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Yfirlýsing 
Hér með lýsi ég því yfir að verkefni þetta er byggt á mínum eigin athugunum, er samið 

af mér og að það hefur hvorki að hluta né í heild verið lagt fram áður til hærri 

prófgráðu. 

 

Með ritgerðinni fylgja tvær birtar greinar (Paper I og Paper III) og eitt óbirt handrit 

(Paper II). Í grein III voru notuð mæligögn frá mér, en fyrsti höfundur greinarinnar 

skrifaði textann. Í hinum greinunum hef ég bæði unnið sjálfar rannsóknirnar og leitt 

skrifin. 

 

 

 

________________________________ 

Guðrún Stefánsdóttir 
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Abstract 
 

Sand-dunes are dynamic ecosystems with continuous disturbance that are found all over 

the world.  In Iceland there are 22,000 km2 of sandy deserts. The Leymus arenarius is 

a plant species adapted to colonize and survive in areas with moving sand. It frequently 

forms sand-dunes where it facilitates the build-up of organic matter and soil formation.  

Few studies exist on the development of revegetated Leymus areas in Iceland, especially 

the belowground processes. To examine these, I studied two 37 and 40 yearlong 

chronosequences dominated by Leymus: 1) on Surtsey island, which was created in an 

oceanic eruption between 1963-1967, and 2) in Leirdalur, an area affected by tephra 

deposits from numerous eruptions in Mt. Hekla, containing areas revegetated with 

Leymus seeds at different times. 

When comparing the two study sites, where Leymus colonized naturally (Surtsey) and 

where it was sown (Leirdalur), it was noteworthy that the build-up of carbon stock in 

the soil as root organic carbon (ROC) and soil organic carbon (SOC) was much greater 

in Leirdalur than on the island of Surtsey. The changes in R/S and ROC/SOC ratios 

were also higher in Leirdalur when calculated for the whole rooting depth; but both 

ratios were lower in the top 30 cm of the oldest dune in Leirdalur than in Surtsey. Most 

of the soil carbon accumulation occurred below the 30-cm depth in both Surtsey and 

Leirdalur. These results indicated that the standardised IPCC method of measuring 

ecosystem SOC build-up only in the top 30 cm are faulty in sand-dune ecosystems.  

Much higher accumulation of N was observed in the Leymus dunes on Surtsey than 

could be explained with the atmospheric N deposition, suggesting that the extensive 

root systems were drawing N from the sparsely vegetated surrounding areas into the 

dunes. The Leymus plants on Surtsey are primary colonisers that act as environmental 

engineers that modify its habitat with time and contribute to patchiness in resource 

availability by moving N from the neighbouring soils into its dunes, making them “hot 

spot” for future soil development and ecological succession under these harsh 

conditions.  
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Ágrip 
 

[Framvinda og uppbygging vistkerfa á melgresissvæðum (Leymus arenarius) á 

Íslandi] 

 

Sandhólasvæði, sem hér á landi eru einkum melhólar eða mellönd, eru kvik vistkerfi 

með stöðugu áfoki sands. Sambærileg vistkerfi er að finna um allan heim, frá hásléttum 

meginlandanna, áraurum til fjörusanda. Þau eru umfangsmikil á Íslandi en hér er að 

finna yfir 22.000 km2 af sandauðnum, allt frá fjöru til miðhálendisins, þaðan sem 

eldfjallaaska berst með vindi og jökulám. Melgresið (Leymus arenarius) er ein af 

mikilvægustu tegundunum sem þrífast á sandauðnum hér á landi. Fáar rannsóknir eru 

til um framvindu í mellöndum á Íslandi, sérstaklega er lítið um rannsóknir á uppsöfnun 

lífræns efnis í kringum melgresi og virkni þess neðanjarðar. 

Ég rannsakaði framvindu, uppsöfnun kolefnis og köfnunarefnis í mellöndum, á tveimur 

svæðum:  

1) Surtsey, þar sem var 40 ára aldursröð af melhólum sem mynduðust af 

sjálfsáðum melplöntum.  

2) Í Leirdal, sandsléttu milli Búrfells og Heklu, þar sem öskufall úr Heklugosum 

hefur endurtekið eytt gróðri. Landgræðsla ríkisins hefur sáð melgresi þar til að 

hefta ösku í kjölfar eldgosa. Þar voru valdar misgamlar sáningar til að fá 

aldursröð er spannaði einnig um 40 ár. 

Uppsöfnun kolefnis, bæði rótarkolefnis (ROC) og jarðvegskolefnis (SOC) var meiri í 

Leirdal, en þar var róta-sprota hlutfall (R/S) og ROC/SOC samt lægra í efstu 30 cm 

jarðvegsins í elstu melhólnum en í Surtsey. Á báðum rannsóknarsvæðunum var mesta 

aukningin á kolefnisforða vistkerfisins fyrir neðan 30 cm sýnatökudýpt. Þetta sýndi að 

hin staðlaða sýnatökudýpt sem notuð er í landsúttektum til að mæla kolefnisbindingu í 

vistkerfum hentar ekki fyrir slík melgresissvæði.  

Mun meira köfnunarefni safnaðist árlega upp í melhólunum í Surtsey en fellur á þá með 

ákomu. Sennilegasta skýringin er sú að hinar löngu rætur melgresisins sem einnig er að 

finna í ógrónum svæðum umhverfis hólinn hafi flutt köfnunarefni inn í hólana. Þannig 

að melgresishólar í Surtsey eru öflug frumframvindu kerfi sem mynda bletti í 

vistkerfinu sem gætu síðan orðið lykilsvæði (e. hot spots) fyrir frekari jarðvegsmyndun 

og framvindu.      
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Þakkir 
 

Ég vil byrja á að þakka leiðbeinendum mínum Ásu L. Aradóttur og Bjarna D. 

Sigurðssyni fyrir góða leiðsögn og aðstoð í þessu verkefni. Þau hafa bæði miðlað mér 

af sínum reynslubanka og stutt mig með góðum og uppbyggilegum leiðbeiningum. 

Einnig vil ég þakka Guðmundi Halldórssyni meðleiðbeinenda mínum fyrir góða aðstoð 

og ábendingar. Ása Helga Ragnarsdóttir fær sérstakar þakkir fyrir að leiðrétta 

stafsetningu og málfar í lokaútgáfu ritgerðarinnar.  

Ég vil einnig þakka Landgræðslu ríkisins  og fyrrum samstarfsmönnum fyrir að styðja 

mig í að hefja þetta nám og þá aðstoð og reynslu sem ég fékk þar. Að auki vil ég þakka 

Borgþór Magnússyni og Surtseyjarfélaginu fyrir að heimila mér og gera mér kleift að 

framkvæma rannsóknir mínar í Surtsey. Framleiðnisjóður Landbúnaðarins fær einnig 

þakkir fyrir fjárframlög til rannsóknarinnar og námsstyrk. 

Síðast en ekki síst vil ég þakka Viðari Pálssyni og fjölskyldu minni fyrir umburðarlyndi 

og stuðning á meðan á námi stóð. 
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1. Introduction 
 

1.1 Sand-dune ecosystems and their distribution 

Sand-dune ecosystems are formed where there is an ample supply of sediment and area 

with dry sand and enough wind to move the particles over the surface (Sherman & 

Nordstrom, 1994; Tsoar & Blumberg, 2002; Pye & Tsoar, 2009; Thorarinsdottir & 

Arnalds, 2012). Size and shape of the sand dunes depend on the wind speed, availability 

of sediment (Bird, 2010; Arnalds, 2013) and height and type of vegetation trapping the 

moving sand (Greipsson & Davy, 1996b; Arnalds, 2013).  

Sand-dune ecosystems are found all over the world in a wide range of locations (Doody, 

2013), but most frequently they are formed along coastlines, riverbeds or where 

desertification episodes happen (Tsoar & Blumberg, 2002; Doody, 2013). Often they 

occur during shorter or longer time periods following large disturbances in the 

ecosystem (Tsoar & Blumberg, 2002; Doody, 2013). Some of the inland sand-dune 

ecosystems (deserts) can, however, be very old, e.g., the Taklamakan desert dunes in 

China that are over 5.3 million years old (Sun & Liu, 2006). Most of the sand-dune 

ecosystems in Europe and in Iceland are much younger (Doody, 2013), formed in the 

Holocene period that started around 12,000 years ago (Arnalds et al., 2016).  

Many of the sand-dune ecosystems in Western Europe were formed during the Little 

Ice Age (1300-1850) when temperatures were 1-2°C colder than today, with strong 

winds increasing sand mobility, creating sand dunes (Dawson et al. 2004). Bay dunes 

are the most common dune type in Europe and are mainly found in coastal area (Doody, 

2013). Some inland sand-dune ecosystems were formed by a change in the sea level, 

with strong wind blowing sand inland (Doody, 2013) or by volcanoes and glacial river 

activity (Greipsson & Davy, 1996a, b; Doody, 2013; Arnalds, 2013; 2015). The 

European Commission (1992) has recognized the need to protect the dune systems for 

their unique species composition, dune ability to stabilize the upper coastline and due 

to growing anthropogenic pressures on these Iceland, with increasing human population 

(European Commission, 1992). In I they are currently considered to have a low 

conservation value (Icelandic Institute of Natural History, 2016). 
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1.2 Plant adaptations, vegetation dynamics and ecosystem development in sand-

dune ecosystems 

The most obvious feature of sand-dune ecosystems is the simple vegetation 

communities (Ottósson et al., 2016) and recurrent burial of the vegetation in sand which 

usually gives patchy vegetation cover (dunes) at larger spatial scale (Forey et al., 2009). 

The pioneer plants in the mobile dunes (usually in fore-shore) around the world all have 

similar characteristics; they can withstand burial by sand up to 1 m yr-1, lack of water, 

and produce rhizomes, stolons and suckers (Greipsson & Davy, 1996 b; Doody, 2013).  

The plant community of the bay dunes are usually a mixture of grasses with few salt 

tolerant herb species, such as Cakile martima and Honckenya peploides (Doody, 2013) 

(Fig.1a; b). But the main primary colonizer of sand dunes in northern Europe is the 

Lyme grass, Leymus arenarius (Greipsson & Davy, 1994). The secondary successional 

stage is more stable (less sand drift) with various grassland species and even woody 

species, such as birch (Betula sp.) and willows (Salix sp.) coming into the Leymus dunes 

(Fig 1c.) (Rodwell, 2000; Doody, 2013). 

 

 

   

Figure 1 (from left to right) For-shore sand-dune with Leymus arenarius, Cakile 

martima and Honckenya peploides at Surtsey, Iceland, Older up-shore costal dunes with 

Leymus arenarius and Elymus caninus, building a sandrig (dune) on the upper-shore in 

Scotland, Inland Leymus arenarius dune with Betula pubescens and Salix sp.  at a later 

successional stage in NE Iceland (Photos: Stefansdottir).  

 

Sand dunes are dynamic ecosystems with periodic events of disturbance and 

revegetation. Soil development and community succession is typically a very slow 
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process and difficult to measure over a short time (Chapin et al., 2002). Therefore, 

chronosequence studies have been used to observe changes in the sand dune ecosystem 

over a longer timescale (Jones et al., 2008).  

 

 

1.3 Vegetation dynamics and ecosystem development in Iceland 

Volcanic eruptions are varied and complex events, where deposition of air-borne 

pyroclastic (tephra) materials has the most widespread effects, affecting the whole 

ecosystem by burying vegetation (del Moral & Grishin, 1999). In Iceland, there are 

around 22.000 km2 of sandy desert surfaces from the coast and into the highlands, where 

volcanic tephra and glacier river sediment cause frequent wind erosion of existing 

vegetation (Arnalds, 2013; 2015; Arnalds et al., 2001; 2016). These barren areas can be 

divided into: i) sandy beaches, ii) glacial deposit areas, iii) areas affected by volcanic 

activity i.e. tephra depositions and iv) post glacial lava fields (Arnalds et al., 2016.)  

Some of sandy desert areas were covered by soil and vegetation when the first humans 

arrived to Iceland in the 9th century. A large-scale soil erosion due to combined effects 

of land use, volcanic catastrophes and colder climate during late middle ages has been 

shown to have led to the formation of. the present barren areas (Oskarsson et al., 2004) 

where land reclamation with Leymus arenarius is primarily practiced. 

Coastal dunes were estimated to cover approximately 1200 km2 in Iceland by Greipsson 

& El-Mayas (1994), mainly on the South coast. A considerably lower estimate has been 

obtained, in a recent inventory, based on more accurate measurements by remote 

sensing, or 150 km2 (Ottósson et al., 2016). The inland dunes are mainly found in the 

volcanic zone that crosses Iceland from southwest to northeast (Arnalds, 2013) and 

were estimated earlier to cover close to 2000 km2 (Greipsson & El-Mayas, 1994). A 

considerably lower estimate is given by Ottósson et al. (2016), or 150 km2, which gives 

a total cover of Leymus plant communities of 300 km2 in Iceland.  

These eroded and dynamic sand areas have frequent freezing-thawing cycles during 

winter, lack seed sources and seed trapping ability and have low biological activity and 

nutrient availability (Magnusson, 1994; Greipsson & Davy, 1994, 1996b). The 

vegetation cover on such degraded land is usually less than 5% (Arnalds et al., 2001) 
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and they have a reduced SOM (usually expressed as soil organic carbon; SOC) of about 

1% (Arnalds & Kimble, 2001; Oskarsson et al. 2004).  

As stated earlier, these areas can remain sparsely vegetated for a long time, after 

disturbance has created the sandy surfaces (Arnalds, 2013; Arnalds, 2015), as the 

physical and chemical thresholds for re-establishment of plants impede natural recovery 

(cf. Bradshaw, 1983). Recently it was shown that establishment of Leymus communities 

on such surfaces is a key-factor for further secondary succession towards heathland and 

woodland communities (Magnússon & Svavarsdóttir, 2007). 

The C stock and dynamics of eroded surface can be more complex than often assumed; 

e.g., that all SOC has been lost during the soil erosion and the change in SOC starts 

with initial build-up and very small CO2 fluxes. Some studies have shown that degraded 

land can be a substantial source of CO2 emissions in its eroded stage (Arnalds, 2015). 

Other studies have shown that revegetation measures, can lead to a relatively high rate 

of carbon sequestration in the soil, or up to 0.05 kg C m−2 yr−1, which equals 0.5 t C ha̶1 

yr-1 or 1.8 t CO2 ha-1 yr-1 (Arnalds et al., 2000; Lal, 2008; Arnalds et al., 2013). These 

SOC accumulation rates are unexpectedly high, partly due to the nature of Andosols 

(Tarnocai et al., 2009; Arnalds et al., 2013; Arnalds 2015). 

Soil erosion has long been considered the major environmental problem of Iceland 

(Arnalds, 2015). The “battle” against soil erosion started about a century ago in Iceland 

by building wind shelters, fertilizing and seeding, to control the wind erosion that was 

carrying sand onto farmlands, burying vegetation and causing large-scale farm 

abandonment (Runolfsson, 1987). The native dune building grass Leymus arenarius is 

the only native species that can be used effectively to stabilize drifting sand and has 

been used on large scale by the Soil Conservation Service for that purpose (Runolfsson, 

1987; Magnusson, 1997; Aradottir et al. 2013).  

Leymus arenarius is the main dune-building species on the coast of Iceland and 

commonly forms a vegetation community with Honckenya peploides, Mertensia 

maritima, Silene maritima, Festuca rubra, Rumex acetosella and Potentilla anserina 

(Fig. 1) (Greipsson & El-Mayas, 1994). As the sand drift stabilises in those habitats, 

grassland develops with Festuca rubra, Silene maritima and Equisetum arvensis 

becoming co-dominant on older dunes and other grass species, such as Festuca vivipara 

and Poa sp., start to come in (Steindorsson, 1964; Greipsson & El-Mayas, 1994).  
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The SCS has restored eroded land by fertilizing and seeding with grasses and other 

species on a large scale since 1940 (Magnússon, 1997). On sandy sites, grasses like 

Festuca rubra and Poa pratensis are often sown together with the Leymus arenarius 

(Runolfsson, 1987; Greipsson & Davy, 1994; Greipsson & El-Mayas, 1994). Those 

sites are commonly fertilized for 3-5 years, to enhance the vegetation cover (Arnalds et 

al., 1987). Studies by Gretarsdottir et al. (2004) on such reclaimed sites have shown 

that restoration of native plants into an eroded area was the key factor for a successful 

reclamation. The long-term effects of the reclamation activities are improved soil 

stability, increased vegetation cover and plant diversity (Gretarsdottir et al., 2004) and 

increased carbon accumulation with build-up of organic matter in the sandy desert soil 

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

 

 

1.4 The national inventories on revegetation area in Icelandic ecosystems 

The increase of carbon dioxide (CO2) in the atmosphere has attracted international 

attention because of its impacts on global climate. Soil is a large carbon sink which 

stores about two times more CO2 than the atmosphere (Chapin et al., 2009) and 

revegetation activities that enhance SOC build-up will therefore help to mitigate the 

rise in atmospheric CO2. 

The ‘Kyoto protocol’, which is a part of the United Nations Framework Convention on 

Climate Change (UNFCCC) offered industrialized countries a possibility to select 

revegetation (of eroded surfaces) as a valid measure of greenhouse gas (GHG) emission 

mitigation (Penman, 2003). Iceland is one of few countries that selected revegetation 

(under Article 3.4 of the Kyoto protocol) for its first commitment period 2008-2012 

(Ministry for the Environment, 2014).  

