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Abstract 
Croplands and grasslands cover vast areas globally and their soil organic carbon (SOC) stocks 
are important in the global carbon balance. Land use and management of croplands can have 
much effect on their SOC stocks. Growing perennial grasses for fodder production is the most 
common agricultural land use in Iceland.  Hence increased knowledge of soil properties and 
SOC dynamics of such systems is important. With the introduction of the United Nations 
Framework Conversion for Climate Change (UNFCCC) bookkeeping of SOC changes in 
agricultural lands globally, and in Iceland, this is even more evident. 

In the present study, data from four long-term hayfield fertilisation experiments, on various 
soil types (all Andosols), were used to assess historical changes in SOC stocks. Additionally, 
SOC dynamics were related to changes in selected soil and environmental properties during 
27-38 year experimental periods. The data was also used to validate the performance of a 
processed-based SOC model, RothC-23.6, and another version of it modified for Andosol. 
This was the most comprehensive SOC modelling exercise that has been done for Icelandic 
agricultural soils so far. 

The results from this work confirmed that permanent dryland hayfield soils (Akureyri and 
Sámsstaðir) in Iceland contain high SOC stocks. They also indicated that such SOC stocks 
seem to be relatively insensitive to management changes, such as changed fertilisation. The 
SOC did not decrease in such hayfields, even if all aboveground vegetation was removed 
from sites annually for decades. When such sites received high N inputs, their SOC stocks 
even tended to increase. The data also revealed that the SOC stocks at partially drained sites 
(Skriðuklaustur) was poorly stabilised and increased aeration enhanced decomposition, even 
when SOC stocks were relatively low. This resulted in a negative SOC balance when such a 
hayfield received low fertilisation. However, high fertilisation and a consequent high plant 
production, compensated for the SOC loss at deeper layers there, resulting in positive balance 
there. At hayfields established on eroded sandy soils (Geitasandur), a substantial SOC 
accumulation was found and it increased with increasing N-inputs. This happened even if the 
aboveground vegetation was cut and removed annually. The C-sequestration of the hayfield 
on the sandy soil was comparable to SOC accumulation rates documented for revegetation 
and afforestation sites in Iceland.  
 
Properties showing the strongest (positive) correlation with SOC stocks across all the study 
sites were: i) pyrophosphate-extracted Al and Fe, ii) soil clay content and iii) amount of 
applied N. This may suggest that soil Al, Fe and clays are at least partly responsible for the 
high SOC stocks, through chemical immobilisation in Icelandic volcanic soils. Further, the N 
fertilisation probably led to higher SOC stocks through increased plant production, leading to 
increased OM content of the soil.  
 
The modelling exercise showed that RothC modified for volcanic soils did work satisfactory 
for Icelandic dryland agricultural soils, when only minor changes in SOC occurred. However, 
the model did not predict the great SOC accumulation that occurred with cultivation on poorly 
developed soil. The model exercise revealed a great knowledge gap on belowground plant 
production in Icelandic agricultural and grassland ecosystems, and also in knowledge on OM 
turnover. Thus more studies on that subject would be recommended when further modelling 
on SOC dynamics in Icelandic soils will be initiated.   
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Ágrip (Icelandic Abstract) 
Breytingar á kolefnismagni  jarðvegs  í fjórum langtíma áburðatilraunum: 
vöktun og spár hermilíkana. 

Landsvæði nýtt undir landbúnað og graslendi ná yfir stór svæði í heiminum. Kolefnisforði 
þessara svæða er að mestu að finna í jarðveginum. Landnýting hefur mikil áhrif á 
kolefnisforða jarðvegs. Almennt er kolefnismagn jarðvegs hærra í graslendi og skóglendi en 
þar sem stunduð er akuryrkja þó að það fari mikið eftir jarðvegsgerð og öðrum 
umhverfisaðstæðum.  

Í þessari rannsókn voru breytingar á kolefni jarðvegs og öðrum tengdum þáttum skoðaðar í 
fjórum áburðartilraunum sem stóðu yfir in nokkra áratugi. Gögn frá tilraununum voru einnig 
notuð til þess að prófa hermilíkan RothC-23.6 og RothC-Volc, sérstaka útgáfu aðlagaða að 
eldfjallajarðvegi, við íslenskar aðstæður. Tvær nálganir voru notaðar til að áætla lífrænt efni 
sem bærist í jarðveginn: Annarsvegar reiknað út frá mældri uppskeru og hinnsvegar gildi sem 
hermilíkanið sjálft áætlaði út frá jarðvegs og umhverfisþáttum á hverjum stað.  

Tilraunirnar voru á Sámsstöðum í Fljótshlíð og Akureyri þar sem jarðvegurinn var Silandic 
Andosol (Brown Andosol). Á Geitasandi þar sem tilraunin hafði verið lögð á líttgróna sendna 
jörð 1958 og jarðvegurinn var skilgreindur sem Vitric Andosol (Vitrsol) og Skriðuklaustri þar 
sem jarðvegurinn var skilgreindur sem Gleyic Andosol. Á tilraunirnar hafði frá upphafi verið 
borinn á tilbúinn áburður, fosfór og kalí og vaxandi skammtur af nitri. Tveir tilraunaliðir á 
hverjum stað voru skoðaðir, liðir með lægsta nitur skammtinn og reitir þar sem mikið nitur 
hafði verið borið á. 

Kolefnismagn jarðvegs var mest í tilraununum á Sámsstöðum og á Akureyri og lang minnst á 
Geitasandi. Litlar breytingar höfðu orðið á kolefnismagni jarðvegs í öllum tilraununum nema 
á Geitasand þar sem mikið kolefni hafði safnast upp og á Sámsstöðum þar sem mikið nitur 
hafði verið borið á og nokkur uppsöfnun hafði átt sér stað. Á Akureyri virtist smávæginleg 
uppsöfnun hafa átt sér stað hún var ekki marktæk. Á Skriðiklaustri var breytingin einnig 
minniháttar, kolefnismagn minnkaði þar sem ekkert nitur var borið á og jókst þar sem mikið 
niturvar borið á. 

Ál og járn leyst í pýrófosfat lausn sem og leirmagn jarðvegs hafði sterka jákvæða fylgni við 
kolefni í jarðvegi í tilraununum fjórum. Áborið nitur hafði líka marktæk áhrif á kolefnismagn 
jarðvegs í tilraununum.  

Spár hermilíkananna um kolefnismagn jarðvegs við enda tilrauna tímabilsins voru í öllum 
tilvikum nema einu lægri en mælingar. Spár módelanna voru bestar þar sem lítil breyting 
hafði orðið á kolefnismagni jarðvegs og lakastar þar sem mesta breytingin hafði orðið 
(Geitasandi). RothC-Volc reyndist betur en RothC-23.6 en aðferð við að áætla  magn lífræns 
efnis sem barst í jarðveginn hafði meiri áhrif á spágetu hermilíkananna. Ef til frekari notkunar 
á hermilíkönum til að spá fyrir um breytingar á kolefnismagni í Íslenskum jarðvegi er þörf á 
ítarlegri upplýsingum um lífrænt efni sem berst til jarðvegs, eiginleika þess og umsetningu.  
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1. Introduction  

1.1. The global carbon cycle 

Carbon (C) is the basic building and energy transport material of nature. All living organisms 

are made of C and together with other elements it forms all organic compounds. Plants use the 

energy of the sun to convert atmospheric CO2 into organic compounds through 

photosynthesis. In terrestrial ecosystems some of these organic compounds enter the soil as a 

decaying plant material (Brady and Weil, 1999). Following decomposition in the soil part of 

the C in the organic compounds is converted into the soil organic carbon (SOC) pool and a 

part is respired as CO2 again to the atmosphere (Brady and Weil, 1999).  Thus C stocks in 

ecosystems are in general a function of inputs from net-photosynthesis (gross photosynthesis 

– autotrophic respiration) and losses from heterotrophic decomposition and the time since last 

major disturbance (Janzen, 2004).  

 

World’s C is either found in the atmosphere, mostly as CO2, or in different forms on the 

earth’s surface. Carbon on earth is mainly stored in three major reservoirs; in the ocean, in the 

atmosphere and in soils and vegetation of terrestrial ecosystems (Eswaran et al., 1993; ICPP, 

2007). In addition, the global “movable” C pool would be almost constant if it was not for the 

burning of fossil fuel, which continuously adds fossilized C into the global C cycle at the rate 

of 5.3 Pg C yr-1 (Post et al, 1990; IPCC, 2001).  

 

Of the global C reservoirs the ocean is the largest, storing about 39.000 Pg of witch most is 

trapped in deep ocean layers in slow circulation (Eswaran et al., 1993). The atmosphere has a 

CO2 concentration of approximately 379 ppmv (in 2005; IPCC, 2007, which adds up to about 

785 Pg C. Carbon stock in terrestrial biota/organic matter (OM) has been estimated to be 

between 400-600 Pg C (ICPP, 2000, 2001). Soil, including detritus, is the second largest 

reservoir containing 1500 Pg C, more than twice the amount of C in the atmosphere (IPCC, 

2001). Soil is the major C pool in all terrestrial biomes at all latitudes, even though overall 

global variation is great (ICPP, 2001; Eswaran et al., 1993). Hence, soils are the largest 

actively cycling terrestrial pool of C (Amundson, 2001).  

 

Carbon exchange between world’s reservoirs is believed to been in a dynamic equilibrium for 

a long time before ca. the 1700s (Eswara et al., 1993). Rapidly growing human populations 
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has, however, increasingly distorted the global carbon cycle, mainly with changes in land use 

and combustion of fossil C (Janzen, 2004). 

 

1.1.1. Inorganic carbon 

The global C cycle is mostly driven by organic carbon, but most C in world’s reservoir is, 

however, in an inorganic form; mostly stored in bedrock, in deep and intermediate oceanic 

layers and in oceanic sediments. Most of this inorganic carbon (IOC) has a turnover-time of 

million of years and is controlled by geological processes, movement of continental plates, 

volcanism, weathering and uplift forces in the oceans. This C would be in equilibrium if not 

for the burning of fossil fuels (Chapin et al., 2002).  

 

A relatively small amount of IOC is also created when CO2 reacts with inorganic molecules in 

the soil in a process termed chemical weathering (Brady and Weil, 1999). Such IOC 

compounds include e.g. carbonic acid, carbonates and bicarbonates. Bicarbonates easily leach 

out of the soil and eventually most of this IOC is returned to the atmosphere as CO2 again 

(Brady and Weil, 1999). Such IOU cycle can, however, be relatively more important in 

Andosol created on basaltic bedrocks in Iceland (Gíslason et al., 1996; Moulton and Berner, 

1998). This soil IOC-cycle will not be further addressed in this study. 

 

1.2. Soil organic carbon 

SOC is of fundamental value for soil condition and plays an important role in its function and 

structure (Brady and Weil, 1999). Soil carbon has persistent positive influence on soil 

chemical and physical properties. It improves soil structure and moisture retention as well as 

promoting ion exchange capacity and thus nutrients availability in the soil (Janzen, 2006; 

Brady and Weil, 1999).  A healthy soil has many important functions; it is a medium for plant 

production, regulates water supplies, recycles raw materials to name few (Brady and Weil, 

1999; Guðmundsson, 2003) and a healthy soil has sufficient SOC content (Lal, 2008) which 

differs widely depending on soil type.   

 

SOC is a combination of plant, animal and microbial residues in all stages of decomposition. 

Most carbon that enters the soil does so via plant residues, both below and above the soil 

surface (Post and Kwon, 2000). Litter is dead plant and animal detritus deposited to the 
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surface. From the surface decaying soluble organic products leach into the soil and 

particlulated litter is also incorporated into the soil by faunal pedoturbation (Quideau, 2002). 

Root inputs can also constitute significantly to the SOC pool. Root and shoot remains are 

humified after plant death and root exudates and other root-born substances are released from 

plants into the rhizosphere as well discarded as root hairs and fine roots. (Kuzyakow and 

Domanski, 2000). In grassland ecosystems the root turnover can be up two thirds of carbon 

added whereas in forests most of the carbon is added as surface litter (Quideau, 2002). 

 

1.2.1. SOC stabilisation 

Soil C storage is determined by inputs and decomposability of organic matter (OM) and time, 

as was explained earlier, as well as the placement of OM inputs in the soil profile (Janzen, 

2004). Soil properties also influence C stabilisation as OM is either physically protected intra 

aggregate or chemically protected in organic-mineral complexes (Six et al., 2002). Other 

environmental factors such as temperature and moisture are also important (Post & Kwon 

2000). Loss of SOC is mostly through microbial respiration (e.g. Janzen, 2006; Post & Kwon 

2000), but some is leached through the profile as dissolved organic carbon (DOC) and/or 

particulate organic carbon (POC) and some can be lost through soil erosion (Óskarsson et al., 

2004). When rates of OM inputs are greater than losses the soil accumulates SOC and vice 

versa. Accordingly by altering OM inputs, SOC decomposition and/or soil properties, SOC 

stocks in soil can be manipulated. (Janzen, 2006; Chatskika et. al. 2009).  

