir 

& Magnússon, 2008; Bjarnadóttir, 2009). In a common garden experiment in South Iceland, 

Kristjánsson (2020) reported that during the establishment phase (about 15 years), planted black 

cottonwood and downy birch sequestered similar amounts of C in aboveground biomass, both 

more than Sitka spruce, which generally has a slower initial growth rate. He attributed this 

partially to the higher survival rate of downy birch saplings compared to black cottonwood, 

which compensated for the lower growth increment of downy birch compared to black 

cottonwood at that age when biomass C stocks were calculated on an area basis. This shows 

that during the first one to two decades following afforestation, both plant survival and initial 

growth rate of a species are equally important determining factors. 

After forest canopy closure, the growth rate and general adaptation to the site conditions 

become the most important determining factors of aboveground C sequestration (Smith et al., 

1997). Sigurðsson et al. (2008) found that middle-aged lodgepole pine forests stored more C in 

aboveground biomass than similar aged Sitka spruce forests in West Iceland, both of which 

stored more than similar aged Siberian larch forests in East Iceland. 

Since most planted forests in Iceland are still relatively young, it is not yet certain which 

tree species will be able to store the largest amounts of aboveground C, but there are strong 

indications that this could be Sitka spruce (Bjarni D. Sigurdsson, personal communication, 15. 

November 2020). 

Sigurdsson et al. (2005b) found a positive linear relationship between understorey 

biomass and light availability at the forest floor of both Siberian larch and downy birch forests 

of different age. Similar negative effects of afforestation on ground vegetation biomass were 

reported by Snorrason et al. (2002) and Owona (2019). Owona (2019) found that the ground 

vegetation biomass was lower in coniferous and mixed forests than in deciduous forests, which 

he partially attributed to a difference in forest structural characteristics between the forests, the 

deciduous trees being less shade tolerant and allowing more light to penetrate to the forest floor. 
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Although natural and planted forests cover only about 1.9% of the land, the standing 

biomass in these ecosystems is the largest standing aboveground biomass stock and is about 

37% of the total standing biomass in Iceland (Sigurðsson & Magnússon, 2019). This includes 

both tree and ground vegetation biomass. Of this, 1,701,000 tonnes DM is stored in natural 

downy birch forests and woodlands, while 627,000 tonnes DM is stored in planted forests. 

Natural and planted forests contribute 14% to the estimated total annual NPP of Iceland. Natural 

downy birch forests and woodlands annually account for 124,401 tonnes C, while planted 

forests account for 54,202 tonnes C in aboveground NPP (Sigurðsson & Magnússon, 2019). As 

the forests get older and taller, and increase in size as planned, the C stored in aboveground 

biomass is going to increase in the next years in Iceland. The C sequestration in forests can 

especially be improved by not applying early thinning (Heiðarsson, Kjartansson, Snorrason & 

Sigurðsson, 2020). 

1.3.3 Effects of afforestation on vegetation composition and biodiversity 

1.3.3.1 Vegetation composition and biodiversity 

The composition and biodiversity of ground vegetation may change as a result of afforestation 

and during forest development (Bremer & Farley, 2010; Rusina et al., 2011), for similar reasons 

as its biomass or C stock (see subchapter 1.3.2). Not much change may be observed in the first 

few years following afforestation, partially depending on tree growth rate, because changes in 

conditions such as light availability may only appear later on when the trees approach canopy 

closure (Rusina et al., 2011). 

Saure et al. (2014) described that vascular plants are generally negatively affected by 

poor light conditions, while mosses respond more negatively to warmer and drier microclimates 

beneath conifers. Rusina et al. (2011) reported a decline in ruderal species and other light 

demanding species and an increase in species typically found at forest edges and in later 

successional stages in forests in their study on afforestation of grassland. Peterken (2001) found 

a shift towards pteridophytes after canopy closure. Further, Rusina et al. (2011) described that 

the vegetation composition of relatively similar sites may change in a different direction 

depending on their initial conditions. 

As reviewed by Bremer and Farley (2010), species richness and diversity have been 

shown to decrease following conversion of natural and semi-natural grassland and shrubland 

into forest plantations in several studies. This may be attributed to for example site preparation 

(Buscardo et al., 2008), exclusion of shade-intolerant native species by reduced light 
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availability as a result of the canopy closure, a thicker litter layer which inhibits germination, 

or allelopathy (Alrababah, Alhamad, Suwaileh & Al‐Gharaibeh, 2007; Bremer & Farley, 2010), 

the release of compound(s) by an organism which affect other organisms (Taiz, Zeiger, Møller 

& Murphy, 2015). Saure et al. (2014) suggested that a decrease in species richness beneath 

conifers could be due to less light as well as an increase in soil N and pH. However, some other 

studies observed an increase in plant diversity (Chiarucci & De Dominicis, 1995; Jónsson, 

Sigurðsson & Halldórsson, 2006; Chen et al., 2016). Chen et al. (2016) attributed such an 

increase to the fact that importance values of shade-intolerant native species decreased but that 

they did not disappear, while shade-tolerant species increased with plantation development. 

Changes observed in a study by Jónsson et al. (2006) indicated that although some plant species 

disappear from afforested areas, forests might offer more diverse habitats for new species. 

Tree species may also affect the change in vegetation composition and biodiversity. The 

difference in the effect of tree species on ground vegetation can generally be explained by a 

difference in the tree growth rate and shade casting (Barbier, Gosselin & Balandier, 2008), soil 

pH (Wulf & Naaf, 2009; Thomaes et al., 2012) and partly by bio-available phosphorous, which 

depends among others on pH (Thomaes et al., 2012). For example, different growth rate and 

shade tolerance of tree species and time of canopy closure could largely determine when and 

how much change takes place in ground vegetation and understorey (Rigueiro‐Rodríguez et al., 

2012). Light availability and thereby ground vegetation may be affected by canopy density and 

structure, which depend on the tree species (Saure et al., 2014). However, Augusto, Dupouey 

and Ranger (2003) suggested that forest management might be more important than tree species 

in determining the composition and diversity of ground vegetation since it may greatly affect 

the structure and density of the managed forest and thereby for example the light availability. 

Generally, coniferous forests are more shade tolerant than broadleaf forests (Kimmins, 

2004) and have lower diversity in the vascular understorey than broadleaf forests (Barbier et 

al., 2008). Thomaes et al. (2012) also suggested that tree species may drive vegetation 

development, through light availability as well as impact on soil development. For example, 

more acid tolerant ground vegetation species could be found beneath shade-tolerant oak 

(Quercus sp.) and acid intolerant and light demanding species beneath more light demanding 

poplar (Populus sp.). Van Oijen, Feijen, Hommel, den Ouden and de Waal (2005) also 

described that species composition of the forest canopy may affect humus and litter 

characteristics (subchapter 1.3.1.5) and thereby the distribution of understorey species. The 

effect of forest type on species diversity has shown varying results, for example Barbier et al. 
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(2008) found that species diversity in mixed stands of deciduous and coniferous tree species 

was lower than in pure deciduous and coniferous stands, while Chávez and Macdonald (2012) 

found that canopy patches within mixedwood forests are very important for understorey 

diversity. Overall, natural forests have been reported to have higher biodiversity compared to 

plantations (Bremer & Farley, 2010). 

1.3.3.2 Vegetation composition and biodiversity in Iceland 

In Iceland, an increase in pteridophytes and monocots and a decrease in mosses has been 

observed following Siberian larch and downy birch forest development in an earlier inventory 

of the same study sites as in the present study (Sigurðsson et al., 2005a; Sigurdsson et al., 

2005b). First thinning in a middle-aged Siberian larch forest caused an increase in dicots and 

mosses and a decrease in pteridophytes and monocots compared to younger unthinned forests. 

These changes were attributed to a change in light availability rather than pH, which generally 

is relatively high in Icelandic soils. The main difference between the two forest types was a 

greater abundance of dicots in the downy birch forest than in the middle-aged Siberian larch 

forest (Sigurdsson et al., 2005b). Elmarsdóttir, Magnússon and Sigurðsson (2007a) reported 

that vascular species richness and plant cover decreased with afforestation of heathland and 

forest development due to reduced light availability in the same study sites as in the present 

study. They found that the number of species in downy birch forests was greater than in Siberian 

larch forests, likely as a result of lower light availability at the forest floor in the Siberian larch 

forest due to its greater height and denser crowns. At the same study sites, Elmarsdóttir et al. 

(2011) analysed the effect of afforestation of the four most planted tree species in Iceland 

(downy birch, Siberian larch, lodgepole pine and Sitka spruce) on biodiversity and reported 

higher plant species richness in heathland and young forests compared to older forests, 

irrespective of forest type, and pointed out that diversity difference between forest succession 

stages is more important than between ecosystems. The smallest number of species was found 

in the exclusion phase when the forest is dense and the light availability is little. 

 Another long-term study on the effects of afforestation on vascular plant biodiversity 

has taken place in a black cottonwood experimental forest planted on an abandoned hayfield in 

South Iceland that was established in 1990 (Gundelach, 2018). The last survey in that study, 

which was done in 2017, found that vascular species richness was still decreasing after the first 

(pre-commercial) thinning had taken place (Gundelach, 2018). 

 Few other studies have been published on vegetation composition or diversity in native 

and planted forests and woodlands (e.g. Ragnarsson & Steindórsson, 1963; Þorsteinsson & 
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Þórhallsdóttir, 2011; Guðmundsdóttir, Óskarsson & Elmarsdóttir, 2014; Behrend, 2019). Such 

studies generally show different ground vegetation species in forests compared to other 

ecosystems and several show a reduced number of vascular species with forest succession. 

1.4 Methods used to study the effects of land use change 

Methods that are used to study succession and other ecosystem changes following land use 

change are, among others, the commonly used chronosequence method and the permanent plot 

method (Walker, Wardle, Bardgett & Clarkson, 2010). Chronosequences substitute space for 

time and infer a time sequence of development from a number of plots established in the same 

ecosystem type of different ages since a similar initial event occurred. The initial event can for 

example be natural disturbance, grazing exclusion or planting of trees. Permanent plot studies 

monitor change at a specific location or plot over several years or decades by repeated 

measurements (Johnson & Miyanishi, 2008). 

The chronosequence method assumes that age is the only difference between the plots 

(Johnson & Miyanishi, 2008). However, the key assumption that all plots, each representing a 

different stage of development, have all traced the same history is not always valid. Several 

comparative studies of chronosequences and permanent plots have shown that the predictions 

of chronosequences have not always (entirely) been supported by observations over the actual 

time interval in permanent plots (e.g. Foster & Tilman, 2000; Feldpausch, Prates‐Clark, 

Fernandes & Riha, 2007; Myster & Malahy, 2008; Freestone, Wills & Read, 2015). For 

example, an old field chronosequence in a study by Foster and Tilman (2000) showed that 

change in species abundance was accurately predicted, but change in species richness was not, 

while Myster and Malahy (2008) found that the predictions of total species richness and plant 

cover in pastures were supported, while species composition and abundance as well as the 

successional rate were not. 

According to Csecserits, Szabó, Halassy and Rédei (2007), the chronosequence method 

may show the general trends of successional change but it may result in a rather static view of 

the successional process, while permanent plots may give a more detailed view of succession 

and, according to Bakker, Olff, Willems & Zobel (1996), could also be used to extrapolate 

beyond the time range of available observations. Walker et al. (2010) stated that 

chronosequences may be used when there is a clear pattern of temporal change between 

multiple stages and the history of the site is rather well known. Further, replicate plots should 

be located randomly within each stage and chronosequence assumptions may be verified by 

repeating earlier measurements in the same plots. 
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Johnson and Miyanishi (2008) emphasized that it is necessary for ecological studies to 

further test the critical assumptions of chronosequences. Myster and Malahy (2008) suggested 

that the chronosequence method and the permanent plots method might be combined, but did 

conclude that it should be specified which parameters are to be measured before it is decided 

that a chronosequence is to be used or included in a study with permanent plot data. Generally, 

broad structural parameters such as total plant cover perform best. Results of Foster and Tilman 

(2000) and other studies have indicated that chronosequence resampling may be of value and 

could give more insight into successional processes. 

1.5 Study aims 

This thesis will focus on changes that take place as a result of afforestation on heathland. Both 

planting of Siberian larch (Larix sibirica) as well as natural regeneration of downy birch (Betula 

pubescens) forests will be studied. The research questions are as follows: 

 

• How does afforestation on heathland affect soil bulk density, organic carbon and 

nitrogen concentrations and stocks, C/N ratio and pH? 

- Are there differences in these soil properties between land use types? 

- Are there differences in these soil properties between depths? 

- Are there differences in these soil properties between inventory years? 

- How do tree species and forest age affect these soil properties at different depths? 

 

• How does afforestation on heathland affect carbon stocks in litter, coarse woody debris, 

ground vegetation, shrubs, roots and live and dead trees? 

- Are there differences in these carbon stocks between land use types? 

- Are there differences in these carbon stocks between inventory years? 

- How do tree species and forest age affect these carbon stocks? 

- How do tree species and forest age affect ecosystem carbon allocation? 

 

• How does afforestation on heathland affect composition and diversity of ground 

vegetation? 

- Is ground vegetation biomass associated with soil pH and C/N ratio at 0-10 cm depth? 

- Are there differences in growth type biomass composition between land use types? 
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- Are there differences in vegetation species richness and diversity between land use 

types and different-aged forests? 

 

• Can chronosequence research be a reliable alternative for permanent plot studies? 

- Are Siberian larch chronosequence results (mainly soil properties) similar to repeated 

measurements in the same (permanent) inventory plots? 
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2. Materials and Methods 

2.1 Site description 

The study sites are located in 

Fljótsdalshérað (between 65° 06’ - 65° 19’ 

N and 14° 56’ - 14° 82’ W) in East Iceland 

at an elevation of 60-90 m above sea level 

(Fig. 1; Sigurdsson et al., 2005b; 

Elmarsdóttir et al., 2007b). Mean monthly 

temperatures and precipitation from the 

nearest weather station in Hallormsstaður 

are shown in Figure 2 and mean annual 

summer and winter temperatures in 2000-

2015 from the same location are shown in 

Figure 3. The bedrock in this area is mainly 

basic and intermediate extrusive basalt with 

intercalated sediments and was formed 

during the upper Tertiary, more than 3.3 

million years ago (Jóhannesson & 

Sæmundsson, 2009). The soil type at all the 

study sites is Brown Andosol, which is the 

most common soil type in vegetated areas in 

Iceland (Arnalds, 2004). 

At the time of the settlement of Iceland, Fljótsdalshérað used to be covered in birch 

woodlands. However, these woodlands have declined, especially since the middle of the 18th 

century, often making place for heathland (Jónsson, Eggertsson & Ingólfsson, 2012). Iceland’s 

largest remains of native downy birch (Betula pubescens) woodland, Hallormsstaðarskógur, are 

found at one study site (B2), as well as a young downy birch forest which naturally regenerated 

on heathland following grazing exclusion in 1979 (B1), (grazed) heathland (M1) and planted 

coniferous forests of introduced species, mainly Siberian larch (Larix sibirica), of different ages 

(L1-5) (Fig. 1). This Siberian larch chronosequence and the other study sites have been 

previously researched in a considerable number of studies (e.g. Sigurdsson et al., 2005b; 

Elmarsdóttir et al., 2007a; Sigurdsson & Gudleifsson, 2013). 

Figure 1. Location of the study sites. Letters indicate 

the land use type (M=Heathland, B=Birch, L=Larch) in 

Fljótsdalshérað and numbers indicate the age sequence 

within each land use type. Map by Lovísa 

Ásbjörnsdóttir. 



24 

  

 

Figure 2. Mean monthly temperatures (°C) and precipitation (mm) in Hallormsstaður in 1961-1989 

(Source of data: Icelandic Meteorological Office, 2007). 

 

 

Figure 3. Mean annual summer (May-October) and winter (November-April) temperatures (°C) in 

Hallormsstaður in 2000-2015 (Source of data: Skógrækt ríkisins, 2000-2015). 

 

2.2 Experimental design and measurements 

The experimental design was set up in 2002 as part of the ICEWOODS (IS: Skógvist) project 

by the Agricultural University of Iceland, the Icelandic Forest Research and the Icelandic 

Institute of Natural History (Elmarsdóttir et al., 2007b). The aim of this project was to study the 

effect of afforestation on soil characteristics, ecosystem productivity and biodiversity. Nine 

different sites were included in this experiment: One heathland (M1), two downy birch forests 
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(B1-2), and six Siberian larch forests (L0-5). However, site L0 was only partially included 

(mainly for CO2 flux measurements) and was not used in the present study. Each site was a 

large (>3 ha), relatively homogeneous area, with similar climate conditions, and similar soil 

and vegetation history before land use change except for the old-growth downy birch forest 

(B2). Additionally, each site except for L2 was surrounded by similar adjacent ecosystems to 

avoid any possible “edge effects”. The L2 site was established adjacent to a naturally 

regenerating birch forest. 

The general land use history of the sites was as follows (Table 1): The heathland (M1) 

at the Mjóanes farm was grazed by sheep until it was fenced off in 2003 and acted as a control 

for the other sites (Sigurðsson et al., 2006). The downy birch forests consisted of one young 

forest (B1) at the Buðlungavellir farm which had naturally regenerated after grazing exclusion 

in 1979 and an old growth downy birch forest (B2) at the adjacent Hallormsstaður farm which 

had not been grazed for about 100 years. The Siberian larch forests (L1-5) at Hallormsstaður 

(L5), Mjóanes (L1 and L4), Hafursá (L3) and Buðlungavellir (L2) farms were monoculture 

stands planted in 1952-1990. Table 1 shows when each forest was planted and whether it has 

been thinned or not. In most cases, thinning was done using heavy machinery such as a harvester 

or excavator. The oldest Siberian larch forest (L5) was protected from grazing at the same time 

as B2, but other forest sites were protected shortly before their planting. At the time of planting 

of L5, the site (formerly a heathland) had been partially colonized by native downy birch 

(Elmarsdóttir et al., 2007b). 

 

Table 1. Size (ha), year of planting or grazing exclusion, and the conditions in 2002 and 2015 of the study sites 

(Adapted from Sigurðsson, Gunnarsdóttir, Elmarsdóttir, Magnússon & Oddsdóttir, 2017 and years of last thinning 

obtained from Lárus Heiðarsson and Þór Þorfinnsson, personal communication, 30. October 2020). 

 

Site/land use Size (ha) Time of planting/ Condition 2002 Condition 2015

grazing exclusion*

Heathland M1 7.4 2003* Grazed Protected

Birch B1 5.1 1979* Young forest Closed

Birch B2 6.1 1905* Regeneration Regeneration

Larch L1 4.6 1990 Open Thinned (2014)

Larch L2 7.2 1984 Half-closed Thinned (2013)

Larch L3 9.5 1983 Half-closed Thinned (2012)

Larch L4 3.2 1966 Closed Thinned (2007)

Larch L5 7.3 1952 Thinned (1995) Thinned (2008)
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2.2.1 General sampling scheme in 2002 and 2015 

In 2002, five transects of 2 x 50 m were placed randomly at each site in which ground vegetation 

and litter biomass and soil samples were taken and vegetation cover was measured (Sigurdsson 

et al., 2005b). The transects were marked with three 4 x 4 cm wide and 1 m long sticks that 

were left after measurements. A 50 m long piece of tape was strung between these sticks. Ten 

subplots, of which the locations were recorded, were randomly placed along each transect (50 

subplots at each site) for ground vegetation biomass and litter, vegetation cover, and soil 

measurements and/or sampling. 

The same sampling for vegetation and litter biomass and soil as well as vegetation cover 

measurements were repeated in four of the five transects at each site in 2015, mostly following 

the same protocol (Sigurðsson et al., 2017). The reason for the use of only four transects in 

2015 was that one transect had been lost in M1 and L2 each, due to the area being turned into 

a potato field and the loss of all markings during mechanical thinning respectively. At the other 

sites, either the transects in the middle of the slope of each site (L3, L4, L5, B1) or closest to 

the edge of the forest (L1, B2) were excluded in 2015. 