The SCS of Iceland started in 2007 a national inventory project (NIRA - National 

Inventory on Revegetation Areas) to monitor carbon sequestration rates in revegetation 

areas initiated after 1989 in Iceland (Thorsson & Svavarsdottir, 2013; Wöll et al., 2014). 

Soil and vegetation samples for C and N analysis along with information on vegetation 

cover and species composition were collected based on a nationwide 1 x 1 km 

systematic geographical grid laid over a national map of all such revegetation areas. 

Soil was collected to a sampling depth of 30 cm (Thorsson & Svavarsdottir, 2013), and 

separated into 0-5, 5-10, 10-20 and 20-30 cm depth intervals. So far, no comprehensive 
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results about temporal or spatial changes in plant communities or accumulation of SOC 

and nutrients have been published.  

Normally the highest concentration of SOC is found in the upper-most layers of the soil 

(Arnalds et al. 2013). According to Masera et al. (2003) the topsoil is the horizon where 

the changes in SOC pool are likely to be fast enough to be detected during a revegetation 

project period. Similar findings were also shown by Arnalds et al. (2013) in a study that 

also included revegetated areas with Leymus. IPCC (2000) published A “Good Practice 

Guidance and Uncertainty Management in National Greenhouse Gas Inventories” 

where it recommended that SOC stocks in national GHG inventories should be based 

on sampling of the top 30 cm of soils. Studies by Aradottir et al. (2000) and Arnalds et 

al (2000), however, recognised a problem with using the standard IPCC (2000) methods 

when measuring SOC build-up in active sand areas, where Leymus arenarius had been 

sown and formed dunes, as the organic matter is continuously being buried under new 

Aeolian sediments. The authors recommended that alternative methods were used.  

 

1.5 Objectives 

The main aim of the present project was to study the temporal community changes and 

build-up of soil carbon and nitrogen pools in sand dune ecosystem in Iceland dominated 

by Leymus arenarius.  

Further the objectives were to: 

1. Study the ecosystem development of dynamic sand surfaces in a 37year 

chronosequence study on Surtsey island (Paper I) 

2. Study the ecosystem development of revegetated dynamic sand surfaces in a 40 year 

chronosequence at Leirdalur, Mt Hekla (Paper II) 

3. Compare the formation and early-stage dynamics of Leymus arenarius dune 

ecosystems on pristine surfaces on Surtsey and on revegetated eroded land in Leirdalur 

(this thesis) 

4. Examine methodological problems of the current national carbon inventories in 

Iceland when applied to dynamic sand surfaces (Paper II) 

5. Evaluate if measurements of soil CO2 efflux could be used to map soil organic carbon 

stocks in dune ecosystems (Paper III) 
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2. Material and Methods 

 

Chronosequence studies of Leymus arenarius communities were done at two different 

sites in Iceland. One was on Surtsey, a volcanic island, formed in an eruption in 1963-

1967. It is the southernmost island of the Vestmannaeyjar archipelago (63.3° N, 20.6° 

W), 32 km from the south coast of Iceland (Fig. 1). Surtsey is on the UNESCO World 

Heritage list as a pristine natural laboratory free from human interference (UNESCO 

World Heritage Centre, 2016). The island has been strictly protected for scientific 

research and it has a unique recording of ecosystem development from the time it 

emerged from sea, including regular monitoring of various Leymus dunes on the island. 

The other study site was in Leirdalur (64.1° N, 19.4° W), a re-vegetated site north-west 

of the volcano Mt Hekla in the southern highlands at 278 m a.s.l (Fig. 1). There the Soil 

Conservation Service of Iceland has revegetated the area with Leymus arenarius on 

three different occasions after three subsequent eruptions in Mt Hekla in 1970, 1990 

and 2000 (Paper II).  

 

Figure 2. Location of the two study sites. Surtsey island (green star) and the Leirdalur 

revegetated tephra sand flats (brown star). Map from Landmælingar Íslands. 

 

The chronosequence study in Surtsey was carried out on seven dunes of different age, 

on the southeastern part of the island (Fig. 1 in Paper I). The two oldest dunes included 

the first successful Leymus arenarius colonisation on the island and a dune from the 

first seeding episode of those in 1983 (Fridriksson, 1992). The younger dunes that were 

sampled were all close to permanent study plots on the island (no. 13, 14, 15 and 21; 

Magnússon & Magnússon, 2000), and their establishment could be dated from annual 

photographs. The age of the dunes at the time of sampling was 3, 5, 9, 13, 17, 28 and 

37 years. When taking the soil samples, care was taken to disturb the ecosystem as little 

as possible, as the island is a protected nature reserve. The soil sampling was therefore 

limited to continuous soil cores down to 75 cm depth, as digging a soil profile was not 

allowed. Further details on the methods and site characteristics can be found in Paper 

I. 

In Surtsey, another study was carried out to investigate how CO2 flux measurements of 

soil respiration (Rs), ecosystem respiration (Re) and net ecosystem exchange (NEE) 
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were linked to root distribution and changes in SOC pools. Flux measurements were 

done using EGM-4 infrared gas analyser and a CPY transparent CO2 flux chamber. The 

NEE and Re was measured just prior to the chronosequence, harvesting was done and 

subsequently Rs was measured after aboveground biomass had been cut. Further details 

on the methods can be found in Paper III.  

The chronosequence study in Leirdalur was carried out at four different sites, three 

revegetated with Leymus and fertilized (paper II) with additional 260 kg N-ha, after 

eruptions of Mt Hekla, 40, 20 and 10 year ago, and on untreated control land. Three soil 

profiles were dug for each age group to depth below the maximum rooting depth of 

each site, or down to 3.6 m depth in the oldest dunes. Root and soil samples were taken 

at set intervals throughout each profile. The topmost 30 cm were sampled at 10 cm 

intervals and deeper soil layers at 30 cm intervals. Further details on the methods and 

site characteristics can be found in Paper II. 
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3. Results 
 

3.1 The Surtsey chronosequence (Paper I) 

The chronosequence study in Surtsey showed that the aboveground plant biomass, 

cover or number of shoots per unit area did not change significantly with age as the 

Leymus arenarius dunes expanded (Table1; Table 1 in Paper I). However, the root 

biomass per unit area accumulated with age, giving an average root / shoot ratio of 19. 

Soil organic matter per unit area increased exponentially with dune age (Fig. 3), and 

there was a stronger link between the increase in the accumulation of roots, 

aboveground biomass and soil organic matter to soil nitrogen than time. A 1 g m−2 

increase in soil N led on the average to a 6 kg C m−2 increase in biomass and soil organic 

matter (Table 1, Paper I).  

The accumulation of nitrogen within the dunes was on the average 6.7 kg N ha−1 year−1 

(Table 1 in Paper I). The SOC stock in the top 30 cm ranged between 42% and 100% 

of SOC stock in the 0 - 75 cm layer. It was lowest in the second oldest dune (Fig. 3),  

The accumulation of carbon with age was highly significant (Fig. 4d; P<0.001), and 

amounted to 31 g C m−2 year−1. The relationship between age and changes in 

aboveground biomass, roots and SOC was also significant, or P=0.002, P=0.003 and 

P<0.001, respectively (Fig. 4a-c). 

 

Figure 3. Distribution of aboveground (green, above the dotted line) and belowground 

plant biomass (green, below the dotted line) and soil organic carbon (brown) in seven 

Leymus arenarius dunes on Surtsey, ranging in age between 3 and 37 years. The profiles 

are from the top of each dune. Shown above the diagram are the fractions of total 

ecosystem C stock found above 30 cm depth and the fraction of ecosystem C stock in 

soil organic matter (f SOC). Figure from Paper I. 
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Figure 4. The carbon build-up in different ecosystem compartments (g C m-2) in the 

Leymus arenarius dunes during 37 years of primary succession, including all roots and 

SOC > 75 cm depth. It was assumed that C-stock was zero at year 0 (primary 

succession). 
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3.2 The Leirdalur chronosequence (Paper II) 

 

a)

 

b)

 

c)

 

d)

 
 

Figure 5. Carbon stock (g C m-2) in aboveground and belowground biomass (shoots 

and roots; green) and soil organic matter (red) at different depth intervals in (a) 

untreated control (b) 10 year-, (c) 20 year- and (d) 40-year-old revegetation sites with 

Leymus arenarius in southern Iceland. The error bars indicate the SE for total C stock 

in each depth interval (n=3). Figure from Paper II. 

 

There was a significant increase in total vegetation cover with age in Leirdalur within 

the dunes and the percentage cover of Leymus arenarius also increased with age 

(Table1; Table 1 in Paper II).   

The Leymus arenarius had a very deep root systems at Leirdalur, extending to 150, 150 

and 390 cm below the dune surface in 10, 20 and 40-year-old dunes, respectively, and 

the highest density of the roots were found below the conventional 30 cm soil sampling 

depth (Fig. 5). The R/S ratio of the oldest dunes was on average 52 (Paper II).  
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Figure 6. The ecosystem carbon build-up (g C m-2) in the Leymus arenarius 

revegetation sites in Leirdalur after 10, 20 and 40 years, using a standardised soil 

sampling down to 30 cm depth (top panel) and the total build-up of carbon within the 

dune, including the whole rooting depth (bottom panel). Figure from Paper II. 

 

The root/shoot (R/S) and root organic carbon / soil organic carbon (ROC/SOC) ratios 

increased significantly with age and depth of the profile (Table 1; Table 2, Paper II). 

The ROC build up was as much as 32 times greater than the SOC build-up in the whole 

profile during the initial 40 years after revegetation (Table 1; Table 2, Paper II). There 

was also a near significant increase of ROC with age in the whole profile (Regression 

analysis between ROC and age; P=0.058). 

The carbon/nitrogen (C/N) ratio of the soil decreased with age in the top 30 cm of the 

soil, indicating an increase of total N in the system (Table 2 in Paper II). Looking at the 

C/N ratio of the whole profile, the pattern was the same in the 10 and the 20-year-old 

dunes, but in the 40-year-old dunes there was a significant increase in the C/N ratio due 

to more proportional accumulation of root biomass and SOC (Fig. 5).  
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No significant organic matter accumulation was detected in the top 30 cm of the soil 

(15 g C m-2 year-1; P=0.31; Fig. 6 top panel). When, however, the whole profile was 

sampled in Leirdalur, the annual organic matter accumulation was found to be 128 g C 

m-2 year-1 (P=0.006; Fig. 6). When converted to CO2 units, the regression model 

predicted and accumulation 4.8 t CO2 ha-1 year-1 in the whole dune profile (Fig. 6, 

bottom panel).  

The study showed that there was a consistent and significant underestimation of the 

build-up of organic matter in the ecosystem if the conventional 30 cm sampling depth 

was used (Fig. 6; higher and significant slope in the bottom panel, but not the top panel). 

The underestimation of the annual C-sequestration rate was 87% in the oldest 

revegetated dune if the inventory was only done for the top 30 m of soil compared to 

the whole profile (P=0.051; Fig. 5; Table 3 in Paper II).  

Correction factor was calculated for the underestimation of ecosystem C stock caused 

by only sampling to 30 cm depth at Leirdalur and gave 1.6, 2.5 and 6.0 for 10, 20 and 

40-year-old Leymus sites, respectively with an average value of 3.4 (Fig. 7). The best 

predictor for the variability in the correction factor was found to be the aboveground C 

stock (P<0.001, R2=0.82; Fig. 7).  

 

Figure 7. The relationship between the aboveground C stock (Cab; g C m-2) in the 

Leymus arenarius revegetation sites in Leirdalur after 10, 20 and 40 years and the 

correction factor needed to convert the C stocks measured with a standardised soil 

sampling down to 30 cm depth to total ecosystem C stocks (Ctot; g C m-2). 
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3.3 Comparison between natural and re-vegetated Leymus ecosystems 

The plant community of the Leymus dunes in the pristine island’s ecosystem on Surtsey 

consisted of only two species, the Leymus arenarius and Honkenya peploides. The 

community structure did not change with dune age for the initial 37 years (Table 1; 

Table 1 in Paper I). In Leirdalur, the Soil Conservation Service (SCS) established fields 

of Leymus arenarius by direct seeding and fertilization into eroded areas. The fertilizers 

were applied five times during the initial 8 years, which amounted to 26 in the five 

aplications, added into the system.  There the species richness was greater than in 

Surtsey especially in the 20-year-old revegetation (Table 1) with increasing cover and 

increasing Leymus % with age in total cover (Table1). 

Both aboveground and belowground biomass showed similar patterns in Surtsey and 

Leirdalur, with very high R/S ratios in the Leymus dunes. On Surtsey the R/S ratio was 

on the average over 19 in the top 75 cm of soil and the ratio was on average over 40 in 

the whole soil profile at Leirdalur (Table 1; Table 1 and Table 2 in Papers I and II, 

respectively). Similar increases were also seen in the total belowground biomass during 

the initial 40 years at both sites and the deepest live roots were recorded at 3.9 m depth 

in the oldest dune of Leirdalur (Figure 2 and 3).  

Table 1 also clearly shows the difference between primary and secondary succession in 

terms of available N in the ecosystem. In Surtsey unvegetated areas that have 3-year-

old Leymus dunes only contain 3 g N m-2 in the top 75 cm of soil, while the untreated 

control areas at Leirdalur contained 39 g N m2 in 90 cm of soil. However, during the 

37 years of primary succession the Leymus dunes accumulated additional 39 g N m-2, 

or 14 times the initial N stock. In Leirdalur, the accumulation with age was 267 g N m-

2, or 8 times the amount available in the intial N stock but 26 g Nm-2 were added into 

the system in form of fertilizer while the Leymus was establishing 
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Table 1. Selected variables from sites with L. arenarius communities in primary 

succession (Surtsey) and before (0 years) and after revegetation with L. arenarius and 

fertilization (Leirdalur). Total number of vascular plant species in quadrats (Spp).  Total 

surface cover in quadrats (Tot. cov %) and the relative contribution of L. arenarius in 

total cover (Rel. cov. %), root to shoot ratio (R/S), total soil organic nitrogen (SON; g 

N/m2) and soil carbon to nitrogen ratio (C/N) ratio. Data from Table 1, Papers I and II.  

Site - age Spp Tot Cov. Rel Cov R/S SON C/N 

Surtsey – 3 years 2 8 88 30 3 12 

Surtsey – 9 years 2 35 86 13 7 16 

Surtsey – 17 years 2 25 96 16 11 14 

Surtsey – 37 years 2 36 61 21 42 14 

Leirdalur – 0 years * 2 41 30 39** 73 

Leirdalur – 10 years 3 25 61 69 75 66 

Leirdalur – 20 years 7 36 67 93 118 52 

Leirdalur – 40 years 4 56 92 40 306 103 

* No spp not recorded in the smaller sampling quadrats; ** Amount in the top 90 cm in 

the soil, lowest two layers were excluded.  

 

3.4 Comparing soil CO2 flux to soil C pools in Surtsey (Paper III) 

A comparison of soil CO2 efflux with soil C pool in Surtsey showed that water stress 

affected soil respiration (Rs) fluxes between survey years, which made it impossible to 

use such measurements to accurately map the distribution of SOC and root biomass 

(Figure 4 in Paper III).  

Still, the CO2 efflux measurements could be used as a relative measure of belowground 

carbon stocks, since the root biomass that was found in the chronosequence study (Fig. 

2) explained 86% (P<0.001) of the variability in the measured Rs (within year) and the 

regression relationship between Rs and SOC (g C m-2) was also significant (P<0.001, 

R2=0.76; Figure 6 in Paper III), although not as strong as with root biomass. 

The study also found that both soil respiration (Rs) and measured root stocks in 2010 

had increased substantially from an earlier study on the same plots that was conducted 

in 1987 (Figure 3 in Paper III). 
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4. Discussion 

 

4.1 Comparison of plant variables between natural and revegetated Leymus 

ecosystems 

Species richness was very low in the Leymus dunes in Surtsey, which corresponded 

well with more extensive studies on Surtsey by Fridriksson (1992), Magnússon, et al. 

(2014), Leblans et al. (2014) and Leblans (2016). Their results also show that when 

nitrogen inputs increase (due to seabird activity) the species richness and ecosystem 

succession accelerates. Few studies exist on changes in species richness with age in 

inland Leymus ecosystems. There were some indications of greater species richness in 

the younger revegetated sites at Leirdalur than in the oldest dunes there (Aradottir et 

al., 2000), that may partly be explained by the initial fertilization effects first after 

revegetation was initiated (cf. Gretarsdottir et al., 2004), but then later the accumulation 

of sand and increase in dune height may have made it less favourable habitat for another 

species (Fig. 8). This may also be associated with drought stress as the oldest dune 

increased in height and the distance to the ground water increased, which is a known 

process that can lead to sand-dune turnover as they become too large (Greipsson & 

Davy, 1994). The sand accumulation may also have killed off the grasses with shorter 

root system and therefore increased relative percentage cover of Leymus in the oldest 

dunes. The R/S ratio and root organic carbon / soil organic carbon ratios (ROC/SOC) 

were lower in the top 30 cm of the oldest (40-year-old) dune in Leirdalur than in the 10 

and 20-year-old dunes, which may also indicate more difficult growing conditions. 