Stabilisation of C in the soil is not fully understood but C is protected through various soil 

constituents and by environmental conditions (e.g. Lützow et al., 2006; Post and Kwon, 

2000). Different pars of the SOC pool have different turnover time depending on complex 

interactions between biological, chemical and physical processes in the soil (Post and Kwon, 

2000). The light OM fraction has a rather fast turnover time and is not complexed with 

mineral matter.  It can accumulate at the surface in tundra and boreal ecosystems due to slow 

decomposition. In warmer climate the amount can be quite high as well if inputs are high 

enough. The majority of the SOC is transformed by microbial activity to silt or clay sized 

organo-mineral complexes. This SOC pool has a longer turnover where the silt sized 

complexes seem to be more stable than the clay seized (Post and Kwon, 2000). At this stage 

the main stabilisation forces are expected to be spatial inaccessibly of OM caused by various 

processes as well as interaction of OM with mineral surfaces and metal ions. The mechanisms 
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in each case are very diverse and it is often hard to determine precisely which one is   

responsible (Lützow et al., 2006). 

 

1.2.2. Land use change 

World soil loss of C through land-use change, where grasslands and forests have been 

converted to agricultural land, is commonly estimated to have been 55-78 Pg C in recent 

centuries (Lal, 2004). This loss of SOC following land-use change to agriculture happens for 

a number of reasons (Janzen, 2004; Chatskika et al., 2009). With tilling, organic matter 

becomes more accessible to decomposing organisms, as aggregates are disrupted and fresh 

litter is mixed to the soil (Post & Kwon, 2000). Part of the photosynthesised C is harvested 

and exported in agricultural systems and therefore does not return to the soil (Janzen, 2004). 

Soil erosion is also common following soil disturbance through cultivation and its effect can 

not be overlooked (Lal, 2004). As a result most agricultural soils contain lower SOC stocks 

than their potential capacity as determined by their properties and environment (Lal, 2007; 

The Royal Society, 2001).  

 

Exceptions from this are known for soils that receive large amendments of OM for prolonged 

periods such as the Plaggen soils of N-W Europe and the Terra Preta do Indo soils of the 

Amazons (Paustian et al., 1997). These soils were intensively managed but because of the 

large OM amendments the SOC stock of the soil increased and was higher than unmanaged 

similar soils. In Australia phosphorus fertilization of managed pasture has led to accumulation 

of SOC and higher SOC stocks in managed pasture than similar natural grassland (Paustian et 

al., 1997). 

 

Different agricultural practises have, however, different effects on SOC balances (Brady and 

Weil, 1999). SOM turnover rates can be decreased by half with converting to reduced or no 

tillage practises and C sequestration can be enhanced by converting to organic farming 

(Chatskika et. al, 2009). Conversion to reduced tillage has been shown to increase SOC stocks 

by 0 to 2.6 t ha-1 (Lal, 2001) and the IPCC (2000) sets the potential SOC increase rate for 

improved cropland management from 0.1 to 0.8 t ha-1 yr -1 with the duration of 15 to 40 years.  

 

Some results indicate that accumulation of SOC in agricultural systems can be maintained for 

a prolonged periods (Paustian et al., 1997). For example fresh soil from volcanic eruptions or 
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glacial retreat can accrue SOC for up to 3000 years although accumulation significantly slows 

down towards the end (Schlesinger, 1990).  

 

When agriculture is abandoned SOC often increases in the soil profile (Schlesinger, 1990).  

This increase is highly input dependent, it generally happens faster in the tropics and much 

slower where production is limited (Post & Kwon, 2000). The accumulation is fastest at the 

beginning and slows down until a new steady state is reached where inputs and decomposition 

are again in balance, commonly in 50-100 years (Post & Kwon 2000).  

 

1.2.3. SOC and soil nitrogen 

The C and nitrogen (N) cycles are closely linked in nature (Brady and Weil, 1999). Studies 

have shown that N additions can affect C storage of the soil. The processes, connection and 

interaction responsible are not fully known and seem to be complicated (Neff et. al., 2002). 

Studies have shown a decrease, an increase and no change in SOC stocks with N additions 

(Hyvönen et al., 2008; Hobbie, 2000; Vitousek, 1982).  The most obvious result of N 

additions is more biomass production and thus often more inputs of OM to the soil (Mosier, 

1998; Hyvönen et. al., 2008; Neff et.al., 2002). However the frequently seen quick change in 

SOC contents following N application (fertilisation) may indicate that not only the increased 

biomass production is responsible for the observed change in SOC, but also that some 

decomposition processes could also be involved (Waldorp et. al., 2004). In the first steps of 

decomposition, additional N is often needed to change litter to SOC, as microbial C:N ratio is 

much lower than commonly found in plant litter (Janessens and Luyssaert, 2009). Fertilisation 

should normally lead to a lower soil C:N ratio, making such external transport of N to 

enhance the first steps of litter decomposition easier. N additions have also been shown to 

enhance decomposition of plant tissues containing low concentrates of lignin and other 

recalcitrant compound whilst it reduces decomposition of plant tissues rich in recalcitrant 

compounds (Hyvönen et al., 2008). 

 

Different SOC particles can also show different response to N additions (Waldorp et al., 

2004). The decomposition of labile C with short to medium turnover time accelerates but 

more recalcitrant, organo-mineral compounds seem to further stabilise (Neff et al., 2002). 

Response to N additions is also different between ecosystem types.  In Waldorp et al. (2004) 

study the same N additions led to accumulation of C in sites with low quality litter and soil 

whereas sites with high quality litter and soil were more prone to lose SOC. Hyvönen et al. 
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(2008) studied effect of N additions on trees and soils in Northern Europe and found that SOC 

stock increased with N additions. In N depleted sites the SOC accumulation was considerable 

due to increased litter production. In N rich site SOC also accumulated in spite low tree-

growth response indicating reduced decomposition rates with N additions. 

 

1.2.4. SOC and climate change  

Climate change is expected to cause changes in a number of factors influencing SOC. Trends 

such as rise in temperature, change of weather events, increased N depositions and elevated 

CO2 concentration of the atmosphere are all predicted to increase or have already started to 

increase (ICCP, 2007).  This will affect two important SOC controlling variables; inputs of 

organic matter to the soil and decomposition of soil OM. Increased N deposition is likely to 

simulate C uptake, especially in N limited ecosystems (Mosier 1998). Elevated atmospheric 

CO2 concentrations seem to increase photosynthetic capability and water use efficiency of 

plants and therefore biomass production (Paustian et al., 2000; Mosier, 1998).  

 

A simplified perspective of SOC decomposition has been that temperature is the main 

limiting factor whereas multiple factors are limiting for plant production. Thus decomposition 

could increases more with temperature than primary production (Woodwell, 1983; Jenkinson 

et al., 1991). It should, however, be noted that recently there have been some studies that have 

shown that decomposition of SOC in both grassland and forest soils can acclimatise after a 

relatively short time in warmer climate (Luo et al., 2001; Strömgren, 2001). How general this 

phenomenon is, is however, still debated among ecosystem ecologists, but could radically 

change future predictions of SOC losses in warmer climates (Kirchbaum, 2004; 

Schindlbacher et al., 2009).  

 

Different SOC compounds also have a wide range of kinetic properties, which can greatly 

affect their temperature sensitivity to decomposition (Hobbie et al., 2000). The more mature 

the soil is, chemical and clay protection increases and the less temperature dependant the SOC 

decomposition is (Davidson and Janssen, 2006). OM in wetlands and permafrost soils is not 

stabilised, it is simply held there because of unfavourable conditions for decomposition. Thus 

when wetlands dry out and permafrost thaws the OM they contain tend to decompose easily. 

These soils predominantly occur in regions that are expected to experience the greatest 

warming and are therefore assumed to lose one-fourth of its SOC stocks in the twenty fist 
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century (Davidson and Janssen, 2006). This is two to three times more loss that simulated for 

all mineral soils of the earth by current models (Davidson and Janssen, 2006).  

Interactions and feedbacks of factors involved in the SOC dynamics are, however, complex 

and therefore sound predictions are hard to make (Paustian et al., 1997). Regional changes in 

weather events are still difficult to accurately predict and thus these predictions, as much as 

insufficient knowledge of SOC dynamics, limit the ability to predict changes in SOC in the 

future (Davidson and Janssen, 2006). 

 

1.2.5. SOC and climate change mitigation  

As evidence for the link between increasing atmospheric greenhouse gases (GHGs), of which 

atmospheric CO2 is the most important, and climate change has increased in recent years, 

international efforts have been started to reduce anthropogenic emissions CO2 and other 

GHGs (IPCC, 2007).  

 

The 1997 Kyoto Protocol committed the developed nations to reducing their net-emissions of 

greenhouse gases by 5.2% below their emissions in 1990 by 2008-2012 (UNFCCC, 1998). 

Initially this was mainly planned to be achieved through direct reductions in GHG emissions, 

and only one land-use change was accepted as a valid mitigation option (Article 3.3), i.e. the 

increase in aboveground C-stocks following afforestation of treeless lands after 1990 or 

reduced human-induced forest clearance of existing forests (deforestation).  

 

International Panel for Climate Change (IPCC) identified SOC accumulation in cultivated 

soils following a change in management regime as a potential atmospheric CO2 mitigation 

option (IPCC, 2000). In later additions to the Kyoto-protocol (Article 3.4) four new land-use 

change options have subsequently been added as valid mitigation options. They include 

human-induced activities related to: i) forest management of older forests, ii) grazing land 

management, iii) revegetation of eroded surfaces and iv) cropland management. The last three 

options primarily deal with changes in SOC and the last option (cropland management) is the 

topic of the present thesis.  

 

The four new options to the Kyoto-protocol, including cropland management, were however 

not obligatory and countries had to decide before 2008 if they were going to include any of 

them in their CO2 bookkeeping for the first commitment period (2008-2012). The Icelandic 
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government only choose option iii (revegetation), and therefore changes in SOC in croplands 

are not considered at present (Umhverfisráðuneytið, 2010). Globally it is however believed 

that changes in agricultural management could give most mitigation potential (ca. 33%) of all 

the presently allowed mitigation options (The Royal Society, 2001). 

 

Although the mitigation potential of SOC accumulation is finitive in capacity, it buys us time 

to find more sustainable/permanent solutions to the rising GHGs (Lal, 2004). SOC 

sequestration has thus been described as truly a win-win situation with much gain and no loss; 

atmospheric carbon is offset, soil erosion risk is reduced, biodiversity is increased and food 

production potential is increased (i.e Smith et al., 2008; Lal, 2008).  However, in an 

overpopulated world demand for the photosynthesized C is high as it is demanded as fodder, 

food, fuel, building material as well as for increasing C stock of the soil (Lal, 2008). Even if 

cropland management is not a valid option during the first commitment period in Iceland, it is 

more than likely it could become so in the future. Therefore there is a pressing need for more 

knowledge on SOC dynamics in Icelandic croplands. 

 

1.3. Icelandic conditions  

1.3.1. Climate 

Iceland is situated just south of the Arctic Circle on the mid-Atlantic Ridge, between latitudes 

63° and 67° N and longitudes 18° and 23° W. It is a volcanic island with Quaternary and 

Holocene formations running through the centre south to north of the island and Tertiary 

basaltic plateaus in the eastern and western parts (Sæmundsson, 1979). The climate is 

maritime, ranging from cold-temperate climate in the lowlands to arctic climate in the 

highlands. Hence, it is characterized by cool summers and relatively mild winters. In lowland 

areas the mean annual temperature ranges from 2.0 to 6.5 °C. Precipitation varies 

predominantly between 600 mm to 1500 mm yr-1 in lowland areas, but values less than 400 

mm are known in the highlands and values much higher than 2000 mm at the southern shore 

and in the south-eastern mountain ranges and glaciers (Einarsson, 1984; Björnsson et al., 

2008). Iceland is situated close to the border of cold and warm oceanic currents, which 

heavily affects the observed temperature. It can therefore fluctuate intensively in all seasons 

of the year, with very warm winter days and summer temperatures falling below zero. 

(Einarsson 1984). 
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1.3.2. Soils of Iceland 

As Iceland is an active volcanic area most of the dry-land soils are classified as Andosol 

(Arnalds, 2004). The parent material is predominantly of tephra origin or sediment from 

aeolian sources (Arnalds, 2004). The Icelandic soils differ in some aspect from other 

Andosols since they are very young, receive unusually large inputs of aeolian additions, are of 

basaltic origin and develop in low temperatures with a wide range of precipitation (Arnalds, 

2004).  