A forest inventory at each forest site was done in 2002 prior to the placement of 

vegetation transects, and generally involved five 100 m2 circular inventory plots randomly 

placed within each forest, marked with a 4 x 4 cm wide and 1 m long stick. These inventory 

plots were not placed at the same spots within each site as the transects for the other 

measurements, but give a good description of the forest structure in general. In the dense B1 

downy birch forest, 50 m2 plots were used instead of 100 m2, and in L2 only 3 out of the 5 

inventory plots were measured in 2002. In 2015, three of the inventory plots at each forest site 

were remeasured, and their size had to be increased where thinning had taken place. 

Individual measurements will be described more in detail in the next few subchapters. 

Measurements from both 2002 and 2015 were used in this study. 

2.2.1 Soil measurements 

2.2.1.1 Soil sampling for carbon, nitrogen and pH data 

In 2002, soil samples were taken for 0-10 and 10-30 cm depth using a 30 cm long soil corer 

with a diameter of 2 cm. Ten soil samples, each composed of two cores with a diameter of 2 

cm taken close to each of the subplots, were taken in each transect. This resulted in 10 composite 

samples per transect and 50 composite samples per site. The samples were taken through the 

living vegetation after vegetation cover measurements were done and likely included some of 
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the surface fine litter in the 0-10 cm depth sample. Therefore, the fine fraction from the litter 

samples, see subchapter 2.2.2, was not added to the soil samples. Before chemical analysis, the 

soil samples were sieved using a 2 mm sieve and dried at 80 °C (samples were not ball-milled). 

In 2015, the soil samples were taken with a larger 5 cm diameter and 30 cm long split 

soil corer. At four subplots, adjacent to subplots 2, 6, 8 and 10 in 2002, one sample was taken 

vertically from the surface where the litter layer had already been removed. This resulted in 

four samples per transect and 16 samples per site. Each of these samples was then divided at 0-

5, 5-10, 10-20 and 20-30 cm depth intervals. Each of the depth-divided samples was stored in 

a zip-lock bag until further analysis. The area-corrected amount of <2 mm fraction from the 

litter layer, see subchapter 2.2.2, was later added to the 0-5 cm zipper bag for each subplot. 

Before soil chemical analysis, the soil samples were dried at 40 °C and sieved using a 2 mm 

sieve to determine the soil coarse fraction and root biomass. One composite sample was made 

for each depth for each transect. Roots were first removed from the fine soil fraction and about 

15 g of each composite sample was ground using a ball mill and placed in a closed plastic 50 

ml plastic tube before chemical analysis for dry mass, C and N took place (subchapter 2.2.1.3). 

Other composite fine fraction samples were prepared for pH determination for each depth. 

2.2.1.2 Soil sampling for bulk density data 

Bulk density (BD) for 2002 estimations was based on BD measurements in 2005. A > 40 cm 

deep profile was created at two transects at each site and a custom-made soil corer (diameter = 

4.8 cm, height = 6.41 cm) was used to take three samples from the 0-10 cm soil layer and three 

from the 10-30 cm layer in each profile. Each soil sample was dried at 80 °C without prior 

sieving and the total mass and sampler volume were used for BD calculations (subchapter 

2.3.1.1). 

In 2015, BD samples were taken 18-20. September by creating a 40 cm deep soil profile 

at one transect at each site. Three samples were taken at respectively 0-5, 5-10, 10-20 and 20-

30 cm depths, using the same BD soil core sampler as in 2005 (diameter = 4.8 cm, height = 

6.41 cm). Each sample was stored in a zip-lock bag until further analysis. Air-dried samples 

were sieved using a 2 mm sieve and roots were collected from the residue. The fraction < 2 mm 

(fine fraction), residue (coarse fraction) and roots were dried at 105 °C for 48 hours and 

weighted. The coarse fraction volume and the root volume were then measured using the water 

displacement method, and excluded from the total sampler volume in the BD calculations 

(subchapter 2.3.1.1). 
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2.2.1.3 Chemical analysis of soil samples 

In 2002, the soil C concentration was measured in sieved soil samples by dry combustion at 

1150 °C in pure oxygen by a Leco CR-12 Carbon Analyzer, the soil N concentration was 

analysed by Kjeldahl wet combustion on Tecator Kjeltec Auto 1030 Analyzer, and the pH was 

measured by an electrode (Orion model 920 A) in a soil/water mixture of 1:1 (per volume). Dry 

matter was determined at 80 °C (Sigurdsson et al., 2005b). 

In 2015, both the C and N concentrations were measured using dry combustion in pure 

oxygen at 900 °C (Baldur Vigfússon, personal communication, 22. October 2019) by Elemental 

Analyzer Vario MAX CN (2004) by Elementar Analysensysteme GmbH, Hanau, Germany. 

The combusted gas mixture was then purified and converted until only N2 and CO2 remained. 

Subsequently, these gases were analysed. N2 was analysed using the Dumas method, where 

glutamic acid (≥ 99.5 % pure) was used as a calibration standard. During dry combustion (in 

2002 and 2015), both organic and inorganic C are released and measured. Since Icelandic soils 

contain a negligible amount of inorganic C, the measured C can be interpreted as organic C 

(Arnalds et al., 2013). The pH for the fine fraction soil samples in 2015 was measured by an 

electrode (Two Channel Benchtop pH meter, Hanna Instruments, Temse, Belgium) in a 

soil/deionized water mixture of 1:2.5 (per mass) after 20 minutes of mixing and 2 hours of 

waiting (Sigurðsson et al., 2017). 

2.2.2 Litter biomass sampling 

The litter layer was defined as the sum of the organic debris above the mineral soil and the dead 

aboveground part of the understorey vegetation (including dead branches and twigs), referred 

to as respectively fine litter and fine and coarse woody litter. Coarse woody debris (CWD, > 10 

cm in diameter) was excluded from this. 

Litter biomass was partly harvested (alongside ground vegetation, see subchapter 2.2.5) 

from four 33 x 50 cm subplots (subplots 2, 6, 8 and 10) in each of the five transects at each site 

and from the five forest inventory plots at each site in 2002, and with an additional sampling in 

2005. Surface fine woody litter was collected at each of the transects, while surface coarse 

woody litter was collected in each forest inventory plot. The fine litter and humus layer were 

determined in the additional sampling in 2005. This was done in 33 x 33 cm plots, placed close 

to each of the three transect-marking sticks at each of the transects. Electric cutters were used 

to remove vegetation and surface woody litter (already included in the sampling in 2002). The 

remaining litter and humus layer were collected and put in a paper bag. It was later discovered 

that the boundary between the humus layer and the mineral soil had been defined differently 
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between vegetation types. Because of this, the litter samples were sieved using a 2 mm sieve 

before the dry mass was determined. The finest humus fraction was hereby removed, but this 

fraction was generally included when taking soil samples in 2002 (see subchapter 2.2.1.1). 

In 2015, the litter biomass was harvested in 20 x 50 cm subplots adjacent to the four 

subplots in 2002 in four transects. Surface fine (woody) litter (<2 cm) was collected into a 

separate bag. All submerged (below the moss layer) fine litter and coarse woody litter were 

collected using a hand saw to cut it along the subplot borders. More care was taken in how the 

litter layer and the mineral soil were divided than in 2002, and after sieving the litter, the correct 

area fraction of the soil particles (< 2 mm) from the litter sample was added to the 0-5 cm soil 

sample from the same subplot. The sieved litter residue, containing both fine litter and 

submerged woody litter (diameter >2 mm), was dried at 40 °C for 48 hours (or longer if the 

sample included woody litter with a diameter of >5 mm, until the weight of the sample did not 

change anymore). Then, woody litter was separated from the fine litter samples, dried at 80 °C 

and weighted. The fine litter samples were also dried and weighted. From each of the fine litter 

samples, 1-2 g was taken and combined into 8 subsamples in airtight containers, one for each 

site. These subsamples were ground using a ball mill and placed in closed plastic containers 

before chemical analysis for dry matter, C and N took place using the same methods as used 

for soil samples (subchapter 2.2.1.3). 

Surface coarse woody litter was measured in two subplots (each 4 m2) in each inventory 

plot. This fraction included mainly branches and felled tree-tops that were >2 cm and <10 cm 

in diameter. The coarse woody litter was counted and included if its length was more than half 

inside the subplot. The diameter (mm) and the length (cm) of the coarse woody litter were 

measured for the average branch, from which its dry mass was estimated and multiplied with 

the number of branches recorded (see subchapter 2.3.2). 

2.2.3 Coarse woody debris measurements 

In 2002 and 2015, coarse woody debris (CWD; >10 cm diameter in the narrower end) was 

recorded in each forest inventory by measuring the length and the maximum and minimum 

diameter of each coarse branch/log within the plot. Note that the >2 cm diameter definition used 

for CWD in 2002 in Sigurdsson et al. (2005b) was not used and CWD was recalculated in the 

present study. 
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2.2.4 Stump measurements 

Stumps were only measured in 2015 because most thinning took place after 2002. Both the 

height and the diameter at ground level of each stump were measured within the three inventory 

plots within each forest site. 

2.2.5 Ground vegetation biomass sampling 

In 2002, four subplots per transect (subplots 2, 6, 8 and 10, each 33 x 50 cm) were harvested 

for ground vegetation (generally all vegetation except trees and bushes > 50 cm height) using 

an electric grass clipper, and litter (subchapter 2.2.2), and placed in paper bags. In the 

laboratory, each sample was divided into five different growth forms or classes: Dicots, 

monocots, pteridophytes, mosses and fine woody litter (twigs < 2 cm diameter). The samples 

were stored in sealed plastic bags at -18 °C until further processing took place. Different classes 

from each transect were dried separately at 80 °C for 48 hours and weighed. These data were 

already presented in Sigurdsson et al. (2005b). It should be noted that the ground vegetation in 

2002 did contain some understorey vegetation > 50 cm. 

In 2015, ground vegetation harvest was done in a similar way in 20 x 50 cm subplots 

adjacent to the four subplots (subplots 2, 6, 8 and 10) in 2002 in four transects. Subsequently, 

all samples were dried at about 80 °C for 48 hours and weighted. Subsamples were taken from 

each subplot and categorized in seven groups: Woody dicots, herbaceous dicots, monocots, 

pteridophytes, mosses, vegetation litter, fine woody litter (twigs < 2 cm diameter), and then 

weighted. Each group was placed in a paper bag and dried at 80 °C for 24 hours and then 

weighted. 

2.2.6 Ground vegetation cover and plant community composition 

Ground vegetation cover and plant community data from 2002 have all been excluded from the 

present study because the results have been published before (Elmarsdóttir et al., 2007a). 

In 2015, similar to measurements in 2002, the vegetation surface cover was recorded in 

each of the ten 100 x 33 cm subplots within each of the four transects (40 subplots per site). All 

vascular plant and lichen species were identified and their cover determined according to 

Braun-Blanquet cover classes (Goldsmith and Harrison 1976). The cover of five key moss 

species: Hylocomium splendens, Racomitrium ericoides, Racomitrium lanuginosum, 

Rhytidiadelphus squarrosus and Rhytidiadelphus triquetrus was determined as well. Total 

cover of mosses, lichen and vascular plants was also recorded. 



31 

  

2.2.7 Tree and shrub measurements 

In 2002, tree/shrub measurements were done on five inventory plots of 100 m2 each (except B1 

where 50 m2 plots were used), using a diameter calliper and a telescopic height pole. The species 

and whether the stem was alive or dead was recorded for all trees/shrubs. Diameter at breast 

height (DBH) was measured at 130 cm height for all stems and diameter was also measured at 

50 cm for all downy birch stems, and for other tree/shrub species if they were <1.3 m tall. 

Height was measured for all stems, or if multi-stemmed, for the dominant stem. 

 In 2015, the forest inventory was repeated in three forest inventory plots at each site. 

Since all Siberian larch forests had been thinned and B1 had gone through some self-thinning, 

the inventory plots of those sites were enlarged, still encompassing the original plots (from the 

same central marking sticks). The size of these plots in 2015 was 100 m2 for downy birch and 

200 m2 for Siberian larch, except for one plot in the oldest Siberian larch forest (L5) which was 

300 m2. The diameter of all stems (generally) > 1.3 m in height were measured using diameter 

callipers and the height was measured using a laser. Smaller trees/shrubs (generally 50-130 cm 

in height) were considered as part of the shrub layer and were measured in two subplots (4 m2) 

in each inventory plot. Their species was recorded, number of individuals were counted and the 

diameter at ground level and the height were measured for the average stem. The Field-Map 

digital inventory system (www.field-map.com) was used during the 2015 measurements. 

2.3 Data analysis 

2.3.1 Soil properties 

2.3.1.1 Calculations for soil bulk density, stoniness, organic carbon and nitrogen 

Bulk density (BD) was calculated differently for each year. For 2002, BD was calculated 

according to the following formula: 

 

BD = Total dry mass (g) / Total sampler volume (cm3)       (1) 

 

For 2015, BD was calculated according to the following formula: 

 

BD = Dry mass of fine fraction (g) / (Sampler volume (cm3) – coarse fraction volume (cm3)- 

roots volume (cm3)).            (2) 
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Bulk densities at 0-10 cm and 10-30 cm depth in 2015 were estimated by taking the mean of 

the BD at 0-5 cm and 5-10 cm depth, and the mean of the BD at 10-20 cm and 20-30 cm depth 

respectively. This allowed comparison between 2002 and 2015. 

Soil stoniness, only measured in 2015, was calculated according to the following 

formula: 

 

Soil stoniness = (Coarse fraction volume (cm3) / Sampler volume (cm3)) * 100%    (3) 

 

Two methods were used to estimate SOC and SON stocks for each site; one to a certain 

depth (30 cm) (method one) and the other in a certain soil mass (method two). SOC and SON 

stocks for each site in each year and at both depths were calculated using the following formulas 

for method one: 

 

SOC(Site) = SOCcon * BD * d * 10.      (4) Adapted from Poeplau & Don (2013) 

 

SON(Site) = SONcon * BD * d * 10.      (5) Adapted from Poeplau & Don (2013) 

 

In these formulas, SOC(Site) is the soil organic carbon stock at one site (g/m2); SOCcon is the 

soil organic carbon concentration at that site (mg/g); SON stock is the soil organic nitrogen 

stock at that site (g/m2); SONcon is the soil organic nitrogen concentration at that site (mg/g); 

BD is the mean BD of 2002 and 2015 at that site (g/cm3); d is depth in cm; and 10 is the 

conversion factor between units. 

For 2015, the mean of the C concentration (%) and the mean of the N concentration (%) 

at 0-5 cm and 5-10 cm depth, and at 10-20 cm and 20-30 cm depth for each land use were used 

to calculate the C% and N% at 0-10 cm and 10-30 cm depth respectively. This allowed 

comparison between 2002 and 2015. 

The second method applied soil mass correction. This was done using the following 

formulas: 

 

SOCcorr (Site) = 
𝐵𝐷(𝑀1)∗𝑆𝑂𝐶(𝑆𝑖𝑡𝑒)

𝐵𝐷(𝑆𝑖𝑡𝑒)
         (6) Adapted from Poeplau et al. (2011) 

 

SONcorr (Site) = 
𝐵𝐷(𝑀1)∗𝑆𝑂𝑁(𝑆𝑖𝑡𝑒)

𝐵𝐷(𝑆𝑖𝑡𝑒)
         (7) Adapted from Poeplau et al. (2011) 
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In these formulas, SOCcorr (Site) is the soil organic carbon stock at one site after it has been 

corrected for soil mass (g/m2); SONcorr (Site) is the soil organic nitrogen stock at one site after 

it has been corrected for soil mass (g/m2); BD(M1) is the mean BD of 2002 and 2015 in the 

heathland (g/cm3); SOC(Site) is the soil organic carbon stock calculated in the first method for 

that site; SON(Site) is the soil organic nitrogen stock calculated in the first method for that site; 

BD(Site) is the mean BD of 2002 and 2015 in that site (g/cm3). 

Soil pH at 0-10 cm and 10-30 cm depth in 2015 was estimated by taking the mean of 

the pH at 0-5 cm and 5-10 cm depth, and the mean of the pH at 10-20 cm and 20-30 cm depth 

respectively. The same was done for the C/N ratio. This allowed comparison between 2002 and 

2015. 

2.3.1.2 Statistical analysis of soil properties 

Soil depth range and percentage of measurements with a soil depth > 30 cm were determined 

for each site in 2005 and mean soil stoniness and standard error were calculated for each site in 

2015. 

Mean and standard error by depth (0-5, 5-10, 10-20 and 20-30 cm) for each land use 

(heathland, downy birch forests and Siberian larch forests) in 2015 were calculated for soil BD, 

SOC concentration (%), SON concentration (%), C/N concentration ratio and pH. 

Mean and standard deviation by depth (0-10, 10-30 cm) for each site and year were 

calculated for BD and SOC and SON stock (g/m2). Standard deviation could not be calculated 

for the BD in 2002 since only the mean BD was known for each site. 

The normality of the distribution of all data by depth was tested using the Shapiro-Wilk 

test for SOC%, SON%, C/N ratio, pH and mean BD. Two-tailed tests were used to compare 

these variables between depths using data from both years and all sites. 

In order to compare data between years, the normality of the distribution of mean site 

differences between years by depth (0-10, 10-30 cm) was tested using the Shapiro-Wilk test for 

BD, SOC%, SOC stock, SON%, SON stock, C/N ratio and pH. When the distribution was 

normal, a two-tailed paired t-test was performed, while a two-tailed sign test was performed 

when the distribution was not normal, unless the number of samples was sufficiently large to 

perform statistical tests. 

For SOC and SON stock, C/N ratio, pH and mean BD, regression analyses on data from 

both years and all sites by depth were used to study the association between the variable and 

Species, Age, and Species * Age. Heathland was included as forest age = 0. 
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Linear regression analyses between SOC and SON stock, C/N ratio, pH and mean BD 

respectively and age by depth were performed on data from both years and all sites, as well as 

by species separate for all variables except mean BD. Heathland was included as forest age = 

0. Additionally, analyses on SOC and SON stock were also done excluding heathland. 

Further, seven linear regression analyses were performed on all data to find associations 

between respectively mean BD and mean SOC%, mean BD and mean SON%, mean BD and 

mean C/N ratio, SOC% and SON%, pH and SOC%, pH and SON%, and pH and C/N ratio. 

2.3.2 Litter 

For 2002 and 2015, fine and woody litter dry mass were calculated by adding the surface fine 

and woody litter from samples collected in 2002 and 2015 to the submerged (below the moss 

layer) fine and woody litter from samples collected in 2005 and 2015, respectively, and adding 

the coarse woody litter from above the moss layer. 

The biomass of the coarse woody litter (> 2 and < 10 cm in diameter) from above the 

moss layer from the forest inventory was estimated for the inventory plots in 2002 and for each 

subplot (4 m2) in 2015 using the following formula: 

 

DM = 
((𝜋∗(𝑑/2)2∗ 𝑙)∗ 𝑁)∗ 0.47

𝑎𝑟𝑒𝑎
           (8) 

 

In this formula, DM is the dry matter of the woody litter (g/m2); d is the diameter (cm) and l 

(cm) is the length of an average branch; N is the number of branches in the inventory (2002) or 

subplot (2015), 0.47 is the wood density (g/cm3) as measured for Siberian larch by Jóhannsdóttir 

(2012), and area is the size of the inventory plot (2002) or subplot (2015) (m2). The mean of 

the woody litter biomass of the two subplots in each inventory plot was used to estimate the 

biomass in each inventory plot in 2015. The coarse woody litter was added to the other litter 

using the mean coarse woody litter biomass of each site since the location and the number of 

plots were different. 