The Leymus plants grew denser, i.e. had higher surface cover per unit area, on the dunes 

in Leirdalur than in Surtsey. The Leymus cover also increased with age in Leirdalur 

while it stayed constant within the dune surface in Surtsey. This may have been affected 

by two contrasting processes. First the seeds used in Leirdalur had been treated to break 

dormancy and were seeded evenly over a larger area. This may have led to denser initial 

cover than can form when a dune grows from natural seeding and subsequent formation 

of new sprouts from rhizomes (Fridriksson, 1992). Greipsson & Davy (1996a) indeed 

found that natural germination is poorer in untreated Leymus seeds and Bjarnason 

(1982) initially showed how the dormancy could be broken. The second factor for 

higher Leymus density in Leirdalur could be the initial fertilization and higher N 

availability there. A similar effect has been observed in the seagull colony on Surtsey, 
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where the Leymus density increases with increased nutrient addition rate (Magnússon 

et al., 2014; Leblans et al., 2014; Leblans, 2016). Recently Oskarsson & Heyser (2015) 

showed how nutrient additions could lead to increased growth and cover of Leymus.  

The Leymus arenarius sand-dune ecosystems have large, extensive, root systems 

according to Greipsson &Davy (1994), but no knowledge existed prior to this project 

on the maximum root depths of Leymus in Iceland. I found that the maximum root depth 

increased with age and was at maximum 390 cm in 40-year-old dunes. On Surtsey the 

sampling depth was limited to 75 cm, but probably the roots there did not reach as deep 

as observed in Leirdalur, where the dunes were higher due to the extreme sand drift 

from the highlands (Thorarinsdottir & Arnalds, 2012). Also, the bedrock was generally 

found within 1 m sand depth in Surtsey (unpublished data).  

Data about the amount of belowground biomass and R/S ratios in Leymus ecosystems 

was also limited. Aradóttir et al. (2000) found an average R/S ratio of 0.24 for three 26-

39-year-old dunes in S and N Iceland, while Leblans et al. (2014) reported a R/S ratio 

of 18 for Leymus communities on Surtsey, but for larger areas both containing dunes 

and unvegetated sands. Both these R/S ratios are low, compared to the R/S ratio of 52 

that I found in the 40-year-old dunes in Leirdalur. However, the Leblans et al. (2014) 

values are similar as I found in 28-37-year-old dunes in Surtsey (Paper I). The lower 

R/S ratios in the other studies (and in my Surtsey study) could be explained by that only 

part of the Leymus root systems were retrieved when sampling depth was limited to 30 

cm (Aradóttir et al., 2000; Leblans et.al., 2014) or 70 cm (Paper I).  

The R/S ratio of Leymus was also high when averaged across all age-classes at Surtsey 

(19) and Leirdalur (40). These values are much higher than is found for most other 

vegetation communities, which typically have an R/S ratio of 1-2 (Daniel et al., 2005). 

This, however, fits well with the general adaptations of most sand-dune plants (Doody, 

2013).  

 

4.2 Comparison of N build-up between natural and revegetated Leymus ecosystems 

The carbon and nitrogen (N) pools increased with age on both sites. However, both 

carbon sequestration and soil N accumulation were much higher in Leirdalur than in 

Surtsey (Table 2 in Paper II and Table 1 in Paper I). The higher N at Leirdalur was not 

surprising, as N was added by fertilization by the SCS for the first 3 years and again in 
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the 5th and 8th year. Furthermore, additional N can be brought in by erosion from 

neighbouring areas on the mainland (Arnalds, 2015). Greater N in Leirdalur also 

accelerated the build-up of the carbon pools there, compared to Surtsey. This is 

supported by the findings of Leblans et al. (2014), Leblans (2016), Magnússon et al. 

(2014) and Oskarsson and Heyser (2015), who show how fertilization or natural N 

inputs increase Leymus growth and carbon accumulation.  

The tephra-sand on Surtsey has a very low N content and the build-up of N there has 

been very slow (Magnusson et al., 2009). The average organic N accumulation rate on 

the island was 0.7 kg N ha-1 yr-1 outside the seagull-affected areas (Leblans et al., 2014), 

but that number corresponded to areas between Leymus dunes. This was about half of 

the expected atmospheric N deposition per area in Iceland, where annual rainfall is 1500 

mm accounting for 1.8-2.0 N ha-1 yr-1 (Gíslason et al., 1996). Part of the missing N in 

the tephra-sand areas has probably been accumulated into the Leymus dunes, but the 

present study showed that annual N accumulation rate there was 6 times higher (6.6 kg 

N ha yr-1) than the accumulation reported in soil outside the dunes (Leblans et al., 2014; 

Leblans, 2016). The Leymus dunes will therefore probably act as hot spots for further 

succession of flora and fauna on the tephra sands in these ecosystems. 

 

   

Figure 8. The 10, 20 and 40-year-old revegetated sites at Leirdalur (increasing age from 

left to right). The younger sites are flatter and with a more even increase in surface 

height while the oldest revegetated site has formed cone shaped dunes with much higher 

Leymus cover. (Photos: Stefansdottir).  

 

When the chronosequences of different plant and soil variables are compared between 

Surtsey and Leirdalur it is important to keep in mind the difference in how the Leymus 

is regenerated in natural ecosystems and revegetation areas. At Leirdalur the seeding 
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was done by seed drilling machines that establish an even density of seedlings (Fig. 8). 

The even and high sowing rate in the revegetated areas of Leirdalur can e.g. lead to 

increased more intense competition between Leymus plants for nutrients, than in the 

natural the Leymus communties. Therefore, the initial fertilization may be needed when 

the Leymus is established in such areas. On the other hand, scattered Leymus plants that 

have established naturally can use their extensive root systems to scavenge for limiting 

nutrients from a larger area.  

It was noteworthy that the increase in the N stock at Leirdalur was 267 g N m-2 from 

the control sites to the 40-year-old Leymus dunes, of which only 26 g N m-2 was from 

mineral fertilizer inputs into the system. Ca. 90% of the ecosystem N in the 40-year-old 

revegetated dunes therefore came from a combination of three processes: i) Root 

scavenging from the surrounding (unvegetated) areas, similar to what was observed in 

Surtsey. ii) Lateral transport of organic N with soil erosion from the neighbouring areas. 

iii) Translocation of N from deeper soil layers than were included in the present study.  

 

4.3 Distribution of soil organic matter with soil depth  

In Leirdalur the mean annual build-up of root organic carbon and SOC in the top 30 cm 

of soil was found to be only 15 g C m-2 yr-1 or 0.15 t C ha-1 yr-1, which was marginally 

unsignificant (Fig. 3). However, when the root and soil organic carbon were measured 

in the whole soil profile, there was a large increase in the annual carbon build-up with 

age, or 8.6 times higher rates than in in the top 30 cm (1.28 t C ha-1 yr-1). Similarly, the 

carbon build-up in the top 30 cm in Surtsey was 67% of the total carbon stock down to 

75 cm depth, and this proportion did not change with age of the dune during the 37 

years.  

The above findings clearly show that the standardised IPPC methodology of measuring 

only the top 30 cm of soil gives misleading results in ecosystems of deep rooted dune 

building species like Leymus, especially where sand drift is as high as in the Leirdalur 

area (Thorarinsdottir & Arnalds, 2012).  

It is not practical to sample down to 4 m in national inventories. One way would be to 

use a correction factor for missing SOC and ROC stocks below 30 cm sampling depth. 

In my Leirdalur study, such a correction factor was 3.4 on average, but its accuracy for 

the Leirdalur data was much improved when aboveground C stock was used as an 
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explanatory variable (Fig. 7). However, this relationship has only been validated at 

Leirdalur and more research is needed at more locations before its applicability can be 

established.  

 

4.4 Annual accumulation rates of organic matter  

The mean annual carbon sequestration rates within the Leymus dune chronoseqence on 

Surtsey were 31 g C m-2 yr-1, which equals 0.31 t C ha-1 yr-1 or 1.1 t CO2 ha-1 yr-1 in 

continuous dune area. This rate was somewhat higher than was found in a 

chronosequence study of a primary succession of glacial moraines, appearing after the 

retreat of Skaftafellsjökull glacier during the past 120 years, but there the rate was 0.11 

t C ha-1 yr-1 in the top 20 cm of soil (Vilmundardottir et al., 2015).  

The mean annual C-sequestration rates in up to 4 m deep profiles within the revegetated 

Leymus patches at Leirdalur were much higher, or 128 g C m-2 yr-1 within the 40-year-

old dunes. This equalled 1.28 t C ha-1 yr-1 or 4.7 t CO2 ha-1 yr-1 in continuous seeded 

areas that were 40 years old. These values are very high, double as high as the 0.6 t C 

ha–1 yr.–1 found by Arnalds et al. (2000) in eroded sandy areas revegetated by various 

methods. Similar rate (0.57 t C ha–1 yr.–1) is used when national above- and 

belowground carbon sequestration is estimated for revegetation areas (Wöll et al., 

2014). Another study at the nearby Geitasandur that only looked at top 10 cm soil layer 

found 0.55 t C ha–1 yr.–1 5-7 years after seeding and similar fertilization (Arnalds et al., 

2013). The difference in C-sequestration rate was expected, because of the shallower 

sampling of Arnalds et al. (2013).  

The sequestration rates found in Leirdalur are comparable to average rates found during 

the initial 50 years following afforestation by coniferous trees in Iceland, 1.2 t C ha-1 

yr-1 (Sigurdsson et al., 2007). A long-term fertilization experiments on hayfields 

established on eroded sands on the nearby Geitasandur also found similar annual 

accumulation rates of 1.6 t C ha-1 yr-1 after 49 years of cultivation with 50 kg N ha-1 

added annually (Áskelsdóttir, 2012). These annual rates were, however, much higher 

than earlier results from Leirdalur (Aradóttir et al., 2000). The authors indeed pointed 

out that a deeper soil sampling was needed to get realistic estimates of C-sequestration 

rates in that study.  
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 4.5 Can CO2 flux measurements been used to map carbon pools? 

Measurements of ecosystem respiration have been used on Surtsey to investigate 

biological activity in different vegetation types and development stages (Magnússon, 

1992; Sigurdsson & Magnússon, 2010). I tested if such flux measurements could be 

used to map spatial distribution of soil and root carbon on Surtsey, which has early 

successional sandy soils, very low in SOC stocks. The findings in Paper III showed that 

water stress affected soil respiration fluxes between years and sites, which made it 

difficult to use such measurements to accurately map the distribution of SOC and root 

biomass. However, when care is taken to compare only Rs measurements made under 

similar conditions, the flux measurements seemed to work as a relative measure of 

belowground C stocks.  

The study in Paper III also showed that both soil respiration (Rs) and measured root 

stocks had increased substantially between 1987 and 2010-2011, which agreed with and 

supported the trends found in the Surtsey chronosequence study. 
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5. Conclusions 

The present research showed that Leymus arenarius is valuable in primary succession 

in the barren sand ecosystems in Iceland, where it stimulates the build-up of soil organic 

matter and nitrogen. The accumulation of nitrogen observed in the dunes in Surtsey was 

much higher than could be explained with atmospheric nitrogen deposition. The build-

up of nitrogen and carbon into the dunes will probably make them a hot spot for further 

succession in these harsh conditions.  

The Leymus was found to be deep rooted (max 3.9 m) in Leirdalur where the sand drift 

was high with rapid accumulation of sand in the dunes. This makes the default IPCC 

soil inventory methods of only including the top 30 cm of soil unsuitable for such 

ecosystems. 

A promising correction factor was found to quantify the underestimation of only 

sampling to 30 cm depth. Further studies are, however, needed to establish how general 

the Leirdalur correction factor is. 

 

 

 



23 

 

6. References 

Aradóttir, A.L., Petursdottir, T., Halldorsson, G., Svavarsdottir, K. & Arnalds, O. 

(2013). Drivers of ecological restoration: lessons from a century of restoration in 

Iceland. Ecology and Society 18(4), 18-33.  

Aradottir, A.L., Svavarsdottir, K., Jonsson, Th.H. & Gudbergsson, G. (2000). Carbon 

accumulation in vegetation and soils by reclamation of degraded areas. Icelandic 

Agricultural Sciences 13, 99-113. 

Arnalds, O. (2015) The soils of Iceland. Dordrecht, Heidelberg, New York, London: 

Springer.  

Arnalds, O. (2013). The influence of volcanic tephra (ash) on ecosystems. Advances in 

Agronomy 121, 331–380. 

Arnalds, O., Aradottir, A.L. & Thorsteinsson, I. (1987) The nature and restoration of 

denuded areas in Iceland. Artic and Alpine Reseach 19, 18-525. 

Arnalds, O., Dagsson-Waldhauserova, P., Olafsson,H. (2016). The Icelandic volcanic 

Aeolian environment: Processes and impacts- A review. Aeolian Research 20, 176-195 

Arnalds, O., Gudbergsson, G & Gudmundsson, J. (2000) Carbon sequestration and 

reclamation of severely degraded soils in Iceland. Icelandic Agricultural Sciences 13, 

87-97. 

Arnalds, O. & Kimble, J. (2001). Andisols of deserts in Iceland. Soil Science Society of 

America Journal 65, 1778-1786. 

Arnalds, O., Orradottir, B. & Aradottir, A.L. (2013). Carbon accumulation in Icelandic 

desert Andosols during early stages of restoration. Geoderma 193/194, 172-179. 

Arnalds, O., Thorarinsdottir, E.F., Metusalemsson, S., Jonsson, A., Gretarsson, E. 

Arnason, A. (2001). Soil erosion in Iceland. Soil Conservation Service and Agricultural 

Research Institute, Reykjavik. Translation of original edition in Icelandic 1997.  

Askelsdóttir, S. (2012). Changes in soil organic carbon in four long-term hayfield 

fertilisation experiments in Iceland: Monitoring and modelling. M.Sc. thesis, 

Agricultural University of Iceland. 

Bjarnason, S. (1982). Dvali melfræs og aðferðir til að auka spírun þess. Rala Report 

No. 91 [in Icelandic]. 

Bird, E.C.F. (ed) (2010). Encyclopaedia of the world’s coastal landforms. Dordrecht: 

Springer. 

Bradshaw, A.D. (1983). The reconstruction of ecosystems. Journal of Applied Ecology 

20, 1–17. 

Chapin III, F. S., Matson, P.A., & Mooney, H.A. (2002). Principles of terrestrial 

ecosystem ecology. New York, Berlin, London: Springer. 

Chapin III, F.S., McFarland, J., McGuire, A.D., Euskirchen, E.S., Ruess, R.W.  & 

Kielland, K. (2009). The changing global carbon dynamic to global consequences. 

Journal of Ecology 97, 840-850. 

Daniel, P.R., Cornelia, R. & Marie-France, D. (2005). Is soil carbon mostly root 

carbon? Mechanisms for a specific stabilization. Plant and Soil 269, 41-356. 



24 

 

Dawson, S., Smith, D.E., Jordan, J. & Dawson, A.G. (2004). Late Holocene costal sand 

movements in the outer Herbides N.W. Scotland. Marine Geology 210 (1-4), 281-306.  

del Moral, R. & Grishin, S.Y. (1999). Volcanic disturbances and ecosystem recovery. 

In: Walker L R. (ed.) Ecosystems of disturbed ground (pp. 137-160). London: Elsevier. 

Doody, J.P. (2013). Sand dune conservation, management and restoration. Dordrecht, 

Heidelberg, New York, London: Springer.  

European Commission (1992). Council Directive 92/43/EEC of 21 May 1992 on the 

conservation of natural habitats and of wild fauna and flora. Brussels: European 

Commission. 

Forey, E., Lortie, C.J. & Michalet, R. (2009). Spatial patterns of association at local and 

regional scales in coastal sand dune communities. Journal of Vegetation Science 20, 

916–925. 

Fridriksson, S. (1992). Vascular plants on Surtsey 1981–1990. Surtsey Research 

Progress Report X, 17–30. 

Gíslason, S.R., Arnorsson, S. & Armansson, H. (1996). Chemical weathering of basalt 

in southwest Iceland: Effect of runoff, age of rock and vegetative/glacial cover. 

American Journal of Science 296, 837-907. 

Greipson, S. & Davy, A.J. (1996a). Aspect of seed germination in dune-building grass 

Leymus arenarius Icelandic Agricultural Sciences 10, 209-217. 

Greipsson, S. & Davy, A.J. (1996b). Sand accretion and Salinity as Constraints on the 

Establishment of Leymus arenarius for Land Reclamation in Iceland. Annals of Botany 

78(5), 611-618. 

Greipsson, S. & Davy, A.J. (1994). Leymus arenarius. Characteristic and uses of a 

dune-building grass. Icelandic Agricultural Sciences 8, 41-50. 

Greipsson, S. & El-Mayas, H. (1994). Coastal sands of Iceland. EUCC Magazine, 

Coastline 3, 36-40. 

Gretarsdottir, J., Aradottir, A.L., Vanvik, V., Heegaard, E. & Briks, H.J.B. (2004). 

Long-term effects of reclamation treatments on plant succession in Iceland. Restoration 

Ecology 12(2), 268-278. 

Icelandic Institute of Natural History (2016). Melholar. 20 February 2016 at 

http://www.ni.is/greinar/melholar.  

IPCC (2000). Good Practice Guidance and Uncertainty Management in National 

Greenhouse Gas Inventories. Downloaded from: http://www.ipcc-

nggip.iges.or.jp/public/gp/english/ 

Jones, M.L.M., Sowerby, A., Williams, D.L. & Jones, R.E. (2008). Factors controlling 

soil development in sand dunes: evidence from a coastal dune soil chronosequence. 

Plant and Soil 307, 219–234. 