 

Arnalds and Óskarsson (2009) introduced an Icelandic soil classification scheme, based on 

the World Reference Base (IUSS-FAO, 2006) and Soil Taxonomy (Soil Survey Staff, 1999) 

where three main soil types were identified; Histosols, Andosols and Vitrisols and varius 

subtypes and. The classifacation is based on mineralogical characteristics and OM content of 

the where aeolian inputs and drainage of the soil are the dominant crontroling factors.  

Because of Iceland’s unstable climate the soils experiences very frequent freeze-thaw cycles. 

This causes intense cryoturbation, promoted by high water holding capacity of the soil and 

plentiful precipitation that influence soil processes resulting in a range of geomorphic surface 

features (Orradóttir et. al., 2008).  

 

The basaltic nature of the volcanic glass causes relatively rapid weathering of the soil 

(Gíslason, 2005). Pedogenic products include poorly crystalline minerals; allophone, 

imogolite and ferrihydrite (Arnalds & Óskarsson, 2007). As these clay minerals have large 

surface area relative to size they have very high charge. This and the formation of metal-

humus complexes give the soil its distinctive characteristics such as high levels of SOC, high 

porosity, low bulk density, high water retention capacity, high hydraulic conductivity, high 

cation exchange capacity (CEC), low bearing capacity and lack of cohesion (Arnalds, 2004). 

 

Due to anthropogenic factors, volcanic activity, unstable climate and soil characteristics, soil 

erosion has been and is a serious problem in Iceland. Since settlement loss of SOC from 

Icelandic ecosystems with erosion has been estimated 120 – 500 × 106 t of which a part is 

deposited onto surrounding intact soils (Óskarsson et al., 2004).  Erosion has led to 

formations of vast eroded, barren areas. Soils of these areas are sandy and shallow, poor in 

nutrients and have low SOC content (Arnalds and Kimble, 2001). Soil characteristics change 

rapidly if vegetation is established and when SOC content of eroded and fully vegetated land 

are compared, the C sequestration possibility of the soil is evident (Óskarsson et al., 2004) 
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Iceland’s barren areas are of different nature such as; eroded areas, glacial flood plains and 

retreat areas. All of these areas are active sources of atmospheric dust. In addition eruptions 

are frequent, happening every 4 to 5 years. Therefore aeolian inputs have large influence on 

soil formation in Iceland where deposition rates range from 10 to 800 g m-2 yr-1. This leads to  

soil thickening rates of 0.03 to 1 mm yr-1, excluding direct tephra deposition (Arnalds, 2010).   

 

When properly managed Andosols are amongs the most productive agricultural soils 

(Dahlgrean, 2004). Most agricultural soils in Iceland are mature Andosols, Haplic, Silandic 

and Gleyic depending on drainage conditions.  Drained Histosols which are usually rich in 

mineral material (Guðmundsson et al., 2004) are also extensively cultivated.  

 

1.3.3. Agriculture in Iceland 

Animal husbandry is the predominant agricultural practice in Iceland due to harsh climate 

limiting crop production (Bergþórsson, 1975). The scarce fodder produced for the long winter 

period was traditionally the most limiting factor for husbandry. With mechanization and 

introduction of inorganic fertilisers in the 20th century agricultural production potential 

increased (Þorsteinsson, 1973). Vast areas of wetlands were drained, first for making of hay-

fields and later also for improving pasture (Geirsson, 1975). With the introduction of 

inorganic fertilisers in the beginning of 20th century (Eggertsson & Óskarsson, 1978) yields 

could be improved and marginal agricultural land further utilized. Þorvaldsson (1994) divided 

agricultural fields by soil type based on inventory and information from farmers and 

estimated that 44% of agricultural fields in Iceland were on drained wetlands, 5% on sandy 

soil and 51% on typical vegetated dryland soils, Brown Andosols. As the main agricultural 

practise is still animal husbandry and most agricultural fields are hence used for hay 

production.  In recent years, with warmer climate and improved varieties, cultivation of barley 

has, however, increased and annual production is now about 18.000 t (Eggertsson, 2010).  

 

1.4. Studies on SOC dynamics in Icelandic soils 

Soils of intact and vegetated areas in Iceland belong to the two soil orders known to store the 

most carbon per unit area, Histosols and Andosols (Arnalds & Óskarsson, 2009). While OM 

stabilisation in Histosol is caused by anaerobic conditions (Brady and Weil, 1999; Davidson 

and Janssen, 2006), high SOC stock of Andosol is generally related to formation Al/Fe-humus 
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complexes and sorption to allophane, imogolite and ferrihydrite although details of how 

protection exactly occurs is still debated (Dahlgren et al,. 2004).  Other properties Andosols 

also inhibit decomposition of SOC such as; burial of surface soil of volcanic ash, high water 

holding capacity that facilities anaerobic conditions (Tonneijck et al 2010; Dahlgren et al,. 

2004).  

 

1.4.1. Prior SOC studies  

Most studies on SOC dynamics in Iceland have taken place in relation to either 

restoration/revegetation of eroded soils or after afforestation of either eroded soils or on 

natural heathlands/grasslands, but relatively little focus has so far been on SOC in agricultural 

soils. These studies have shown that the soil can accumulate OM at a relatively fast rate after 

restoration of formerly eroded areas in Iceland. Arnalds et al. (2000) studied SOC change at 

different reclamation sites in Iceland and found an average accumulation rate 0.6 t C ha-1 yr-1, 

ranging from 0.2 to 0.9 t C ha-1 yr-1which could be maintained for at least 50 years. He also 

identified main sources of variability for accumulation rates: a) nature of restoration methods 

applied, b) climate, c) elevation and d) soil type at sites. The study showed that revegetated 

areas in north of Iceland had lower accumulation rates of SOC likely caused by lower 

temperatures and precipitation than in S- Iceland (Arnalds et al., 2000).  

 

In an experiment at Geitasandur in south of Iceland effects of different restoration methods on 

vegetation and soil properties were studied. In those sites SOC had accumulated at a rate of 

0.4 t SOC ha-1 yr-1 were grasses had been seeded and fertiliser applied at minimum rates 

(Arnalds, et al., 2011). 

 

Magnusson et al. (2001) studied changes in SOC stocks following revegetation with the 

nitrogen fixing Nootka lupine (Lupinus nootkatensis) at different locations in Iceland. They 

found that SOC did accumulate where soils had been totally lost by erosion before the 

revegetation took place, but that SOC was reduced where Nootka lupine covered areas with 

mineral soils. 

 

Kolka-Jónsson (2011) studied changes in soil properties, including SOC stocks, following 

restoration of natural birch woodlands on eroded soils. The soils in the study gained on 

average 0.47 t C ha-1 yr-1 in the top 30 cm and the soil was still accumulating SOC 65 years 

after restoration. 
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Studies on changes in SOC stocks following afforestation show that most of the carbon stored 

in Icelandic forests is in the soil pool. In a young Siberian larch plantation (Larix sibirica 

Ledeb.) in eastern Iceland the soil had already started to accumulated SOC 12 years after 

establishment, where site preparations included scarification (Bjarnadóttir et al., 2007). Other 

studies in Icelandic forests and woodlands have shown a similar trend (Snorrason et al., 2000; 

Jónsson, 2007; Ritter, 2007; Sigurðsson et al., 2008) though sequestration with time was not 

always significant. 

 

There have been relatively few studies on the SOC balance of natural grasslands and 

heathlands. One interesting study did, however, compare SOC accumulation of different aged 

lavafields in S-Iceland (McPeek et al., 2004), which were covered with different types of 

vegetation. They found that the SOC accumulation rates seemed to increase with time (within 

the time range subjected (934-1783 AD) as the yearly SOC increase was highest in soils 

developed on a  lava flow from 934 AD and lowest in soils developed on flows from 1783.  

These studies on possible SOC accumulation in Icelandic soils show that the rates identified 

are within the 0.1-0.7 t ha-1 yr-1 range the set by IPCC (2000). 

 

1.4.2. Prior studies on agricultural soils 

One of the very few studies available on SOC changes in agricultural hayfields in Iceland was 

made by Guðmundsson et al. (2004). They reported changes in SOC and pH in a long term 

fertilisation experiment in a hayfield in North-East of Iceland.  A mean annual increase of 0.6 

to 1.0 t SOC ha-1 was measured from 1973 to 1996 in the top 10 cm depending on the type 

and amount of N fertiliser used. The increase of the SOC stock was explained with increased 

biomass production. These results indicated that low to moderate doses of N fertilisers lead to 

C accumulation in the soil.  

 

Áskelsdóttir and Guðmundsson (2011) compared SOC stocks in long-term fertilisation 

treatments on different soil types to an adjacent untreated area to assess SOC change in time. 

One site with drained Andic Histosol overlying a thick peat deposit showed loss in SOC with 

time and increasing application rates of P. On the other hand site on old agricultural field with 

well drained Andosol the SOC stocks were higher than in the control area and the increase 

was equivalent of 0.05 to 0.16 t SOC ha-1 yr-1 where the highest N applications rates resulted 

in the greatest SOC accumulation.  
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Björnsson (2011) studied SOC in barley fields of different age and comparable hayfields in 

Miðgerði and Vindheimamelar in N- Iceland and Korpa in S-W -Iceland. SOC content did not 

significantly change with age in the barley fields nor was a significant difference between 

SOC in hayfields and barley fields.   The age of the barley fields was however only 13 years 

for the oldest so changes were maybe still to take place.  

 

1.5. Modelling SOC dynamics 

1.5.1. Models – what are they? 

“Models are a tool that can bee used to simulate the combined impact of many different 

factors on the target output”  

(Smith et al., 2008; pp. 26) 

Most common and widely used models are the so-called processed-based simulation models 

(Smith et al., 2008). They focus on the processes mediating movement and transformation of 

matter and energy in the soil-plant system, where first order kinetics are usually assumed with 

respect to the concentration of the C pool:  

/  ,   (1) 

 

 

where t is the time, the rate constant k is related to the time it takes the pool to be reduced by 

half when there is no input (Molina and Smith, 1997). 

In multi-compartment process-based simulation models, such as YASSO, ForSAVE or RothC 

(Coleman and Jenkinson, 1999; Liski et al., 2005; Haraldsson et al., 2007), each SOC pool in 

the model is characterized by its position in the model structure and its decomposition rate. 

First order kinetics then usually expresses the different rates with respect to the concentration 

of the pool with time. The flow of C in most such models follow a sequence of carbon 

originating in plant and animal residues to the microbial biomass then to SOC pools of 

increasing stability. The output flow from the SOC pools usually splits, directed to a 

microbial biomass, other organic pool or to CO2.  Two parameters are needed to determine 
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the split flow, usually defined by a microbial efficiency and stabilization factor respectively, 

controlling the flow of decayed C to the biomass and humus pools (Molina and Smith, 1997; 

Smith et al, 2008). 

 

1.5.2. The RothC model 

The Rothamsted Carbon Model, or RothC-26.3 (Coleman and Jenkinson, 1999), is one of the 

leading SOC turnover models and has been widely used in different environments, soil types 

and managements (e.g. Ludwig et al., 2005; Shirato et al., 2005; Zimmermann et al., 2007). It 

needs few, easily obtainable input parameters (Coleman and Jenkins, 1999) and has the 

advantage of being testable with existing datasets (Shirato et al., 2005). In a comprehensive 

SOC model evaluation were leading SOC models were tried on long term datasets from seven 

sites across range of climatic zones, soil types and land uses, RothC performance proofed 

convincing (Smith et. al., 1997). The model was originally developed to model the turnover of 

C in arable soil of the Rothamsted long term field experiments (Coleman et., al, 1997). In 

later versions the model has been extended to model turnover in grassland and woodland as 

well as in different soils and climates. Although it should be used cautiously in cold climates, 

soils developed on recent volcanic ash and not at all on permanently waterlogged soils 

(Coleman and Jenkins, 1999).   

 

1.5.3. RothC 23.6 structure  

The Rothamsted Carbon model, RothC, allows for the effects of soil type, moisture content, 

temperature and plant cover on the turnover process, calculated on years to centuries 

timescale (Coleman and Jenkinson, 1999). In this study the RothC-26.3 version was used. It is 

an extension of the earlier model developed by Jenkinsson and Rayner (1977) and by Hart 

(1984). 

 

The model contains five components of soil organic matter (SOM), including two incoming 

plant litter components (Figure 2); Decomposable Plant Material (DPM) and Resistant Plant 

Material (RPM). DPM/RPM ratio depends on the type of incoming plant material, for 

agricultural grassland the ratio is 1.44, where 59% is defined DPM and 41% RPM. All OM 

inputs pass these two compartments once. 
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The other soil organic pools are; Microbial Biomass (BIO), Humified Organic Matter (HUM) 

and a small amount of Inert Organic Matter (IOM) (Figure 2). Each of the compartments 

decomposes by first-order kinetics with its own characteristic rate. IOM is defined as inert 

organic matter with radiocarbon age set by default to 50,000 years, implying almost no 14C 

content and that it is of geological rather than pedological age (Coleman and Jenkinson, 

1999). The OM, both DPM and RPM, is decomposed to CO2 lost from the system, BIO and 

HUM depending on the clay content. BIO and HUM are also decomposed to CO2. The 

decomposition rate changes depending on temperature, moisture and degree of soil vegetation 

cover (Coleman and Jenkinson, 1999). 