The C concentration (%) of the fine litter in 2002 and 2015 was estimated using the C% 

from the analysis for each site in 2015. However, the C% of the fine litter in L4 was missing 

and was therefore estimated using extrapolation. The C% in woody litter (50%) was estimated 

based on Snorrason et al. (2002). 
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2.3.3 Coarse woody debris 

The dry mass of the coarse woody debris (CWD) in 2002 and 2015 was estimated using the 

following formula: 

 

DM = 
∑(

1

3
∗𝜋∗𝑙∗ ((𝑑12) + (𝑑1 ∗ 𝑑2) + (𝑑22))) ∗ 0.47)

𝑎𝑟𝑒𝑎
       ..(9) 

 

In this formula, DM is the dry mass of the CWD in an inventory plot (g/m2); ∑ is the sum of all 

coarse branches/logs in the inventory plot; l is the length, d1 is the largest diameter and d2 is 

smallest diameter of the branch/log (cm); 0.47 is the wood density (g/cm3) as estimated by 

Jóhannsdóttir (2012); and area is the size of the inventory plot (m2). For each site, the mean 

CWD dry mass was estimated by taking the mean of the dry mass in the inventory plots.  

The dry mass was converted to C stock using a dry mass C fraction of 50% as commonly 

used for all woody dry mass (e.g. Snorrason et al. 2002, Owona, 2019). 

2.3.4 Stumps 

The aboveground dry mass of the stumps in 2015 was estimated using the following formula: 

 

DM = 
∑(𝜋∗(

𝑑

2
)

2
∗ℎ∗0.47)

𝑎𝑟𝑒𝑎
          (10) 

 

In this formula, DM is the dry mass of the aboveground mass of the stumps in an inventory plot 

(g/m2); ∑ is the sum of all stumps in the inventory plot; d is the diameter (cm) and h (cm) is the 

height of a stump; 0.47 is the wood density (g/cm3) as estimated by Jóhannsdóttir (2012); and 

area is the size of the inventory plot (m2). For each site, the mean aboveground dry mass of the 

stumps was estimated by taking the mean of the dry mass in the inventory plots. The 

belowground dry mass of stumps was not estimated. 

The aboveground dry mass was converted to C stock using a dry mass C fraction of 

50% as commonly used for all woody dry mass (e.g. Snorrason et al. 2002, Owona, 2019). 

2.3.5 Ground vegetation 

2.3.2.1 Biomass and carbon stock calculations 

In 2002 and 2015, the biomass of each growth form was calculated using the following formula: 
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DMGF =  

𝐷𝑀𝑇𝑜𝑡∗(
%𝐺𝐹

100
)

𝑎𝑟𝑒𝑎
          (11) 

 

In this formula, DMGF is the dry mass of the growth form (g/m2); DMTot is the total dry mass in 

the transect (2002) or subplot (2015) (g/m2); %GF is the percentage of the growth form; and 

area is the size of the transect (2002) or subplot (2015) (m2). 

The C stocks in ground vegetation were estimated from their dry mass based on C 

fractions for different growth forms reported by Snorrason, Jónsson, Svavarsdóttir, 

Guðbergsson and Traustason (2000); Woody dicots 49%, herbaceous dicots, monocots and 

pteridophytes 40%, and mosses 31%. 

2.3.2.2 Vegetation composition and biodiversity calculations and statistical analysis 

Mean ground vegetation biomass was calculated for each site and year. The significance of the 

differences in biomass between years by site was tested using two-tailed t-tests after the 

normality of the distributions had been tested using the Shapiro-Wilk test. 

Linear regression analyses between mean soil pH and C/N ratio at 0-10 cm depth 

respectively and mean ground vegetation biomass at each transect were performed on data from 

both years and all sites, all forests, as well as by species separate. 

The mean ratio of each growth type was calculated for each site in 2015. 

Mean species richness of vascular plants, mosses and lichen by site in 2015 was 

determined by the sum of all the different species of vascular plants, mosses and lichen 

respectively in the ten subplots in each transect at each site and then taking the mean of the 

transects at each site. Vascular plant species diversity in 2015 was calculated using the 

Shannon-Wiener index: 

 

H = − ∑ 𝑝𝑖 ∗ 𝐿𝑛 𝑝𝑖               (12) Fowler, Cohen & Jarvis (1998) 

 

In this formula, Pi is the proportion of a particular species in a sample which is multiplied by 

the natural logarithm of itself. 

Species richness and vascular plant species diversity were compared between sites using 

the Tukey Kramer HSD. 

A detrended correspondence analysis (DCA) was performed on ground vegetation 

species data from all sites in 2015, using the Vegan R package version 2.5-6. The following 

variables were correlated with the plot scores on the ordination axes to find the variables that 
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were associated with ground vegetation community variation: SOC and SON stocks at 0-10, 

10-30 and 0-30 cm depth, soil pH and C/N ratio at 0-10 and 10-30 cm depth, number of vascular 

plant, moss and lichen species, vascular plant, moss and lichen cover, and vascular plant species 

diversity. Only significant variables were shown in the generated DCA plot. 

Further, the number of ground vegetation species that were found in the afforested sites 

but not in the heathland and the species found in the heathland but not in the afforested sites 

were counted. 

2.3.6 Trees and shrubs 

2.3.6.1 Forest measurements, aboveground and belowground biomass and carbon calculations 

In 2002 and 2015, stand density was determined by counting the number of stems, not 

individuals, in each inventory plot and dividing this by the size of the inventory plot. Missing 

diameter at breast height (DBH) or height data for certain trees in site L2 in 2015 were estimated 

using extrapolation of the data in that plot. Basal area was calculated using the following 

formula: 

 

BA = 
∑(𝜋∗(

𝐷𝐵𝐻

2
)

2
/10000)

𝑎𝑟𝑒𝑎
         (13) 

 

In this formula, BA is the basal area in the inventory plot (m2/ha); ∑ is the sum of all trees in 

the inventory plot; DBH is the diameter at breast height of the tree (cm), 10000 is the conversion 

factor, and area is the size of the inventory plot (ha). For 2015, shrubs were excluded from these 

forest measurements. 

Standing volume was calculated as the sum of the volume of the individual trees. 

Volume and total aboveground biomass of live and dead downy birch and Siberian larch trees 

in all sites in 2002 and 2015, except for larch in L1 in 2002, were estimated using the following 

formulas: 

 

Downy birch (and a few rowan (Sorbus aucuparia) trees): 

V = 0.0452 * d1.8091 * h1.0487               (14) Snorrason & Einarsson (2006) 

DMTot = 0.0634 * d2.1552 * h0.2877              (15) Snorrason & Einarsson (2006) 

 

Siberian larch: 

V = 0.0983 * d1.551 * h1.1483               (16) Snorrason & Einarsson (2006) 



38 

  

DMTot = 0.1081 * d1.53 * h0.9482              (17) Snorrason & Einarsson (2006) 

 

In these formulas, V is the tree volume (dm3); DMTot is the total aboveground dry mass of the 

tree (kg); d is diameter (cm) measured at 0.5 m (downy birch) or at 1.3 m (Siberian larch); and 

h is height (m). 

The aboveground biomass and volume of live and dead Siberian larch trees in L1 in 2002, 

which were smaller than in the other sites, were estimated using the following formulas made 

for smaller Siberian larch trees: 

 

V = 0.1187 * d1.4130 * (d2)0.2922             (18) Bjarnadottir et al. (2007) 

DMTot = 119.734 * d1.4251 * (d2)0.2539             (19) Bjarnadottir et al. (2007) 

 

In these formulas, V is the tree volume (dm3); DMTot is the total aboveground dry mass of the 

tree (g); d is diameter measured at 0.5 m (cm). 

Some sites included a very small number of willows (Salix ssp.) and Sitka spruce (Picea 

sitchensis) for which the aboveground biomass and the volume were estimated using the 

following formulas: 

 

Sitka spruce: 

V = 0.0739 * d1.7508 * h1.0228               (20) Snorrason & Einarsson (2006) 

DMTot = 0.1334 * d1.8716 * h0.4386              (21) Snorrason & Einarsson (2006) 

 

Willow: 

V = 0.0687 * d1.8074 * h0.7659               (22) Snorrason & Einarsson (2006) 

DMTot
 = 0.0348 * d1.9123 * h0.8904              (23) Snorrason & Einarsson (2006) 

 

In these formulas, V is the tree volume (dm3); DMTot is the total aboveground dry mass of the 

tree (kg); d is diameter (cm) measured at 0.5 m (willow) or at 1.3 m (Sitka spruce); and h is 

height (m). 

For each site, the mean aboveground biomass of the trees was estimated by taking the mean of 

the biomass in the inventory plots, which were each based on the sum of the biomass of all 

trees. 
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The aboveground biomass of the shrubs in 2015 was roughly estimated using the 

following formula: 

 

DMTot = (0.0786 * (d*0.9299)2.5609) * 1000     (24) Jónsson & Snorrason (2018) 

 

In this formula, DMTot is the total aboveground dry mass of the tree (kg); d is diameter (mm) 

measured at ground level (0.0 m); 0.9299 is the conversion factor to estimate the diameter 

corresponding to the true basal area from measurements using a calliper in the field; and 1000 

is the conversion factor. This formula, which is made for downy birch with diameters smaller 

than 50 mm, was applied on both downy birch and willow because no other formula could be 

found that included trees with small diameters appropriate for the shrubs. 

For each site, the mean aboveground shrub biomass was estimated by taking the mean of the 

biomass in the inventory plots, which were each based on the mean of one to four subplots. The 

aboveground biomass of the shrubs was added to the aboveground tree biomass and referred to 

as tree biomass in the results. 

The tree and shrub biomass were converted to C stock using a dry mass C fraction of 

50% as is commonly used for woody biomass (e.g. Snorrason et al., 2002; Owona, 2019). 

For both years, the belowground biomass in the coarse roots of the dead and living trees 

was estimated as 20% of the total aboveground and belowground tree biomass, as suggested by 

Snorrason et al (2002). The biomass was converted to C stock using a dry mass C fraction of 

49% as suggested by Gifford (2000). The same was done for the belowground shrub biomass 

in 2015 which was added to the belowground tree biomass and referred to as roots in the results. 

2.3.6.2 Statistical analysis of forest growth measurements 

Mean and standard deviation by site and year were calculated for stand density, dominant 

height, diameter at breast height (DBH), basal area and standing volume. The significance of 

the mean differences of these variables between years by site were tested using two-tailed paired 

t-tests after the normality of the distributions had been tested using the Shapiro-Wilk test. 

2.3.7 Statistical analysis of ecosystem carbon stocks 

Mean ecosystem C stocks in trees, snags, stumps, CWD, litter, ground vegetation, SOC and 

roots were calculated by site and year. 
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The significance of the differences of C stocks between years in all the ecosystem C 

stocks was tested using two-tailed t-tests after the normality of the distributions was tested using 

the Shapiro-Wilk test. 

The mean total ecosystem C stock was compared between sites, irrespective of year, 

using the Tukey-Kramer HSD. 

Linear regression analyses between mean total C stocks, each ecosystem C stock 

separately and SOC and litter combined respectively and age were performed on data from both 

years and all sites, as well as by species separate. Heathland was included as forest age = 0. 

Regression analyses were used to study the association between the total C stock, total 

C in SOC (0-30 cm depth), SOC and litter combined, CWD, ground vegetation, stumps, snags, 

aboveground trees and roots, relative percentage of SOC as well as SOC and litter combined in 

the total C stock and relative percentage of C in the aboveground trees in the total C stock 

respectively and Species, Age, and Species * Age using data from both years and all sites. 

Heathland was included as forest age = 0. 

Linear regression analyses between the relative percentage of SOC, SOC and litter 

combined and C in the aboveground trees in the total C stock respectively and age by species 

were performed on data from both years and all sites by species. Heathland was included as 

forest age = 0. 

2.3.8 Method comparison 

The comparison between the chronosequence method and the actual difference between the 

same plots between 2002 and 2015 only included the Siberian larch sites. The analysis to 

compare the soil properties results between the methods was based on Wang et al. (2011). The 

chronosequences in 2002 and 2015 and the actual change between the years (plot difference) 

were compared for the following soil properties: SOC stock, SON stock, pH, C/N ratio and 

mean BD, and total ecosystem C stocks. For the chronosequences, linear correlations for each 

variable at both depths were used to find the significance of the trend and the predicted change 

per year. The significance of the actual change between years was tested using a two-tailed t-

test for each site and depth for all variables except mean BD and total ecosystem C stock, which 

were tested using a two-tailed paired t-test. The predicted and observed change per year were 

compared. 

  

All statistical analyses were performed using JMP®, Version 14.0.0. SAS Institute Inc., Cary, 

NC, 1989-2019, except for the DCA analysis which was performed using R version 4.0.2. 
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(www.R-project.org; R Core Team, 2020) and R Studio Version 1.3.1093 (www.rstudio.com; 

RStudio Team, 2020).  
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3. Results 

3.1 Physical and chemical soil properties 

3.1.1 Soil depth, stoniness and bulk density 

3.1.1.1 Soil depth and stoniness by site 

Soil depth, including both soil and litter thickness, was in 92-100 % of the measurements deeper 

than 30 cm. Soil depth range by site can be found in Table 2. Soil stoniness was very similar 

between sites and was quite low (Table 2). 

 

Table 2. Soil depth range (cm) and measurements (%) with soil depth >30 cm in 2005 (left) and mean soil stoniness 

(%) and standard error in 2015 (right) by site. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) 

in Fljótsdalshérað and numbers indicate the age sequence within each land use type. 

 

 

3.1.1.2 Bulk density by land use and differences between depths and years 

Vertical soil profiling of mean bulk density (BD) for heathland, downy birch forests and 

Siberian larch forests in 2015 showed relatively similar or higher BDs in forests compared to 

heathland, except at 20-30 cm depth where mean BD in the Siberian larch forests was lower 

than in the downy birch forests and the heathland (Fig. 4). 

Site Range (cm) Measurements (%) > 30 cm Mean SE

M1 15 - >100 92 1.0 0.4

B1 34 - >100 100 0.8 0.3

B2 20 - >100 93 0.7 0.3

L1 20 - >100 93 1.9 0.5

L2 34 - >100 100 0.6 0.3

L3 28 - >100 93 0.8 0.4

L4 75 - >100 100 0.7 0.3

L5 28 - >100 93 1.6 0.6

Soil depth Soil stoniness (%)
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Figure 4. Vertical soil profile showing mean bulk density (BD, g/m3) and standard error bars by depth and land 

use in 2015. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað. 

 

The descriptive summary of mean BD by site in 2002 and 2015 in Table 3 showed a 

similar pattern of mean BDs in different types of land use in the upper (0-10 cm depth) and 

lower (10-30 cm depth) topsoil as Figure 4. Table 3 also shows differences in mean BD between 

depths. Results of a two-tailed t-test on data from both years and all sites showed that mean BD 

in the upper topsoil (Mean = 0.55, SD = 0.07) was significantly lower than in the lower topsoil 

(Mean = 0.77, SD = 0.09) (P < 0.0001). 

 

Table 3. Mean bulk density (g/cm3) and standard deviation (SD) by site at 0-10 cm depth (left) and 10-30 cm 

depth (right) in 2002 and 2015. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in 

Fljótsdalshérað and numbers indicate the age sequence within each land use type. Note that SD could not be 

calculated and that bulk density contained the coarse soil fraction in the dry mass and volume in 2002. 

 

0-10 cm 2002 10-30 cm 2002

Site Mean Mean SD Site Mean Mean SD

M1 0.42 0.47 0.035 M1 0.60 0.77 0.114

B1 0.59 0.50 0.024 B1 0.65 0.82 0.028

B2 0.55 0.49 0.043 B2 0.82 0.74 0.045

L1 0.59 0.55 0.057 L1 0.86 0.78 0.110

L2 0.61 0.56 0.023 L2 0.85 0.67 0.029

L3 0.61 0.64 0.157 L3 0.85 0.74 0.022

L4 0.62 0.42 0.003 L4 0.87 0.71 0.087

L5 0.65 0.52 0.095 L5 0.89 0.74 0.037

2015 2015
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Results of a two-tailed paired t-test on data from all sites showed that mean BD was not 

significantly different between 2002 and 2015 in the upper topsoil (P = 0.081). A two-tailed 

sign test on data from all sites showed that median BD was not significantly different between 

2002 and 2015 in the lower topsoil (P = 0.289) either. 

3.1.1.2 Effect of tree species and forest age on bulk density 

Linear regression analyses on data from both years and all sites (Heathland is forest age = 0) 

showed no significant association between age and mean site BD in the upper topsoil (P = 

0.818, R2 = 0.00) and the lower topsoil (P = 0.689, R2 = 0.01). Regression analysis on all data 

from both years and all sites (Heathland is forest age = 0) also showed no significant association 

between mean site BD and Species, Age and Species * Age in both the upper and lower topsoil 

(Table 4). 

 

Table 4. Results of a regression analysis on data from both years (2002 and 2015) and all sites (Heathland is forest 

age = 0, see Table 1) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on mean site bulk 

density at 0-10 cm depth (left) and 10-30 cm depth (right). 

 

 

3.1.1.3 Associations between bulk density and other soil properties 

Linear regression analysis on all data showed that, irrespective of soil layer, mean BD was 

significantly negatively associated with mean SOC concentration (P < 0.0001, R2 = 0.49) as 

well as with mean SON concentration (P < 0.0001, R2 = 0.50) (Fig. 5) and mean C/N ratio (P 

= 0.005, R2 = 0.23) (Fig. 6). The associations showed that as SOC concentration increased by 

1%, BD decreased by 4% and as SON concentration increased by 0.1%, BD decreased by 9.9% 

across all sites and soil layers (Fig. 5). Similarly, as the C/N ratio increased by 1 unit, BD 

decreased by 3% (Fig. 6). 

0-10 cm R
2

F-value P-value 10-30 cm R
2

F-value P-value

Model 0.15 0.85 0.488 Model 0.13 0.70 0.568

Species 2.29 0.153 Species 1.34 0.266

Age 0.78 0.392 Age 0.79 0.389

Species * age 0.09 0.770 Species * age 0.03 0.865
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Figure 5. Association between mean SOC concentration (%) and mean bulk density (BD, g/cm3) (left) and mean 

SON concentration (%) and mean bulk density (BD, g/cm3) (right) found using data from both years (2002 and 

2015) and all sites (see Table 1) in Fljótsdalshérað. 

 

 

Figure 6. Association between mean C/N ratio and mean bulk density (BD, g/cm3) found using data from both 

years (2002 and 2015) and all sites (see Table 1) in Fljótsdalshérað. 
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3.1.2 Soil organic carbon concentrations and stocks 

This subchapter presents associations of SOC concentrations and stocks by depth. Associations 

of the total SOC stock (0-30 cm depth) in relation to other ecosystem C stocks such as litter C 

are presented in subchapter 3.3. 

3.1.2.1 Soil organic carbon by land use and differences between depths and years 

Vertical soil profiling of mean SOC concentration for heathland, downy birch forests and 

Siberian larch forests in 2015 showed relatively similar SOC concentrations in forests 

compared to heathland, except at 5-10 cm depth where mean SOC concentration in the 

heathland was higher than in the downy birch and Siberian larch forests (Fig. 7). 

 

Figure 7. Vertical soil profile showing mean soil organic carbon concentration (SOC%) and standard error bars 

by depth and land use in 2015. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in 

Fljótsdalshérað. 

 

Mean uncorrected SOC stocks and SOC stocks corrected for soil mass in the upper (0-

10 cm depth) and lower (10-30 cm depth) topsoil in 2002 and 2015 at all sites can be found in 

Table 5. Soil mass correction factors in the forests (based on the BD in each forest site and in 

the heathland) ranged from 0.7 to 0.9 in the upper topsoil, and from 0.8 to 0.9 in the lower 

topsoil. Corrected SOC will henceforth be referred to as SOC. 
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A two-tailed t-test on data from both years and all sites showed that SOC concentration 

was significantly higher in the upper topsoil (Mean = 6.18, SD = 2.162) than in the lower topsoil 

(Mean = 2.61, SD = 0.643) (P <0.0001). 