Lal, R (2008). Soil carbon stock under present and future climate with specific reference 

to European ecoregion. Nutrient cycling in Agroecosystems 81, 113-127. 

Leblans, N. I. W., Sigurdsson, B. D., Roefs, P., Thuys, R., Magnússon, B., & Janssens, 

I. A. (2014). Effects of seabird nitrogen inputon biomass and carbon accumulation after 

50 years of primary succession on a young volcanic island, Surtsey, Biogeosciences 11, 

6269–6302. 



25 

 

Leblans, N. I. W. (2016). Natural gradients in temperature and nitrogen: Iceland 

represents a unique environment to clarify longterm global change effects on carbon 

dynamics. Joint Ph.D. thesis between Agricultural University of Iceland and University 

of Antwerp, Reykjavik, Iceland. 

Magnússon, B. (1992). Soil respiration on the volcanic island Surtsey, Iceland in 1987 

in relation to vegetation. Surtsey Research Progress Report X, 9-16.  

 Magnússon, S.H. (1997). Restoration of eroded areas in Iceland. Restoration Ecology 

and Sustainable Development 10, 188-211. 

Magnusson, S.H. (1994). Plant colonization of eroded areas in Iceland. Ph.D. thesis. 

Department of Ecology Plant Ecology, Lund University, Sweden. 

Magnússon, S.H. & Svavarsdóttir, K. (2007). Áhrif beitarfriðunar á framvindu gróðurs 

og jarðvegs á lítt grónu landi. Fjölrit Náttúrufræðistofnunar 49. Náttúrufræðistofnun 

Íslands: Reykjavík. 

Magnússon, B. & Magnússon, S.H. (2000). Vegetation succession on Surtsey, Iceland, 

during 1990–1998 under the influence of breeding gulls, Surtsey Research 11, 9–20. 

Magnusson, B., Magnusson, S.H. & Fridriksson, S. (2009). Development in plant 

colonisation and succession on Surtsey during 1999-2008. Surtsey Research 12, 57-76. 

Magnússon, B., Magnússon, S.H., Ólafsson, E. & Sigurdsson, B.D. (2014). Plant 

colonization, succession and ecosystem development on Surtsey with reference to 

neighbouring islands. Biogeosciences 11, 5521-5537. 

Masera, O.R., Garza-Caligaris, J.F., Kanninen, M., Karjalainen, T., Nabuurs, G.J., 

Pussinen, A., de Jong, B. J. & Mohren, F. (2003). Modelling carbon sequestration in 

afforestation and forest management projects: The CO2Fix V.2 approach, Ecological 

Modelling 164(2–3), 177–199. 

Ministry for the Environment (2014). Iceland´s sixth National Communication and first 

Biennial Report under the United Nations Framework Convention on Climate Change 

(NC-6). Ministry for the Environment, Reykjavik, Iceland.  

Oskarsson, H., Arnalds, O., Gudmundsson, J. & Gudbergsson, G. (2004). Organic 

Carbon in Icelandic Andosols: geographical variation and impact of erosion. Catena 

56, 225-238. 

Oskarsson, U. & Heyser, W. (2015). Inoculation with arbuscular mycorrhizal fungi, 

fertilization and seed rates influence growth and development of lyme grass seedlings 

in two desert areas in Iceland. Icelandic Agricultural Sciences 28, 59-80. 

Ottósson, J.G., Sveinsdóttir, A. & Harðardóttir, M. (2016). Vistgerðir á Íslandi 

[Icelandic Habitats]. Fjölrit Náttúrufræðistofnunar, 54, 299 p. [In Icelandic]. 

Penman, J., Gytarsky, M., Hiraishi, T., Krug, T., Kruger, D., Pipatti, R., Buendia, L., 

Miwa, K., Ngara, T., Tanabe, K. & Wagner, F. (2003) Good practice guidance for land 

use, land-use change and forestry. Intergovernmental Panel on Climate Change: Bonn 

Pye, K. & Tsoar, H. (2009). Aeolian and sand dunes. Berlin, Heidelberg: Springer. 

Rodwell, J.S., Pigott, C.D. & Tatcliffe, D.A. (2000). Maritime communities and 

vegetation of open habitats. British Plant Communities. Cambridge: Cambridge 

University Press.  



26 

 

Runólfsson, S. (1987). Land reclamation in Iceland. Arctic and Alpine Research 19, 

514-517. 

Sherman, D.J. & Nordstrom, K.F. (1994). Hazards of wind-blown sand and coastal drift 

sands: a review. Journal of Coastal Research 12, 263–275. 

Sigurdsson, B.D., & Magnusson, B. (2010). Ecosystem respiration, vegetation 

development and soil nitrogen in relation to breeding density of seagulls on a pristine 

volcanic island, Surtsey, Iceland. Biogeosciences 7, 883-891.  

Sigurdsson, B.D., Snorrason, A., Kjartansson, B.Þ. & Jonsson, J.A. (2007). Total area 

of planted forests in Iceland and their carbon stocks and fluxes. In: G. Halldórsson, E.S. 

Oddsdóttir, & O. Eggertsson (eds.), Effects of afforestation on ecosystems, landscape 

and rural development. TemaNord 562, 211-217. 

Steindorsson, S. (1964). Gróður á Islandi. Reykjavík: Almenna Bókafélagið [in 

Icelandic].  

Sun, J. & Liu, T. (2006). The age of the Taklimakan desert. Science 312, 1621. 

Tarnocai, C., Canadell, J.G., Schuur, E.A.G., Kuhry, P., Mazhitova, G. & Zimov, G 

(2009). Soil organic carbon pools in the northern circumpolar permafrost region. Global 

Biogeochemical Cycles 23, 1-11. 

Thorarinsdottir, E.F. & Arnalds, O. (2012). Wind erosion of volcanic materials in the 

Hekla area, South Iceland. Aeolian Research 4, 39–50. 

Thorsson, J. & Svavarsdottir, K. (2013). Soil carbon sequestration: A component of 

ecological restoration. In: In Guðmundur Halldórsson, Francesca Bampa, Anna Björk 

Þorsteinsdóttir, Bjarni D. Sigurdsson, Luca Montanarella, & Andrés Arnalds (Eds.), 

JRC Science and Policy Reports. Soil carbon sequstration for climate, food security and 

ecosystem services (Vol. EUR 26540 EN, pp. 27-29). Ispra, Italy: European 

Commission. 

Tsoar, H. & Blumberg, D.G. (2002). Formation of parabolic dunes from barchans and 

transverse dunes along Israel’s Mediterranean coast. Earth Surface Processes and 

Landforms 27, 1147–1161. 

UNESCO World Heritage Centre (2016). Visited 20 February 2016 at 

http://whc.unesco.org/en/list/1267.  

Vilmundardóttir, O.K., Gísladóttir, G. & Lal, R. (2015). Soil carbon accretion along an 

age chronosequence formed by the retreat of the Skaftafellsjökull glacier, SE-Iceland. 

Geomorphology 228, 124-133. 

Wöll, Christoph, Hallsdóttir, Birna Sigrún, Guðmundsson, Jón, Snorrason, Arnór, 

Þórsson, Jóhann, Jónsson, Páll Valdimar Kolka, Andrésson, Kristján & Einarsson, 

Stefán. (2014). National Inventory Report 2014. Emissions of greenhouse gases in 

Iceland from 1990 to 2012. Umhverfisstofnun, UST-2014-2, April 2014. bls.371. 

 

  



27 

 

7. Papers 

 

 

 

 

 



 

 

 

 

 

Paper I. 

 
Gudrun Stefansdottir, Asa L. Aradottir & Bjarni D. Sigurdsson (2014). Accumulation 

of nitrogen and organic matter during primary succession of Leymus arenarius dunes 

on the volcanic island Surtsey, Iceland. Biogeosciences, 11, 5763-5771. 

doi:10.5194/bg-11-5763-2014. 

  



Biogeosciences, 11, 5763–5771, 2014
www.biogeosciences.net/11/5763/2014/
doi:10.5194/bg-11-5763-2014
© Author(s) 2014. CC Attribution 3.0 License.

Accumulation of nitrogen and organic matter during
primary succession ofLeymus arenariusdunes on the
volcanic island Surtsey, Iceland
G. Stefansdottir, A. L. Aradottir, and B. D. Sigurdsson

Agricultural University of Iceland, Hvanneyri, 311 Borgarnes, Iceland

Correspondence to:B. D. Sigurdsson (bjarni@lbhi.is)

Received: 6 March 2014 – Published in Biogeosciences Discuss.: 6 May 2014
Revised: 7 September 2014 – Accepted: 9 September 2014 – Published: 16 October 2014

Abstract. Initial soil development and enhanced nutrient re-
tention are often important underlying environmental factors
during primary succession. We quantified the accumulation
rates of nitrogen (N) and soil organic matter (SOM) in a 37-
year-long chronosequence ofLeymus arenariusdunes on the
pristine volcanic island Surtsey in order to illuminate the spa-
tiotemporal patterns in their build-up. TheLeymusdune area,
volume and height grew exponentially over time. Above-
ground plant biomass, cover or number of shoots per unit
area did not change significantly with time, but root biomass
accumulated with time, giving a root / shoot ratio of 19. The
dunes accumulated on average 6.6 kg N ha−1 year−1, which
was 3.5 times more than is received annually by atmospheric
deposition. The extensive root system ofLeymusseems to
effectively retain and accumulate a large part of the annual
N deposition, not only deposition directly on the dunes but
also from the adjacent unvegetated areas. SOM per unit area
increased exponentially with dune age, but the accumulation
of roots, aboveground biomass and SOM was more strongly
linked to soil N than time: a 1 g m−2 increase in soil N led on
average to a 6 kg C m−2 increase in biomass and SOM. The
Leymusdunes, where most of the N has been accumulated,
will therefore probably act as hot spots for further primary
succession of flora and fauna on the tephra sands of Surtsey.

1 Introduction

Primary succession is the process of ecosystem development
of barren surfaces with no previous developed soil or plant
cover, such as new lava flows or areas left in front of re-
treating glaciers. Multiple environmental factors and ecosys-
tem properties can act as thresholds in primary succession of
such areas, not least a lack of nutrients, water and developed
soil (del Moral and Grishin, 1999). Therefore the earliest
colonists on volcanic tephra fields are often confined to spe-
cific microsites that offer some physical protection and en-
hanced nutrient resources from weathering, erosion or other
nutrient inputs (Walker and del Moral, 2003). As some vege-
tation cover establishes on the pristine surfaces, organic mat-
ter (OM) and soil organic nitrogen (SON) start to accumu-
late, which again improves the growing conditions for later
successional species (Whittaker et al., 1989). Such “auto-
genic” (internal) factors are expected to determine the course
of succession by traditional succession theory (Walker and
del Moral, 2003), but “allogenic” (external) or stochastic fac-
tors (such as distance to potential colonists) also play an im-
portant role in some cases (del Moral et al., 2009; Marteins-
dottir et al., 2010).

Pristine volcanic islands offer special conditions to study
the processes of primary succession. New volcanic islands,
or older islands completely disturbed by volcanic activity in
historic times, are few; hence only a limited number of such
studies exists, including, for example, Krakatau in Indone-
sia, which erupted in 1883 (cf. Whittaker et al., 1989), and
most recently the Kasatochi Island in Alaska, which erupted
in 2009 (Talbot et al., 2010). More work has been done on
primary succession of lava flows from continental volcanos
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or where parts of volcanic islands have been disturbed by a
new eruption (reviewed by Walker and del Moral, 2003).

The island of Surtsey emerged in an eruption that lasted
from November 1963 to June 1967. Its undeveloped soil
(tephra sand) contained only minute amounts of soil or-
ganic matter (SOM) and nitrogen (SON) in the beginning
(Henriksson et al., 1987). Colonisation of vascular plants
has been closely monitored on Surtsey since its emergence
(Fridriksson, 1966, 1992; Magnússon and Magnússon, 2000;
Magnússon et al., 2009, 2014). These studies show that the
first plant community that successfully colonised the island
consisted mainly of deep-rooted shore plants forming dense
colonies of aboveground foliage (dunes or cushions) such as
Leymus arenariusandHonckenya peploides, with large un-
vegetated areas in between.

The importance of spatial variation in early primary suc-
cession is receiving increasing attention (e.g. Cutler et al.,
2008; del Moral et al., 2009; Cutler 2011; Garibotti et al.,
2011). In patchy environments, positive feedback mecha-
nisms can contribute to resource aggradation (cf. Rietkerk et
al., 2002; Ehrenfeld et al., 2005), and we expect this to be the
case for theLeymusdunes in Surtsey. Due to the careful mon-
itoring of Surtsey’s vegetation, the exact age of eachLeymus
dune is known, which presents an opportunity to study the
effects of vegetation on the development of spatial variation
in soil properties in the early stages of primary succession.

The main objective of this study was to assess the accumu-
lation rates of SON and OM inLeymus arenariusdunes dur-
ing primary succession on Surtsey. We sampled a 37-year-
long chronosequence of seven different-agedLeymusdunes,
expecting to find a linear increase in the SON and SOC (soil
organic carbon) with dune age that would indicate a grad-
ual improvement of growing conditions. Furthermore we ex-
pected theLeymusto grow more vigorously and form denser
aboveground canopy as it got older and accumulated more
resources.

2 Material and methods

2.1 Site description

Surtsey (Fig. 1; 63.3◦ N, 20.6◦ W) is the southernmost island
of the Vestmannaeyjar archipelago, ca. 32 km off the south
coast of Iceland. The local climate is cold-temperate oceanic,
with an annual mean temperature of 5.0◦C and mean annual
precipitation of 1576 mm during the period 1965–2005, as
recorded at the weather station on the island of Heimaey,
15 km to the northeast of Surtsey (Icelandic Met Office).

The firstLeymus arenariusseedling was found on the is-
land in 1966, before the eruption ceased (Fridriksson, 1966),
but it did not establish. The first successful establishment
of Leymuswas in 1974, and that colony produced seeds
for the first time in 1979 (Fridriksson, 1992). In 1983, the
first successful seedling emergence ofLeymusfrom local

Figure 1. Location of the different-agedLeymus arenariusdunes
selected on the southeast side of Surtsey, Iceland. See Table 1 for
further information about different colonies.

seed sources was observed, and since then the species has
spread over the whole island (Fridriksson, 1992; Magnússon
et al., 2014).Leymusis currently, together withHonckenya,
the most widespread plant species on the island. They form
sparse communities on sandy areas (Magnússon and Mag-
nússon, 2000), where theLeymuscolonies accumulate char-
acteristic sand dunes (cf. Greipsson and Davy, 1994). The
vegetation cover of these tephra sands is generally below
20 % (Magnússon and Magnússon, 2000) and was only 2.3 %
on the average in 2012 at the site of the present study (Mag-
nússon et al., 2014). The tephra sands are also extremely
nutrient-poor, with SON concentrations < 0.01 % and SOC
of < 0.05 %, with relatively high pH of 7.6 (Sigurdsson and
Magnusson, 2010).

2.2 Selection of aLeymuschronosequence

The close monitoring of the establishment of all vegetation
on Surtsey enabled the location ofLeymusdunes of known
age. Seven dunes of different age were selected on the south-
east side of the island (Fig. 1). The two oldest dunes included
the first successfulLeymuscolonisation and a dune from
the first seeding episode in 1983 (Fridriksson, 1992), but
younger dunes were all close to permanent study plots (nos.
13, 14, 15 and 21; Magnússon and Magnússon, 2000), and
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their establishment could be dated from annual photographs
of them. The ages of the dunes at the time of sampling were
3, 5, 9, 13, 17, 28 and 37 years.

2.3 Sampling protocol

The dunes were mapped in July 2010 and 2011 by cross-
ing two laterally levelled strings over the highest midpoint
of each dune and measuring distance to the soil surface and
soil depth (to 75 cm) at 50 cm intervals along each string un-
til the dune’s edge was reached. Flowering stems ofLey-
muswere counted on the whole dune. Three 30 cm×30 cm
quadrats were randomly placed on the top of each dune, ex-
cept on the four youngest ones, where only one quadrate
could be fitted because of their smaller size. Additionally,
quadrats were placed in the middle slope and at the expand-
ing edge of the three oldest dunes, as well as 5 m outside
them for comparison. In each quadrat, surface cover of all
vascular plant species was recorded and the number ofLey-
musshoots counted. Furthermore, all aboveground biomass
was harvested by cutting, and incremental soil samples of
known volume were subsequently taken within the harvested
quadrate. Continuous soil cores of known volume were taken
to 5, 10, 20, 30, 45, 60 and 75 cm depth if bedrock was not
reached earlier. All samples were sieved in situ through a
1 cm sieve and visible roots were separated and stored.

Biomass samples (roots and shoots) were dried at 105◦C
for 3–5 days and weighted for dry mass (DM). The roots
were burned and their mass loss after ignition determined to
correct for fine tephra sand that could not be cleaned from the
roots. The soil samples were weighed after air drying until
their DM was stable. They were then sieved through a 2 mm
sieve, coarse fragments (> 2 mm) weighed, and their vol-
ume measured by means of the water displacement method.
All litter and fine roots found in the coarse fragments af-
ter sieving were weighed and added to the shoot and root
samples, respectively. The fine soil fraction of all samples
was ground for 2 min in a ball mill (MM200, Retsch, Haan,
Germany) and their total SOC and SON concentrations anal-
ysed by means of dry combustion on a macro elemental anal-
yser (model Vario MAX CN, Hanau, Germany). Soil samples
were then dried at 105◦C for 48 h and weighed again.