 

 
Figure  1. Schematic overview of the C-cycle in the RothC Model (Based on Coleman and Jenkinson, 
1999). DPM, RPM, BIO, HUM and IOM stands for Decomposable plant material,  Resistant plant 
material, Microbial biomass, Humified OM and Inert OM. 
 

Data required to run the model are:  

1. Monthly rainfall (mm). 

2. Monthly open-pan evaporation (mm) used to calculate topsoil moisture deficit. 

3. Average monthly air temperature (°C) is used rather than soil temperature as it is 

more easily obtainable for most sites. 

4. Clay content of the soil (%) 

5. DPM/RPM ratio, an estimate of decomposability of incoming plant material.  
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6. Soil cover for each month, if the soil is bare (0) or vegetated (1) in particular 

month.  

7. Monthly input of plant residues (t C ha-1) entering the soil per month. Often this 

input is not known then the model can be run in reverse mode generating inputs.  

8. Monthly input of farmyard manure, FYM (t C ha-1). 

9. Depth of soil sample (cm). 

 

1.5.4. RothC 23.6 modified for Andosol   

Shirato et. al., (2003) attempted to modify RothC for use on Andosols in Japan by changing 

the decomposition rate of the humus pool of the soil and set the inorganic carbon pool to zero. 

Then the modified model was validated in comparison to the original RothC on four long 

term experiment data sets on Andosols of different types, land management and climate. The 

Shirato et al. (2003) study showed that the modified version, hereafter termed RothC-Volc, 

performed considerably better on volcanic soil in Japan than the original model.   

In RothC-Volc the decomposition rate constant of the HUM pool is changed to represent 

active Al and Fe in Andosol forming stable complexes with humus in the soil. The HUM rate 

constant was altered with pyrophosphate extractable Al content of the soil. This was 

determined by defining the H(f) factor expressed as: 

 

H f     measured SOC –  modelled SOC – modelled HUM / modelled HUM,  (2) 

 

where H(f) is the factor required to divide the decomposition rate constant of the HUM pool 

so the modelled SOC matched the measured SOC. The H(f) was calculated for soil in 32 

Japanese sites at different latitude and with different vegetation and land management 

(Shirato et al. 2003). The relationship between H(f) and content of acid oxalate extractable Al, 

Fe and Si or pyrophosphate extractable Al in soil were analysed. The equation: 

 

H f    1.20   2.5Alp,  (3) 

 

where H(f) is the decomposition rate modification factor of the  HUM pool and Alp is % in 

the soil gave the best results. Thus Alp concentration of the soil was used as a HUM 

decomposition rate constant. In addition the IOM pool was set to zero since Andosol is 

formed from volcanic ash and therefore was assumed not to contain inorganic carbon when 

formed (Shirato et al., 2004).  
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1.5.5. Prior use of process-based soil and ecosystem simulation models in Iceland 

A model for income estimation for dairy farms resulted in better knowledge of the importance 

of early harvesting hay for more nutritious yields (Sigurðsson et al., 1980).  

 

The SOILN model was tried in the 1990s with the purpose of adjusting it to Andosol in 

Iceland but no results were published (Björnsson & Þorvaldsson, 1999).  

 

The WinSoil Model was adjusted to simulated water tension and soil temperature in a black 

cottonwood (Populus trichocarpa) plantation in Gunnarsholt South-Iceland. With 

parameterisation the model had sufficient fit between measured and simulated values at the 

plantation (J. Guðmundsson, personal communication, March, 2012).  

 

Belyazid et al., (2007) adapted the ForSAFE model to simulate changes in the ground 

vegetation after afforestation in Iceland. The ForSAFE is combined version of four existing 

models; the soil chemistry model SAFE, the photosynthesis-evapotranspiration and tree 

growth model PnET, the soil organic matter decomposition model DECOMP and the soil 

hydrological model PULSE. The results indicated that the model was applicable to Icelandic 

conditions but more work was needed for the model to reconstruct the composition of the 

SOM accurately. It modelled standing wood biomass and soil pH well but underestimated 

SOC stocks greatly and thus consequently overestimated C:N ratio of the soil.  

 

Bergh et al., 2003 used the boreal version of the process-based model, BIOMASS to simulate 

short–term effects of climate change on the productivity of selected tree species in Nordic 

countries. Effects of climate change were predicted to be positive for growth of black 

cottonwood at a plantation in Gunnarsholt in South Iceland, both increased temperatures and 

elevated atmospheric CO2 concentrations.   

 

Gibelin et al., 2008 developed a model ISBA-CC, a new version of the ISBA land surface 

model and simulated energy and CO2 fluxes at high and middle latitudes. The model did well 

in simulating gross primary production at the cottonwood plantation in Gunnarsholt but 

results were poorer in predicting net radiation, latent heat flux and sensible heat flux.  
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1.5.6. Use of process-based soil simulation models in research and policy 

Modelling SOC dynamics with process-based simulation models plays an important role in 

improving our understanding of C processes in the soil (e.g. Franko et al., 1997). They can 

also be useful in predicting C changes following land-use and/or management changes (e.g. 

Smith et. al., 1997; Franko et al., 1997). Furthermore soil C models are an important part of 

other models such as crop production and climate change models (Ludwig et al, 2008).  The 

extensive use process-based simulation SOC-dynamics models make it impossible to give a 

comprehensive overview on it. 

 

One field that has led to increased use of models, such as Roth-C, in recent years, is e.g. the 

requirement of almost all countries in the world to report their greenhouse-gas (GHG) 

balances and changes in land use to the United Nations Framework Convention of Climate 

Change (UNFCCC) every year (IPCC, 2001; 2007). Since CO2 is the most important GHG 

and one of seven land-use classes that countries are required to report on is all cultivated land 

(IPCC, 2007). SOC dynamics in cultivated land are of major interest in this respect and even 

more so if and when Iceland decides to include cropland management in its Kyoto 

bookkeeping for UNFCCC (see earlier). 

 

It would of course be most accurate to measure the real SOC changes in all agricultural fields 

in all countries, or at least certain number of fields of each cultivation type, topographical 

feature, and disturbance regime, on regular basis, but it is practically impossible. Moreover, 

direct field measurements are limited for detecting small short-term (annual or even 

decational) changes in SOC due to a general high spatially variability of soil C (Brady and 

Weil, 1999), and to do such measurements very frequently for GHG-reporting would 

therefore be a waste of resources. Consequently, a process-based SOC dynamics models have 

generally been considered as a useful and effective tool to evaluate the SOC dynamics in 

cultivated soils at a regional as well as national level, as well as SOC stock changes due to 

land-use change (Vleeshouwers & Verhagen, 2002; Liski et al., 2005). One of the main goals 

of the present thesis work was to make the first trial to adapt a process-based simulation 

model (Roth-C) to multiple agricultural sites in Iceland, and thereby evaluate if it could be 

used for such upscaling venture for Icelandic conditions (see next).  
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1.6 Aims and objectives of the study 

The main objective of this study was to process and use data from the long-term hayfield 

experiments at Sámsstaðir, Akureyri, Skriðuklaustur and Geitasandur to explore the long-term 

changes in SOC and other properties of cultivated hayfield soils in Iceland. For this study two 

experimental treatments were used: the lowest N application and High N-application rates at 

each site. This will form the most comprehensive overview of such long-term changes in 

Icelandic hayfields that has been published so-far.  

- The research hypotheses that were put forward in the beginning were: 

a) That there would not be much difference in SOC between different study sites as 

conditions and land-use history is similar, except for Geitasandur where conditions and 

land-use history is different from the other study sites. 

b) The same would apply to other soil properties such as pH, bulk density and colloidal 

constituents. 

c) That N-application rates would affect hay production and thus SOC at the study sites.  

The second goal was to apply and validate a process-based SOC model at these four sites, 

using the two fertilisation treatments. Four scenarios were used for each trial:  

1) RothC 26.3 were inputs of plant residues were derived from measured yield data, 

hereafter referred to as  RothC-Yield  

2) RothC 26.3 were model estimates of inputs of plant residues were used, hereafter 

referred to as RothC-Model 

3) RothC 26.3  were inputs of plant residues were derived from measured yield data, but 

using a different version of the model that has been adapted to volcanic soils (RothC-

Volc) hereafter referred to as RothC-Volc-Yield. 

4) RothC-Volc were model estimates of inputs of plant residues were used, hereafter 

referred to as RothC-Volc-Model. 

The research hypothesis before the work started was that the model adapted to volcanic soils 

would perform better in predicting SOC changes in soils of Iceland as it accounts for 

Andosols SOC stabilisation properties better than the RothC 26.3. Also that harvested hay-

yield would be a better parameter for estimating total OM inputted to the soil below and 
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above ground than model predictions of OM inputs as it is a measurable value, linked to real 

conditions. The following hypotheses where presented: 

 

a) RothC-Volc simulations will have a closer fit to measured values as the work deals 

with Andosol.  

b) Simulations using plant C inputs derived from yield will give a better fit than when 

model estimates of plant C inputs are used.   

c) Model performance will vary between the study sites as conditions are different. 

The model fit is expected to be similar for the established hayfields but poorer for 

Geitasandur. 

d) As this is the first time RothC is applied to Icelandic soils more research and 

modifications are expected to be needed for successfully simulate SOC changes in 

Icelandic soils, especially if an upscaling adventure would be undertaken.    

 

Thirdly and finally the goal was to summarize if the hayfields used in this study were sinks or 

sources of CO2 with the current land use and management system (two different treatments).  

- The research hypothesis was that all the sites would be net-CO2 sink, since the only 

study that had been published before this project from one of these sites had shown 

that that site sequestered SOC in the top 10 cm (Gudmundsson et al., 2004).  

 

- Another hypothesis was that the rate would be higher at Geitasandur with low initial 

SOC stocks and at sites receiving high N-application rates as biomass production 

would be higher there. 
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2. Material and methods 

2.1. Study sites 

2.1.1. Historical background 

In the first half of the 20th century following increased use of inorganic fertilisers, numerous 

fertiliser experiments were initiated (Þorvalsdsson et al., 2003; Guðmundsson et al., 2007). 

Their purpose was to assess the effects of different fertilisers on hay yield, nutrient balance 

and to limited extent soil properties. Hay was harvested annually and soil samples taken at 

irregular intervals at different depths.  In the seventies most of the experiments were 

discontinued as they had served the purpose of evaluating short term affects of fertilisation 

(Guðmundsson et al., 2007).  

 

 
Figure  2. Location of the experimental sites used in the present thesis. 

The oldest experiments, however, were continued for the purpose of measuring the long-term 

effects of fertilisation (Guðmundsson, 2007). Of these experiments the most comprehensive 

datasets were available for the research fields at Sámsstaðir, Akureyri, Skriðuklaustur and 

Geitasandur, the sites used for the present study (Figure 1; Table 1). During the period of 
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1996 until 2007 also those long-term experiments where discontinued and soil was sampled 

from all of them in the end. At the onset of the experiments the sites were ploughed and 

seeded with grass species. All these experiments had received different treatments, including 

the most common agricultural practice of annual fertilisation and harvesting once or twice a 

year, depending on growth.  

Table 1. Long-term hayfield fertilisation experiments, their location, soil type and duration. 
Location Coordinates Experiment  Soil type (WRB)* Duration 

no. (Icelandic classifacation) 
Sámsstaðir 63°44' N 10-45 Silandic Andosol 1945-2005 

20°06' W (Brown Andisol) 
Akureyri 65°41' N 5-45 Silandic Andosol 1945-2006 

18°60' W (Brown Andosol) 
Skriðuklaustur 65°02' N 19-54 Gleyic Andosol 1954-1996 

14°57' W (Gleyic Andsosol) 
Geitasandur 65°02' N 19-58 Vitric Andosol 1958-2007 
  14°57' W   (Vitrisol)   
*( IUSS_WRB, 2006), Icelandic classification from Arnalds & Óskarsson (2009). 

 

The sample collection from these experiments is the most comprehensive that is found for 

agricultural sites in Iceland (Table 2), and thus provides the best and only long-term SOC 

datasets available in Iceland for a study like this.  

 

Table 2. Year when soil was sampled at each study site and the depth interval sampled at the long-
term N fertilisation treatments. 
Site 1961 1962 1963 1965 1969 1973 1982 1989 1996 2005 2006 2007
Sámsstaðir     0-5 0-5 0-20 0-20   0-5 0-5 0-20     
Akureyri 0-5 0-5 0-20 0-20 0-20 0-20 
Skriðuklaustur 0-5 0-20 0-20 0-20 0-20 
Geitasandur                       0-20 
 

2.1.2. Experimental setup and sampling 

The experiments used in this study were located in North, East and two in South Iceland 

(Figure 1; Table 1). The plots were square, 50 m2 in size, and arranged systematically in a 

“knights move variant” of the 5 x 5 Latin square design, except at Geitasandur, where the 

experiment had randomized block design. All experiments received a fixed amount of K and 

P fertilisers with increasing amount of different types of N fertilisers. Soil samples were first 

taken some years after the experiments started and the end of the experiments and at irregular 
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intervals between and different depths, except for Geitasandur where samples were only taken 

in the end (Table 2).   