 

Table 5. Mean soil organic carbon (SOC) stocks and SOC stocks corrected for soil mass (SOC corrected) (g/m2), 

and standard deviation (SD) by site at 0-10 cm depth (upper) and 10-30 cm depth (lower) in 2002 and 2015. Letters 

indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað and numbers indicate the age 

sequence within each land use type. Cf is the correction factor. 

 

 

 

Results of two-tailed paired t-tests on data from all sites showed that mean SOC 

concentration and stock were not significantly different between 2002 and 2015 in the upper 

topsoil (P = 0.258 and P = 0.321 respectively). However, summary statistics still showed a 

decrease in mean SOC stock (and SOC concentration; data not shown) between years in downy 

birch and young Siberian larch forests and an increase in old Siberian larch forests (Table 5). 

Similar tests showed that mean SOC concentration and stock were significantly higher 

in 2002 than in 2015 in the lower topsoil (P < 0.0001 and P = 0.0001 respectively). Summary 

statistics also showed an increase in mean SOC stock (and SOC concentration; data not shown) 

between years in all sites (Table 5). 

Site Mean SD Mean SD Mean SD Mean SD Cf

M1 2864 639.5 2864 639.5 3034.7 543.4 3035 543.4 1.0

B1 4253 1200.7 3470 979.6 2496.1 677.1 2037 552.4 0.8

B2 4382 630.8 3751 540.0 3594.0 389.8 3076 333.7 0.9

L1 2987 1030.9 2317 799.8 2507.8 1199.7 1946 930.7 0.8

L2 2390 770.8 1823 588.0 1992.1 592.2 1520 451.7 0.8

L3 3173 902.1 2263 643.3 4082.8 524.8 2911 374.2 0.7

L4 3483 602.6 2977 515.1 3521.6 696.4 3010 595.2 0.9

L5 3984 755.6 3041 576.7 4038.4 724.7 3082 553.0 0.8

0-10 cm
20152002

SOC SOC corrected SOC SOC corrected

Site Mean SD Mean SD Mean SD Mean SD Cf

M1 3594 336.8 3594 336.8 3325 226.8 3325 226.8 1.0

B1 4310 579.1 4003 537.9 3498 450.4 3249 418.4 0.9

B2 3641 510.1 3189 446.8 3008 249.3 2635 218.4 0.9

L1 4124 436.4 3454 365.5 3062 909.8 2564 761.9 0.8

L2 4292 1219.9 3877 1101.9 3423 621.7 3092 561.6 0.9

L3 5297 790.7 4570 682.2 4506 1064.8 3888 918.7 0.9

L4 5886 456.0 5086 394.0 5241 473.0 4529 408.7 0.9

L5 3528 273.9 2968 230.4 3150 662.2 2650 557.0 0.8

10-30 cm
2002 2015

SOC SOC corrected SOC SOC corrected
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3.1.2.2 Effect of tree species and forest age on soil organic carbon by depth 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that only species significantly affected SOC stock in the upper topsoil, when age differences 

were taken into account, while there was no significant effect on SOC stock in the lower topsoil 

(Table 6). Therefore, three regression models should be emphasised; two species-specific 

models for the upper topsoil and one joint model for the lower topsoil. 

 

Table 6. Results of regression analyses on data from both years (2002 and 2015) and all sites (Heathland is forest 

age = 0, see Table 1) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on SOC (g/m2) at 

0-10 cm depth (left) and 10-30 cm depth (right). 

 

 

When species effect was excluded, a joint lower topsoil model showed that on average 

8.1 g C/m2/year was lost across both forest types (Table 7). When analysed by species, this loss 

was significant for downy birch, while the smaller negative trend for Siberian larch was not 

significant (Table 8, Fig. 8). 

 The preferred species-specific models for the upper topsoil could not be obtained since 

the age-dependent increase in the SOC stock was not significant when the data was analysed 

for each forest type separately (Table 8, Fig. 8). When both forest types were analysed together, 

a significant age-dependent increase of 8.7 g C/m2/year was found in the upper topsoil (Table 

7). As Table 8 and Figure 8 show, the non-significant positive upper topsoil C sequestration 

trend was only about half as high for downy birch compared to Siberian larch. It should also be 

noted that because of the apparent initial loss of SOC in the upper topsoil in the first 30 years 

after afforestation, followed by an increase in SOC for Siberian larch, a linear regression 

analysis could not accurately predict the age-dependent changes. 

 

 

 

 

0-10 cm R
2

F-value P-value 10-30 cm R
2

F-value P-value

Model 0.12 3.48 0.020 Model 0.07 2.10 0.107

Species 4.58 0.036 Species 1.06 0.306

Age 3.40 0.069 Age 2.11 0.151

Species * age 0.46 0.499 Species * age 0.19 0.663
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Table 7. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0, see Table 1) in Fljótsdalshérað between age and SOC (g/m2) by depth (cm), showing Rsquare, p-

value, formula and number of samples (N). 

 

Table 8. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0, see Table 1) in Fljótsdalshérað between age and SOC (g/m2) by depth (cm) and species, showing 

Rsquare, p-value, formula and number of samples (N). 

 

 

Figure 8. Association between age (Heathland is forest age = 0) and mean SOC stock (g/m2) at 0-10 cm depth 

(left) and 10-30 cm depth (right) in 2002 and 2015. Letters indicate the land use type (B=Birch and L=Larch) in 

Fljótsdalshérað. Dotted lines are non-significant, while dashed and solid lines are significant. 

 

When heathland SOC stocks were excluded from the linear regression analysis, the 

results showed what happens at later stages of the forest development. The negative age-

response in the lower topsoil SOC became more similar between the two forest types, although 

the trend remained only significant for downy birch (Table 9, Fig. 9). In the upper topsoil, the 

Depth Species R
2

P-value Formula N

0-10 Birch 0.05 0.283 SOC = 2886 + 3.8 * Age 26

Larch 0.04 0.142 SOC = 2338 + 8.3 * Age 54

10-30 Birch 0.30 0.003 SOC = 3656 - 6.6 * Age 27

Larch 0.01 0.611 SOC = 3762 - 3.5 * Age 54

Depth Age range R
2

P-value Formula N

0-10 0-113 0.10 0.007 SOC = 2377 + 8.7 * Age 71

 10-30 0-113 0.08 0.015 SOC = 3878 - 8.1 * Age 72
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increase in SOC became significant for Siberian larch but not for downy birch (Table 9, Fig. 

9). 

 

Table 9. Results of linear regression analyses on all data from both years (2002 and 2015) and all forest sites (see 

Table 1), excluding heathland and thereby the initial effect of land use change, in Fljótsdalshérað between age and 

SOC (g/m2) by depth (cm) and species, showing Rsquare, p-value, formula and number of samples (N). 

 

 

 

Figure 9. Association between age and mean SOC stock (g/m2) at 0-10 cm depth (left) and 10-30 cm depth (right) 

in 2002 and 2015. Letters indicate the land use type (B=Birch, L=Larch) in Fljótsdalshérað. Dotted lines are non-

significant, while dashed and solid lines are significant. Note that heathland is excluded from the linear regression. 

 

 

 

 

 

 

 

 

 

Depth Species R
2

P-value Formula N

0-10 Birch 0.05 0.380 SOC = 2777 + 5.0 * Age 17

Larch 0.24 0.001 SOC = 1674 + 24.9 * Age 45

10-30 Birch 0.44 0.003 SOC = 4015 - 10.5 * Age 18

Larch 0.03 0.248 SOC = 4078 - 11.4 *Age 45
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3.1.2.3 Associations between soil organic carbon and other soil properties 

Linear regression analysis on all data showed a highly significant positive association between 

SON concentration and SOC concentration (P < 0.0001, R2 = 0.91) (Fig. 10). 

 

 

Figure 10. Association between soil organic nitrogen concentration (SON%) and soil organic carbon concentration 

(SOC%) found using data from both years (2002 and 2015) and all sites (see Table 1) in Fljótsdalshérað. 

 

3.1.3 Soil organic nitrogen concentrations and stocks 

3.1.3.1 Soil organic nitrogen by land use and differences between depths and years 

Vertical soil profiling of mean SON concentration for heathland, downy birch forests and 

Siberian larch forests in 2015 showed slightly lower SON concentrations in forests compared 

to heathland at both 0-5 and 5-10 cm depth, but similar SON concentrations at 10-20 and 20-

30 cm depth (Fig. 11). 
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Figure 11. Vertical soil profile showing mean soil organic nitrogen concentration (SON%) and standard error bars 

by depth and land use in 2015. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in 

Fljótsdalshérað. 

 

Mean uncorrected SON stocks and SON stocks corrected for soil mass in the upper (0-

10 cm depth) and lower (10-30 cm depth) topsoil in 2002 and 2015 at all sites can be found in 

Table 10. Corrected SON will henceforth be referred to as SON. 

A two-tailed t-test on data from both years and all sites showed that SON concentration 

was significantly higher in the upper topsoil (Mean = 0.32, SD = 0.091) than in the lower topsoil 

(Mean = 0.17, SD = 0.049) (P < 0.0001). 

Results of two-tailed paired t-tests on data from all sites showed that mean SON 

concentration and stock were not significantly different between 2002 and 2015 in the upper 

topsoil (P = 0.204 and P = 0.295 respectively), but were significantly higher in 2002 than 2015 

in the lower topsoil (P = 0.0003 and P = 0.0002 respectively). 
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Table 10. Mean soil organic nitrogen (SON) stocks and SON stocks corrected for soil mass (SON corrected) 

(g/m2), and standard deviation (SD) by site at 0-10 cm depth (upper) and 10-30 cm depth (lower) in 2002 and 

2015. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað and numbers 

indicate the age sequence within each land use type. Cf is the correction factor. 

 

 

 

 

3.1.3.2 Effect of tree species and forest age on soil organic nitrogen 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that Species, Age, and Species * Age did not significantly affect SON stock in the upper topsoil 

(Model P = 0.313), but Age did significantly affect SON in the lower topsoil (P = 0.026, Model 

P = 0.023) and the total topsoil (0-30 cm depth) even though the latter model was not significant 

(P = 0.030, Model P = 0.074) (data not shown). 

When the species effect was excluded, linear regression analysis on age versus SON 

stock data from both years and all sites (Heathland is forest age = 0) showed that SON was not 

significantly associated with age in the total topsoil and the upper topsoil, but significantly 

decreased with age in the lower topsoil (Table 11). When species were analysed separately, the 

age effect on the SON stock was not significant for Siberian larch but was significant for downy 

Site Mean SD Mean SD Mean SD Mean SD Cf

M1 182 34.5 182 34.5 176 30.0 176 30.0 1.0

B1 204 48.8 166 39.8 134 27.8 110 22.6 0.8

B2 187 25.7 160 22.0 175 25.0 150 21.4 0.9

L1 180 57.4 139 44.5 133 62.7 103 48.6 0.8

L2 133 35.8 101 27.3 117 34.3 89 26.2 0.8

L3 193 50.5 137 36.0 234 38.9 167 27.7 0.7

L4 191 38.8 163 33.1 199 58.5 170 50.0 0.9

L5 192 29.9 146 22.8 193 29.0 147 22.1 0.8

0-10 cm
2002 2015

SON SON corrected SON SON corrected

Site Mean SD Mean SD Mean SD Mean SD Cf

M1 258 40.1 258 40.1 204 5.4 204 5.4 1.0

B1 278 42.9 259 39.8 229 29.2 213 27.1 0.9

B2 211 29.5 185 25.8 187 16.3 164 14.3 0.9

L1 275 24.0 231 20.1 198 67.4 166 56.5 0.8

L2 294 70.9 265 64.0 214 51.6 193 46.6 0.9

L3 350 47.4 302 40.9 290 95.8 251 82.6 0.9

L4 400 25.6 346 22.1 371 6.3 321 5.4 0.9

L5 209 26.3 176 22.1 173 30.6 146 25.7 0.8

10-30 cm
2002 2015

SON SON corrected SON SON corrected
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birch in the lower topsoil and the total topsoil, both when the initial land use change was 

included and excluded (data not shown, see Appendix 1-5). 

 

Table 11. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0) in Fljótsdalshérað between age and SON (g/m2) by depth (cm), showing Rsquare, p-value, 

formula and number of samples (N). 

 

 

3.1.4 Soil C/N ratio 

3.1.4.1 Soil C/N ratio by land use and differences between depths and years 

Vertical soil profiling of mean C/N concentration ratio for heathland, downy birch forests and 

Siberian larch forests in 2015 showed slightly higher C/N ratios in forests compared to 

heathland at 0-5 and 5-10 cm depth, but similar C/N ratios at 10-20 and 20-30 cm depth (Fig. 

12). A two-tailed t-test on data from both years and all sites showed that C/N ratio was 

significantly higher in the upper topsoil (0-10 cm depth) (Mean = 18.42, SD = 2.174) than in 

the lower topsoil (10-30 cm depth) (Mean = 15.66, SD = 1.560) (P <0.0001). 

Results of two-tailed paired t-tests on data from all sites showed that mean C/N ratio 

was not significantly different between 2002 and 2015 in the upper topsoil (P = 0.712) and in 

the lower topsoil (P = 0.289). 

 

Depth Age range R
2

P-value Formula N

0-10 0-113 0.00 0.838 SON = 143.4 + 0.03 * Age 71

 10-30 0-113 0.13 0.002 SON = 261.3 - 0.77 * Age 72

0-30 0-113 0.05 0.070 SON = 401.6 - 0.60 * Age 71
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Figure 12. Vertical soil profile showing mean C/N ratio and standard error bars by depth and land use in 2015. 

Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað. 

 

3.1.4.2 Effect of tree species and forest age on soil C/N ratio 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that Age (P <0.0001) and Species * Age (P = 0.021) significantly affected C/N ratio in the upper 

topsoil (Model P <0.0001), while Age (P <0.0001) was the only factor to significantly affect 

C/N ratio in the lower topsoil (Model P = 0.001) (data not shown). 

When the species effect was excluded, linear regression analysis on age versus C/N ratio 

data from both years and all sites (Heathland is forest age = 0) showed that C/N ratio 

significantly increased with age in the upper and lower topsoil (Table 12). When species were 

analysed separately, the C/N ratio significantly increased both for Siberian larch and downy 

birch at both depths (Table 13, Fig. 13). 

 

Table 12. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0, see Table 1) in Fljótsdalshérað between age and C/N ratio by depth (cm), showing Rsquare, p-

value, formula and number of samples (N). 

 

Depth Age range R
2

P-value Formula N

0-10 0-113 0.43 <0.0001 C/N = 16.71 + 0.05 * Age 72

 10-30 0-113 0.19 0.0002 C/N = 14.85 + 0.02 * Age 72
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Table 13. Results of linear regression analyses on all data from both years (2002 and 2015) in Fljótsdalshérað 

between age and C/N ratio by depth (cm) and species, showing Rsquare, p-value, formula and number of samples 

(N). 

 

 

 

Figure 13. Association between age (Heathland is forest age = 0) and mean C/N ratio at 0-10 cm depth (left) and 

10-30 cm depth (right) in 2002 and 2015. Letters indicate the land use type (B=Birch and L=Larch) in 

Fljótsdalshérað. Both dashed and solid lines are significant. 

 

3.1.5 Soil pH 

3.1.5.1 Soil pH by land use and differences between depths and years 

Vertical soil profiling of mean pH for heathland, downy birch forests and Siberian larch forests 

in 2015 showed lower pH in forests compared to heathland at 0-5 and 5-10 cm depth (Fig. 14). 

Differences between land use types diminished as soil depth increased. A two-tailed t-test on 

data from both years and all sites showed that pH was significantly lower in the upper topsoil 

(0-10 cm depth) (Mean = 6.1, SD = 0.40) than in the lower topsoil (10-30 cm depth) (Mean = 

6.7, SD = 0.25) (P <0.0001). 

Depth Species Age range R
2

P-value Formula N

0-10 Birch 0-113 0.48 <0.0001 C/N = 17.12 + 0.04 * Age 26

Larch 0-63 0.49 <0.0001 C/N = 15.92 + 0.07 * Age 54

10-30 Birch 0-113 0.31 0.002 C/N = 15.06 + 0.02 *Age 27

Larch 0-63 0.15 0.004 C/N = 14.56 + 0.03 * Age 54
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Results of two-tailed paired t-tests on data from all sites showed that mean pH was 

significantly lower in 2015 than in 2002 in both the upper topsoil (P = 0.008) and in the lower 

topsoil (P = 0.001). 

 

 

Figure 14. Vertical soil profile showing mean pH and standard error bars by depth and land use in 2015. Letters 

indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað. 

 

3.1.5.2 Effect of tree species and forest age on soil pH 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that Age significantly affected pH in both the upper and lower topsoil, while Species * Age 

only significantly affected pH in the upper topsoil and Species did not have a significant affect 

at all (Table 14). 

 

Table 14. Results of regression analyses on data from both years (2002 and 2015) and all sites (Heathland is forest 

age = 0) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on pH at 0-10 cm depth (left) 

and 10-30 cm depth (right). 

0-10 cm R
2

F-value P-value 10-30 cm R
2

F-value P-value

Model 0.60 38.49 <0.0001 Model 0.23 7.60 0.0002

Species 0.99 0.323 Species 0.14 0.712

Age 91.66 <0.0001 Age 21.76 <0.0001

Species * age 4.17 0.045 Species * age 3.40 0.069
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Linear regression analysis on age versus pH data from both years and all sites 

(Heathland is forest age = 0) showed that pH significantly decreased with age in the upper and 

lower topsoil (Table 15). When species were analysed separately, the pH significantly 

decreased for both downy birch and Siberian larch in both the upper and lower topsoil (Table 

16, Fig. 15). 

 

Table 15. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0) in Fljótsdalshérað between age and pH by depth (cm), showing Rsquare, p-value, formula and 

number of samples (N). 

 

Table 16. Results of linear regression analyses on all data from both years (2002 and 2015) in Fljótsdalshérað 

between age and pH by depth (cm) and species, showing Rsquare, p-value, formula and number of samples (N). 

 

 

Figure 15. Association between age (Heathland is forest age = 0) and mean pH at 0-10 cm depth (left) and 10-30 

cm depth (right) in 2002 and 2015. Letters indicate the land use type (B=Birch and L=Larch). Both dashed and 

solid lines are significant. 

Depth Species Age range R
2

P-value Formula N

0-10 Birch 0-113 0.66 <0.0001 pH = 6.36 - 0.008 * Age 27

Larch  0-63 0.48 <0.0001 pH = 6.58 - 0.013 * Age 54

10-30 Birch 0-113 0.23 0.011 pH = 6.79 - 0.003 * Age 27

Larch  0-63 0.22 0.0004 pH = 6.88 - 0.006 * Age 54

Depth Age range R
2

P-value Formula N

0-10 0-113 0.55 <0.0001 pH = 6.47 - 0.010 * Age 72

 10-30 0-113 0.20 <0.0001 pH = 6.81 - 0.004 * Age 72
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3.1.5.3 Associations between pH and other soil properties 

Linear regression analysis on all data showed that pH was significantly negatively associated 

with SOC concentration (P < 0.0001, R2 = 0.50) as well as with SON concentration (P < 0.0001, 

R2 = 0.35) (Fig. 16) and C/N ratio (P < 0.0001, R2 = 0.52) (Fig. 17). 

 

 

Figure 16. Association between soil organic carbon concentration (%) and pH (left) and soil organic nitrogen 

concentration (%) and pH (right) found using data from both years (2002 and 2015) and all sites (see Table 1) in 

Fljótsdalshérað. 

 

Figure 17. Association between C/N ratio and pH found using data from both years (2002 and 2015) and all sites 

(see Table 1) in Fljótsdalshérað. 
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3.2 Forest growth measurements 

Summary statistics of forest measurements can be found in Table 17. Results of two-tailed 

paired t-tests on data from all forest sites showed that trees had grown between the two 

inventories, since the mean dominant height and diameter at breast height (DBH) were 

significantly higher in 2015 than in 2002 (P = 0.012 and P = 0.011 respectively). 