2.4 Calculations and data analysis

Aboveground dune volume was calculated for different
depths of the four measured topographical transects, assum-
ing that the shape of each height layer was a trapezoid and
the topmost layer conical. The soil volume under the whole
dune was also calculated for each depth interval, down to
75 cm depth where bedrock was not shallower. The drip line
area of each dune was used as the outer boundary, i.e. not
including the soil volume containing extending roots away
from the dune’s edge.

Soil C and N concentrations of each sample were corrected
for difference in between air-dry DM and DM after drying
at 105◦C. Sample bulk density (BD, g cm−3) was calculated
from fine-fraction DM and total sample volume after removal
of the coarse-fraction volume. SOC and SON content per unit
dune area (g m−2) and per measured dune mass (kg dune−1)
was calculated from the element concentrations, volume and
BD of each layer.

Biomass C (shoots and roots) was calculated from meas-
ured DM. Shoot DM was multiplied by 0.40, which is an
unpublished factor based on measurements ofLeymusshoot
biomass and C by the Soil Conservation Service of Iceland
(J. Thorsson, personal communication, 2012). The relatively
low observed C fraction inLeymusplants is probably caused
by the high dust content in the condition it grows in. Root
C was calculated by multiplying the measured DM by 0.50
(Schiborra et al., 2009) after using the loss by ignition to ad-
just the DM to normal mineral content of 2.6 % for grasses
(Agricultural University of Iceland, unpublished data).

Differences in mean C stocks at different locations within
the three oldest dunes was tested by post-ANOVA Fisher’s
least significant difference (LSD) tests in the SAS statisti-
cal program (SAS system 9.1, SAS Institute Inc., Cary, NC,
USA). Age-dependent changes in C and SON stocks were
tested by linear or exponential regression analysis in the
SigmaPlot program (version 11.0, Systat Software Inc., San
Jose, CA, USA).

3 Results

3.1 Dune size and volume

The surface area, height, aboveground volume and total vol-
ume to 30 and 75 cm soil depth of theLeymusdunes grew
exponentially with age (Table 1), for the age span included
in the present study (3–37 years). The soil depth outside the
dunes was not significantly different, indicating that the start-
ing conditions were comparable for all the dunes. To give
an idea about relative size differences, the 10-, 20- and 30-
year-old dunes had ca. 45, 210 and 550 % larger surface area,
were 70, 400 and 1350 % taller and had 70, 405 and 1390 %
greater volume than the 5-year-old dunes, respectively.

3.2 Soil and plant parameters per unit area

Shoot density and surface cover ofLeymuswithin each dune
did not show a significant increase with age (Table 1); on
average each dune had 56 shoots m−2 (SE±5) and 20 %
(SE±1 %) Leymussurface cover. The first flowering oc-
curred in the 9-year-old dune, but density of flowering stems
was not significantly related to dune age (Table 1). The
Honckenyacover increased exponentially with dune age and
reached 14 % on the oldest dune (Table 1), but no other plant
species were found on the dunes. Total aboveground biomass
did not change significantly with age, when expressed per
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Table 1. Age (years) of theLeymus arenariuscolonies/dunes, dune area (m2), dune aboveground height (H ; cm), mean depth to bedrock
under the colony (D, cm), aboveground dune volume (VA ; m3), dune volume to 30 cm depth (V30; m3), dune volume to 75 cm depth or less if
it had shallower depth limit (V75; m3), Leymuscover (CL ; %), Honckenyacover (CH; %), shoot density (S; no m−2), flowering stems (F ; no
m−2), aboveground biomass carbon (Ba; g C m−2), root biomass carbon (Br; g C m−2), root / shoot ratio (R/S), mean soil bulk density (BD,
g cm−3), soil organic carbon (SOC; g C m−2), soil organic nitrogen (SON; g C m−2) and the C / N ratio (C / N) of the dunes that were studied
in Surtsey. The outcome of a linear or exponential regression analysis between age (x: years) and each variable;P : ANOVA significance of
the regression (ns: > 0.05; *:≤ 0.05; **: < 0.01; ***:< 0.001); R2: coefficient of determination;a: intercept of linear or exponential function;
b or e: slope or exponent of linear or exponential function, respectively, depending on which function had higherR2.

Dunes Plants Soil

No. Age Area H D VA V30 V75 CL CH S F Ba Br R/S BD SOC SON C / N

1 3 0.12 1 25 0.00 0.03 0.03 7 1 28 0 3.9 118.5 30.4 0.82 26.8 2.8 12.2
2 5 0.07 1 54 0.01 0.02 0.05 8 2 28 0 2.1 264.5 24.2 1.29 48.9 3.8 13.8
3 9 2.0 2 75* 0.01 0.6 1.5 30 5 119 0.50 36.4 462.4 12.7 1.24 98.7 6.6 16.2
4 13 2.8 12 32 0.12 0.9 1.0 30 2 83 0.36 37.5 234.7 6.3 1.32 55.5 4.3 13.3
5 17 11.6 27 75* 1.69 5.2 10.4 24 1 55 0.43 36.3 401.7 16.2 1.20 133.7 10.5 14.2
6 28 211 45 70 39.0 102.4 184.2 18 5 31 0.13 33.1 531.7 23.6 1.09 333.6 20.4 12.0
7 37 153.9 124 71 64.6 110.6 176.1 22 14 46 0.11 43.9 483.1 20.5 1.16 470.5 41.6 13.9
P * *** ns *** ** * ns ** ns ns ns * ns ns *** *** ns
R2 0.67 0.99 0.29 0.92 0.79 0.74 0.10 0.65 0.00 0.00 0.11 0.56 0.00 0.01 0.96 0.99 0.00
a 11.89 2.34 – 1.26 4.72 9.13 – 0.69 – – – 210.4 – – 44.1 2.48 –
b – – – – – – – – – – – 9.14 – – – – –
e 0.075 0.107 – 0.108 0.088 0.084 – 0.080 – – – – – – 0.065 0.076 –

∗ No bedrock reached at maximum depth of 75 cm.

Figure 2.Distribution of aboveground (green, in carbon units, above the dotted line) and belowground plant biomass (green, below the dotted
line) and soil organic carbon (brown) in a chronosequence of sevenLeymus arenariusdunes on Surtsey ranging in age between 3 and 37
years. The profiles are all from the top of each dune. Above the diagram are the fractions of total ecosystem C stock found above 30 cm depth
and the fraction of ecosystem C stock in soil organic matter (f SOC).

unit area, but root biomass increased significantly and lin-
early with age (Table 1). The root biomass per unit area in-
creased on average by 9.1 g m−2 annually. The belowground
root biomass in theLeymusdunes far exceeded their above-
ground biomass (Fig. 2). The average root / shoot (R/S) ra-
tio was 19.1 (SE±1.2), and did not change significantly with
dune age, even if root biomass increased slightly (Table 1,
Fig. 2).

The mean bulk density and C / N ratio in the top 75 cm
of soil, or down to the bedrock, in each dune were on av-
erage 1.16 g cm−3 (SE±0.02) and 13.7 (±0.2) and did not
change significantly with age (Table 1). Mean SOC and SON

concentrations did increase exponentially with age and were
17.6 and 14.9 times larger in the 37-year-old than in the 3-
year-old dune, respectively (Table 1). The actual concentra-
tions were, however, always low, or on average 0.049 and
0.0037 % for SOC and SON, respectively.

The fraction of SOC of total ecosystem C stock (f SOC)
remained low, or between 15 and 20 %, until the dunes ex-
ceeded ca. 15 years; then the ratio increased and was 42 % in
the oldest dune (Fig. 2). The age-dependent increase in this
fraction was significant (P < 0.002;R2

= 0.88) and could be
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described by a positive linear function:

f SOC= 8.4+ 0.9139× Age, (1)

where age is in years. This function shows the first steps
of soil development. It was also worth noting that both root
biomass and SOC stocks were relatively stable with depth be-
low the ca. 10 cm surface layer (Fig. 2), and where bedrock
was not found at shallower depths. The maximum sampling
depth was 75 cm, but Fig. 2 indicates that theLeymusroots
went deeper if soil depth allowed. Above- and belowground
C stock above 30 cm soil depth was 67 % (SE±3.5 %) of
the total C stock down to 75 cm, and this proportion did not
change significantly with age of the dunes (P = 0.11).

3.3 Spatial variability within the dunes

The average C stocks in aboveground biomass, root biomass
or SOC did not vary significantly among locations within
dunes (Fig. 3). The top and middle areas of the dunes had sig-
nificantly higher C stocks in all three compartments than the
sparsely vegetated areas around them, which only contained
a few smallHonckenyaplants, noLeymusshoots and very
low aboveground biomass. The areas around the dunes had,
however, 41 and 29 %, respectively, of the roots and SOC
found in the dunes.

3.4 Variables expressed per total dune area or volume

The exponential increase in shoot biomass and root and SOC
stocks with age, associated with larger surface area and total
soil volume were even more apparent at a whole-dune scale
(Fig. 4a). The annual SON accumulation rate was on aver-
age 6.6 kg N ha−1 year−1 (SE±0.9) and did not show sig-
nificant age-dependent trend (Fig. 4b). A very strong lin-
ear relationship (R2 > 0.94; P < 0.001) appeared between
the amount of SON and the total shoot biomass (CS), to-
tal plant biomass (CP) and SOC stocks when expressed as
a ln : ln scale (Fig. 4c), showing that the total ecosystem OM
increased exponentially with time as more N became avail-
able. The linear ln : ln SON : C functions were

lnCS = 0.6678+ 1.0705× lnSON, (2)

lnCP = 4.1541+ 0.8787× lnSON, (3)

lnSOC= 2.4846+ 1.0190× lnSON. (4)

When the total ecosystem C stock (Ctot, g m−2) to 75 cm
depth at the dune’s edge (or down to bedrock if shallower
than 75 cm) in different dunes was compared to the total dune
SON stock (SONtot, g m−2), a significant linear relationship
appeared (P = 0.03,R2

= 0.57; data not shown):

Ctot = −22330+ 6039× Ntot. (5)

Figure 3.Mean shoot biomass(a), root biomass(b) and soil organic
matter(c), all expressed in carbon units, in 75 cm deep cores taken
in the centre, in the middle and at the expanding edge of three oldest
Leymusdunes (nos. 5, 6 and 7). Additional cores were also taken
to 75 cm depth ca. 5 m outside the dunes, for comparison. Vertical
bars represent SE ofn = 3–5. Different letters above bars indicate
significant differences (P < 0.05) found with post-ANOVA LSD
tests.

In other words, there was 6.0 kg C m−2 accumulation in the
dunes for every 1 g m−2 increase in the SON stock during the
ca. 40 years after first establishment on the pristine volcanic
island, giving an estimation of the average annual “nitrogen
use efficiency” of theLeymus.

4 Discussion

4.1 Dune size development

The Leymusdunes are formed as eroding volcanic tephra
sand is trapped by the vegetated patches. Their growth rate
therefore depends both on the intercepting capacity of the
Leymusplants and the intensity of the aeolian transport. All
the dunes in our study except the youngest one were located
within relatively small and homogeneous area (Fig. 1), where
the aeolian transport can be assumed to be similar. The dune
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Figure 4. (a) Age-related changes in totalLeymusdune C stocks
(kg C dune−1) down to 75 cm soil depth at the dune’s edge in
shoots, roots and soil organic carbon (SOC). Note the logarithmic
scale on they axis. (b) Mean annual accumulation of soil organic
nitrogen (SON) in different-agedLeymusdunes.(c) The ln : ln rela-
tionship between total SON stocks in the different-aged dunes and
total SOC stocks (circles), shoot biomass (triangles) and whole-
plant biomass (squares), all expressed in kg C dune−1. The lines
indicate significant linear regressions.

height, surface area and volume increased exponentially with
age. This is in contrast with previous studies onLeymusthat
assumed more-or-less constant growth rates and hence ex-
pressed their height increment with a single annual average
(Greipsson and Davy, 1996).

As the dunes grew in size with age, their total element
stocks calculated to the same soil depth outside the dunes
increased. The observed increase in average element con-
centrations (% DM) from the youngest to the oldest dune
was 5.6- and 6.2-fold for SON and SOC, respectively, which

clearly indicated that it was not simply an increasing size of
the dunes which was causing the accumulation.

4.2 Accumulation of SON

The accumulation of SON has been slow on Surtsey, except
in an area where seabirds formed a dense breeding colony af-
ter 1985 (Magnússon and Magnússon, 2000; Magnússon et
al., 2009, 2014) and increased the ecosystem N accumulation
with their droppings by ca. 50 kg N ha−1 year−1 (Leblans et
al., 2014). Elsewhere on the island, where the sparseLeymus
and Honckenyacommunity is dominant, the average SON
accumulation rate is ca. 1 kg N ha−1 year−1 (Leblans et al.,
2014), which is about half of the expected atmospheric N
deposition of areas in Iceland with annual precipitation of
1500 mm (1.8–2.0 kg N ha−1 year−1; Gíslason et al., 1996;
Sigurðsson et al., 2005).

The mean annual accumulation rate of SON within the
dunes in our study was 6.6 kg N ha−1 year−1, or ca. 6 times
higher than on average in the soil of same area on Surtsey
(Leblans et al., 2014). There are several possible explana-
tions for this difference: (i) translocation of N into the dunes
from the unvegetated areas around with root transport, (ii)
accumulation of N with wind-blown organic material that
is trapped by the dunes, (iii) more N being transported by
birds to dunes than to other areas, (v) free-living N fixation
of soil bacteria within the dunes, or (vi) symbiotic N fixing
with Leymusor Honckenya. The present experimental setup
does not allow us to determine which individual pathways
are responsible, but we argue that process (i) is the main con-
tributor. The averageLeymussurface cover of the permanent
study plots in the same area (plots 13–16) in 2012 was only
0.9 % and total plant cover was only 2.3 % (Magnússon et
al., 2014); in other words, 97.7 % of the surface was unveg-
etated. Relatively large amounts of plant roots were, how-
ever, present in all soil samples taken amongLeymusdunes
in this area (Fig. 3b; Leblans et al., 2014). These roots are
most likely to originate from the scatteredLeymusdunes and
can translocate nutrients and water into the dunes.

Of the other pathways, the aboveground translocation of N
with wind-blown material and entrapment by dunes is prob-
ably also important. Such a pathway has been used to ex-
plain howLeymusand other dune-building species accumu-
late nutrients in barren and N-poor environments (Greips-
son and Davy, 1994; Walker and del Moral, 2003). Some
allochthonous nutrient inputs from birds cannot be ruled
out either, but since breeding density on this part of the is-
land is low (Petersen, 2009), it is probably mostly limited
to overflying birds and therefore unlikely to be preferential
towards theLeymusdunes. Free-living N fixing has been
found to be absent or extremely low in the tephra sand in
the present study area (Henriksson and Henriksson, 1974),
while N fixing by the cyanobacteriumNostoc, associated
with colonising mosses in other more sheltered areas of the
island, was found to be substantial (Henriksson et al., 1987).
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No symbiotic N fixing was found inHonckenyagrowing
in the study area in the 1970s (Henriksson and Henriksson,
1974) and only a low level of (free-living) N fixation was de-
tected in soils fromLeymusdunes (Henriksson and Henriks-
son and Rodgers, 1978). Symbiotic N fixation has, however,
been found in coastal dunes of the closely relatedL. mollis
in Oregon, USA (Dalton et al., 2004), and further investiga-
tion into whether symbiotic N fixing occurs in theLeymusin
Surtsey is needed.

Whatever the source, theLeymusdunes have accumu-
lated SON much faster than anticipated and that would have
been estimated from the average atmospheric N deposition. If
mainly derived with translocation from the unvegetated area
around the dunes, then theLeymusis playing a very impor-
tant role in N retention and build-up on the tephra sands of
Surtsey. TheLeymusin Surtsey is a classic example of a pri-
mary coloniser that acts as an environmental engineer that
modifies its habitat with time and contributes to patchiness in
resource availability (cf. Walker and del Moral, 2003; Ehren-
feld, 2005; del Moral et al., 2009). This is a typical example
of reversed “Robin Hood” effect, where poor areas of the
landscape are robbed of their scarce resources for the benefit
of the richer patches in areas that are highly resource limited
(cf. Ludwig and Tongway, 2000). On a new volcanic sub-
strate like in Surtsey, the formation of such “hot spots” of
resource availability may be essential for the subsequent for-
mation of plant communities.

4.3 Leymusgrowth

It was worth noting that neither theLeymussurface cover,
shoot density nor aboveground biomass per unit area
changed significantly during the 37-year chronosequence,
even if dune area grew exponentially with both age and SON
stock. TheLeymusapparently used the additional resources
mainly to add new shoots at the dune’s edge. The cover (den-
sity) of Leymusis, however, also dependent on the site’s N
availability, when compared across a wider N-availability
range than was done in the present study. On the permanent
study plots on tephra sand within the seagull colony on Surt-
sey, where annual N accumulation was much higher (Leblans
et al., 2014), the surface cover ofLeymuswas almost double,
or 34 % (Magnússon et al., 2014).

Leymus arenariusis a long-lived grass species (Greips-
son and Davy, 1994) and there were no indications for any
dieback within the oldest dunes, neither aboveground nor
belowground. Such dieback may, however, occur when the
dunes have reached a certain size (Greipsson and Davy,
1994). The earliest flowering ofLeymuswas seen in a 9-year-
old dune, but a 5-year-old dune did not have any flowering
stems. This fits well with the development ofLeymusafter
the first successful colonisation on Surtsey, but it produced
the first seeds 6 years after establishment (Fridriksson, 1992).