 

2.1.3. Sámsstaðir 

The experiment 10-45 at Sámsstaðir in Fljótshlíð, South Iceland (Figure 1), was a part of a 

larger fertilisation experimental series. The fields had been used for haymaking for centuries. 

The soil at the site is a freely drained, Silandic Andosol (Table 1). The most common species 

in 1995 in both treatments were Poa pratensis and Festuca rubra (Björnsson and 

Kristjánsdóttir, 1996).  The grass was usually harvested tvice a year, mid summer and late 

summer. 

 

The aim was to follow changes in soil and vegetation with different kind and amount of 

inorganic N fertilisation. All plots in the experiment received 29.5 kg P ha-1 and 62.3 kg K ha-

1 and different amounts and types of N, from 0 to 180 kg ha-1 annually. Each treatment had 

five replicates. For the present study only the highest (180 kg NH4NO3-N) and lowest (0 N) 

fertilazion treatments were used. From beginning of the experiment untill 1960 high-N plots 

recived 93 kg N ha-1 annually, between 1961 and 1963 120 kg N ha-1 and 180 N annully since 

1964. The 0N plots had the same application rates; i.e. they received P and K, but no N, 

during the whole experimental period. 

 

Since SOC content measurements were not avaliable from the beginning of the experiment 

and the first samples were only taken in 0-5 cm depth (Table 2), most calculations and model 

simulations used 1969 as a base year.  

 

2.1.4. Akureyri 

The experiment 5-45 was established in Akureyri, Eyjafjörður in northern Iceland in 1945 

(Figure 1). It was laid out on hayfield seeded with Alopecurus pratensis. A. pratensis was in 

1996 still the dominant specis in both treatments, but in the low 0N plots, Trifolium repens 

and Festuca rubra were also common (Guðleifsson, 2002). The soil at the site is a freely 

drained Silandic Andosol (Table 1). 

 

The experimental plan included comparison of five different amounts and types of N fertiliser 

with five replicates. All plots received annually 23.6 kg P ha-1 and 79.7 kg K ha-1 and were 
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cut once or twice a year and the harvest removed. For the present study, only treatments that 

received 0N and 55 kg NH4NO3-N, in addition to the P and K fertilisation, were used.  

 

Since SOC content measurements were not avaliable from the beginning of the experiment 

and the first samples were only taken in 0-5 cm depth (Table 2), most calculations and the 

model simulations used 1969 as a base year.  

 

2.1.5. Skriðuklaustur 

The 19-54 started in 1954 in Skriðuklaustur, Fljótsdalur in East Iceland (Figure 1). The site is 

located at the foot of a mountain slope in a broad valley. The soil parent material is of 

colluvial and aeloian origin and is between freely and poorly drained. It shows gleyic colour 

pattern indicating reducing conditions part of the year and is classified as Gleyic Andosol 

(Table 1).Vegetation was dominated by Alopecurus pratensis and Dechampsia caespitosa in 

1996.  

 

The experiment was laid out on an old hayfield with five fertilisation treatments. All plots 

were 50 m2 in size and received 30.6 kg P ha-1 and 74.7 kg K ha-1 with different types and 

quantities of N from 0 to 120 kg annually. Plots were cut annually from 1954 to 1996 and the 

harvest was removed (Þorvaldsson, 2003). For the present study only the plots receiving 120 

kg NH4NO3-N  ha-1 and 0 N were used.  

 

Since SOC content measurements were not avaliable from the beginning of the experiment 

and the first samples were only taken in 0-5 cm depth (Table 2), all calculations and the 

model simulations used 1969 as a base year.  

 

2.1.6. Geitasandur 

Geitasandur is a vast eroded area in South Iceland (Figure 1) with gravelly and sandy surface 

and limited vegetation cover. In 1947 a part of the area was obtained for experimental 

purposes where different kind of crops and fertilisers where tried (Guðmundsson et al., 2011). 

The soil at the site would classify as Vitric Andosol (Table 1) and is freely drained. The most 

common species in 1995, in both treatments were Poa pratensis and Festuca rubra 

(Björnsson and Kristjánsdóttir, 1996). The parent material is manly of basaltic origin. It is 

originally poor in nutrients, has a low water holding capacity and low SOC content (Arnalds 

et al., 2001).   
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In 1958 a nitrogen fertilisation experiment, 19-58, was initiated. It was laid out with four 

treatments, had three replicates, each plot measuring 50 or 60 m2. All plots received 53.4 kg P 

ha-1 and 99.6 kg K ha-1 annually, with an increasing amount of N from 50 to 200 kg N ha-1. 

No plots recieved 0N. All plots were harvested annually, and the harvest was removed 

(Þorvaldsson et al., 2009). For the present study, only treatments that received the highest, 

200 kg NH4NO3-N and the lowest 50 kg NH4NO3-N fertilisation were used.  

 

Since no data existed on the initial SOC content of the experiment, samples from unfertilised 

area adjacent to the experiment was used to evaluated changes that had occurred during the 

experimental period and was used for the model.  Samples used were all taken when the 

experiment ended in 2007 (Table 2).  

2.2. Soil analysis  

The last soil samples used in the present study were always taken when the treatments 

stopped at all experimental sites. Samples were taken from three depths, 0-5, 5-10 and 10-20 

cm, and also in 20-40 cm depth in few selected plots. Samples were dried at 35 °C and sieved 

through 2 mm sieve. A subsample was finely ground using a stainless steel ball mill for the C, 

N analysis and for the extractions with pyrophosphate and NH4-oxalate. Results of all soil 

measurements are presented in amount dry matter, dried at 105 °C for 24 hours.  

2.2.1. C, N and pH 

C and N concentration was measured by dry combustion at 1200 °C by VARIO Max CN 

instrument from Elementar Analysensysteme GmbH (Hanau, Germany).  Soil pH was 

measured by an electrode in a paste with 1 part soil and 2.5 parts deionised water. 

2.2.2. Bulk density 

To calculate the amount of SOC stocks per volume or area, the bulk density of the soil is 

needed. No undisturbed samples were available from the plots. Bulk density was therefore 

measured for dried and sieved samples (cf. Guðmundsson et al., 2004; 2011). For samples 

from Skriðuklaustur a sampler container of 380 cm3 volume was filled with sieved soil and 

weighted. From the other experiments a 200 cm3 container was filled and weighed. The fresh 

bulk density taken in cylinders in situ did not differ much from the dried and sieved bulk 

densities at Skriðuklaustur (Guðmundsson et al., 2004) and the same was true for Sámsstaðir 
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and Akureyri. However when the bulk density estimated from dried and sieved samples in the 

0-5 cm layer in Geitasandur was compared to bulk density of soil cores taken from the 0-5 cm 

layer it the sieved samples had too high bulk density. Therefore the bulk dry weight of the 

cores of known volume taken from each plot was used at Geitasandur for the 0-5 cm layer 

(Guðmundsson et al., 2011). Even if this was not an accurate estimate of bulk density, this 

was considered better than using bulk density from the dried and sieved samples. A 

considerable coarse matter was present in the soil at Geitasandur, both roots and gravel. The 

volume of coarse matter in each sample was extracted from the volume of soil used for SOC 

stocks calculations.   

 

2.2.3. Clay content 

Clay content was measured with the standard sieve and sedimentation particle-size analysis 

(based on Avery and Bascomb, 1974) on selected samples from each experiment. 

Approximately 10 g, accurately weighted, of soil <2 mm was placed in 1L baker and 10 ml of 

H2O2 added. The sample was heated and H2O2 added until no further reactions with fresh 

H2O2 occurred. Finally the temperature was raised to boiling to completely destruct the OM.  

Dispersing agent of 50 g sodium hexametaphosphate and 7 g of anhydrous sodium carbonate 

in 1 l water was added to the solution and then shaken vigorously. The solution was then 

sieved through a series of sieves to obtain the sand fractions. The fraction <63 μm was 

collected to separate the silt and clay fractions by the pipett method following the description 

of Rowell (1994).  

 

2.2.4. Pyrophosphate extracted Al, Fe and Si 

Al, Fe and Si were extracted with 0.1 M Na-pyrophosphate (pH10) using finely ground soil 

samples with soil: solution ratio of 1:100 (0.3 g soil:30 mL solution) and shaken for 16 hours. 

The suspension was centrifuged for 15 min with 3 drops of 0.2% “superfloc” (Blakemore et 

al., 1987), the supernatants filtered through 0.45-μm syringe filters and Al, Fe and Si 

determined by Inductive coupled plasma optical emission spectrometry (ICP). Pyrophosphate 

extracted Al (Alp), Fe (Fep) and Si (Sip) were only measured in one plot for each treatment 

subjected at each study site. 
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2.2.5. Oxalate extracted Al, Fe and Si 

Al, Fe and Si were extracted with ammonium oxalate solution (100 mL of 0.2 M ammonium 

oxalate, pH 3.0) using finely ground samples (1 g soil:100 mL solution). The suspension was 

shaken for 4 hours in the dark then centrifuged for 15 min with 3 drops of 0.2% “superfloc” 

(Blakemore et al., 1987), the supernatants filtered through 0.45-μm syringe filters and Al, Fe 

and Si determined by Inductive coupled plasma optical emission spectrometry (ICP).  

 

Oxalate extracted Al (Alo), Fe (Feo) and Si (Sio) were not measured in both treatments at all 

study sites. In Sámsstaðir and Akureyri measurements were only made in one 0N treatment 

plot, in Skriðuklaustur no measurements were made and in Geitasandur Alo, Feo and Sio were 

measured in a sample from an experimental site receiving 120 kg N and 80 kg P annually 

adjacent to the site otherwise subjected in this study.  

 

2.3. Running the model  

2.3.1. Initial SOC stocks  

To use the RothC 23.6 model it was first necessary to run the model to produce a starting 

SOC content that corresponded to that was initially present in the soil (Coleman and 

Jenkinson, 1999). This was done by assuming that SOC had reached equilibrium when the 

first 20 cm samples were taken (in 1969) and running the model iteratively with different 

annual inputs of plant C until the correct values for each trial was reached. Such an initiation 

is a standard procedure in almost all SOC models (Smith et al., 1997).  

 

The IOM pool (inert organic matter) in the beginning can be estimated by the radiocarbon 

content if known. As no radiocarbon data was available IOM was determined by default by 

the Falloon equation (Falloon et al., 1998)  

 

IOM   0.049  SOC1.139,  (4) 

 

where IOM is inert organic C in the soil (t ha-1) and SOC is t SOC ha-1. The model estimated 

the other pools according to soil and environmental parameters previously mentioned 

(Coleman and Jenkinson, 1999).  
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In the RothC-Volc it was also necessary to run the model to produce a starting SOC content 

that represents that originally present in the soil. This was done in the same way as for RothC 

23.6. 

 

Initial SOC content (t SOC ha-1) of the soil was calculated from the measured soil C 

concentrations for different layers and measured bulk density. No data on initial bulk density 

was, however, available for Sámsstaðir, Akureyri and Skriðuklaustur and therefore simple 

linear regression of SOC% and bulk density of samples measured in the end of the 

experimental period were used to estimate bulk density of old samples. For the regression 

SOC % of samples taken in 0-20 cm depth in all treatments at all sites, except in plots 

receiving acidifying fertiliser, were used (Table 3).   

 

Table 3. Simple linear regression equation used to estimate bulk density of old soil samples at 
Sámsstaðir, Akureyri and Skriðuklaustur. Based on unpubl. data from Þ. Gudmundsson from the long-
term fertilisation experiments. 

Site Equation  R  2 

Sámsstaðir BD   ‐0.031   C%   1.047 0.73 
BD   ‐0.029   C%   0.936
BD   ‐0.024   C%   0.845

0.89 
0.92 

Akureyri 
Skriðuklaustur 
 

At Geitasandur soil samples were only taken at the end of the experimental period in 2007. 

Therefore an untreated area adjacent to the experiment was used to represent soil conditions at 

the beginning of the experiment for simulation and for estimating changes in soil parameter 

with time.   

 

2.3.2. Monthly litter inputs  

The RothC-26.3 model is only concerned with soil processes; it does not contain any process-

based submodel for pant production and does not attempt compute annual plant C to the soil 

(Coleman, 1997). Such information is therefore needed as an input driver for the model. 