 The results also showed that mean stand density (stems/ha) across all the sites in 2015 

was significantly lower than in 2002 (P = 0.037). On average, the number of stems in the 

Siberian larch forests, which were thinned between inventories, decreased by about 72%, or 

from 2445 to 693 stems/ha, between 2002 and 2015. Noteworthy was that the unmanaged old 

downy birch forest (B2) also had a reduction in stand density of about 43%, or from 11000 to 

6233 stems/ha, while stand density in the young downy birch forest (B1) increased by 12%, or 

from 8367 to 9400 stems/ha (Table 17). 

 When all forest sites were included, there was no significant difference in mean basal 

area (BA) between inventories (P = 0.515). Nonetheless, the BA was lower in all thinned 

Siberian larch forests in 2015 than in 2002, except in the youngest one (L1) where BA showed 

a six-fold increase. The BA in B1 also showed an increase, while the BA in B2 only slightly 

increased between years (Table 17). 

 The standing wood volume represents the combined effect of changes in stand density 

(thinning and die-back) and tree growth since the last inventory. On average across all sites, the 

standing volume had not significantly changed between inventories (P = 0.580). However, 

when site means were separately inspected, the three youngest Siberian larch forests showed 

slightly higher standing volume in 2015 than 2002, despite a lower BA in L2 and L3. It was 

also noteworthy that in 2015, the standing volume in these young Siberian larch forests was 

similar to the old growth downy birch forest (B2) (about 50 m3/ha). However, the two oldest 

Siberian larch forests had on average 38% less standing volume in 2015 than in 2002. The B2 

forest had a 19% lower standing volume in 2015 despite a slight increase in BA. 
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Table 17. Mean stand density (stems/ha), dominant height (m), diameter at breast height (DBH, cm), basal area 

(m2/ha) and standing volume (m3/ha), and standard deviation (SD) by site in 2002 and 2015. Letters indicate the 

land use type (B=Birch and L=Larch) in Fljótsdalshérað and numbers indicate the age sequence within each land 

use type. Note that stand density may be affected, especially in B2, by exclusion of the shrub layer in 2015, while 

2002 includes the part of the shrub layer that has been included in the tree layer. 

 

 

3.3 Ecosystem carbon stocks 

3.3.1 Ecosystem carbon stocks by site and differences between years 

Summary statistics of ecosystem C stocks by site and year can be found in Figure 18. The soil 

C stock, including total SOC (0-30 cm depth), litter and coarse roots, in the youngest two 

Siberian larch forests (L1 and L2) was similar to that in the heathland (M1) in both years and 

the young downy birch forest (B1) in 2015. The soil C stock was similar or slightly larger in 

the oldest three Siberian larch forests (L3, L4 and L5) than in the old growth downy birch forest 

(B2), and all were larger than in M1. The C concentration in fine litter in 2015 was also different 

between sites, showing higher C% in fine litter in the downy birch forests than in M1 and the 

Siberian larch forests (Table 18). The aboveground C stock, including CWD, ground 

vegetation, stumps, snags and trees (tree and shrub layer), was larger in all afforested sites than 

in M1 (Fig. 18). The aboveground C stock was largest in L4 and L5. 

The mean total of the ecosystem C stocks that were measured was significantly greater 

in the two oldest Siberian larch forests than in the heathland, the youngest downy birch forest 

and the two youngest Siberian larch forests. The total ecosystem C stocks in the other forests 

were not significantly different from the heathland (Fig. 18). 

Site Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

B1 8366.7 2916.0 9400.0 3245.0 3.4 0.3 4.8 0.7 1.1 0.3 2.4 0.5 1.2 0.8 6.0 3.4 4.8 2.6 19.3 10.6

B2 11000.0 1992.5 6233.3 1101.5 7.8 0.3 7.7 0.6 2.8 0.2 4.8 0.2 17.0 3.4 19.7 3.2 64.5 9.9 52.3 14.8

L1 2580.0 618.1 716.7 104.1 3.9 0.7 10.6 1.3 2.4 0.8 13.9 1.4 1.8 1.3 11.4 3.0 5.8 2.9 53.0 16.1

L2 3366.7 808.3 916.7 175.6 6.5 0.5 10.7 0.7 6.6 0.7 10.3 1.6 12.5 2.5 8.8 2.5 47.0 12.3 48.4 15.2

L3 2600.0 583.1 783.3 189.3 6.8 0.5 11.6 0.7 6.8 0.6 12.6 1.3 10.9 3.3 10.3 1.4 38.5 11.7 55.1 8.6

L4 2560.0 986.4 516.7 152.8 10.4 0.2 14.0 1.4 12.3 3.6 19.7 1.8 33.3 5.1 15.2 3.0 150.7 30.1 87.7 18.0

L5 1120.0 216.8 533.3 28.9 14.7 1.1 16.1 1.4 19.2 1.4 22.1 1.6 33.7 5.8 21.2 3.0 207.3 35.0 135.3 7.4

2002 2015

Standing volume (m
3
/ha)

2002 2015

Stand density (stems/ha) Dominant height (m) DBH (cm) Basal area (m
2
/ha)

2002 2015 2002 2015 2002 2015
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Figure 18. Carbon (C) stock (g/m2) found in litter, roots, soil organic carbon (SOC), coarse woody debris (CWD), 

ground vegetation, stumps, snags and trees at each site in 2002 (’02) and 2015 (’15). Letters indicate the land use 

type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað and numbers indicate the age sequence within each 

land use type. Sites not connected by letters show significant difference (α=0.05) in total C stock. 

 

 

 

Table 18. Carbon concentration (C%) in litter by site in 2015. Letters indicate the land use type (M = Heathland, 

B=Birch and L=Larch) in Fljótsdalshérað and numbers indicate the age sequence within each land use type. 

 

 

 

 

Site Litter C%

M1 22.0

B1 30.5

B2 30.5

L1 29.5

L2 20.5

L3 24.6

L4 23.0

L5 22.9
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Results of two-tailed paired t-tests showed that mean total ecosystem, ground 

vegetation, snags, aboveground tree and root C stocks were not significantly different between 

2002 and 2015 (Table 19). Mean C stocks in litter, CWD and stumps were higher in 2015 than 

in 2002, while the mean SOC stock in 2015 was lower than in 2002. However, the sum of the 

mean SOC and litter stocks was not significantly different between years. 

 

Table 19. Results of two-tailed paired t-tests on all data from both years and all sites (see Table 1) in 

Fljótsdalshérað showing mean ecosystem carbon stocks and significance of the difference between 2002 and 2015. 

 

3.3.2 Effect of tree species and forest age on ecosystem carbon stocks 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that Species, Age, and Species * Age did not significantly affect the following C stocks: total 

SOC (0-30 cm depth) (Model P = 0.965), SOC and litter combined (Model P = 0.519), CWD 

(Model P = 0.206), ground vegetation (Model P = 0.615) and stumps (Model P = 0.192) (data 

not shown). For litter, the Age effect (P = 0.037) was significant even though the model was 

not (Model P = 0.143) (data not shown). Species, Age and Species * Age did significantly affect 

C stocks in snags, aboveground trees and coarse roots (Table 20). 

 

 

 

 

 

 

Variables 2002 2015 SE P-value

Total C 10076 9974 613 0.873

SOC 6656 5818 261 0.015

Litter 467 1271 260 0.018

SOC + Litter 7123 7089 431 0.940

CWD 23 235 76 0.027

Ground veg. 147 130 34 0.629

Stumps 0 76 26 0.023

Snags 34 31 12 0.809

Trees 2202 1929 476 0.584

Roots 548 484 115 0.584

Mean
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Table 20. Results of regression analyses on data from both years and all sites (Heathland is forest age = 0, Table 

1) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on trees (upper left), roots (upper right) 

and snags (lower left) C stocks (g/m2). 

 

 

 

When the species effect was excluded, linear regression analyses on age versus 

ecosystem C stocks data from both years and all sites (Heathland is forest age = 0) showed that 

snags and coarse roots were the only stocks that were significantly associated with age, and all 

increased with age (Table 21). Linear regression analyses by species on age versus ecosystem 

C stocks data from both years and all sites showed that litter, CWD, snags, aboveground trees 

and coarse roots significantly increased with age for downy birch, while only aboveground trees 

and roots significantly increased for Siberian larch (Table 21). Siberian larch forests stored 

significantly more C in aboveground trees and coarse roots than downy birch forests (Table 20 

and 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Trees R
2

F-value P-value Roots R
2

F-value P-value

Model 0.75 13.69 0.0002 Model 0.76 14.42 0.0001

Species 14.26 0.002 Species 14.16 0.002

Age 34.88 <0.0001 Age 37.61 <0.0001

Species * age 11.17 0.005 Species * age 10.99 0.005

Snags R
2

F-value P-value

Model 0.86 29.40 <0.0001

Species 7.14 0.018

Age 19.93 0.001

Species * age 14.90 0.002
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Table 21. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0, see Table 1) in Fljótsdalshérað between age and the following C stocks (g C/m2): mean SOC (0-

30 cm depth), litter, SOC + litter, coarse woody debris (CWD), ground vegetation, stumps, snags, aboveground 

trees (trees) and roots by species, showing Rsquare, p-value, formula and number of samples (N). 

 

 

The mean total ecosystem C stock, including both soil C stocks and aboveground C 

stocks, was analysed using a regression analysis on data from both years and all sites (Heathland 

is forest age = 0), which showed that Species, Age as well as Species * Age significantly 

affected the mean total ecosystem C stock (Table 22). 

 

Table 22. Results of regression analysis on data from both years (2002 and 2015) and all sites (Heathland is forest 

age = 0, Table 1) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on mean total ecosystem 

carbon stock. 

Variable Species Age range R
2

P-value Formula N

Birch+Larch 0-113 0.00 0.999 C = 6256 + 0.01 * Age 16

Birch 0-113 0.03 0.762 C = 6488 - 2.57 * Age 6

Larch 0-63 0.01 0.790 C = 6070 + 4.61 * Age 12

Birch+Larch 0-113 0.08 0.280 C = 662.7 + 5.43 * Age 16

Birch 0-113 0.68 0.044 C = 441.9 + 4.86 * Age 6

Larch  0-63 0.25 0.096 C = 378.6 + 17.86 * Age 12

Birch+Larch 0-113 0.03 0.496 C = 6871.0 + 6.20 * Age 16

Birch 0-113 0.02 0.805 C = 6930.0 + 2.29 * Age 6

Larch  0-63 0.16 0.204 C = 6449.0 + 22.47 * Age 12

Birch+Larch 0-113 0.00 0.915 C = 122.4 + 0.17 * Age 16

Birch 0-113 0.92 0.002 C = -5.7 + 0.47 * Age 6

Larch  0-63 0.13 0.253 C = 59.46 + 3.75 * Age 12

Birch+Larch 0-113 0.01 0.719 C = 146.9 - 0.23 * Age 16

Birch 0-113 0.39 0.188 C = 198.2 - 0.67 * Age 6

Larch  0-63 0.03 0.604 C = 158.0 - 0.72 * Age 12

Birch+Larch 0-113 0.00 0.964 C = 39.1 - 0.02 * Age 16

Birch 0-113  -  - No association 6

Larch  0-63 0.14 0.227 C = 13.2 + 1.35 * Age 12

Birch+Larch 0-113 0.68 <0.0001 C = -39.8 + 1.91 * Age 16

Birch 0-113 0.85 0.009 C = -23.6 + 2.12 * Age 6

Larch  0-63 0.05 0.490 C = 3.0 + 0.15 * Age 12

Birch+Larch 0-113 0.23 0.060 C = 1022.0 + 27.51 * Age 16

Birch 0-113 0.98 0.0002 C = -48.3 + 23.31 * Age 6

Larch  0-63 0.68 0.001 C = -98.7 + 84.10 * Age 12

Birch+Larch 0-113 0.26 0.043 C = 240.8 + 7.25 * Age 16

Birch 0-113 0.98 0.0002 C = -17.6 + 6.23 * Age 6

Larch  0-63 0.69 0.001 C = -27.4 + 20.9 * Age 12

SOC

Trees

Roots

Litter

SOC + Litter

CWD

Ground veg.

Stumps

Snags

R
2

F-value P-value

Model 0.77 15.74 <0.0001

Species 14.63 0.002

Age 40.86 <0.0001

Species * age 14.72 0.002
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Linear regression analysis on age versus mean total ecosystem C stock from both years 

and all sites (Heathland is forest age = 0) showed that mean total ecosystem C stock was not 

significantly associated with age (Table 23). However, linear regression analysis by species 

(each forest type separate) on age versus mean total ecosystem C stock data from both years 

and all sites showed that mean total ecosystem C stock significantly increased with age for both 

downy birch and Siberian larch separately (Table 23, Fig. 19). This showed that the C 

sequestration rates for Siberian larch and downy birch forests in the whole ecosystem were 

133.1 g C/m2/year (488.0 g CO2/m
2/year or 4.88 tonnes CO2/ha/year) and 33.3 g C/m2/year 

(122.1 g CO2/m
2/year or 1.22 tonnes CO2/ha/year) respectively. 

 

Table 23. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites (Heathland 

is forest age = 0, see Table 1) in Fljótsdalshérað between age and mean total ecosystem carbon stock by species, 

showing Rsquare, p-value, formula and number of samples (N). 

 

Figure 19. Association between age (Heathland is forest age = 0) and mean total ecosystem carbon stock in 2002 

and 2015. Letters indicate the land use type (B=Birch and L=Larch) in Fljótsdalshérað. Both dashed and solid lines 

are significant. 

 

Species Age range R
2

P-value Formula N

Birch+Larch 0-113 0.24 0.054 C = 8340 + 42.6 * Age 16

Birch 0-113 0.84 0.010 C = 6947 + 33.3 * Age 6

Larch  0-63 0.73 0.0004 C = 6478 + 133.1 * Age 12
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3.3.3 Effect of tree species and forest age on ecosystem carbon allocation 

The relative importance of the different ecosystem C stocks changed with the age of the forests. 

Regression analysis on data from both years and all sites (Heathland is forest age = 0) showed 

that the mean relative contribution of SOC to the total ecosystem C stock was significantly 

affected by Age, Species and Age * Species (Table 24). Both Siberian larch and downy birch 

had a significant negative age-dependent association with the relative contribution of SOC to 

the total ecosystem C stock when species were separately analysed (P = < 0.0001, R2 = 0.80 

and P = 0.002, R2 = 0.93 respectively) (Fig. 20). The same was observed for SOC and litter 

combined for both Siberian larch and downy birch (P = 0.001, R2 = 0.96 and P = 0.0002, R2 = 

0.76 respectively) (Table 24, Fig. 20). The same type of regression analysis showed that the 

mean relative contribution of C in aboveground tree mass to the total ecosystem C stock was 

significantly affected by Age, Species and Age * Species (Table 24), the latter two showing a 

significant difference between forest types. Both Siberian larch and downy birch showed a 

significant positive association between age and mean contribution of C in aboveground tree 

mass to the total ecosystem C stock when species were separately analysed (P = 0.001, R2 = 

0.71 and P = 0.001, R2 = 0.95 respectively) (Fig. 21). 

 This means that as forest age increased, mean relative contribution of SOC and SOC 

and litter combined decreased, while the mean relative contribution of C in aboveground tree 

mass increased. 

 

Table 24. Results of regression analyses on data from both years (2002 and 2015) and all sites (Heathland is forest 

age = 0, see Table 1) in Fljótsdalshérað showing the effect of Species, Age and Species * Age on the mean relative 

contribution of SOC (upper left), SOC and litter combined (upper right) and carbon in the aboveground tree mass 

(upper left) to the total ecosystem carbon stock. 

 

%SOC R
2

F-value P-value %SOC+Litter R
2

F-value P-value

Model 0.86 28.16 <0.0001 Model 0.83 23.06 < 0.0001

Species 28.99 <0.0001 Species 24.15 0.0002

Age 73.31 <0.0001 Age 59.72 < 0.0001

Species * age 15.01 0.002 Species * age 11.51 0.004

%Trees R
2

F-value P-value

Model 0.79 17.70 <0.0001

Species 18.14 0.001

Age 46.14 <0.0001

Species * age 9.71 0.008
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Figure 20. Association between age (Heathland is forest age = 0) and the mean relative contribution of SOC (left) 

and SOC and litter combined (right) to the total ecosystem carbon stock in 2002 and 2015. Letters indicate the 

land use type (B=Birch and L=Larch) in Fljótsdalshérað. Both dashed and solid lines are significant. 

 

 

Figure 21. Association between age (Heathland is forest age = 0) and the mean relative contribution of carbon in 

aboveground tree mass to the total ecosystem carbon stock in 2002 and 2015. Letters indicate the land use type 

(B=Birch and L=Larch) in Fljótsdalshérað. Both dashed and solid lines are significant. 
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3.4 Composition and diversity of ground vegetation 

3.4.1 Ground vegetation biomass and composition 

The total ground vegetation biomass, as well as vascular plant and moss biomass separately, in 

each site and differences between years can be found in Figure 22. This showed that ground 

vegetation biomass (g DM/m2) could both increase or decrease following afforestation. 

Heathland vascular plant biomass increased slightly with grazing exclusion and time between 

2002 and 2015, but the change was not significant when analysed jointly with the change in the 

moss biomass. Ground vegetation biomass significantly increased between years in the old 

growth downy birch forest (B2) as a result of an increase in both vascular plant and moss 

biomass, but significantly decreased in the oldest Siberian larch forest (L5) mainly due to a 

reduction in moss biomass. The youngest Siberian larch forest (L1) had significantly less 

ground vegetation biomass in 2015 and was similar to the biomass in L2 and L3 in 2002, when 

these forests had a similar age. The middle-aged Siberian larch forests L2 and L4 had 

significantly higher ground vegetation biomass in 2015 as a result of an increase in both 

vascular plant and moss biomass. 

 The contribution of different growth types to the ground vegetation biomass in 2015 

(Fig. 23) changed more gradually with time since afforestation than total ground vegetation 

biomass. The results showed that the ratio of mosses was smaller in the afforested sites than in 

the heathland, while the ratio of pteridophytes and monocots was larger in the afforested sites. 

 

Figure 22. Mean ground vegetation biomass (g DM/m2) at each site in 2002 and 2015. Letters indicate the land 

use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað and numbers indicate the age sequence within each 

land use type. * = significant (α = 0.05) difference in total biomass between 2002 and 2015 at this site. 
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Figure 23. Growth type biomass composition (ratio) at each site in 2015. Letters indicate the land use type 

(M=Heathland, B=Birch, L=Larch) in Fljótsdalhérað and numbers indicate the age sequence within each land use 

type. 

 

Linear regression analyses on soil pH and C/N ratio in the upper topsoil (0-10 cm depth) 

versus ground vegetation biomass data from both years and all sites showed no significant 

association and neither did so when each forest type was analysed separately (Table 25). 

 

Table 25. Results of linear regression analyses on data from both years (2002 and 2015) all sites, all forests, and 

by species separate from both years in Fljótsdalshérað between ground vegetation dry biomass (g DM/m2) and soil 

pH and C/N ratio at 0-10 cm depth, showing Rsquare, p-value, formula and number of samples (N). 

 

 

Variable Sites R
2

P-value Formula N

All sites 0.02 0.287 DM = -89 + 74.4 * pH 72

All forests 0.00 0.999 DM = 329 + 0.1 * pH 63

Birch 0.00 0.891 DM = 413 - 11.6 * pH 18

Larch 0.00 0.789 DM = 129 + 31.4 * pH 45

All sites 0.00 0.797 DM = 425 - 3.2 * C/N 72

All forests 0.02 0.251 DM = 45 + 15.1 * C/N 63

Birch 0.00 0.990 DM = 350 - 0.2 * C/N 18

Larch 0.03 0.250 DM = -109 - 23.7 * C/N 45

Soil C/N ratio

Soil pH
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3.4.2 Ground vegetation species richness and diversity 

Ground vegetation species richness and diversity were only studied for 2015. 