The R/S ratio in the centre of the dunes did not show
a significant trend with time. TheR/S ratio (average 19.1)

was relatively high compared to vascular plants of tundra,
grasslands and cold deserts that have on the averageR/S ra-
tios of 4–5 (Mokany et al., 2006). Our calculation ofR/S

ratio did not, however, take into consideration theLeymus
roots that extended outside the dunes or below 75 cm depth.
Leblans et al. (2014) estimatedR/S ratio of 45 for the gen-
eral area in between dunes. The highR/S ratio of Leymus
is probably the key reason for its ability to colonise and sur-
vive in the nutrient-poor and unstable tephra sands of Surt-
sey. This is also in good accordance with the observation of
Chapin (1993), who claimed that adaptations for large nutri-
ent acquisition and retention were generally key factors for
the success of early colonisers in primary succession.

4.4 OM accumulation

Carbon fixation (net photosynthesis) by the early colonisers,
organic matter production, litter fall and the microbial break-
down of litter and humus drive the accumulation of SOM,
without which soil will not develop during primary succes-
sion (del Moral and Grishin, 1999; Walker and del Moral,
2003). After the first 5 years, aboveground biomass per unit
dune area remained more or less constant, and the stand-
ing aboveground biomass was similar to that reported in a
39-year chronosequence on previously eroded revegetation
areas in Iceland seeded byLeymus arenariusand initially
fertilised with about 100 kg N ha−1 (Aradóttir et al., 2000).
Root biomass andR/S ratio were, however, much higher in
the present study than were reported for the fertilisedLey-
mustreatments. This was partly because the sampling depth
was limited to 30 cm in Aradóttir et al. (2000), but could also
be partly caused by difference in fertility as N availability
is known to strongly affectR/S ratios in plants (Marschner
et al., 1996). SOC stocks of the dunes on Surtsey increased
exponentially with age and thef SOC ratio (ratio of SOC to
total ecosystem C stock) increased linearly (Eq. 1). Still, after
37 years the SOC stock in the top 30 cm was only ca. 15 %
of total living biomass (including roots down to 30 cm), but
ca. 7 times higher than aboveground biomass per unit dune
area. In the Aradóttir et al. (2000) chronosequence on the
mainland, the SOC ratio to aboveground biomass was much
higher after 39 years (ca. 22 times higher). The reasons for
this could be much faster root turnover inLeymuson the
mainland, which is a known response to fertilisation of other
ecosystems (Leppälammi-Kujansuu et al., 2014). It cannot,
however, be ruled out that some SOC had remained since be-
fore the erosion took place in the mainland chronosequences,
which would also translate into similar differences.

It should be noted when C stocks were scaled to whole-
dune level and down to 75 cm depth below the dunes (where
depth to bedrock allowed) as in Table 1 and Fig. 4, the frac-
tion of SOC to living biomass changed, since the surface area
scaled less than volume.

The strong relationships between SON and both biomass
and SOC stocks found in the present study, and that those
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relationships were a stronger predictor of OM accumulation
than time (age) since colonisation, suggest strongly that N
availability plays a major role in the primary succession on
the tephra sands on Surtsey. This further supports such in-
dications found for vascular plant cover and species com-
position in different habitats on the island (Magnússon and
Magnússon, 2000; Magnússon et al., 2009, 2014; del Moral
and Magnússon, 2014) and for process rates, such as ecosys-
tem respiration (Sigurdsson and Magnusson, 2010). There-
fore the “nitrogen use efficiency” for ecosystem C stocks es-
timated by Eq. (5) and the SON relationships for individual C
components reported in Eqs. (2)–(4) might be used for mod-
elling the primary succession ofLeymus arenariusin similar
habitats. An interesting extension of the present work could
also be to further study the importance of symbiotic mycor-
rhizal fungi in the N scavenging of theLeymusroots.

5 Conclusions

The history of annually monitoring colonisation, growth
and mortality of individual plants on Surtsey since it emer-
gence in 1963 offered a special opportunity to use a chrono-
sequence approach to study how autogenic (internal) factors
develop after colonisation of a keystone species in the pri-
mary succession.Leymus arenarius, with its high R/S ra-
tios, is probably a key player in N retention and soil develop-
ment on the tephra sands of the island. The high correlation
between SON and OM stocks indicated that the rate of pri-
mary succession was more strongly controlled by the amount
of available N than time since colonisation per se. TheLey-
musdunes, where N has been accumulated, will therefore
probably act as hot spots for further primary succession of
flora and fauna within this area of Surtsey – at least if new
sources of N do not appear, such as establishment of new
seabird colonies or introduction of new symbiotic N-fixing
plant species.
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Abstract 

Desertification is an increasing world-wide problem with the loss of land for food production 

and soil carbon. In Iceland, the Soil Conservation Service of Iceland (SCSI) has used the 

native deep-rooted plant Leymus arenarius to stabilize dynamic sand areas created by soil 

erosion and volcanic eruptions. The main aim of this study was to measure the total build-up 

of carbon (C) and nitrogen stocks in a L. arenarius dune ecosystem during 40 years after 

seeding and fertilization. Another aim was to compare the standardised IPCC method of 

measuring the carbon stock in the top 30 cm of soil, compared to deeper sampling. For this, a 

cronosequence study was carried out in Leirdalur in S-Iceland on untreated control (0 years) 

sites and sites revegetated with L. arenarius, 10, 20 and 40-year ago. This area has been 

covered by thick tephra layers during repeated eruptions of the nearby Mt. Hekla volcano. We 

found that the maximum root depth increased significantly with age (p=0.006), with live roots 

down to 390 cm at the 40-year-old revegetation site. The mean annual carbon sequestration 

rate in down to 4 m deep profiles in the oldest revegetation areas were 1.28 t C ha-1 year-1, 

which are high compared to published values for other types of revegetation activities. The 

standardized IPCC soil sampling depth of 30cm did, however, not show any significant 

increases in soil C stocks with age in the present project. This clearly shows that the 

standardized IPCC methodology is not suitable for measuring carbon sequestration rate of 

dynamic sand areas revegetated by the long-rooted L. arenarius plants.  
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1. Introduction  

Desertification is a land degradation problem of major importance in the arid regions of the 

world. Drylands (semiarid and arid areas) cover 41% the global terrestrial surface and are 

home to more than 38% of the global population (Mittermeier, 2003; Reynolds et al., 2007). 

The extent of dryland ecosystems has been expanding in many regions around the world due 

to climate change and increasing human activities (Asner et al., 2003). The Millennium 

Ecosystem Assessment (2005) estimated that 10% of the dry land suffers currently from one 

or more forms of land degradation, leading to loss of more than 12 million hectares from 

production each year. Climatic change could lead to a further global increase in desert areas 

by 17% during this century (Emanuel et al., 1985; Millennium Ecosystem Assessment, 2005). 

Worldwide countries are trying to deal with the ongoing desertification (El-Hassan, 2004). 

China is one of the countries most affected by desertification and the Chinese government has 

been working to reverse desertification for over thirty years (Wang et al., 2003). There the 

desertification-affected area (2.62 million km2) (Gao et al., 2006).  More than 70% of 

Australia is arid or semi-arid. Desertification has been estimated to occur in over about 42% 

of it. Drought Alert and Land care are national programs that work with restoring degraded 

lands there (Ludwig & Tongway, 1995). Iceland has also had a severe erosion problems and 

currently a 42% of its surface is classed as desert with limited vegetation cover (Arnalds et al., 

2013), where half are sandy deserts (Arnalds & Kimble, 2001). The Soil Conservations 

Service of Iceland are the main actors who work with restoring degraded lands. Most of that 

work takes place within 27 restoration areas that cover 1438 km2 (Halldorson et al., 2011) 

Biological resources (nutrients and organic matter) in the soil often limit the recovery of 

ecosystem processes in severely disturbed systems (Chapin et al, 2002; Feller et al, 2012). 

Success of restoration efforts is therefore often heavily dependent on finding organisms that 

are well adapted to survive with low nutrient- and water availability (Neher, 1999; Whisenant, 

1999). Some physical stress may also be limiting for plant survival in such conditions (Huang, 

2006; Aradottir et al, 2000a), such as sand blaster and rapid sand accumulation in vegetated 

areas (Thorarinsdottir & Arnalds, 2012; Doody, 2013). 

A perennial plant that can grow and survive in a disturbed ecosystem, such as a dynamic sand 

area, usually has some specific adaptations. Where water stress is the most important limiting 

factor specific adaptations in water use have evolved, such as C4 or CAM photosynthetic 

pathways (Pugnaine et al., 1999; Doody, 2013), or morphological adaptations to store or save 

water (Rebman & Pinkava, 2001). However, where desertification has occurred where annual 



precipitation is relatively high, such as in Iceland, low nutrient availability and physical 

stresses may be the most limiting factors for ecosystem development (Doody, 2013). Such 

‘humid’ desertification areas (dynamic sand areas) are also widespread (Arnalds, 2000; 

Doody, 2013). Successful perennial plants in such environment are often characterized by 

high root-to-shoot ratios (R/S) (Wilsey & Wayne, 2006), which enables them to have more 

efficient uptake of water and nutrients (Sharp & Davies, 1979).  

There are about thirty Leymus species worldwide, and they are extensively used in 

revegetation efforts in sandy regions of the world (Larson et al., 2011). The Leymus species 

are good representatives for plants that generally grow in such harsh conditions (Greipsson & 

Davy, 1994). One of the key species that has been used in revegetation efforts on dynamic 

sand areas in Iceland is the native plant L. arenarius (Arnalds, 2000; Greipsson & Davy, 

1994). This species is adapted to low nutrient availability, coldness, dryness and saline or 

alkaline soils (Yang et al., 2008). L. arenarius has been extensively sown to stop wind erosion 

for the past 100 years in Iceland (Crofts, 2011). Older data for total hectares sown were not 

available, but since 1990 over 7000 ha have been sown with L. arenarius by the Soil 

Conservation Service (pers. comm., Thorsson, J, 2014). Recent studies have shown that 

functional ecosystems with increasing vegetation cover and SOC stocks have resulted from 

such restoration actions abroad (Chapin et al., 2000; Hurtt et al., 2002) and with L. arenarius 

in Iceland (Aradottir et al., 2000; Arnalds, 2000)  

In Iceland, dynamic sand areas restored with L. arenarius are important because of their large 

area and the changes in their biomass and SOC stocks, which are included in the national 

greenhouse-gas (GHG) bookkeeping (Hallsdottir et al., 2012). 2003, following the inventory 

methodology recommended by International Panel of Climate Change (IPCC, 2006) that 

includes monitoring total SOC with soil sampling depth down to 30 cm.  

The main aim of the present project was to access the relative contribution of the top 30 cm of 

soil to the total ecosystem build-up of plant organic matter (OM), nitrogen (N) and SOC 

stocks in restored dynamic sand areas in S-Iceland. For this, deep soil profiles were excavated 

to get the total OM and N accumulation in the ecosystem. Another aim was to study how 

ecosystem stocks changed during the initial 40-years after restoration activities started, by 

comparing a chronosequence of three differently aged areas revegetated by L. arenarius. 

Finally, the aim was to measure the R/S ratio of the L. arenarius, for better understand of its 

biology. 

 



Material and methods 

Site description 

The study was conducted in Leirdalur (N 64°10'; W 19°40' W; 278 m a.s.l.), NW of the 

volcano Mt. Hekla and in the southern highlands of Iceland. The area NW of Mt. Hekla has 

been severely affected by repeated ash falls from Mt. Hekla, e.g., from the eruptions of 1104 

AD and 1693 (Thorarinsson & Sigvaldason, 1972). Vegetation did, however, partly recover in 

this area during longer periods of no major ash falls (Sigmundsson, 2011). Before the 1970 

eruption in Mt. Hekla, Leirdalur was at least partly vegetated (pers. comm., Runólfsson, S., 

2014), but during the eruption the area was covered by a thick ash layer that turned the area 

into a vast tephra sandy desert (Hoskuldsson, 2007). Subsequent eruptions in Mt. Hekla in 

1990 and 2000 also produced volcanic ash which was deposited over the Leirdalur area 

(Hoskuldsson, 2007). 

After the 1970 eruption in Mt. Hekla, the (SCSI) seeded some affected areas with L. 

arenarius L. to reduce the sand drift in the area and to facilitate vegetation succession. The 

standard methods of SCS include adding ca. 60 kg/ha of L. arenarius seeds and fertilizing the 

area annually with 200 kg/ha of 26N-14P fertilizer during the first 3 years and then again after 

5 and 8 years (pers. comm., Asbjarnarsson, G., 2014). In total this amounts to ca. 260 kg N/ha 

of pure N applied to such revegetation areas during the initial 8 years. The older L. arenarius 

seeded areas survived the volcanic episodes in 1990 and 2000, but new seeded areas were 

established close to the older ones after both eruptions to further dampen sand drift in the area 

(pers. comm., Runólfsson, S., 2014).  

There is an automatic meteorological station operating at Burfell, which is located 5.2 km 

NW of the research area. The mean annual temperature there for the period 1997-2010 was 

3.2 °C, with mean temperature of 11 °C in the warmest moth (July). The mean annual 

precipitation was 948 mm for the same period and dry NE winds were dominant in the area 

(Icelandic Meteorological Office, 2012). 

The site is relatively flat, with a mixture of coarse and fine tephra and pumice sand fields that 

have low water-holding capacity (Orradottir et al., 2008). Several dry waterways in the area 

show evidence of fluvial processes that transport material during snow melt from higher 

grounds down to lower areas, creating a new source for aeolian transport (Arnalds et al., 

2001a; Thorarinsdottir & Arnalds, 2012).  

 



The sampling protocol 

Three 10x10 m repetitions for each age group of; untreated, 10, 20, and 40-year-old 

revegetation were selected randomly, an untreated and unvegetated control area and three 

seeded with L. arenarius in 1970, 1990 and 2000. A 50x50cm (0.25m2) quadrate was laid in 

the north side of each 10x10 m plot where the soil profile was going to be taken. In each 

quadrate, surface cover of all vascular plant species was recorded and the number of  

L. arenarius shoots counted and then all the aboveground biomass was then harvested by 

cutting.  

A soil profile was then taken straight down of the harvested area, reaching at least below the 

1970 ash layer. The twelve profiles were from 1.2 to 3.9 m deep, depending on the age and 

sand accumulation of the site. The untreated control sites profiles were only dug down to 1.2 

m depth where the former surface of the vegetated Brown Andosol was located that the tephra 

had buried in the 1970 eruption. Due to the sand accumulation in the 10, 20 and 40-year-old 

re-vegetated areas, they were dug down to 1.5 m, 1.5 m and 3.9 m, respectively. 

Soil samples were collected with a sampling box (10x10x10 cm) down the profile at 10 cm 

intervals for the topmost 30 cm, which is the standardised sample depth for carbon build up in 

IPCC methodology of measuring ecosystem SOC build up (IPCC, 2006). After that, 

continuous samples were collected at 30 cm depth intervals using a smaller volume sampling 

box (10x10x5 cm). All soil samples were sieved in situ through 1 cm sieve and visible roots 

were separated and stored.  

The biomass samples were dried in a dryer at a 40°C for 3-5 days or until their dry weight 

was stable. The roots were burned and their mass loss after ignition determined to correct for 

fine tephra sand that could not be cleaned from the roots. 

The soil samples were weighed after drying until their DM was stable. They were then sieved 

through 2 mm sieve, coarse fragments (>2 mm) weighed, and their volume measured by water 

displacement method. All litter and fine roots found in the coarse fragments after sieving were 

weighed and added to the shoot and root samples, respectively.  

The fine soil fraction (<2 mm) of all samples was ground for two minutes in a ball mill 

(MM200, Retsch, Haan, Germany) and their total soil organic carbon (SOC) and nitrogen 

(SON) concentrations analysed by dry combustion on Macro Elementary Analyzer (Model 

Vario MAX CN, Hanau, Germany). The soil samples were then dried at 105 °C for 48 hours 

and weighed again. 



 

Data and statistical analysis  

Soil C and N concentrations of each soil sample were corrected for difference between air dry 

DM and DM after drying at 105 °C. Sample bulk density (BD, g cm-3) was calculated from 

fine-fraction DM and total sample volume after removal of the coarse-fraction volume.  

Biomass C (shoots and roots) was calculated directly from the measured DM. Shoot DM was 

multiplied by 0.40, which is an unpublished factor (C concentration) based on measurements 

of L. arenarius shoot biomass and C by the Soil Conservation Service of Iceland (pers. 

comm., Thorsson, J., 2013). The relatively low observed C-fraction in L. arenarius shoots 

was probably caused by the high dust content in the condition it grows in. Root C was 

calculated by multiplying the measured DM by 0.50 (Schiborra et al., 2009), after using the 

loss by ignition to adjust the DM to normal mineral content of 2.6% for grasses (Agricultural 

University of Iceland, unpublished data).  

Differences between depth and age of the three different L. arenarius revegetation in mean C 

stocks was tested by post-ANOVA Fisher’s LSD tests in the SAS statistical program (SAS 

system 9.1, SAS Institute Inc., Cary, NC, USA). Age-dependent changes in C and SON 

stocks were tested by linear or exponential regression analysis in the Sigma Plot program 

(Version 11.0, Systat Software, Inc., San Jose, CA, USA). 