 

Two different approaches were used to estimate monthly inputs of dry matter of plant 

residues:  

 

a) First the model was run by using default plant inputs provided by the model and then 

it was run in “reverse” mode. By that it calculates what annual inputs must have been 
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to give the measured amount of organic C in a particular soil with given parameters 

under the particular climate. In this mode, the measured yield is not used at all. 

b) Secondly the monthly plant input numbers were derived from yield data from each site 

and treatment using the following formula:  

 

C input   Yield   OM turnover   C content of OM,  (5) 

 

where Yield was the average aboveground harvested yield during the simulation period, OM 

turnover was estimated 0.4 as belowground growth was set to be the same as above harvested 

yield with the yearly turnover of 0.3 (Gill & Jackson, 2000) and 0.1 was added for what was 

left of aboveground vegetation when the hay had been removed and content of OM was set to 

a general C concentration of plant tissues of 0.5 (Brady and Weil, 1999).     

 

2.3.3. Climatic data  

Climatic data used for each site was from the nearest available meteorological station 

measuring temperature and precipitation over a prolonged period. At Sámsstaðir a 

meteorological station was in operation from 1961 to 1996. Monthly climatic averages for 

Sámsstaðir were therefore based on those measurements, i.e. the average monthly temperature 

and the total monthly precipitation for each month of the year from 1969-1996. Climatic data 

since 1997 was not available at Sámsstaðir. The nearest meteorological station to Geitasandur 

is Hella, about 7 km from the experimental site. Data on temperature and precipitation was 

available from 1961 to 2005 and that was used for the averages for Geitasandur (Icelandic 

Meteorological Office, unpubl. data). The data from the meteorological station in Akureyri 

was available from 1961 to 2009 (Icelandic Meteorological Office, unpubl. data). For 

Skriðuklaustur, temperature and precipitation data from Hallormsstaður meteorological 

station was used, but it is located ca. 10 km from the experiment (Icelandic Meteorological 

Office, unpubl. data).  Data at Hallormsstadur was available from 1969 to 1989, which was 

used in this study.  

 

Open pan evaporation measurements were not available for any of the sites. Instead calculated 

average monthly evaporation was calculated for each site from precipitation and radiation 

using the Penman’s equation (Einarsson, 1972): 
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∆

∆ ,  (6) 

 

where Eo is the open pan evaporation, Δ is the  slope (de/dT) of the saturation vapour 

pressure curve at air temperature, y is the “psychrometer” constant , y   0.65 mb   ˚K‐1, H is 

the net radiation in given in equivalents of mm × day-1.  

 

2.3.4. Decomposability of inputs and soil cover  

For agricultural crops the DPM:RPM ratio of 1.44 (59% DPM and 41%RPM) is inherent in 

the model and that used in this study. Soil cover was set as 1 (covered) for all months of the 

year at all experiments, since the soil was vegetated over the whole experimental period.  

 

2.3.5. Input of farmyard manure 

None of the study sites received any farmyard manure as the purpose of the experiments was 

to assess effects of inorganic fertiliser. Thus monthly inputs of farmyard manure were set to 0 

in all months at all study sites. 

 

2.4 Data and statistical analysis 

All graphical representation was made by SigmPlot (SigmaPlot 11.0, Systat Software, San 

Jose, CA, USA) and tables by Microsoft Excel (Excel 2007, Microsoft Corp., Redmond, WA, 

USA). 

 

2.4.1. Statistical analysis of measured variables  

SAS/STAT® software (SAS systems 9.2, SAS Institute Inc., Cary, NC, USA) was used for all 

statistical analysis of measured values. Paried t-tests were used to compare depth layers at 

different research sites, where years were used as replicates in Sámsstaðir, Akureyri and 

Skriðuklaustur. In Geitasandur significance of difference in means of treatments and depth 

layers was determined by two-way analysis of variance (ANOVA) followed by Fisher’s least 

significant difference test (LSD). Regression analysis was used to compare temporal trends 

for those variables that contained more than 3 repeated sampling occasions. To test 

relationship between measured parameters Spearman’s correlation analysis was made. 
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2.4.2. Lack of Fit  

For statistical evaluation on model performance, the lack of fit (LOFIT), relative error (E) and 

root mean square error (RMSE) were calculated in Microsoft Excel (Excel 2007, Microsoft 

Corp., Redmond, WA, USA). 

 

Since replicates of the final measured values were available the LOFIT was calculated to 

assess the goodness-of-fit between simulated and measured values.  

 

    ∑  ∑      ,  (7) 

 

where N is the number of experiments,  is the number of replicates within each experiment, 

 is simulation for the jth experiment,  is the mean of the measurements in the jth 

xperiment and  the mean deviation ( ). e

 

This statistic allows the experimental error to be distinguished from the failure of the model, 

assuming experimental errors to be random. The significance of LOFIT was determined using 

an F-test since individual replicates of final measurements were available: 

 

 
∑ ∑

∑ ∑
  ,  (8) 

 

where is N the number of experiments, j is the number of replicates within each 

experiment,  is simulation for the jth experiment,  is the mean of the measurements in the 

jth experiment and  is the measured value. 

 

An F- value greater than the critical 5% indicates that the total error of the simulated values 

was significantly greater than the error inherent in the measured values. 

 

2.4.3. Root Mean Square Error 

Root mean square error, RMSE measures the total difference between the simulated and 

measured values and was calculated: 

 

∑
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where   are measured values,  are simulated values,  is the mean of the measured values 

and   number of paired values. 

 

Standard error (Se(i)) of the measurements was available and thus the statistical significance 

was assessed comparing to the value obtained assuming a deviation corresponding to the 95% 

confidence interval of the measurements:  

 

% ∑ % /  ,  (10) 

where t is Student´s t distribution with two-tailed P-value of 0.05 and n – 2 degrees of 

freedom.  

 

2.4.4. Relative error 

The relative error, E represents the bias in the total difference between simulations and 

measurements:  

∑   /  ,  (11) 

 

 

 

where   are measured values,  are simulated values and   number of paired values. 

 

The significance of E was then determined by comparing to the value obtained assuming a 

deviation corresponding to the 95% confidence interval of the measurements: 

∑ % /   ,  (12) 

 

%
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3. Results 

3.1. Climatic variability 

Iceland has a maritime climate (Table 4) with relatively small differences in monthly mean 

temperatures. The spatial variation (difference between study sites) was also rather low. July, 

the warmest month, had an average temperature of 11.5, 11.1, 10.7, 10.5 ˚C at Sámsstaðir and 

Geitasandur (S-Iceland), Akureyri (N-Iceland) and Skriðuklaustur (E-Iceland), respectively. A 

little more variability was seen in the winter temperature. January, the coldest month, was 0.0, 

-1.6, -1.6 and -1.0 ˚C in Sámsstaðir, Geitasandur, Akureyri and Skriðuklaustur, respectively. 

Skriðuklaustur and Akureyri also had more months with average temperatures below zero 

than the sites in southern Iceland (Table 4).  

 

Table 4. Mean monthly temperature (Temp.), mean total monthly precipitation (Icelandic 
meteorological office unpupl. data) and mean monthly open-pan potential evaporation (Einarsson, 
1972) (Evapo) for all study sites during 1969-1996 in Sámsstaðir, 1961-2009 in Akureyri, 1961-2009 
in Geitasandur and 1969-1989 in Skriðuklaustur. Potential evaporation that was higher than monthly 
precipitation is marked with bold format. 
  Sámsstaðir Akureyri Skriðuklaustur Geitasandur 

Temp. Prec. Evapo Temp. Prec. Evapo Temp. Prec. Evapo Temp. Prec. Evapo
°C mm mm °C mm mm °C mm mm °C mm mm 

Jan 0.0 117 5 -1.6 57 0 -1.6 102 10 0.0 108 0 
Feb 0.5 119 13 -1.3 44 2 -1.1 75 7 0.0 110 7 
Mar 0.7 116 35 -0.9 43 16 -0.8 85 24 -0.3 108 28 

43 53 Apr 3.4 85 60 1.8 27 1.7 44 2.9 81 56 
107 85 92 May 6.9 73 5.7 20 5.0 30 6.6 79 107 
124 Jun 9.4 86 9.1 26 114 8.8 33 119 9.5 83 112 
124 105 108 122 Jul 11.1 82 10.7 32 10.5 40 11.1 85 

68 70 Aug 10.5 103 91 10.3 37 9.8 44 10.6 107 88 
Sep 7.4 100 47 6.9 42 35 6.5 57 40 7.3 112 40 
Oct 4.4 124 15 3.1 64 7 3.6 75 14 3.4 118 8 
Now 1.2 116 2 -0.1 58 0 0.2 61 10 0.0 113 0 
Dec 0.0 123 0 -1.5 53 2 -1.3 92 4 -1.5 115 0 
Year 4.6 1244 623 3.5 503 477 3.4 738 551 3.9 1219 568 
 

Total annual precipitation ranged from 1244 and 1219 mm in S-Iceland, to 738 mm in 

Akureyri in N-Iceland and to 503 in Skriðuklaustur in E-Iceland (Table 4). The greater part of 

the annual precipitation fell during the winter, whilst the summers were drier, especially at 

Skriðuklaustur and Akureyri. May was the driest month at all sites and October the wettest, 

except in Skriðuklaustur, where January had the lowest precipitation (Table 4). 
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If evaporation and precipitation were compared a “negative” water balance (potential 

evaporation higher than precipitation) was evident during May, June and July at all locations 

and also in April and August at Skriðuklaustur and Akureyri. This could indicate that 

available water for plant growth was not sufficient over the summer months given that the soil 

dose not stores sufficient water and that potential evaporation was similar to the actual 

realised evapotranspiration.  

 

Sámsstaðir seemed to have enjoyed the most favourable climate for plant growth with the 

highest annual average temperature and only two months with average temperature below 

zero, the highest precipitation during the summer and only the three warmest months with 

negative water balance (Table 4).   

 

3.2. Hay yield 

The overall highest annual yield was in Skriðuklaustur for both treatments (Table 5). For the 

High-N treatments, Akureyri had the lowest yield, which corresponded to the lower N 

application of 55 kg N ha-1 yr-1. Yield in the High-N treatment in Geitasandur was almost the 

same as in Akureyri, despite receiving the highest annual N additions (200 kg N ha-1 yr-1). 

The Low-N treatment at Geitasandur had the lowest yield. Difference between yield in 0N 

and High-N treatments was lowest in Akureyri, again due to lower dose in the High-N 

treatment there (Table 5). 

 
Table 5. Average annual hayfield yield in kg dry matter ha-1 during the experimental period, 1945-
2005 in Sámsstaðir, 1945-2006 in Akureyri, 1954-1996 in Skriðuklaustur and 1958-2007 in 
Geitasandur. 

  Sámsstaðir Akureyri Skriðuklaustur Geitasandur 
Fertilisation 0N High-N 0N High-N 0N High-N Low-N High-N 
Yield kg ha-1 2180 6330 2710 4170 4900 6840 1580 4200 
(Björnsson & Kristjánsdóttir, 2006; Kristjánsdóttir, 2007) 

 

Mean annual plant residue inputs were estimated by two methods in the present study; i) 

directly from hayfield yield or ii) indirectly by the model from the measured SOC values 

(Table 6). 
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Table 6. Estimation of annual C input as plant residues (t ha -1) dry matter to the soil at 0-20 cm depth 
at the study sites estimated indirectly with the RothC model or directly from Table 5.  

    Sámsstaðir Akureyr Skriðuklaustur Geitasandur 
Fertilisation 0N High-N 0-N High-N 0-N High-N Low-N High-N 

Model estimates 1.36 1.43 1.52 1.56 1.12 1.13 1.98 2.3 
Derived from Table 5 0.44 1.27 0.54 0.83 0.98 1.37 0.32 0.84 
 

The model estimates of mean annual plant residue inputs were higher than those derived 

directly from yield, except at Skriðuklaustur (Table 6). The High-N treatments had less 

difference between the two methods of estimating the dry matter input. The largest difference 

between inputs estimated by the model or derived directly from yield was in Geitasandur 

(Table 6). Inputs derived from yield showed larger differences between treatments than when 

model estimates were used.  

 

3.3. Soil properties 

3.3.1. Sámsstaðir 

Difference in soil properties between the two treatments were small. Nevertheless bulk 

density was significantly lower in 0N treatment than High-N treatment (Table 7). Bulk 

density was around 0.7 in 0-5 cm depth and increased to around 0.8 in deeper layers. N % was 

0.8 in 0-5 cm depth and decreased in deeper layers, more so in 0N treatment, but the 

fertilisation treatments were not significantly different. The C:N ratio ranged from 13 to 11, 

but the difference between the fertilisation treatments was not significant (Table 7).  