The number of vascular plant, moss and lichen species was significantly larger in the heathland 

than in the afforested sites except for the moss species in the youngest downy birch forest (B1) 

(Table 26). However, vascular plant species diversity was only significantly lower in the oldest 

downy birch forest (B2) than in the heathland and the youngest Siberian larch forest (L1), while 

the other sites were not significantly different (Table 26). 

 

Table 26. Mean number of vascular plant, mosses and lichen species (left) and mean vascular plant species 

diversity (right) at each site in 2015. Values not connected by letters show significant difference (α=0.05). Letters 

indicate the land use type (M=Heathland, B=Birch, L=Larch) in Fljótsdalshérað and numbers indicate the age 

sequence within each land use type. 

 

A detrended correspondence analysis (DCA) on ground vegetation species cover data 

from all sites in 2015 showed the species variation between and within sites and its association 

to differences in ecological variables (Fig. 24). This showed a clear separation between the 

heathland (M1) and the afforested transects (axis DCA1). It also showed that the ground 

vegetation species community structure in the two oldest forests (B2 and L5) separated from 

the other sites (axis DCA2). Some of the youngest downy birch forest transects (B1) were quite 

similar to the old growth downy birch forest (B2), while others were closer to middle-aged 

Siberian larch forests. A trend of changing ground vegetation species community structure with 

age in the Siberian larch forest chronosequence was visible as well (axis DCA2). 

 According to the ecological variable vectors fitted to the ordination (indicated as arrows, 

and their length representing the strength of the association), heathland was characterised by a 

greater number of vascular plant, moss and lichen species, as well as lichen cover. Older forests 

Species diversity

Site Vascular plants Mosses Lichen Vascular plants

M1 42
a

4
a

1
a

2.1
a

B1 27
bc

3
ab

0
b

1.6
ab

B2 19
c

3
b

0
b

1.2
b

L1 23
bc

3
b

0
b

2.1
a

L2 30
b

3
b

0
b

1.8
ab

L3 25
bc

3
b

0
b

1.8
ab

L4 20
bc

3
b

0
b

1.5
ab

L5 20
bc

3
b

0
b

1.9
ab

Species richness
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(B2 and L5) were characterised by higher moss and vascular plant cover, as well as greater 

SOC and soil C/N ratio in the upper topsoil (0-10 cm depth). Higher SON in the lower topsoil 

(10-30 cm depth) and higher soil pH in both the upper and lower topsoil were prevalent in 

younger forests. 

Figure 24. Results of a detrended correspondence analysis (DCA) on ground vegetation species data from all sites 

in 2015 showing species variation between and within sites. Vectors, shown as arrows, indicate significant 

associations between ecological variables and ground vegetation species community in plots, while vector length 

indicates the strength of the association. Letters indicate the land use type (M=Heathland, B=Birch, L=Larch) in 

Fljótsdalshérað and numbers indicate the age sequence within each land use type. SON_10-30=Soil organic 

nitrogen at 10-30 cm, pH_0-10 and pH_10-30=Soil pH at 0-10 and 10-30 cm, nr_vasc_sp., nr_lichen_sp. and 

nr_moss_sp.=Number of vascular plant, lichen and moss species, lichen_cov%, moss_cov% and 

vasc_cov%=Lichen, moss and vascular plant cover, SOC_0-10=Soil organic carbon at 0-10 cm, and C/N_0-

10=Soil C/N ratio at 0-10 cm depth. 
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Additionally, 33 species were found in the 28 plots in the afforested sites which were 

not found in the heathland (data not shown). Of these species, the occurrence of sweet grass 

(Hierochloe odorata), stone bramble (Rubus saxatilis) and rowan (Sorbus aucuparia) was most 

noteworthy since they were found in respectively 21, 18 and 13 of the afforested sites. Nine 

species were found in the four plots in the heathland which were not found in the afforested 

sites. Of these species, moss campion (Silene acaulis) and capitate sedge (Carex capitata) were 

found in all four plots. 

3.5 Comparison between larch chronosequence and permanent plot results 

Results of a comparison between Siberian larch chronosequence models for 2002 and 2015 and 

actual plot differences between the years for a number of soil properties can be found in Table 

27. The 13-year difference between the repeated measurements between 2002 and 2015 did not 

show a significant difference in SOC and SON stocks, pH at two sites, C/N ratio at most sites, 

and mean BD in the upper topsoil (0-10 cm depth). The non-significant differences in SOC and 

C/N ratio in the upper topsoil between years could not confirm or reject the significant 

chronosequence trends. However, all SON stock and SOC stock (except for the upper topsoil) 

chronosequence models and the repeated measurements showed no significant trend, which 

therefore supports the reliability of the chronosequence method (see also Appendix 6). 

 Significant pH results for both methods at three sites in the upper topsoil showed a 

similar tendency for a decrease in pH with forest age. This tendency was also found in the lower 

topsoil (10-30 cm depth) at the same sites in the actual plot difference between years and the 

chronosequence in 2015, while the chronosequence in 2002 was not significant. However, the 

actual change in pH by year was slightly larger than the predicted change in the 

chronosequence, especially in the lower topsoil in the chronosequence of 2015. 

 Other method comparisons showed less clear results, e.g. as a result of differences in 

significance between the chronosequence models in 2002 and 2015. This was for example the 

case for BD as well as for the total ecosystem C stock, which showed only a significant trend 

for the chronosequence of 2002 (P = 0.016), but not for the chronosequence of 2015 (P = 0.114) 

and the actual difference between years (P = 0.643) (data not shown). 
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Table 27. Changes in soil organic carbon (SOC) and nitrogen (SON) stocks (g/m2), pH, C/N ratio and bulk density 

(g/cm3) between 2002 and 2015 compared to Siberian larch chronosequence results in Fljótsdalshérað. For the 

chronosequences, numbers in bold* indicate that the linear correlation is significant (α=0.05). For the plot 

difference, bold* numbers indicate a significant difference between 2002 and 2015 according to a two-tailed t-test. 

(** = A paired two-tailed t-test on site mean was used for this variable.) 

   

Site Depth Year 2002 Year 2015 Difference Plot difference Chronosequence 2002 Chronosequence 2015

SOC (g/m
2
)  0-10 2317 1946 -371 -28.5 28.0* 32.5*

 10-30 3454 2564 -890 -68.5 -9.4 4.4

 0-10 1823 1520 -303 -23.3 28.0* 32.5*

 10-30 3877 3092 -785 -60.4 -9.4 4.4

 0-10 2263 2911 648 49.8 28.0* 32.5*

 10-30 4570 3888 -682 -52.5 -9.4 4.4

 0-10 2977 3010 33 2.5 28.0* 32.5*

 10-30 5086 4529 -557 -42.8 -9.4 4.4

 0-10 3041 3082 41 3.2 28.0* 32.5*

 10-30 2968 2650 -318 -24.5 -9.4 4.4

SON (g/m
2
)  0-10 139 103 -36 -2.8 0.75 1.25

 10-30 231 166 -65 -5.0 -1.13 0.004

 0-10 101 89 -12 -0.9 0.75 1.25

 10-30 265 193 -72 -5.5 -1.13 0.004

 0-10 137 167 30 2.3 0.75 1.25

 10-30 302 251 -51 -3.9 -1.13 0.004

 0-10 163 170 7 0.5 0.75 1.25

 10-30 346 321 -25 -1.9 -1.13 0.004

 0-10 146 147 1 0.1 0.75 1.25

 10-30 176 146 -30 -2.3 -1.13 0.004

pH  0-10 6.5 6.1  -0.4*  -0.03*  -0.02*  -0.01*

 10-30 7.1 6.6  -0.5*  -0.04* -0.004  -0.005*

 0-10 6.7 6.3  -0.3*  -0.02*  -0.02*  -0.01*

 10-30 6.8 6.5  -0.3*  -0.02* -0.004  -0.005*

 0-10 6.4 6.1  -0.4*  -0.03*  -0.02*  -0.01*

 10-30 6.9 6.9 0.0* 0.00* -0.004  -0.005*

 0-10 5.9 5.8 -0.1 -0.01  -0.02*  -0.01*

 10-30 6.7 6.5 -0.1 -0.01 -0.004  -0.005*

 0-10 6.1 5.8 -0.3 -0.02  -0.02*  -0.01*

 10-30 6.9 6.3  -0.6*  -0.05* -0.004  -0.005*

C/N ratio  0-10 16.6 18.7 2.1* 0.16* 0.11* 0.07*

 10-30 14.7 15.5 0.8 0.06 0.05* 0.04

 0-10 17.7 17.0 -0.7 -0.05 0.11* 0.07*

 10-30 14.6 16.3 1.7 0.13 0.05* 0.04

 0-10 16.6 17.4 0.8 0.06 0.11* 0.07*

 10-30 15.2 15.8 0.6 0.05 0.05* 0.04

 0-10 18.4 17.9 -0.5 -0.04 0.11* 0.07*

 10-30 14.5 14.2 -0.3 -0.02 0.05* 0.04

 0-10 20.8 20.9 0.1 0.01 0.11* 0.07*

 10-30 17.1 18.1 1.0 0.08 0.05* 0.04

Depth
Mean 

year 2002

Mean 

year 2015

Mean 

difference

Mean plot 

difference
Chronosequence 2002 Chronosequence 2015

 0-10 0.61 0.54 -0.1 -0.01 0.001* -0.003

 10-30 0.86 0.73  -0.1*  -0.01* 0.001* -0.0001

L5

Bulk density 

(g/cm
3
)**

L5

L1

L2

L3

L4

L5

L1

L2

L3

L4

L5

L1

L2

L3

L4

Change per year

L1

L2

L3

L4
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4. Discussion 

4.1 Effects of afforestation on physical and chemical soil properties 

4.1.1 Soil depth and stoniness 

Soil depth was generally > 30 cm, and stoniness was similar for all types of land use. Because 

only a few plots had a soil depth < 30 cm, the SOC and SON stocks were not adjusted for soil 

depth. Soil stoniness was only measured and taken into account in BD, SOC and SON 

calculations in 2015 and was > 0.5% and < 2.0% of the soil volume in all sites, which is similar 

to observations by Sigurdsson et al. (2016) in Brown Andosols with a silt loam texture in South 

Iceland. 

4.1.2 Soil bulk density 

The BD in all sites ranged from about 0.4 to 0.7 g/cm3 in the upper topsoil (0-10 cm depth), 

which is within the range generally observed in moderately weathered Andosols, and 0.6 to 0.9 

g/cm3 in the lower topsoil (10-30 cm depth), of which the maximum BD was slightly higher 

than generally observed (Shoji, Nanzyo & Dahlgren, 1993; Arnalds 2015). Overall, the BD was 

significantly lower in the upper topsoil than in the lower topsoil. Such a difference may be 

explained by e.g. the smaller amount of organic matter (Brady & Weil, 2014), more compaction 

and less root penetration at greater depth (USDA Natural Resources Conservation Service, 

2008). 

There was no significant difference in BD between years at both depths. The use of 

different methods to calculate BD, in this case including/excluding the coarse fraction in 2002 

and 2015 respectively, has a risk of finding different BDs based on the choice of methodology 

(Throop, Archer, Monger & Waltman, 2012). For example, the estimated BD may be much 

higher when the coarse fraction is included than when it is excluded in stony soils. However, 

since soil stoniness in the present study was always smaller than 2.0% (v/v), this was not an 

extremely important issue for BD and thereby for SOC stock calculations. 

Although summary statistics showed that the BD was similar or higher in downy birch 

and Siberian larch forests than in heathland, especially closer to the surface, tree species and 

forest age did not have a significant association with BD at both depths. In the same study sites 

as in the present study, Ritter (2007) also found no species effect on BD, but did find a 

significant decrease in BD with forest age in the upper topsoil. The lack of an association 

between forest age and BD found in the present study is also contrary to many other studies in 
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or outside of Iceland that have shown a significant decrease in BD in the topsoil following 

afforestation and with increasing forest age, which is related to increased root penetration and 

an increase in SOC (e.g. Markewitz et al., 2002; Chen et al., 2016; Owona, 2019). The inverse 

association often found between BD and SOC (Shoji et al., 1993; Arnalds, 2015) was also 

observed in the present study, as well as an inverse association between SON and BD, and soil 

C/N ratio and BD, although the latter association only existed when both depths were included. 

The lack of an age association with BD might be explained by the relatively young age 

of the youngest forests in 2002, since at least three decades may be necessary to accumulate 

enough SOM to cause a decrease in BD (Ritter, 2007), and by the mechanical thinning which 

took place in all the Siberian larch forests between 2002 and 2015, and once before 2002 in the 

oldest Siberian larch forest. Machinery used during thinning may increase soil compaction and 

thereby increase the BD (Schack‐Kirchner et al., 2007; Picchio et al., 2012). It may take several 

years before the soil is recovered from such activities (Labelle and Jaeger, 2011). However, this 

does not explain the BD in the downy birch forests, since those were older than 30 years, except 

for the youngest in 2002, and were not thinned. 

Another factor that may change BD is bioturbation by earthworms (Graham & Wood, 

1991; Blanchart et al., 1999). A study by Sigurdsson and Gudleifsson (2013) in 2003 in the 

same study sites as in the present study showed that the number of earthworm species and their 

biomass did not significantly differ between the heathland and the forests, as well as between 

forest types. However, the earthworm community was different between sites, with species 

mostly living near the soil surface (McLean & Parkinson, 2000; Nuutinen, Pitkänen, Kuusela, 

Widbom & Lohilahti, 1998) dominating the heathland and all forests except for the oldest 

Siberian larch forest in which a suspected compacting species (Eltaif & Gharaibeh, 2009) was 

abundant (Sigurdsson & Gudleifsson, 2013). Compacting species excrete large, heavy and more 

compact casts (aggregates) (Eltaif & Gharaibeh, 2009) thus increasing BD. This may have 

contributed to a higher BD in that site. However, other factors such as soil texture may also 

affect how earthworm activity affects BD, which makes it difficult to say what effect a shift in 

the earthworm community may have. 

Lastly, the lack of an age association with BD may partially be due to the small volumes 

that are collected when a soil core sampler is used for BD measurements which may not be 

representative of a site because of spatial variability (Throop et al., 2012). This may especially 

have been the case since only a small number of BD measurements were done at each site in 

both years, which may have made the comparisons along the chronosequence not very accurate. 
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4.1.3 Soil organic carbon 

This subchapter discusses SOC concentrations and stocks related to depth. Associations of the 

total SOC stock (0-30 cm depth) in relation to other ecosystem C stocks such as litter C are 

discussed in subchapter 4.2. 

4.1.3.1 Soil organic carbon concentration differences between years and depths 

In all sites, SOC concentrations were significantly higher in the upper topsoil (0-10 cm depth) 

than in the lower topsoil (10-30 cm depth), which is in accordance with Jobbágy and Jackson 

(2000) and Ritter (2007). 

The SOC concentrations were not significantly different between 2002 and 2015 in the 

upper topsoil. However, summary statistics by site showed that SOC concentrations decreased 

between years in younger downy birch and Siberian larch forests, while SOC concentrations 

increased between years in older Siberian larch forests. This might be explained by the priming 

effect, the acceleration of the decomposition rate of SOC as a result of an increased input of 

organic matter (Liu et al., 2020). 

The SOC concentrations were significantly higher in 2002 than in 2015 in the lower 

topsoil. Had the loss of SOC in the lower topsoil mostly taken place in the Siberian larch forests 

it might have been explained by less gain of SOC due to possible negative effects of mechanical 

thinning such as a temporary increase in decomposition due to higher soil temperatures and 

humidity as a result of reduced evapotranspiration (Clarke et al., 2015). However, the SOC loss 

trend between 2002 and 2015 was found for heathland, downy birch forests and Siberian larch 

forests. Therefore, it might also be attributed to other factors such as a difference in 

temperatures in the decade(s) before the inventory measurements were done. Higher annual 

temperatures may promote decomposition more than net primary productivity (NPP) 

(Bjarnadottir, Sigurdsson & Lindroth, 2009), and therefore cause loss of SOC. Between 1980 

and 2015, the mean temperature in Iceland has increased by 0.5 °C per decade (Björnsson et 

al., 2018), but detailed information about the temperatures and precipitation in the study sites 

was not available. 

Another factor that could play an important role in SOC concentration results is the 

sampling procedure, i.e. whether the same procedure was used in both inventory years (FAO, 

2017). The method of chemical analysis of C was the same in both years and therefore cannot 

have affected the difference between years. However, sample collection protocols were 

different between inventory years. In 2002, the organic layer was not removed before sampling, 

only manually from the corer after sampling, and therefore the litter layer and the soil were not 
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divided as precisely as in 2015, which may have caused the upper topsoil to be different between 

years. Also, only four out of ten subplots per transect and four of the five transects per site were 

resampled in 2015, meaning that site mean SOC concentration in 2015 was based on 16 samples 

instead of 50 samples in 2002. Further, since soil sampling and processing were done by 

different people in 2002 and 2015, there could potentially be differences in for example mixing 

of composite samples or exact sampling depth. Also, the samples in 2002 were not ground using 

a ball-mill as was done in 2015, which means that the samples may not have been as 

homogenous or representative as in 2015. Further, large spatial variability of SOC, possibly 

increased by uneven distribution of thinning residues (Clarke et al., 2015), may make the 

measurements, especially from 2015, less reliable. However, these differences in sampling 

procedures are not likely to have caused the systematic reductions in the lower topsoil SOC 

concentrations in all sites in 2015 compared to 2002. 

4.1.3.2 Soil organic carbon stocks by depth 

According to the mean BDs found at each site, SOC stocks in the upper and lower topsoil would 

have been overestimated in the forests if soil mass correction had not been performed, since the 

mean BD of both years was on average somewhat higher in the forests than in the heathland, 

even though BD was not shown to be significantly affected by afforestation (see subchapter 

4.1.2). Soil mass correction was performed using the mean BD of each site to calculate the 

amount of SOC in the same soil mass (based on the soil mass in the heathland) for each site, 

rather than to a certain depth and thereby a different mass. Other studies have shown that 

underestimation (Owona, 2019), overestimation (Bárcena, 2014b) or both (Ritter, 2007; same 

study sites as in the present study) can take place in certain soil layers for afforested sites in 

northern Europe when soil mass correction is not applied. 

After soil mass correction, when both years were included, the mean SOC in the downy 

birch forests had a range of 2037-3751 g C/m2 in the upper topsoil and 2635-4003 g C/m2 in 

the lower topsoil, while the Siberian larch forests had a range of 1520-3082 g C/m2 and 2564-

5086 g C/m2 respectively. Bjarnadóttir (2009) recorded in 2002 a somewhat higher range of 

SOC in the upper topsoil for Siberian larch at the same study sites as in the present study, even 

though the forests were younger than in 2015 at the time of her study. However, these somewhat 

higher values might be partially explained by overestimation of the SOC stocks since soil mass 

correction was not applied. Ritter (2007) also estimated the SOC stock in the same study sites 

in 2005 and found a similar SOC range in the upper topsoil to the present study when sites with 
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downy birch and Siberian larch were both included. In that study, soil mass correction was 

applied. 

The SOC stock in the topsoil in the old growth downy birch forest in 2002 in the present 

study was similar to that of a 54-year-old downy birch forest in South Iceland 

(Gunnlaugsskógur), but slightly lower in 2015 (Snorrason et al., 2002). However, Owona 

(2019) found a much larger SOC stock in the topsoil for both conifer and deciduous forests in 

South-West Iceland than all downy birch and Siberian larch forests in the present study. Such 

differences in SOC stocks may generally be explained by a number of factors: Different 

bedrock, land use history, climate, drainage and tree species and age (Paul et al., 2002). In the 

case of Owona’s study (2019), forests with a number of different conifer and deciduous tree 

species were included, some of which were older than in the present study and therefore had 

more time to accumulate SOC. However, the difference in SOC stocks may predominantly be 

explained by the differences in soil conditions before afforestation (see also subchapter 4.1.4) 

as well as soil moisture conditions and precipitation (Arnalds, 2015) between the study sites. 