 

Table 1. Mean vegetation surface cover (%), relative constitution of L. arinarius in the total cover (%) and 

maximum root depth (cm) in untreated dynamic tephra sand areas (Control) and in 10 (RV2000), 20 (RV1990) 

and 40 (RV1970) year old revegetated areas in Leirdalur, NW of Mt Hekla in Iceland. Standard Error (n=3) is 

also shown and results from One-Way Anova on overall treatment differences. Different letters after the SE 

values indicate significant differences (P<0.05) between treatments within columns (post-Anova LSD tests).  

 

Site Age Cover Rel. Leymus Max root depth 

  % % cm 

Control 0   2.0 ±  0.4C 40.8 ±  6.6B   10 ±10 A 

RV2000 10 25.0 ±  1.7B 60.5 ±13.1BA                 120 ±17 B 

RV1990 20 36.3 ±18.5BA  66.9± 13.2BA    110 ±27 B 

RV1970 40 56.3 ±  2.6 A 91.9 ±  1.2A 390 ±35 C 

ANOVA                      P<0.05 P<0.05 P<0.001 

 

 



Results 

Aboveground biomass 

Vegetation cover increased significantly following the revegetation activity, from 2% to 25%, 

36% and 56% in the 10, 20 and 40-year-old revegetation areas, respectively (Table 1). 

 L. arinarius constituted 40-67% of the total vegetation cover in the control and 10 and 20-

year-old sites, but 92% in the 40-year-old (oldest) re-vegetation site, which was significantly 

different from the control (Table 1).  

 

  

  

Figure 1 - Carbon stock (g C/m2)  in above ground and below ground organic matter (shoots and roots; green) 

and soil organic matter (red) at different depth intervals in a) unvegetated eroded area  (control) and b) 10 year, 

c)  20 year and d)  40 year old sites revegetated with L. arinarius in southern Iceland. The error bars indicate the 

SE for total C stock in each depth interval (n=3).   

 

Aboveground biomass in individual plots ranged from 1.9 g DM/m2 in the control to 398 g 

DM/m2 in the 40-year-old revegetated area (Figure 1). The aboveground biomass in the 

control was significantly lower than in the revegetated areas (data not shown; always p<0.05). 

 

a) b) 

c) d) 



3.2 Root growth and R/S ratio  

The maximum root depth increased significantly with age from 10 cm in the untreated control 

to a depth of live root down to 390 cm in the 40-year-old revegetated area (Table 1). The 

root/shoot (R/S) ratio in the control plots was about 30 and was all found in the top 30 cm of 

soil (Table 2). The R/S ratio increased to 40-90 in the revegetated L. arinarius areas, where 

relatively larger part of the root biomass was found below 30 cm depth, but the differences in 

R/S ratios was not significant among treatments (Table 2).   

 

3.3 ROC/SOC and soil C/N ratios 

The Root Organic Carbon/Soil Organic Carbon (ROC/SOC) ratio was very low (0.08) in the 

control plots, while this ratio was generally at least 100 times greater in the three revegetated 

areas, indicating a larger relative accumulation of root biomass compared to soil organic 

matter (Table 2). When the ROC/SOC ratio was compared for the whole depth profile, the 

overall difference between treatments was marginally significant (P=0.058), with significant 

(P<0.05) differences between control (0.08) and 10-20-year-old revegetated areas (16.12) and 

the 40-year-old areas (32.29; Table 2).  

The soil carbon/nitrogen (C/N) ratio in the top 30 cm of soil showed a decreasing trend from 

the untreated control to the oldest revegetated area, but the differences were not significant. 

When the whole soil profile was included, this trend was maintained in the control, 10 and 20-

year-old revegetation areas, while the oldest area had somewhat higher C/N ratio. These 

differences were, however, not significant (Table 2).   

 

Table 2. The mean Root /Shoot (R/S) ratio, Root organic carbon/Soil organic carbon (ROC/ SOC) ratio and soil 

carbon/nitrogen (C/N) ratio in the top 30 cm and the whole soil profile dug (0-400 cm) in untreated dynamic 

tephra sand areas (Control) and in 10 (RV2000), 20 (RV1990) and 40 (RV1970) year old revegetated areas in 

Leirdalur. Standard Error (n=3) is also shown and results from One-Way Anova on overall treatment differences. 

Different letters after the SE values indicate significant differences (P<0.05) between treatment pairs (post-

Anova LSD tests).  

Site Age R/S ratio  ROC/SOC ratio  Soil C/N ratio 

  0-30 cm 0-400 cm  0-30 cm 0-400 cm  0-30 cm 0-400 cm 

Control 0 29.6±29.1A 29.6±29.1A  0.08±0.08B 0.081± 0.1B  32.9±6.2A   72.7± 7.9 A 

RV2000 10 49.9±33.0A 68.7±29.7A  9.24±1.25A 16.81±  1.8C  33.8±7.3A 65.5 ± 9.8 A 

RV1990 20 64.9±21.6A 93.0±32.0A  9.50±2.76A 15.43±  4.8C  23.8±2.1A 51.5 ± 4.8 A 

RV1970 40   6.8±  3.3A 39.6±20.2A  7.03±1.43A 32.29±12.5A  22.4±4.0A 103.8±31.3A 

ANOVA  P=0.42 P=0.43  P=0.01 P=0.058  P=0,352 P<0.248 



 

3.4 C-sequestration rates at different depths 

The build-up rate of OM in the topmost 30 cm of 10, 20 and 40-year-old revegetated areas in 

Leirdalur was found to be not significantly different to that of control areas (P=0.31; Figure 

3a). When, however, the whole profile was sampled, the annual organic matter accumulation 

was 128 g C / m2 and year and was highly significant from that of control areas (P=0.006; Fig. 

3b). 

 

  

 

Figure 3 – Ecosystem carbon stock (g C/m2) down to 30 cm soil depth (top panel) and in the whole soil profile 

(bottom panel) in control plots (0 years) and 10, 20 and 40-year-old revegetated areas by L. arenarius in 

Leirdalur in southern Iceland (n=3). Also shown is a regression line between age of revegetation activity and 

carbon stock. 

 

The relative amount of ecosystem biomass (OM) stocks found below the 30cm soil sampling 

depth was significantly different between the control and the 10-20-year-old revegetated 



areas, with on average 170% more OM below the 30 cm depth in the revegetated areas 

compared to 100% in the control (Table 3). This ratio was significantly higher in the 40-year-

old revegetation area, where 460% more OM was found below 30 cm (Table 3). The SOC 

stocks (excluding aboveground and belowground biomass C) showed a somewhat different 

pattern. The relative amount of SOC found below 30 cm in the soil profile was the same for 

the control and 10 and 20-year-old revegetation areas, with on average 360% more SOC 

below the 30cm sampling depth (Table 3), while the 40-year-old revelation area had 

significantly higher ratio than the control (780% more SOC stock below 30 cm; Table 3). 

 

Table 3. The relative difference in total ecosystem biomass (OM) and soil organic carbon (SOC) stocks when sampling was 

limited to 30 cm depth compared to the whole soil profile in untreated dynamic tephra sand areas (Control) and in 10 

(RV2000), 20 (RV1990) and 40 (RV1970) year old revegetated areas in Leirdalur. Standard Error (n=3) is also 

shown and results from One-Way Anova on overall treatment differences. Different letters after the SE values 

indicate significant differences (P<0.05) between treatment pairs (post-Anova LSD tests).  

Site OM SOC 

Control 1.0± 0.0 C  4.3±1.3B 

RV2000 2.0 ±0.5 B 4.4 ±1.0BA 

RV1990 1.4 ±0.1 B 2.3 ±0.2BA 

RV1970 4.6 ±1.0 A 7.8 ±1.6A 

ANOVA P<0.05 P=0.05 

 

 

4. Discussion 

In the present study, standardised soil sampling method down to 30 cm did not show a 

significant C-sequestration rate in the ecosystem with age, but the mean annual C-

sequestration rates in up to 4 m deep profiles within the revegetated L. arenarius revegetation 

areas in Leirdalur were much higher, or 1.28 t C ha-1 year-1 within the 40-year-old dunes. 

These values are very high and are double as high as the 0.6 t C ha–1 yr–1 that was found by 

Arnalds et al. (2000b) in eroded sandy areas revegetated by various methods. Similarly, lower 

rate (0.57 t C ha–1 yr–1) is used when national above- and belowground carbon sequestration is 

estimated for revegetation areas (Wöll et al., 2014). 

The aboveground biomass and vegetation cover increased significantly with age in the 

revegetated L. arenarius sites. It was noteworthy that the relative cover of L. arenarius 

increased to >90% in the 40-year-old age-class. This was probably because the effect of the 



fertilization wearing off in the topsoil and due to the rapid build-up of sand there that can bury 

other vegetation (Greipsson and Davy, 1994).   

The root depth increased significantly with age in the revegetated L. arenarius sites, with live 

roots down to 390 cm in the 40-year-old revegetation site. An extensive root growth below 30 

cm depth was already observed in a 10-year-old L. arenarius revegetation areas. The S/R ratio 

did not significantly increase with age and was on average 67 across the three age-classes of 

L. arenarius revegetation areas. This R/S ratio was relatively high compared to vascular 

plants of cold deserts that have on the average R/S ratio of 4-5 (Mokany et al, 2006) or a 

general R/S ratio of 1-2 for most plants (Daniel et al., 2005). The R/S ratio was found to be 

ten times lower than this in the 30cm sampling depth, or 6.8, in the 40-year-old L. arenarius 

revegetation areas, that indicates that the 30cm sampling depth is not an indication on the total 

build- up of root growth of the L. arenarius, which is in agreements to earlier study by 

Aradottir et al. (2000).   

Most of the carbon that was accumulated in the revegetated L. arenarius areas during the first 

40 years after the revegetation activities started was in root biomass, but not in aboveground 

biomass or in SOC stocks. This was shown as a high ROC/SOC ratio in the present study. 

Similar results were also found during primary succession of volcanic substrates by L. 

arenarius on the volcanic island Surtsey (Stefansdottir et al., 2014). This fits well with the 

observation of Daniel et al. (2005), who stated that plants with high R/S ratio generally have 

much longer residence time of root C than shoot C.  

A large study of carbon sequestration rate in soil and vegetation on severely degraded land 

that has been reclaimed in Iceland, published by Aradottir et al. (2000) and Arnalds et al. 

(2000b), included four sites revegetated by L. arenarius where sampling was limited to 30 cm 

soil depth. In areas revegetated with L.arenarius, the majority of biomass accumulation was 

in the aboveground vegetation when soil sampling was limited to the top 30 cm (Aradottir et 

al. 2000), which is in contrast with the present findings when the whole soil profiles were 

sampled.  

The total C-sequestration rates (biomass and SOC) found within the 40-year-old L. arenarius 

revegetation areas (dunes) in Leirdalur were much higher than earlier results from Leirdalur 

have reported (Aradottir et al., 2000b; Arnalds et al., 2000b). The authors indeed pointed out 

that a deeper soil sampling was needed to get realistic estimates of C-sequestration rates of L. 

arenarius revegetation areas.  



The ecosystem C-sequestration rates in the present study compare to average rates found 

during the initial 50 years following afforestation by coniferous trees in Iceland, 1.2 t C ha-1 

year-1 (Sigurdsson et al., 2007). A long-term fertilization experiment on hayfields established 

on eroded sands on the nearby Geitasandur also found similar annual accumulation rates after 

49 years of cultivation with 50 kg N ha-1 added annually, or 1.6 t C ha-1 year-1 (Áskelsdóttir, 

2012). It is important to point out that this rate applies only to the area covered by L. 

arenarius (the dunes) and is not including untreated areas found in between. 

The control plot had least amount of roots below the 30cm sampling depth. Most of the live 

roots in the 10-40 year-old revegetated L. arenarius revegetation areas in Leirdalur were 

found below the 30 cm sampling depth, which is the standard sampling depths to be used in 

national inventories according to the IPPC (2006) guidelines. Using the standard metodoloty 

therefore lead led to a large underestimation of both biomass and SOC stocks and failed to 

show any significant stock change with age (C-sequestration) when the standardized IPPC 

sampling method was applied. This clearly showed that the standared IPPC method is not 

suited for long rooted plants like the L. arenarius.  

However, when the inventory was conducted so the maximum soil depth extended below the 

maximum rooting depth of each age class, a highly significant carbon sequestration was 

detected following the revegetation activities. The mean annual carbon sequestration rate was 

highest in the oldest revegetation areas, with a mean value of 1.28 t C ha-1 year-1, which is 

high compared to published values for other types of revegetation activities.  
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Leymus arenarius dunes on Surtsey
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Agric. Univ. of Iceland, Hvanneyri, IS-311 Borgarnes, Iceland (bjarni@lbhi.is)

ABSTRACT
The primary succession on the 50 year old volcanic island of Surtsey, Iceland, has been intensively 

studied. Initial soil development and other belowground processes are important drivers of primary 
succession but frequently overseen. A Leymus arenarius and Honckenya peploides dominated plant 
community has formed a relatively stable successional sere on the island, where external inputs of nutrients 
remain low. These plants have had a stable <10% aboveground surface cover during the past 20 years, but 
less is known about their belowground development. We investigated the organic matter (carbon) output 
and input processes (soil respiration, ecosystem respiration and photosynthesis) of the community and how 
they were affected by soil temperature, soil water content, vegetation and age of L. arenarius dunes. We 
found that both soil respiration and root stocks have increased substantially from 1987, when an earlier 
study was conducted. The same pattern was found when different aged L. arenarius dunes were studied. L. 
arenarius had a stronger effect on the soil respiration fluxes than its surface cover might indicate, through 
its much higher photosynthesis rates than H. peploides. The study furthermore illustrated how water stress 
may temporally limit belowground processes in this coastal community. 

INTRODUCTION
The study was conducted within the sparse 

Leymus arenarius and Honckenya peploides plant 
community that dominates the eastern part of 
Surtsey, where windblown tephra and sand have 
mostly levelled the underlying lava. This area is at 
present found at an earlier successional stage (sere) 
than areas which have received additional nutrient 
inputs from a dense seagull colony on the SW 
part of the island (Magnússon et al. 2014) or from 
organic matter washed upon the shore by the surf and 
possibly from a seal colony on the low ness (Figure 
1). The eastern part was, however, the first area of 
the main (higher) island to be colonised by vascular 
plants, as L. arenarius and H. peploides, as well as 
Mertensia maritima, seedlings were found there in 

1968 (Fridriksson et al. 1972). From this earliest 
colonisation, only H. peploides persisted, ast the two 
other species did not successfully colonise until 1973 
(Fridriksson 1978). 

The plant species in this community are all 
commonly found in costal habitats in Iceland 
(Magnússon et al. 2014) and most form smaller 
aboveground dense cushions (e.g. H. peploides) 
or dunes (L. arenarius) (Figure 2). The average 
plant surface cover in this area was 8.5% in 1987 
(Fridriksson 1992) and the average surface cover 
of areas outside the seagull colony was found to 
be more or less unchanged in 2012, or only 7.1% 
(Magnússon et al. 2014), i.e. the aboveground 
vegetation succession has more or less halted after 
the initial colonisation phase. 
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The species-poor Leymus-Honckenya dominated 
community is probably maintained by low nitrogen 
inputs, or 0.7 kg ha-1 year-1 (Leblans et al. 2014), 
low water holding capacity (Sigurdsson 2009) and 
mechanical stress due to high sand abrasion that 
prevents other plants from colonising. The dominant 
plant species in this area have all large root:shoot 
ratios (R:S ratios), so in spite of the low surface cover, 
all the tephra sand soil has by now roots penetrating 
from the scattered cushions and dunes (Leblans 
et al. 2014, Stefánsdóttir et al. 2014). How this 
belowground colonisation has developed temporally 
is, however, less well known.

The present study took advantage of two previous 
research efforts: i) it re-measured ecosystem CO2 
fluxes on study plots with contrasting vegetation 
cover originally established in 1987 (Magnússon 
1992) and ii) it compared CO2 fluxes within and 
among L. arenarius dunes of different age used for 
studying age-related development of aboveground 
and belowground organic matter and nitrogen (N) 
stocks on the island (Stefansdóttir et al. 2014). By 
doing this we hoped to gain a better understanding of 
belowground organic matter processes in the Leymus-
Honckenya dominated community on Surtsey.

MATERIAL AND METHODS

Site description
The measurements were done on already 

established research plots in the Leymus-Honckenya 
plant community on the eastern part of Surtsey 
(Figure 1), where two previous studies have taken 
place: a) On plots with contrasting vegetation cover 
(Magnússon 1992) and b) at three differently aged L. 
arenarius dunes (Stefansdottir et al. 2014), as well as 
on control plots outside each dune.

The two Magnússon (1992) plots were termed 
“sand plot” (S) and “Honckenya plot” (H). The 15 
x 1 m S-plot was in 1987 considered as a base-line 
reference area, with almost no aboveground plant 
cover (<1%) and no root biomass (Magnússon 1992). 
The 15 x 1 m H-plot in 1987 contained numerous 
mature H. peploides cushions and had then a surface 
cover of 13% and root biomass of 14.5 g m-2 in the top 
20 cm of soil (Magnússon 1992). A third vegetation 
plot was placed across one of the two oldest L. 
arenarius dunes on Surtsey in 1987, developing from 
a plant that colonised in 1974 (no. 74-51; Fridriksson 
1978). Then it had a total surface cover of 71% and 

root biomass of 46 g m-2 (Magnússon 1992). The 74-
51 dune has since then been partly degraded (Figure 
2), probably because of disturbance and large N inputs 
from a breeding pair of great black-backed gulls 
(Larus marinus) that have used the dune as a nest 
site since the early 1980s. Because of this, we chose 
to establish a new Leymus plot (L3) in the second 
of the two oldest dunes on Surtsey, which originated 
from the plant no. 74-78. This dune was the tallest on 
Surtsey (Figure 2) and to our knowledge, gulls have 
not used it as a breeding site.