 

Table 7. Average  and standard error of bulk density, total soil nitrogen (N) and soil C:N ratio at 
different depths at Sámsstaðir 0N and High-N (180 kg N) treatment in 2005. P-values are from paired 
t-tests of differences in average values across all depth layers between 0N and High-N treatment. 
Significant differences (at α>0.10) are indicated by bold font. N=5 
     Bulk density N C:N 

(g cm-3)   Depth  ± SE (%) ± SE ± SE 
0N 0-5 0.71 0.01 0.81 0.01 12.7 0.07 

5-10 0.78 0.01 0.70 0.01 12.0 0.15 
10-20 0.83 0.01 0.59 0.02 11.8 0.04 
20-40 0.85 0.02 0.56 0.02 10.9 0.11 

High-N 0-5 0.72 0.02 0.84 0.01 12.4 0.16 
5-10 0.79 0.01 0.73 0.01 12.0 0.11 
10-20 0.83 0.01 0.64 0.02 11.7 0.13 

  20-40  0.87 0.02 0.53 0.03 11.0 0.13 
0.06 P-value  0.33  0.20  
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Pyrophosphate extractable Al, Fe and Si were highest in 0-5 cm depth and concentrations in 

all depths with minor variation between the two fertilisation treatments (Table 8).  Acid 

oxalate extractable Al, Fe and Si were only measured in 0N treatment and varied slightly with 

depth. Clay content was also only measured in 0N treatment and had the highest 

concentration in 5-10 cm depth, but measurements were missing from the 0-5 cm depth 

(Table 8). 

 

Table 8. Pyrophosphate and acid oxalate extractable Al, Fe and Si and clay content in different depth 
layer at Sámsstaðir, 0N and High-N (180 kg N) treatment in 2005. No replicates. 
    Alp Fep Sip Alo Feo Sio Clay 
  Depth % % % % % % % 

0-5 0.87 1.10 0.24 1.98 3.46 1.06 - 
5-10 0.78 0.95 0.19 2.06 3.38 1.15 14.8 

0N
 

10-20 0.71 0.84 0.20 2.09 3.57 1.36 10.8 
20-40 9.7 
Average* 12.2 

0-5 0.87 1.03 0.20 

H
ig

h-
N

 

5-10 0.83 0.96 0.19 
10-20 0.79 0.91 0.20 

*Weighted average from 5-20 cm depth used for model simulations. 

 

During the period of 1963 to 2005 the C concentration (%) in the top 5 cm in the annually 

harvested 0N treatment at Sámsstaðir increased by 17% between the first and last year of the 

42 year study period (Table 9). 

 

Table 9. Soil organic carbon (SOC %) in Sámsstaðir 0N and High-N (180 kg N) treatments at 
different depths 1963-2005. The values before 2005 are from a composite sample made out of samples 
taken randomly from each depth layer and treatment.  

Depth   1963 1965 1969 1973 1989 1996 2005   

Mean ±SE   

0-5   9.2 9.6 9.8 10.7 10.8 10.5 10.4 0.2 

0N
 

5-10 8.3 7.5 8.3 0.2 
10-20 6.5 6.8 6.9 0.2 

0-5 9.9 9.8 10.6 12.4 11.1 10.5 0.1 

H
ig

h-
N

 

5-10 7.4 8.3 8.7 0.1 
10-20   6.0 6.6 7.5 0.2 
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This trend was significant at the α<0.10 level (Regression ANOVA, P=0.09; R2 = 0.46). The 

predicted increase in C concentration (SOC %) was: 

 

SOC %   0.02503× t   9.6959,   (13) 

 

where t was number of years. The slope of 0.025 means that the annual increase in SOC 

concentration was 0.03%.  

 

SOC concentrations at 0-5 cm depth in High-N treatment had increased by 6% from 1963 to 

2005, with the highest value in 1973 (Table 9). The trend with time was however not 

significant (Regression ANOVA, P=0.69).  

 

Table 10. pHH2O in 0N and High-N (180 kg N) treatments at Sámsstaðir, 0-20 cm depth. The values 
before 2005 are from a composite sample made out of samples taken randomly from each depth and 
treatment.  
    0N High-N 
Depth   1963 1973 2005 1963 1973 2005 
pHH2O   Mean ±SE Mean ±SE 
0-5 5.9 6.0 5.6 0.05 5.4 5.2 5.4 0.03 
5-10 6.0 5.8 0.05 5.8 5.6 0.01 
10-20   6.3 6.0 0.05 6.5 5.9 0.04 
 
 

The pHH2O was only measured three times during the experimental period at Sámsstaðir and 

once only in 0-5 cm depth (Table 10). The pH was on the whole a little lower in High-N 

treatment but changes with time were minor. There were no changes from 1963 to 2005 in 

High-N treatment and an only a slight decrease with time in 0N treatment (Table 10).   

 

The SOC% in the top 20 cm of the soil in 1969, 1973 and 2005 was converted to SOC stocks 

(Table 11). The total SOC stock in the 0N treatment at Sámsstaðir only changed from 125.3 to 

126.5 t ha-1 over the whole period (1% increase; Table 11). This was less change than was 

observed in the SOC concentrations (Table 9) and was because of simultaneous changes in 

bulk density. It is also noteworthy that the highest SOC stock was found in 1973.  

 

Because the SOC stocks in the top 20 cm layer could only be estimated three times during the 

study period, regression analysis was not used to study if there was a trend in SOC with time 

in the 0-20 cm depth layer. Paired t-tests were therefore used to compare the change in SOC 
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between the three different sampling times. Unlike SOC % in 0-5 cm depth in the 0N 

treatment (Table 9), the average SOC change across the three depths was not significant 

(Table 11; lower-case letters). This was, however, only based on data available from three 

sampling dates while the former analysis was based on seven sampling dates. 

 

Table 11. SOC stock (t ha-1) in 0N and High-N (180 kg N) treatment at Sámsstaðir. Mean and SE of 
measurements in 2005. Different letters indicate significant differences (α<0.10) between depths in 
time in each treatment and different capital letters indicate significant difference between the two 
treatments, across all depths and times (paired t-tests).   
    0N High-N   

1969 1973 2005 1969 1973 2005 
Depth       Mean ±SE    Mean  ±SE   
0-5 36.7 38.4 36.6 ±0.6 A 38.1 40.9 37.8 ±1.3 A 
5-10 33.0 31.8 32.7 ±0.8 30.7 33.1 34.5 ±0.6 
10-20 55.7 59.3 57.1 ±1.4 52.5 56.5 62.3 ±1.6 

a bc ac P-val. a a a 
Total   125.3 129.6 126.5 ±1.8 121.3 130.6 134.6 ±2.7   
 

The SOC stock in the High-N treatment was lower in 1969 than in the 0N treatment and had 

increased from 121 to 135 t SOC ha-1 in the top 20 cm in 2005 (11% increase; Table 11). A 

corresponding increase in SOC% was found in 0-5 cm depth (Table 9.) In the 0N treatment 

the SOC stock was highest in 1973 and there was no significant change over the experimental 

period. In the High-N treatment there was a trend towards a slight but not significant increase 

from 1969 to 2005. The SOC difference between treatments was not significant (Table 11; 

capital letters). 

 

3.3.2. Akureyri  

There was small, not significant, difference in bulk density, N and C:N-ratio between the two 

fertilisation treatments (Table 12). Bulk density was 0.57 and 0.54 in 0N and High-N, 

respectively, in the top 0-5 cm and increased with depth. N % of the soil was also similar in 

0N and High-N treatment, except in 20-40 cm depth, where N % was 36% higher in 0N than 

in High-N.  The C:N ratio was overall lower in 0N treatment, except in 20-40 cm depth were 

it was a little higher, but these trends were not significant (Table 12). 

 

Pyrophosphate extractable Al, Fe and Si were highest in 0-5 cm depth and difference in 

concentration between the two treatments was considerable (Table 13) likely because of 

difference between plots sampled rather than overall difference between treatments.   
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Table 12.  Average and standard error of bulk density, total soil nitrogen (N) and soil C:N ratio at 
different depths at Akureyri 0N and High-N (55N) treatment in 2006. P-values are from paired t-tests 
of differences in average values across all depth layers between 0N and High-N treatment.  
      Bulk density N C:N 

(g cm-3)   Depth   ± SE (%) ± SE ± SE 
0N 0-5 0.57 0.01 1.07 0.02 11.7 0.22 

5-10 0.68 0.01 0.80 0.03 11.4 0.15 
10-20 0.74 0.02 0.61 0.05 11.1 0.11 
20-40 0.71 0.02 0.60 0.04 11.3 0.11 

High-N 0-5 0.54 0.01 1.06 0.03 12.2 0.17 
5-10 0.68 0.01 0.79 0.03 11.8 0.07 
10-20 0.74 0.01 0.62 0.04 11.2 0.12 

  20-40   0.76 0.02 0.44 0.02 11.0 0.27 
P-value 0.78  0.36  0.4  
 

Acid oxalate extractable Al, Fe and Si were only measured in the 0N treatment and varied 

slightly with depth (Table 13). Opposed to Alp, Fep and Sip, the oxalate extractions were 

lowest in 0-5 cm depth. Clay content was not measured in the top 0-5 cm and had the highest 

at 5-10 cm depth (Table 13). 

 

Table 13. Pyrophosphate and acid oxalate extractable Al, Fe and Si and clay content at different 
depths in Akureyri, 0N and High-N (55 kg N) treatment in 2006. No replicates. 
    Alp Fep Sip Alo Feo Sio Clay 
  Depth % % % % % % % 
0N 0-5 0.98 1.52 0.41 2.37 3.48 1.46 - 

5-10 0.90 1.29 0.34 2.89 4.45 1.73 16.3 
10-20 0.76 0.95 0.31 3.49 5.11 2.43 14.1 
20-40 3.04 4.40 2.14 12.9 
Average* 14.9 

High-N 0-5 0.78 1.11 0.29 
5-10 0.72 0.91 0.26 

  10-20 0.63 0.65 0.26 
*Weighted average from 5-20 cm depth used for model simulations. 

 

During the period of 1963 to2006 the SOC concentration (%) in the top 5 cm in the 0N 

treatment at Akureyri had increased by 11% between the first and last year of the 43 year 

study period (Table 14). The highest values were measured in 1973 and 1982 (Table 14) and 

the trend over the whole period was not significant. SOC concentrations in High-N plots 
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(which only got 55 kg N ha yr-1) showed a similar trend, with the highest values in 1973 and 

1982 and the increase of 13% over the whole period (Table 14), which was not significant.   

 

Table 14. Soil organic carbon (SOC %) in Akureyri 0N and High-N (55 kg N) treatments in different 
soil layers during 1961-2006. The values before 2006 are from a composite sample made out of 
samples taken randomly from each depth layer and treatment. 
      1961 1962 1969 1973 1982 2006 
  Depth Mean ±SE 

0-5   11.2 12.4 12.4 13.8 13.4 12.5 0.38 

0N
 

5-10 8.0 8.1 8.9 9.1 0.38 
10-20 6.1 6.7 6.2 6.7 0.54 

0-5 12.6 12.4 14.1 14.6 13.0 0.45 

H
ig

h-
N

 

5-10 8.7 7.8 9.2 9.3 0.40 
10-20   6.3 6.2 6.4 7.0 0.43 

 

The pHH2O was only measured three times during the experimental period at Akureyri and 

only in 0-5 cm depth in 1963. The pH was higher in 1973 than in 2006 in all depths and both 

treatments. Difference between the two treatments was minor (Table 15).   

 

Table 15.  pHH2O in 0N and High-N (55kg N) treatments at Akureyri, 0-20 cm depth. The values 
before 2006 are from a composite sample made out of samples taken randomly from each depth layer 
and treatment.  
    0N High-N 
Depth   1963 1973 2005 1963 1973 2006 
pHH2O   Mean ±SE Mean ±SE 
0-5 5.9 5.8 5.3 0.05 5.8 6.1 5.4 0.05 
5-10 6.5 5.6 0.08 6.6 5.8 0.07 
10-20    6.8 6.1 0.17 7.0 6.1 0.13 
 

The SOC % in the top 20 cm of the soil in 1969, 1973, 1982 and 2006 was converted to SOC 

stocks (Table 16). The total SOC stock in the 0N treatment at Akureyri changed from 110.3 to 

115.6  SOC t ha-1 during the experimental period (5% increase; Table 16). This was less than 

was observed in the SOC concentrations (Table 14) due to simultaneous changes in bulk 

density. Paired t-tests were used to compare the change in SOC between the four different 

sampling times. The average SOC change across three depths was not significant (Table 16; 

lower-case letters). 
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Table 16. SOC stock (t ha-1) in 0N and High-N (55 kg N) at Akureyri. Mean and SE of measurements 
in 2006. Different letters indicate significant differences (α<0.10) between depth layers in time in each 
treatment and different capital letters indicate significant difference between the two treatments, across 
all depths and times (paired t-tests). 
  0N   High-N 
  1969 1973 1982 2005 1969 1973 1982 2005 
Depth Mean ±SE Mean ±SE
0-5 35.7 36.9 36.6 35.3 1.10 A 36.2 38.1 38.4 35.3 1.41 A
5-10 28.2 28.4 30.1 30.9 1.06 29.6 27.5 30.6 31.6 1.38
10-20 46.5 49.4 47.0 49.3 3.05 46.9 46.1 47.2 51.4 2.74
P val. a a a a a a a a 
Total 110.3 114.7 113.8 115.6 4.67 112.6 111.6 116.3 118.4 5.28
 

 

3.3.3. Skriðuklaustur 

There were small differences in soil properties between the two treatments and the difference 

was not significant (Table 17). Bulk density was around 0.5 in the top 0-5 cm and increased 

somewhat in deeper layers in High-N plots (Table 17). N % was 0.9 and 1.0 in 0N and High-

N treatments respectively and decreased somewhat with depth.  The C:N ratio was overall 

higher in Skriðuklaustur than the other experiments. In 0N the C:N ratio was highest in 0-5 

cm depth and decreased to 20 cm depth and then increased again. In the High-N treatment the 

C:N ratio was highest in 40-60 cm depth and lowest in 5-10 cm depth (Table 17).     