Such a large regional variation was also observed by Sigurdsson (2014), showing larger SOC 

stocks for old growth downy birch forests in West than in East Iceland. 

On average, significantly more SOC was stored in the downy birch than in the Siberian 

larch forests in the upper topsoil but not in the lower topsoil. It should be noted that the mean 

age was much higher for the downy birch forests. Therefore, it is interesting to look at the age 

effect when comparing the forest types. However, when the species effect was excluded, no 

significant association between SOC stock and age could be found for species separate in the 

upper topsoil, while in the lower topsoil such an association was only found to be significant 

for downy birch, showing a decrease of 6.6 g C/m2/year (= 24.2 g C/m2/year). Irrespective of 

species, the SOC stock increased significantly with age with about 8.7 g C/m2/year (= 31.9 g 

CO2/m
2/year) in the upper topsoil, but decreased significantly with age with about 8.1 g 

C/m2/year (= 29.7 g CO2/m
2/year) in the lower topsoil (Heathland is forest age = 0). It should 

be noted that these associations were weak to very weak (R2 ≤ 0.30). The observed non-species-

specific C sequestration rate in the upper topsoil was lower than the C sequestration rate of 134 

g CO2/m
2/year for Siberian larch, lodgepole pine (Pinus contorta) and Sitka spruce (Picea 

sitchensis) estimated by Bjarnadóttir (2009), which has been used to estimate changes in SOC 

in mineral soils caused by afforestation of both grassland and cropland in the Icelandic national 

inventory for the UNFCCC (e.g. Hellsing et al., 2016; Keller et al., 2019; 2020). As mentioned 

before, these higher values of Bjarnadóttir (2009) may partially be attributed to an 
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overestimation of the SOC stock since soil mass correction was not applied, but mainly it may 

have been due to much higher sequestration rates found in lodgepole pine and Sitka spruce and 

in West instead of East Iceland. The changes in SOC stocks in layers below the upper topsoil 

following afforestation are generally less distinct and may be slower (Bárcena et al., 2014b; 

Hunziker et al., 2019). However, the present study did find a significant decrease in SOC with 

forest age in the lower topsoil, which has not been observed before following afforestation in 

Iceland. For example, Ritter (2007) did not find a significant association between SOC stock 

and forest age at 10-20 cm depth in 2005 at the same study sites as in the present study. 

The observed lack of a significant species-specific trend, except for in downy birch in 

the lower topsoil, may be explained by non-linear changes in measured SOC stocks following 

afforestation. This might mean that more age-classes might be needed and/or a more complex 

model of annual changes in SOC stocks following afforestation than a linear regression analysis 

may offer. 

A large part of the non-linearity in the SOC stock response in the Siberian larch 

chronosequence was caused by an initial loss of SOC. Younger forests had smaller SOC stocks 

than the heathland and the older forests in the upper topsoil. This was also observed by Ritter 

(2007), who found an annual loss of SOC in a young Siberian larch forest, but an increase of 

23.0 g C/m2/year (=84.3 g CO2/m
2/year) in the upper topsoil in an older Siberian larch forest 

compared to the heathland at the same study sites as in the present study. When heathland was 

excluded in the present study, the SOC stock in the Siberian larch forests increased significantly 

with age with about 24.9 g C/m2/year (= 91.3 g CO2/m
2/year) in the upper topsoil, but no 

significant trend was found for downy birch. This indicated that a decrease in SOC may take 

place first after Siberian larch afforestation of heathland (for up to or more than three decades), 

followed by an increase in SOC in older forests compared to heathland and younger forests in 

the upper topsoil. This is in accordance with Laganière et al. (2010) and Bárcena et al. (2014a; 

b). 

For the Siberian larch forests separately, the lack of a significant association between 

SOC stock and age in the lower topsoil may partially be explained by the significantly lower 

SOC concentrations for each site in 2015 than in 2002 (subchapter 4.1.3.1), and the small SOC 

stock in the oldest forest (L5) compared to the other forests. Summary statistics showed an 

increase in SOC with forest age for each year separately when the oldest Siberian larch forest 

was not taken into account (Table 5). The smaller SOC stock in the oldest Siberian larch forest 

(L5) might partially be explained by the two mechanical thinning operations (done before and 
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after 2002). The large reduction in standing wood volume and basal area (BA) in L5 between 

2002 and 2015 indicated that the latest thinning had been intensive and that the forest’s NPP 

had not yet recovered. This might have influenced how the chronosequence SOC stock data 

was interpreted since end-points are especially important in linear regression analysis 

(Weisberg, 2011). The SOC stock in the lower topsoil in the downy birch forest significantly 

decreased with forest age with about 10.5 g C/m2/year (= 38.5 g CO2/m
2/year). The small SOC 

stock in the old growth downy birch forest compared to the higher SOC stock in the young 

downy birch forest trend was similar for both 2002 and 2015. 

A part of the observed variation in SOC stock data was also caused by relatively high 

differences between transects within sites, and the fact that only four out of five transects could 

be measured in 2015 as mentioned previously in subchapter 4.1.3.1. Even though the sampling 

density was similar to those generally used in SOC-change studies in Iceland (e.g. Snorrason et 

al., 2002; Ritter, 2007; Bárcena et al., 2014a; b), an increased number of samples would have 

reduced this part of the variability in the dataset. Further, it should be noted that the number of 

BD measurements for each site, on which the SOC stocks were based, was limited even though 

the mean of the measurements from both years was used to calculate all SOC stocks (see earlier 

in this subchapter) and BD measurements were not taken extremely close to the SOC samples. 

All these factors may have contributed to making the comparisons along the chronosequence 

less accurate. 

4.1.4 Soil organic nitrogen 

Most SON trends were similar to the ones observed for SOC, which is in accordance with Li et 

al. (2012) and Leblans et al. (2014), and the highly significant positive association between 

SON and SOC concentrations found in the present study across all sites and soil layers. 

The SON stocks in the topsoil in the heathland in both years were smaller than generally 

observed in Brown Andosols under heathland (Arnalds, 2015). Low SON concentrations are 

related to high aeolian additions. The SON stocks in the downy birch and Siberian larch forests 

in the upper topsoil (0-10 cm depth) were similar but slightly lower than observed by Ritter 

(2007) in the same study sites as in the present study. Owona (2019) found almost double the 

maximum SON stock in coniferous forests, and a larger SON stock in deciduous forests as well, 

which may largely be explained by among others different soil conditions before afforestation. 

A significant higher SON concentration was found in the upper topsoil than in the lower 

topsoil (10-30 cm depth). Such a decrease with depth was also previously observed in the same 

study sites as in the present study by Ritter (2007). 
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There was no significant difference in SON stocks between tree species both in the 

upper and lower topsoil. Ritter (2007) also did not find a significant difference in SON between 

tree species in the same study sites as in the present study and Owona (2019) did not find a 

significant variation across different forest types either. 

Unlike for SOC, there was no significant association between forest age and SON stock 

in the upper topsoil, both when heathland (forest age = 0) was included and excluded. This is 

in accordance with previous results from the same study sites as in the present study (Ritter, 

2007) and indicates that N fixation associated with either tree species was unlikely to occur. 

The SON stock did significantly decrease with forest age in the lower topsoil with about 0.77 

g N/m2/year, although the association was very weak. It was noteworthy that the observed trend 

of loss of SON in the lower topsoil was very similar to the SOC trend at the same depth (4.1.3.2). 

Across all sites, the SON concentration and stock also significantly decreased between 2002 

and 2015 in the lower topsoil, while they did not significantly change in the upper topsoil. For 

the young to middle aged downy birch and Siberian larch forests, this trend could be explained 

by increased N uptake to maintain higher biomass and NPP (Haraldsson et al., 2007). This loss 

of SON might be compensated by higher litter production in forests, but this could not be 

verified since litter N stocks were not estimated in the present study. However, the loss of SON 

between years in the lower topsoil was also found in the heathland (M1) and the old growth 

downy birch forest (B2). For M1, this might be explained by a higher proportion of N-

demanding herbaceous dicots and monocots in 2015 than was reported by Sigurdsson et al. 

(2005b) at the same sites in 2002, or possibly a change in the activity of the microbial 

community (Wang et al., 2019), likely due to grazing exclusion in 2003. In B2, the standing 

wood volume was lower and the BA higher in 2015 than in 2002, indicating that the stems lost 

during the past decade have predominantly been the largest (oldest) trees and that they have 

partially been replaced by smaller (younger) stems. This suggested that B2 is naturally 

regenerating, which might explain the observed loss of SON between years in the lower topsoil 

since regenerating forests usually have higher N demands than old growth forests (Chapin III, 

Matson & Vitousek, 2011). Alternative hypotheses for such SON losses could be an increased 

soil temperature (Marañón-Jiménez et al., 2019) or differences in sampling procedure and 

analysis (FAO, 2017) between 2002 and 2015 as described for SOC in subchapter 4.1.3.1. The 

Kjeldahl method was used to determine SON concentrations in 2002, while the Dumas method, 

which usually gives slightly higher results (Sáez-Plaza, Navas, Wybraniec, Michałowski & 

Garcia Asuero, 2013), was used in 2015 (Baldur Vigfússon, personal communication, 28 
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September 2020). However, this does not explain the difference between the years in the lower 

topsoil, since the SON concentrations in 2015 were lower and not higher than in 2002. The lack 

of a difference in SON concentrations between years in the upper topsoil does not support that 

this was a systematic methodological issue either. 

4.1.5 Soil C/N ratio 

Summary statistics showed that soil C/N ratios in the topsoil were similar but slightly higher in 

the forests than in the heathland. The C/N ratios in the afforested sites in the present study were 

higher than those in non-forested but vegetated sites in other studies in Iceland as well 

(Gudmundsson et al., 2004; Gudmundsson, Gudmundsson & Thorvaldsson, 2014). The C/N 

ratio in the upper topsoil (0-10 cm depth) in the heathland was similar to, but C/N ratios in the 

downy birch and Siberian larch forests were on average (slightly) lower than those observed by 

Ritter (2007). Since the same study sites were used by Ritter (2007) as in the present study and 

the forests were of a similar or younger age, it is unclear what caused these differences. The 

C/N ratios in the downy birch forests were higher than observed by Hunziker et al. (2019). 

Deng and Shangguan (2016) and Xu et al. (2016) suggested that changes in soil C-N coupling 

relationships following afforestation may be related to former land use. In this case, the different 

C/N ratios compared to Hunziker et al. (2019) might be explained both by the relatively younger 

age of the forests in that study and by the fact that they were established on barren land instead 

of heathland. 

The C/N ratio in the upper topsoil was significantly higher than in the lower topsoil (10-

30 cm depth). This decrease with depth was also found by Ritter (2007) and Cools et al. (2014) 

and in forested sites in the study by Hunziker et al. (2019). Such a decrease in C/N ratio with 

depth may be attributed to a change in decomposition stage and age of humus, possibly as a 

result of microbial immobilization of N and loss of C through respiration (Staaf & Berg, 1982; 

Stevenson, 1994). 

There was no significant difference in C/N ratio between years in both the upper and 

lower topsoil. 

Soil C/N ratio significantly increased with forest age in both the upper and the lower 

topsoil. Such a significant increase in C/N ratio with age was also observed by Sigurdsson et 

al. (2005b), Ritter (2007) and Haraldsson et al. (2007) in the upper topsoil in the same study 

sites as in the present study, and is also well known in forest development in general (Kimmins, 

2004). This could indicate a decrease in the available soil N as a result of high tree biomass 
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production and Haraldsson et al. (2007) suggested that care must be taken when such forests 

are harvested in order to make sure that nutrients are returned to the soil. 

There was no significant difference in soil C/N ratio between species, but C/N ratio did 

significantly increase faster with forest age for Siberian larch (0.07/year) than for downy birch 

(0.04/year) in the upper topsoil, likely driven by the higher annual growth rate (biomass 

accumulation) of the Siberian larch. Neither Ritter (2007) nor Owona (2019) found a significant 

difference in C/N ratio between tree species. However, studies from other regions around the 

world have shown a difference in C/N ratio between different tree types or species, e.g. Yang 

and Luo (2011) suggested that the C/N ratio in coniferous forests may be higher than in 

broadleaf forests and Menyailo, Hungat and Zech (2002) found a higher C/N ratio for Siberian 

larch than same-aged silver birch (Betula pendula) in Siberia, which is similar to the 

significantly different change in C/N ratio with afforestation between species observed in the 

present study. 

4.1.6 Soil pH 

When both years were included, the mean pH in all sites was largely within the pH range 

commonly found in Brown Andosols in Iceland, though with a slightly wider range than 

commonly observed in the surface horizons in South-East Iceland (Arnalds, 2015). The pH in 

the forests was lower than in heathland, especially near the surface. 

Overall, the pH in the upper topsoil (0-10 cm depth) was significantly lower (more 

acidic) than in the lower topsoil (10-30 cm depth). Such a decrease in soil acidity with depth 

has also been observed in most pedons in the database of the Agricultural University of Iceland 

(Arnalds, 2015). This is related to the organic content of the soil at different depths. The pH 

showed a negative association with SOC and SON concentrations and C/N ratio in the present 

study. 

It was noteworthy that the pH was significantly lower in 2015 than in 2002 at both 

depths. The difference between years in the upper topsoil was previously studied by Sigurðsson 

et al. (2017) using the same dataset to study the effect of the Holuhraun eruption in 2014-2015. 

They suggested that this had at least partially been caused by acidic SO2 depositions from the 

eruption, and also detected lower pH and increased concentrations of base cations in the runoff 

water from the ecosystems during and just after the eruption. They concluded that this was 

however not likely to have caused any negative or measurable effects on vegetation and other 

organisms. The measured pH did not get lower than pH 5.0, which is often considered a 

threshold for organisms sensitive to low pH (Rengel, 2003). 
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The soil pH significantly decreased with forest age irrespective of depth layer, both for 

all forests together and for species separate. The associations in the upper topsoil were stronger 

than in the lower topsoil. Although there was no significant difference in pH between species, 

the pH in the upper topsoil decreased significantly faster for the Siberian larch than for the 

downy birch forests. However, the difference between species was very small and the pH 

decreased by about 0.01 per year or less for both species at both depths. In 2002, Sigurðsson et 

al. (2005a) found a similar decrease of 0.01 in the upper topsoil when both downy birch and 

Siberian larch were included at the same study sites as in the present study. However, they did 

not find a significant decrease in the lower topsoil. The older age of the same forest sites in the 

present study may have allowed observation of significant pH changes in the deeper soil layer. 

A similar decrease in pH with forest age was also observed by Owona (2019) in the upper 

topsoil in a conifer chronosequence in South-West Iceland. 

The small decrease in pH with forest age in the present study supports other studies in 

Iceland that indicate that soil acidification may not be a substantial problem in forests in Iceland 

(e.g. Sigurðsson, 2005a; Haraldsson et al., 2007; Owona, 2019). The soil pH in Iceland is 

generally high and dominantly influenced by aeolian materials which recharge soils with basic 

cations (Arnalds, 2015). The high CEC in Icelandic soils, which indicates a large pH buffer 

capacity, may be maintained by aeolian deposition. Therefore, aeolian deposition might work 

as a buffering factor and may possibly explain the weak soil acidification trend observed in 

forests in Iceland. 

4.2 Effects of afforestation on amount and distribution of ecosystem carbon stocks 

4.2.1 Ecosystem carbon stock differences between land use types and years 

The amount of C that was stored in the total ecosystem C stock and ground vegetation, snags, 

aboveground trees and roots separately was not significantly different between the two 

inventory years. However, the amount of C stored in litter, coarse woody debris (CWD) and 

stumps was significantly higher in 2015 than in 2002. This can partially be attributed to the 

thinning practices in the Siberian larch forests between 2002 and 2015. For example, the amount 

of woody debris is known to increase after traditional thinning operations have taken place 

(Carlyle, 1995). The total SOC (0-30 cm depth) was significantly lower in 2015 than in 2002. 

However, there was no significant difference between years when the SOC and the litter layer 

were combined. 
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When studying differences in total ecosystem C stocks between land use types, forest 

type and management should both be considered. In this study, managed planted Siberian larch 

forests, where stemwood was repeatedly removed by thinning, were compared to unmanaged 

naturally regenerated downy birch forests where only natural mortality affected the standing C 

stock. The total ecosystem C stock was significantly higher in the two oldest Siberian larch 

forests (L4 and L5) compared to the heathland, the youngest downy birch forest and the two 

youngest Siberian larch forests. The total ecosystem C stock was not significantly different 

between L4, L5 and the old growth downy birch forest (B2). However, the standing biomass in 

L4 and L5 showed that these forests were still affected by thinning, indicating that the biomass 

C stocks still had potential to increase until the next thinning (e.g. Heiðarsson et al., 2020; 

Marísson, 2020), while B2 is not likely to further increase its standing biomass as a result of its 

age. Thinning and other forest management may decide how strong C sinks the managed 

Siberian forests may be in the long run. 

4.2.2 Effect of tree species and forest age on ecosystem carbon stocks and sequestration 

One of the most important ecosystem C stocks is the soil C stock, including SOC, litter and 

roots (Lal, 2005). Irrespective of forest type, the total SOC stock in the topsoil (0-30 cm depth) 

in the present study did not have a significant association with forest age, which can be 

explained by the similar amount of SOC that was gained in the upper topsoil but lost in the 

lower topsoil following afforestation. Such a lack of detectable changes in SOC stocks 

following afforestation has not been found previously in other study sites in Iceland (e.g. 

Snorrason et al., 2002; Hunziker et al., 2019; Owona, 2019), and may partially be related to the 

non-linear change in SOC stocks following afforestation discussed in subchapter 4.1.3.2. There 

was also no significant increase with forest age when SOC and litter were combined, unlike in 

other studies such as Owona (2019). The distribution of soil C between the mineral soil (SOC) 

and the litter layer may differ between tree species, while the sum of SOC and litter is usually 

very similar (Vesterdal et al., 2013). The latter was also partially found in the present study 

since the sum of SOC and litter was not significantly different between downy birch and 

Siberian larch. However, there was also no significant difference between species when SOC 

and litter were analysed separately. 

 When species were analysed separately, litter, CWD, snag, aboveground tree and coarse 

root C stocks were the only ecosystem C stocks that significantly increased with forest age for 

downy birch, while only the aboveground tree and coarse root C stocks significantly increased 

with forest age for Siberian larch. For Siberian larch, the lack of a significant linear association 
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between forest age and litter and CWD may be explained by the overriding effect of mechanical 

thinning. Such non-linear changes in carbon stocks over time are well known for managed 

forests (Weslien et al., 2009). Between tree species, there was no significant difference in the 

amount of C in CWD, ground vegetation and stumps. However, Siberian larch forests annually 

stored about 3.5 times more C in aboveground tree and coarse root biomass than downy birch 

forests (after conversion to CO2 units in total about 385 versus 108 g CO2/m
2/year respectively). 

The Siberian larch biomass C sequestration rate was within the range previously found in the 

same study sites as in the present study, while the biomass C sequestration rate of downy birch 

was higher than previously found in the young downy birch forest (Sigurðsson et al., 2008). 

The biomass C sequestration rate found for downy birch in the present study was lower than in 

a 15-year-old planted downy birch forest in South Iceland (Kristjánsson, 2020), which may be 

explained by among others a difference in climate and soil conditions in that study. The rate in 

the present study was also lower than found in 10-60-year-old downy birch forests planted on 

eroded soil in South Iceland (Hunziker, 2011). This might partially be explained by different 

former land use and the inclusion of the old growth downy birch forest (B2) which may have 

lowered the average C sequestration rate in the present study. The B2 forest had apparently 

started a new phase of natural regeneration with enhanced tree mortality after 2002, with 

mortality typically being almost equal to the forest growth rate (Smith et al., 1997). 