The Stefansdottir et al. (2014) plots were located 
adjacent to and on top of three L. arenarius dunes 
which originated from plants that colonised 17, 28 
and 37 years prior to the measurements that took 
place in 2010. The 17 year old dune was now found 
at the edge of the S plot and the 37 year old dune is 

Surtsey Research (2015) 13: 9–15    www.surtsey.is

Figure 1. Location of the study plots on Surtsey. Plots L1, L2 
and L3 were established in 2009-2010 on top of 17, 28 and 37 
year old Leymus arenarius dunes, respectively. Plots S and H 
were established in 1987 on unvegetated sandy surface (S) and 
on a surface that contained relatively high Honckenya peploides 
cover (H). More densely vegetated surfaces on Surtsey in 2012 
are shown in green color, but other areas at lower elevations are 
mainly covered by a Honckenya-Leymus dominated plant com-
munity. The elevation map and vegetation cover was derived 
from aerial and satellite images from 2012 by Anette Th. Meier 
at the Icelandic Institute of Natural History.
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the L3 plot mentioned previously (plant no. 74-78), 
while the L2 dune was used in the Stefansdottir et al. 
(2014) study. In 2010 these three dunes were 0.3, 0.5 
and 1.2 m tall and contained on average 134, 334, 471 
g C m-2 as soil organic matter (SOC) and 11, 20 and 
42 g N m-2 as soil organic nitrogen (SON) in the top 
75 cm of soil, respectively. Their total plant cover, L. 
arenarius shoot density and R/S ratios did not vary 
significantly with age and were 28%, 44 shoots m-2 

and 20, respectively (Stefansdottir et al. 2014).

CO2 flux measurements
Measurements of soil respiration (Rs; excluding 

aboveground biomass) or ecosystem respiration (Re; 
including aboveground biomass) and net ecosystem 
exchange (NEE) were conducted during two 5 day 
excursions in the middle of July in 2009 and 2010. An 

EGM-4 infrared gas analyser and a CPY transparent 
CO2 flux chamber (PP Systems, UK) were used to 
measure changes in atmospheric CO2 concentrations 
in light (NEE) and dark (Rs and Re) and a linear 
regression was used to calculate the corresponding 
fluxes. Each measurement was made over 2 
minutes or a 50 ppm change in atmospheric CO2 
concentration, whichever occurred earlier. By adding 
NEE to Re fluxes, the corresponding gross ecosystem 
photosynthetic rates (GPP) could be derived. This 
instrument also measures soil temperature (Ts) and 
irradiance (PAR). 

In 2009 only the soil respiration (Rs) flux was 
measured across the oldest Leymus dune on Surtsey 
(L3). A 25m long tape was fitted in a SW-NE direction 
over the dune and its elevation was measured at 1 
m intervals with a S90 GPS-unit (Garmin, KS, 
USA). Then Rs was measured at 1 m intervals. Soil 
temperature was recorded at a 10 cm depth with a 
probe placed adjacent to the respiration chamber, 
and the vegetation surface cover was recorded for 
each one m interval with the line intercept method 
as described by Magnússon and Magnússon (2000). 

In 2010 both Re and Rs, as well as NEE, were 
measured repeatedly within four subplots placed at 
4 (dune’s edge), 5, 6 and 7 m (dune’s top) along the 
25 m transect on the 37 year old L3 dune, as well 
as at one subplot 4 m outside the dune. The same 
measurements were then repeated in two and four 
subplots within the 17 and 28 year old L1 and L2 
dunes, as well as in one subplot 2 and 3 m outside 
them, respectively. Plant surface cover, Ts and PAR 
were recorded, as well as soil volumetric water content 
(SWC) in the top 5 cm of soil (Theta probe, Delta-T 
devices). In 2010 the Re, NEE and GPP were also 
measured in the S plot and the H plot of Magnússon 
(1992). There, flux measurements were done at five 
spots along each of the 15 x 1 m plots (1, 4, 8, 11 
and 14 m from their E-end). Vegetation surface cover 
was also recorded under the flux chamber at each 
measurement spot, as well as PAR and Ts. Average 
vegetation surface cover within the whole vegetation 
plot was measured with the line intercept method as 
described by Magnússon and Magnússon (2000). For 
the third vegetation plot, the L3 plot, the previously 
described measurements from 4, 5, 6 and 7 m were 
used.

Figure 2. The two oldest Leymus arenarius dunes on Surt-
sey in July 2009; L3 (originating from plant 74-78) is in the 
foreground and the remains of the dune originating from 
plant 74-51 can be seen in the background (top). Dr Sturla 
Fridriksson surveys flowering on the L3 dune in July 2009 (bot-
tom). Photos: BDS.

Surtsey Research (2015) 13: 9–15    www.surtsey.is
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RESULTS AND DISCUSSION

CO2 fluxes in the 1987 vegetation plots
The H. peploides and L. arenarius that dominated 

the H and L3 plots had 3.7 and 13 times higher 
ecosystem respiration (Re) rates in 2010 than the 
sparsely vegetated S plot and the differences were 
significant (Figure 3, bottom panel). This can 
be compared to 1.3 and 3.2 times higher rates in 
respiration activity between these plots in 1987, as 
reported by Magnusson (1992). It is, however, not 
straightforward to compare these two studies because 
of differences in the respiration measurement 
techniques (cf. Sigurdsson and Magnusson 2010). 
Still, the much larger relative differences in 2010 
seem to support increased build-up of root biomass 
and SOC during the past 20 years, which will 
lead to increased soil respiration activities even if 
aboveground plant cover has not changed. In a recent 
chronosequence study of different aged L. arenarius 
dunes on Surtsey, such age-related patterns in SOC 
and root biomass build-up were indeed observed 
(Stefansdottir et al. 2014). 

In July 2010, the CO2 balance (NEE) was also 
measured in the three vegetation plots and their gross 
photosynthesis (GPP) input fluxes were derived 
(Figure 3, top panel). The relative differences in GPP 
were even larger than for respiration, or 17 and 96 
times larger GPP at Honckenya and Leymus plots 
than at the sand plot, respectively. It was noteworthy 
that per unit surface cover in the flux subplots the 
GPP was 1.7 times higher in the Leymus dune than 
both in the Honckenya dominated H-plot and the 
sparsely vegetated S-plot (0.03 instead of 0.01 µmol 
CO2 s-1 per % plant surface cover). This illustrates 
a relatively higher photosynthetic capacity per unit 
leaf area of L. arenarius than H. peploides, a pattern 
also previously shown by Sigurdsson (2009). This 
might mean that even if L. arenarius has relatively 
less surface area or leaf area than H. peploides in the 
whole Leymus-Honckenya community (Magnusson 
1992; del Moral and Magnússon 2014; Magnússon 
et al. 2014), then it may be more important in SOC 
buildup and CO2 soil fluxes than its surface cover 
might indicate. 

Spatial variation in Rs across the L3 dune
The lower panel of Figure 4 shows how Rs 

changed in 2009 across a 25 m long transect that 
crossed the second of the two oldest L. arenarius 
dunes on the island (L3; no. 74-78). The Rs peaked in 
the middle of the dune, where it was highest (oldest). 
Generally CO2 surface efflux (respiration) increases 
exponentially with soil temperature (Ts; Chapin et 
al. 2002), a phenomenon also reported from Surtsey 

Figure 4. Soil temperature at 10 cm depth (open symbols) at 1-2 
m intervals along a 25 m transect across the L3 dune (top panel) 
in July 2009. Surface cover of Leymus arenerius (green area) and 
Honckenya peploides (brown area) and soil respiration (Rs; black 
circles; bottom panel). 

Surtsey Research (2015) 13: 9–15    www.surtsey.is

Figure 3. Mean gross photosynthetic rate ±SE in (GPP; top 
panel) and ecosystem respiration (Re; bottom panel) in the 
three main surface types found outside the seagull colony on 
Surtsey:  Sparsely vegetated plot with <2 % vegetation surface 
cover (S-plot), Honckenya peploides dominated plot (H-plot) 
with 14%±6% cover and Leymus arenarius dune (L3-plot) with 
27%±11% vegetation surface cover. Letters above bars indicate 
significant differences (P<0.05), tested with One-Way ANOVA 
and post hoc LSD tests. Mean irradiance (PAR) was 745 µmol 
photons m-2 s-1 and mean soil temperature was 17.3 °C  at 10 cm 
depth.
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(Sigurdsson and Magnusson 2010). Since Ts was 
actually ca. 2 °C lower where the vegetation cover 
and Rs were highest, the variation in Ts should 
actually have buffered the CO2 fluxes there, not 
enhanced them. Therefore the spatial variation in 
the Rs should have mirrored spatial variability in 
respiration activity rather than soil temperature. 

When the measured Rs rates were compared to 
L. arenarius and H. peploides surface cover in the 
same spots across the dune, L. arenarius surface 
cover showed a highly significant relationship with 
the measured Rs rates (Figure 5, left panel), while 
H. peploides cover (right panel) and total plant 
cover (data not shown) did not have a significant 
relationship. This further supports the earlier 
observation that L. arenarius is more important than 
H. peploides for carbon dynamics in the Leymus-
Honckenya community on Surtsey.

Interannual variability in Rs
The strong relationship between Rs and L. 

arenarius cover shown in Figure 5 initiated the idea 
that it was not plant cover per se, but rather spatial 
variation in soil organic matter (SOC) and plant root 
distribution within and outside the dune that was 
the underlying cause for the observed differences. If 
so, then the follow-up question was raised whether 
surface CO2 efflux (Rs or Re) could be used as a proxy 
to survey differences in these belowground stocks. 
However, when the Rs measurements were repeated 
at the four subplots along the transect in July 2010, 
the measured Rs rates showed a very different pattern 
within the L3 dune; i.e. many of the measurements 
higher up in the dune showed very low Rs rates (data 
not shown). This was because of drier soil conditions 
in 2010 than 2009 within the dune, but a lack of soil 
moisture is known to reduce soil CO2 fluxes (Chapin 
et al. 2002) and such a pattern has been found 
previously in the Honckenya-Leymus community on 
Surtsey (Sigurdsson 2009; Appendix A). Indeed, there 

was a significant negative relationship (P<0.001; R2 
= 0.71) between Rs and soil volumetric water content 
(SWC) in 2010 within the L3 dune:

Rs = 0.04 × SWC – 0.10          (1)

This explained the reversed spatial pattern in Rs 
observed in 2010. It is, however, important to note 
that SWC was low during this campaign in 2010, or 
ranged between only 2.1% to 9.7% at different spots 
within the dune. The relationship of Eq. 1 cannot be 
assumed to be valid when SWC increases above the 
relatively low range observed in 2010. The high inter-
annual variability found means that Rs measurements 
over longer times at different soil moisture conditions 
(or Ts) cannot be directly used as a proxy to measure 
SOC status or amount of roots in the soil.

Changes in CO2 fluxes between different aged L. 
arenarius dunes

However, we were still interested in investigating 
if Rs measurements could be used within a shorter 
time period when soil moisture and Ts conditions 
did not differ so much, as a proxy for SOM contents 
and/or root biomass in different aged L. arenarius 
dunes. When Rs fluxes measured only at spots with 
>5% SWC in 2010 were compared with sparsely 
vegetated areas 2-4 m outside L. arenarius dunes 
and within three 17, 28 and 37 year old dunes, a 
significant difference was found in Rs between all 
groups (Figure 6). 

When compared across all groups shown in Figure 
6, a linear regression relationship between Rs (µmol 
CO2 m

-2 s-1) and root biomass (R; g C m-2) was highly 
significant (P<0.001; R2 = 0.86):

Rs = 2009.1 × R + 92.3        (2)

Hence, the root biomass which was obtained 
from Stefansdottir et al. (2014) explained 86% of the 

Figure 5. The relationship between a) Leymus 
arenarius surface cover (LC; right) and Hon-
ckenya peploides surface cover (left) and soil 
respiration (Rs; µmol CO2 m

-2 s-1), shown in 
Fig. 3. The solid line indicates a significant 
regression relationship between LC and Rs 
(P<0.001; normality and constant variance 
tests passed; R2 = 0.82). The dotted line was 
not significant (P=0.25; R2=0.07). 

Surtsey Research (2015) 13: 9–15    www.surtsey.is
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variability in Rs. The regression relationship between 
Rs and SOC (g C m-2) was also significant (P<0.001), 
but not as strong as with root biomass (R2 = 0.76):

Rs = 1163.2 × SOC + 59.6      (3)

When, however, Rs measurements in spots with 
SWC <5% were also included in the 2010 analysis, 
the root biomass and SOC contents only explained 
36% and 11% of the observed variability in Rs (R2= 
0.36 and 0.11), respectively (data not shown). This 
clearly indicated a strong drought response of the soil 
and plant processes contributing to the soil respiration 
flux and that is why Rs does not necessarily scale 
with root biomass and SOC under such conditions.

CONCLUSION
The repeated Rs measurements in 2009 in the 

plots initially measured in 1987 by Magnússon 
(1992) indicated that both root biomass and SOC 
have increased substantially during the past 20 years, 
even if plant cover has remained relatively stable. Rs 
measurements can not be directly used as a proxy for 
soil organic matter, however, because of potential 
influences of variations in Ts and SWC on the fluxes 
during and between such surveys. However, when 
care was taken to compare only Rs measurements 
made under similar conditions, a highly significant 

relationship was found between Rs fluxes and root 
biomass and to a lesser extent to SOC stocks in the 
Leymus-Honckenya plant community on Surtsey. 
The study illustrated how this plant community 
is characterised by belowground organic matter 
processes, which helps explain the surprisingly high 
activities of the soil fauna found (Ilieva-Makulec et 
al. 2014). 
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Figure 6. The average soil respiration flux ±SE (Rs; µmol CO2 
m-2 s-1) at measurement spots with soil volumetric water content 
>5% in the top 5 cm layer, outside (S-plot) and inside a 17 (L1), 
a 28 (L2) and a 37 year old L. arenarius dune (L3-plot). The 
numbers shown at the top are the amount of root biomass (R; g C 
m-2) in 75 cm deep soil for the exactly same measurement spots 
(data from Stefansdottir et al. 2014). Different letters above the 
bars indicate significant differences (P<0.05) in Rs fluxes, tested 
with One-Way ANOVA and post hoc LSD tests. Mean soil tem-
perature at 10 cm was 26.6 °C.
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Appendix A. Soil water content in the Sigurdsson 
(2009) plots.

In 2006 a pilot study was conducted where surface CO2 
fluxes from Leymus arenarius and Honckenya peploides 
patches were compared between “wet” and “dry” areas 
on Surtsey to ascertain whether water availability was 
a determining factor in plant and soil activity. It was a 
limitation of this study that the soil water contents were 
not directly determined, but a relatively high groundwater 
level at the “wet” plots and no visible groundwater in 
“dry” plots was used as a proxy for water availability. 
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In 2010, when a Theta Probe (Delta-T Instruments) 
was brought to the island, we measured the volumetric soil 
water contents (SWC) in the “wet” and “dry” plots used in 
Sigurdsson (2009). Those measurements are shown in Fig. 
A1. No difference in SWC was found between vegetated 
patches dominated by L. arenarius and H. peploides (data 
not shown). Therefore those two surface types were merged 
in the present analysis (the two left bars). Additionally we 
measured the SWC of unvegetated patches outside the 
2006 plots (the two right bars). 

The measurements confirmed the previous assumption 
made by Sigurdsson (2009) that there was a highly 
significant (P<0.001) difference in SWC between the soil 
in the “wet” runoff area on the ness NE of the impermeable 
craters that are made out of palagonite tuff. Moreover, 
there was no significant difference in the SWC between 
vegetated and unvegetated patches on the “wet“ ness 
(P=0.33), while on the “dry” plots, which were located on 
the tephra sand on the S part of the island, the vegetation 
covered patches contained significantly more water in 
the top 5 cm of soil (P=0.03). This might be caused 
either because of improved water holding capacity due to 
improved soil organic matter contents under the vegetated 
patches or by a “hydraulic lift”. Hydraulic lift is a process 
where water is transported from lower soil layers to higher 
by permeable plant roots that “irrigate” the topsoil as they 
transport the water to their aboveground parts (Chapin et 
al. 2002). Such processes can become very important in 
the dry sandy areas which do not receive runoff water.

Fig. A1. Soil volumetric water content (%) in the top 5 cm of soil 
in vegetated Leymus arenarius and Honckenya peploides cush-
ions and in the unvegetated soil surface in a moist area (+H20) 
and a dry area (-H20) on Surtsey in July 2010. These are the same 
plots as used for comparison of CO2 fluxes under wet and dry 
conditions in Sigurdsson (2009). Means and SE of 8-12 measure-
ments per site. Different letters above the bars indicate significant 
differences (P<0.05) in Rs fluxes, tested with One-Way ANOVA 
and post-hoc LSD tests. Mean soil temperature at 10 cm was 26.6 
°C.