The average total ecosystem C stock increased with forest age (maximum age of 63 

years) with about 133 g C/m2/year (= 488.0 g CO2/m
2/year) for Siberian larch. This is similar 

to the 50-year 440 g CO2/m
2/year average sequestration rate that was commonly used for rough 

estimates of C sequestration by afforestation before the Iceland Forest Inventory (IFI) yielded 

its first results (e.g. Sigurdsson & Snorrason, 2000). However, this is only about half of what 

planted forests are sequestering according to the IFI at present (Keller et al., 2020), but their 

area-weighted mean age was only about 20-25 years (Bjarni D. Sigurðsson, personal 

communication). The observed ecosystem C sequestration rate for the Siberian larch in the 

present study was similar to observations in a nearby 12-14-year-old Siberian larch forest by 

Bjarnadottir et al. (2009). The rate was also within the range of about 350-550 g CO2/m
2/year 

observed in different 15-30-year-old unthinned Siberian larch forests in Iceland (Snorrason et 

al., 2000; Snorrason et al., 2002), but lower than the range observed in middle-aged forests of 

the same species (Sigurðardóttir, 2000). 

Downy birch stored significantly less C in the total ecosystem than Siberian larch. The 

average annual total ecosystem C sequestration rate for downy birch (maximum age of about 
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113) was only 33.3 g C/m2/year (= 122.1 g CO2/m
2/year), or about 25% of the mean annual 

ecosystem CO2 sequestration found for Siberian larch. The difference in ecosystem C 

sequestration rates between downy birch and Siberian larch is similar to those reported for 

shorter chronosequences in South-West Iceland for downy birch and conifers (mainly lodgepole 

pine and Sitka spruce) (Owona, 2019). 

The observed average C sequestration rate for downy birch in the present study was 

somewhat lower than found in three about 60-year-old downy birch forests in the same area 

(Sigurðardóttir, 2000). It was also lower than found in a 54-year-old downy birch forest 

(Gunnlaugsskógur) in South Iceland (Snorrason et al., 2002), but similar to in a naturally 

regenerated downy birch forest in South-West Iceland (Owona, 2019). However, it should be 

noted that the latter study only included SOC at 0-20 cm depth, litter and tree biomass. The 

somewhat lower annual C sequestration rate for the downy birch is also in accordance with e.g. 

Sigurðsson et al. (2008) (same study sites as in in the present study). However, it should be kept 

in mind that the present downy birch results were based solely on data from one heathland, one 

relatively young and one old growth downy birch forest from two inventory years. It could be 

possible that the C sequestration rate would have been different if a larger number of middle-

aged downy birch forests had been included and the old growth downy birch forest had been 

excluded. 

It should also be noted that there are two missing ecosystem C stocks in the present 

study, which may also influence the comparison to other studies. These missing C stocks are 

standing biomass of fine roots (<2 mm in diameter) and the belowground biomass of stumps in 

the thinned Siberian larch forests. The former has generally been found to be a relatively small 

component of the total ecosystem C stock in Siberian larch and downy birch forests (Snorrason 

et al, 2002), while the latter is potentially more important. 

4.2.3 Effect of tree species and forest age on ecosystem carbon allocation 

The relative contribution of the SOC stock in the topsoil (0-30 cm depth), as well as the SOC 

stock and litter combined, to the total ecosystem C stock significantly decreased with forest age 

in both Siberian larch and downy birch forests. The SOC stock contributed more than 80% to 

the total ecosystem C stock in the youngest forests, while it contributed less than 50% in the 

oldest Siberian larch forest (L5) and less than 60% in the oldest downy birch forest (B2). Even 

though such an age-related decrease was observed, the SOC stock was still the largest C stock 

in all forests, except for L5 in 2002. This is in accordance with e.g. Ritter (2007) and Owona 

(2019) who also showed that SOC is generally the greatest C stock in Icelandic forests. 
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Relatively more C was stored as SOC in downy birch than in Siberian larch due to higher 

average biomass C stocks in the latter. Because of the importance of the SOC stock, forest 

management decisions should consider possible effects on this stock, e.g. observed by Clarke 

et al. (2021), and not only focus on the effect on biomass C stocks. 

Contrary to the relative SOC stock, the relative contribution of C in the aboveground 

tree biomass significantly increased with forest age in both Siberian larch and downy birch 

forests. The youngest forests stored less than 5% of the total C stock in the aboveground trees, 

while the oldest forests stored more than 20% (downy birch) or 30% (Siberian larch) in that 

compartment. Increasing relative tree biomass and decreasing relative SOC stocks trends with 

forest age have also been observed at the same study sites by Sigurdsson (2014), and in similar 

aged Chinese thuja (Platycladus orientalis) (Cao, Tian, Zha, Yang & Wang, 2014) and Korean 

pine (Pinus koraiensis) (Wang, Guo, Guo & Wang, 2020) forests in North-East China, as well 

as with forest succession (Zeng, Wang, Zhang, Gong & Hu, 2013). Peichl and Arain (2006) 

found that the aboveground tree C stock may even become larger than the SOC stock at greater 

age in eastern white pine (Pinus strobus) forests in East Canada. However, Cao, Wang, Tian, 

Wen & Zha (2012) found that an initial decrease in the SOC contribution can be followed by 

an increase at greater age (105 years), as well as that an initial increase in the aboveground tree 

C stock can be followed by a decrease in Chinese pine (Pinus tabulaeformis) forests in North-

East China. The Siberian larch forests in the present study had not reached such an age yet, but 

the oldest downy birch forest had. However, it was not possible to detect different trends with 

different age ranges because only two downy birch sites have been measured twice with an 

interval of just 13 years. Further studies on C allocation dynamics in old forests are therefore 

needed in Iceland. 

4.3 Effects of afforestation on composition and diversity of ground vegetation 

This part of the study was only done on data from the 2015 inventory, except for the biomass 

versus soil pH and C/N ratio analysis, since the results for the 2002 inventory had already been 

published previously (Sigurdsson et al., 2005b; Elmarsdóttir et al., 2007a; 2011). 

4.3.1 Ground vegetation biomass 

Ground vegetation biomass was not significantly related to the soil pH and C/N ratio in the 

upper topsoil when both years were included. This is in accordance with the results from only 

2002 from the same study sites that showed that changes in the canopy gap fraction (light 
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availability), rather than pH and C/N ratio, affect the ground vegetation biomass following 

afforestation (Sigurdsson et al., 2005b). 

 The composition of the ground vegetation in 2015 was different between land use types, 

showing that the moss ratio may be smaller in afforested sites compared to heathland, while the 

pteridophyte and monocot ratios may be greater in afforested sites. This was also in accordance 

with results from 2002 (Sigurðsson et al., 2005b). Such trends have also been observed in 

international studies, e.g. Peterken (2001) found a shift towards pteridophytes after canopy 

closure. Similar to Sigurdsson et al. (2005b), the present study found a greater ratio of dicots in 

the heathland and downy birch forests compared to the Siberian larch forests. 

4.3.2 Ground vegetation species richness and diversity 

The number of vascular plant species in the heathland was significantly higher than in all the 

afforested sites in 2015. This was similar to the trend found in 2002 for the heathland compared 

to the oldest Siberian larch forests and the downy birch forests in the same study sites as the 

present study, which was attributed to the reduced light availability at the forest floor in the 

afforested sites (Elmarsdóttir et al., 2007a). In the present study in 2015, the youngest Siberian 

larch forests (L1, L2 and L3) were not significantly different from the older Siberian larch 

forests (L4 and L5) and had a lower number of vascular plant species than in the heathland, 

while the 2002 study showed that the youngest Siberian larch forests did not differ from the 

heathland at that time. This may indicate that the canopy of the youngest Siberian larch forests 

may have closed further than in 2002, even though the forests had been thinned in 2012-2014. 

The measured BA, which is closely related to canopy gap fraction (Smith et al., 1997), 

confirmed this for L1 since it increased six-fold between 2002 and 2015 in that site. However, 

the BA in L2 and L3 did not show such an increase between these years. Such changes in the 

number of vascular plant species with forest development were also observed in the same study 

sites as in the present study by Elmarsdóttir et al. (2011), and in a 27 year long monitoring study 

of black cottonwood in South Iceland (e.g. Gundelach, 2018). 

 The number of lichen species was also higher in the heathland than in all afforested 

sites. The results from 2002 showed that the oldest Siberian larch forests and the downy birch 

forests had fewer lichen species than the younger Siberian larch forests and the heathland 

(Elmarsdóttir et al., 2007a). The number of moss species was higher in the heathland than in all 

afforested sites, except the youngest downy birch forest. In 2002, there was no difference in the 

number of moss species between the sites, except that the number was greater in one of the 

younger Siberian larch forests than in one of the oldest ones (Elmarsdóttir et al., 2007a). This 
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indicates that the species richness (alpha diversity; Gurevitch, Scheiner & Fox, 2006) of mosses, 

lichen and vascular plants generally declines with afforestation and forest development, likely 

mainly due to reduced light availability (Sigurdsson et al., 2005b). 

Although the species richness of mosses, lichen and vascular plants decreased following 

afforestation and during forest development, the vascular plant species diversity (beta diversity; 

Gurevitch et al., 2006) did not change as much. Beta diversity takes into account the number of 

species as well as their abundance (Gurevitch et al., 2006). In 2015, it was only significantly 

lower in the old growth downy birch forest than in the heathland and the youngest Siberian 

larch forests. Similar results with a lower relative decrease in beta than alpha diversity have 

also been found for black cottonwood in South Iceland (e.g. Gundelach, 2018). 

4.3.3 Ground vegetation community structure 

In 2015, there was a clear separation in the ground vegetation species community structure 

between the heathland and the forests, which was similar to, but more evident than in 2002 

(Elmarsdóttir et al., 2007a). The species community structure of some of the transects in the 

youngest downy birch forest (B1) had become more similar to the old growth downy birch 

forest (B2), and the youngest Siberian larch forests were more similar to older Siberian larch 

forests and more different from the heathland in 2015 than they were in 2002. There was a clear 

trend in species community structure with age in the Siberian larch chronosequence, even 

though thinning had taken place in all Siberian larch forests in different years. The similarity in 

the ground vegetation community structure between the oldest larch forest (L5) and B2 might 

be related to their age. However, L4 was more similar in age to L5 than B2, but their species 

community structure was not more alike than between L5 and B2. This may partially be due to 

the fact that L5 was established on land that had been partially colonized by downy birch. 

A number of species was found in the forests which were not found in the heathland and 

vice versa. For the forests, this included species such as stone bramble (Rubus saxatilis) and 

rowan (Sorbus aucuparia), which have commonly been found in forests in Iceland and less in 

other ecosystems (Arnþórsdóttir, 2002; Gundelach, 2018). This showed the importance of both 

forest and heathland ecosystems as habitats for different plant species. Therefore, as previously 

suggested by Elmarsdóttir et al. (2007a), the presence of both ecosystems may promote species 

diversity on a landscape scale. 
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4.4 Chronosequence and permanent plot method comparison 

This study showed that a period of 13 years between repeated measurements was not always 

long enough to see a significant difference in soil properties in Siberian larch forests in East 

Iceland. The present study did find an increase in SOC in the upper topsoil (0-10 cm depth) 

with forest age in the Siberian larch chronosequence in both years, but no significant change in 

SOC was observed between repeated measurements. This may be explained by the slow change 

in SOC stocks and the difficulty of determining small changes in large variable SOC stocks by 

soil sampling (Paul, Morris, Six, Paustian & Gregorich, 2003), especially when the number of 

soil samples is relatively small (Smith, 2004; Schrumpf, Schulze, Kaiser & Schumacher, 2011) 

(16-50 samples per site in the present study). A study in Denmark on afforestation effects on 

SOC showed, however, that repeated measurements did find a significant difference in Norway 

spruce (Picea abies) and oak (Quercus robur) forests within 13 years (Bárcena et al., 2014a). 

They suggested that the chronosequence method could underestimate SOC accumulation, 

which was in accordance with Richardson & Stolt (2013). Wang et al. (2011) also found a 

significant increase in SOC and a decrease in BD in Dahurian larch (Larix gmelinii) forests 

within 25 years in North-East China. The non-significance observed in the repeated 

measurements in the present study may partially be explained by the frequently observed 

stronger and more rapid responses of SOC in more temperate ecosystems than in boreal or 

subarctic systems (e.g. Clarke et al., 2021). It is possible that more than 13 years may be needed 

in Iceland to detect a change in SOC and C/N ratio in the upper topsoil, due to a cold climate 

and short growing season and thereby relatively slow changes in decomposition, biomass and 

C accumulation rates. It is also possible that the mechanical thinning in between the inventory 

years in the present study may have interfered, possibly undoing any changes that could have 

taken place in the SOC and SON stocks, BD and total ecosystem C stocks. 

 Non-significant trends for all SON stocks and SOC in the lower topsoil (10-30 cm 

depth) and the total topsoil (0-30 cm) were found for both methods, which supports the use of 

the chronosequence method as a viable alternative of the permanent plot method. Further, the 

few trends that were significant for both the repeated measurements between 2002 and 2015 

and the chronosequences did show the same tendency. Both methods showed a small decrease 

in pH with forest age in the upper topsoil at three sites. This also supports the reliability of the 

chronosequence method to predict change over actual time, which was also found by Wang et 

al. (2011). However, the change in pH between 2002 and 2015 was slightly greater than 

predicted by the chronosequence, especially in the lower topsoil in 2015 in the present study. 
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This may probably be explained by acidification caused by the Holuhraun eruption (Sigurðsson 

et al., 2017), emphasising that the chronosequence method cannot predict disturbances and their 

consequences. 

 Overall, some results support the reliability of the chronosequence method as a way to 

study changes following afforestation, while other results indicated that more than 13 years 

between repeated measurements are needed in Iceland to get clearer results on the reliability of 

the chronosequence method.   
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5. Conclusions 

Analysis of changes in soil properties following Siberian larch and downy birch afforestation 

showed that SOC in the topsoil (0-30 cm depth) did not change significantly. However, non-

linear trends in SOC following afforestation indicated that more complex non-linear analyses 

might be needed in studies such as this one. A significant increase in soil acidity was observed 

following afforestation. However, this change was very small for both Siberian larch and downy 

birch, indicating that soil acidification may not be a serious problem in such forests in East 

Iceland. On the other hand, a significant increase in the soil C/N ratio for both species indicated 

that N might potentially become a limiting factor. This should be taken into consideration in 

forest management, e.g. during decisions about whether to leave biomass behind or to remove 

it during thinning. 

 Total ecosystem C stocks increased significantly following afforestation. The average 

total ecosystem C sequestration rate in the managed Siberian larch forests was significantly 

higher than in unmanaged downy birch forests. This indicated that Siberian larch forests may 

be more useful as a C sink, although downy birch also has great potential. Even though the 

relative contribution of SOC to the total ecosystem C stock decreased with forest age, it 

generally remained the largest C stock in all forests. Therefore, possible effects of forest 

management practices on this stock should be taken into account during decision making. 

 Species richness significantly decreased in the ground vegetation following 

afforestation, but diversity (Shannon-Wiener) did not change as much. However, differences in 

ground vegetation community structure and species found in the different ecosystems suggested 

that the presence of both heathland and forest ecosystems might promote species diversity on a 

landscape scale. 

 Chronosequence and permanent plot method comparisons showed that some results 

supported the use of the chronosequence method as a viable alternative of the permanent plot 

method. However, other results indicated that more than 13 years between repeated 

measurements are needed in Iceland to verify the reliability of the chronosequence method. For 

this, more long-term chronosequence studies are necessary in which measurements are repeated 

after more than 13 years. This can for example be done in the same study sites as in the present 

study by repeating the measurements. 

 Future studies in the same study sites and possibly others as well should consider the 

use of more detailed and complex (non-linear) models, especially for SOC stocks, in order to 
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get a more precise overview of the changes that take place after afforestation and during forest 

development. 
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7. Appendix 

Appendix 1. Results of linear regression analyses on all data from both years (2002 and 2015) and all sites 

(Heathland is forest age = 0, see Table 1) in Fljótsdalshérað between age and SON (g/m2) by depth (cm) and 

species, showing Rsquare, p-value, formula and number of samples (N). 

 

 

 

Appendix 2. Association between age (Heathland is forest age = 0) and mean SON stock (g/m2) at 0-10 cm depth 

(left) and 10-30 cm depth (right) in 2002 and 2015. Letters indicate the land use type (B=Birch and L=Larch) in 

Fljótsdalshérað. Dotted lines are non-significant, while dashed and solid lines are significant. 

 

 

 

 

 

 

 

Depth Species R
2

P-value Formula N

0-10 Birch 0.06 0.239 SON = 166.7 - 0.19 *Age 26

Larch 0.00 0.695 SON = 147.1 - 0.12 * Age 54

10-30 Birch 0.42 0.0003 SON = 244.4 - 0.63 * Age 27

Larch 0.02 0.286 SON = 256.3 - 0.56 *Age 54

0-30 Birch 0.37 0.001 SON = 411.4 - 0.89 * Age 26

Larch 0.02 0.313 SON = 403.4 - 0.69 * Age 54
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Appendix 3. Results of linear regression analyses on all data from both years (2002 and 2015) and all forest sites 

(see Table 1), excluding heathland and thereby the initial effect of land use change, in Fljótsdalshérað between age 

and SON (g/m2) by depth (cm) and species, showing Rsquare, p-value, formula and number of samples (N). 

 

 

 

Appendix 4. Association between age and mean SON stock (g/m2) at 0-10 cm depth (left) and 10-30 cm depth 

(right) in 2002 and 2015. Letters indicate the land use type (B=Birch, L=Larch) in Fljótsdalshérað. Dotted lines 

are non-significant, while dashed and solid lines are significant. Note that heathland is excluded from the linear 

regression. 

Depth Species R
2

P-value Formula N

0-10 Birch 0.01 0.662 SON = 141.2 + 0.10 * Age 17

Larch 0.08 0.053 SON = 111.2 + 0.77 * Age 45

10-30 Birch 0.58 0.0003 SON = 264.6 - 0.86 *Age 18

Larch 0.06 0.115 SON = 280.7 - 1.17 * Age 45

0-30 Birch 0.33 0.016 SON = 406.8 - 0.81 * Age 17

Larch 0.00 0.674 SON = 391.9 - 0.40 * Age 45
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Appendix 5. Association between age (Heathland is forest age = 0) and SON stock (g/m2) at 0-30 cm depth in 

2002 and 2015. Letters indicate the land use type (B=Birch, L=Larch) in Fljótsdalshérað. Dotted lines are non-

significant, while dashed and solid lines are significant. 

 

Appendix 6. SOC (g/m2) and SON (g/m2) changes at 0-30 cm depth in Siberian larch forests in Fljótsdalshérað 

between 2002 and 2015 compared to chronosequence results. For the chronosequences, numbers in bold* indicate 

that the linear correlation is significant (α=0.05). For the plot difference, bold* numbers indicate a significant 

difference between 2002 and 2015 according to a two-tailed t-test. 

 

Site Depth Year 2002 Year 2015 Difference Plot difference Chronosequence 2002 Chronosequence 2015

SOC (g/m
2
) L1 0-30 5770 4509 -1261 -97.0 18.6 36.9

L2  0-30 5700 4612 -1088 -83.7 18.6 36.9

L3  0-30 6833 6799 -34 -2.6 18.6 36.9

L4 0-30 8063 7539 -524 -40.3 18.6 36.9

L5 0-30 6009 5731 -278 -21.4 18.6 36.9

SON (g/m
2
) L1 0-30 370 269 -101 -7.8 -0.38 1.26

L2 0-30 367 282 -85 -6.5 -0.38 1.26

L3 0-30 439 418 -21 -1.6 -0.38 1.26

L4 0-30 509 490 -19 -1.5 -0.38 1.26

L5 0-30 322 293 -29 -2.2 -0.38 1.26

Change per year