 

Table 17. Average and standard error of bulk density, total soil nitrogen (N) and soil C:N ratio at 
different depths at Skriðuklaustur 0N and High-N (120 kg N) treatment in 1996. P-values are from 
paired t-tests of differences in average values across all depth layers between 0N and High-N 
treatment. Significant differences (at α>0.10) are indicated by bold font. N=3 
      BD N C:N 

  Depth   Mean ± SE Mean ± SE Mean ± SE 
0-5 0.50 0.02 0.89 0.01 15.0 0.96 
5-10 0.69 0.03 0.41 0.08 13.2 0.53 

0N
 

10-20 0.72 0.04 0.31 0.06 13.0 0.35 
20-40 0.72 0.04 0.30 0.05 14.5 0.49 
40 - 60 0.73 0.01 0.30 0.03 14.3 0.28 

0-5 0.48 0.02 1.04 0.06 14.0 0.40 
5-10 0.70 0.03 0.47 0.07 13.1 0.08 

H
ig

h-
N

 

10-20 0.78 0.03 0.30 0.05 13.5 0.84 
20-40 0.81 0.03 0.24 0.03 13.8 0.53 
40 - 60 0.81 0.04 0.25 0.04 14.2 0.82 
P- value   0.11 0.70 0.30   
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Pyrophosphate extractable Al, Fe and Si were over all highest in 0-5 cm depth and difference 

in concentration between the two treatments was minor (Table 18). Clay content was only 

measured in 0-5 cm in 0N treatment and was highest in 0-5 cm in High-N treatment (Table 

18).  Oxalate extractions were not done for the Skriðuklaustur trial.  

 

Table 18.  Pyrophosphate extractable Al, Fe and Si and clay content in different depth layer at 
Skriðuklaustur, 0N and High-N (120 kg N) treatment in 1996. No replicates.  

Alp Fep Sip Clay     
% % % %   Depth 

0-5 0.51 0.77 0.26 8.2 
5-10 0.30 0.50 0.23 0N

 

10-20 0.26 0.31 0.25 

0-5 0.49 0.84 0.32 11.4 

H
ig

h-
N

 

5-10 0.33 0.55 0.22 5.8 
10-20 0.25 0.34 0.24 4.2 
Average* 6.8 

*Weighted average from 0-20 cm depth used for model simulations. 

 

During the period 1963 – 1996 the SOC concentration (%) in the top 5 cm in the annually 

harvested 0N treatment at Skriðuklaustur increased by 58% between the first and last year of 

the 34 year study period (Table 19). 

 
Table 19.  Soil organic carbon (SOC %) in Skriðuklaustur, 0N and High-N (120 kg N) treatments in 
different soil layers during 1962-1996. The values before 1996 are from a composite sample made out 
of samples taken randomly from each depth layer and treatment. 

  Depth   1962 1969 1973 1984 1996 
  Mean ±SE 

0-5   8.5 10.3 10.9 11.8 13.4 0.88 
5-10 5.8 5.7 5.5 1.23 

0N
 

10-20 4.9 4.8 4.1 0.90 

0-5 8.1 9.9 10.2 12.5 14.6 1.18 

H
ig

h-
N

 

5-10 4.7 5.2 6.1 0.87 
10-20   4.2 4.2 4.0 0.50 

 

This trend was significant at the α<0.01 level (Regression ANOVA, P=0.0042; R2 = 0.9543). 

The predicted increase in SOC concentration (SOC %) was: 

 

SOC %   0.13093   t   8.92178,  (14) 
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where t was number of years. The slope of 0.13 means that the annual increase in SOC 

concentration was 0.13 %.  

 

In the High-N treatment the SOC % increased steadily by 80% during the 34 year study 

period 

 (Table 19). This trend was significant at the α<0.01 level (Regression ANOVA, P=0.0002; 

R2 = 0.995). The predicted increase in SOC concentration (SOC %) was: 

 

SOC%   0.18831  t     8.07145,  (15) 

 

where t was number of years. The slope of 0.19 means that the annual increase in C 

concentration was 0.19 %. The difference in SOC concentration trend between 0N and High-

N treatment was also highly significant, where the difference between the slopes of the two 

trendlines was significant at the α<0.01 (Regression ANOVA).  

 

The pHH2O was only measured three times during the experimental period at Skriðuklaustur 

and in 1963 only at 0-5 cm depth. pHH2O in 0-5 cm decreased from 1963 to 1996 in both 

treatments and values were highest in 10-20 cm depth (Table 20).  

 
Table 20. pHH2O in 0N and High-N (120 kg N) treatments at Skriðuklaustur, 0-20 cm depth. The 
values before 1996 are from a composite sample made out of samples taken randomly from each depth 
layer and treatment.  
  0N High-N   
Depth   1963 1973 1996 1963 1973 1996 
pHH2O   Mean ±SE Mean ±SE 
0-5   6.4 6.1 5.6 0.16 6.6 6.2 5.8 0.38 
5-10 6.3 6.6 0.10 7.0 7.0 0.14 
10-20   7.0 6.9 0.05 7.1 7.3 0.02 
 

The SOC % in the top 20 cm of the soil in 1969, 1973 and 1996 was converted to SOC stocks 

(Table 21). The total SOC stock in the 0N treatment at Skriðuklaustur decreased gradually 

from 86.9 to 80.7 SOC t ha-1 (7% decrease; Table 21). This was a very different trend than 

was observed in the SOC concentrations in 0-5 cm depth (Table 19). This can be explained by 

simultaneous changes in bulk density and a decrease in SOC concentrations in deeper and 

thicker layers (Table 19).  
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Table 21. SOC stock (t ha-1) in 0N and High-N (120 kg N) treatments at Skriðuklaustur. Mean and SE 
of measurements in 1996. Different letters indicate significant differences (α<0.10) between depth 
layers or times and different capital letters indicate significant difference between nutrient treatments, 
across all depths and times (paired t-tests). 

      0N High-N 
      1969 1973 1996 1969 1973 1996 
 Depth   Mean ±SE Mean ±SE  

0-5 30.8 31.9 33.2 2.2 A 30.0 30.6 34.5 1.1 A
5-10 20.5 20.2 18.5 3.4  17.4 18.7 21.1 2.2  
10-20 35.6 34.8 29.1 4.7  31.5 31.0 30.6 2.9  

 P val.  a a a a a a a a  
Total   86.9 87.0 80.7 7.8  78.9 80.3 86.2 4.9 
 

Paired t-tests were used to compare the change in SOC between the three different sampling 

times (Table 21). Unlike SOC % in 0-5 cm depth in the 0N treatment (Table 21), the average 

SOC change across the three depths  was not significant (Table 21; lower-case letters). This 

was, however, only based on data from three sampling dates in both treatments (Table 21), 

while the former analysis was based on data from five dates (Table 19).  

 

Total SOC stock in the High-N treatment was lower in 1969 than in the 0N treatment and had 

increased, from 78.9 to 86.2 t SOC ha-1 during the period (9% increase; Table 21). As in 0N 

treatment the change in SOC stock in 0-20 cm depth in High-N treatment with time was not 

significant (Table 21; low-case letters) unlike in SOC % in 0-5 cm depth (Table 19). Trends 

in SOC between the treatments were not significant (Table 21; capital letter). 

 

3.3.4. Geitasandur 

There were small but not significant differences in bulk density between the two treatments at 

all depths where the 0-5 cm layer had very low bulk density (Table 22). Difference in N % 

between the treatments was 30% in the top 5 cm but negligible in deeper layers and thus not 

significant. The C:N ratio decreased with depth and was significantly higher in the Low-N 

treatment than in the High-N treatment (Table 22).  
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Table 22. Average and standard error of bulk density, total soil nitrogen (N) and soil C:N ratio in 
different depth layers at Geitasandur Low-N (50 kg N) and High-N (200 kg N) treatment in 2007. P-
values are from paired t-tests of differences in average values across all depth layers between 0N and 
High-N treatment. Significant differences (at α>0.10) are indicated by bold font. N=3 
      BD N C:N 

(g cm-3)   Depth   ± SE (%) ± SE ± SE 
0-5 0.11 0.01 0.9 0.08 22.2 0.47 

Lo
w

-N
 

5-10 0.8 0.03 0.2 0.02 16.6 0.51 
10-20 1.2 0.02 0.1 0.00 15.1 0.59 

0-5 0.12 0.01 1.3 0.14 16.4 0.20 

H
ig

h-
N

 

5-10 0.9 0.01 0.3 0.04 13.4 0.27 
10-20 1.2 0.01 0.1 0.00 12.8 0.31 

0.07 P- value   0.4 0.3 
 

The Alp, Fep and Sip concentrations were on the whole highest at 0-5 cm depth and overall 

slightly higher in the High-N treatment (Table 23).  The concentrations were lowest at 10-20 

cm depth, except for Sip which was lowest in 5-10 cm depth, in both treatments. The Alo, Feo 

and Sio concentrations increased with depth and the clay content was higher at 5-10 cm than 

in 10-20 cm depth.    

 

Table 23.  Pyrophosphate and acid oxalate extractable Al, Fe and Si and clay content in different 
depth layer at Geitasandur, Low-N (50 kg N) and High-N (200 kg N) treatment in 2007. No replicates.  
    Alp Fep Sip Alo * Feo* Sio* Clay 

Depth % % % % %  %  % 

0-5 0.40 0.60 0.31 1.05 1.8 1.12 

Lo
w

-N
 

5-10 0.46 0.57 0.15 1.21 1.94 1.46 4.5 
10-20 0.29 0.36 0.19 1.3 2.1 1.60 1.7 
Average** 2.7 

 

0-5 0.49 0.82 0.39 

H
ig

h-
N

 

5-10 0.46 0.59 0.17 
10-20 0.36 0.47 0.24 

*From one plot in adjacent experiment receiving 120N and 80K kg ha-1 yr-1. 
**Weighted average from 5-20 cm depth used for model simulations. 

Because no old samples or measurements were available from the experimental site at 

Geitasandur, an adjacent untreated area (control) was used to represent soil conditions in 1958 

when the experiment was initiated. As these samples have three replicates from each depth 

layer two-way ANOVA was used to assess significance in SOC concentrations (%), pHH2O 

and SOC stocks. The “Treatment” factor was simultaneously testing the difference between 

the control treatment and the hayfield and the Low-N and the High-N treatments in all depths 

(Table 24).  
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Table 24. Significance of difference in SOC %, pHH2O and SOC stocks (t SOC ha-1) between Control, 
(comparable untreated adjacent area) Low-N (50 kg N) and High-N (200 kg N) treatment and 0-5 cm, 
5-10 cm and 10-20 cm  depths in 2007.  

P- Value   

ANOVA SOC% pHH2O SOC stocks 
Treatments  <.001 <.001 <.001 
Depth <.001 <.001 0.54 
Treatment × depth <.001 <.001 0.001 

LSD tests for Treatments 
Low-N vs. Control <.001 <.001 <.001 
High-N vs. Control <.001 <.001 <.001 
High-N vs. Low-N 0.69 <.001 0.002 
 

The SOC % was about 20 times and significantly higher in the hayfield after 49 years of 

cultivation than in the uncultivated site in the 0-5 cm (P = <0.001 for both Low-N and High-

N; Tables 24 and 25). The difference between the two fertilisation treatments on the hayfield 

was however small in 0-5 cm depth and not significant (P = 0.69; Tables 24 and 25).  

 

SOC % did also change significantly with depth layer (Table 24). In the deeper 5-10 cm layer 

the SOC concentration was less, or eight and nine times in the Low-N and High-N treatments 

compared to the uncultivated control, respectively, and in the 10-20 cm layer the SOC 

concentrations had roughly doubled and tripled in Low-N and High-N treatments, 

respectively (Table 25). The High-N fertilisation treatment showed a little more SOC % 

accumulation at all depth layers after 49 years of cultivation (Table 25), but there was, 

however, relatively little difference between the two fertilisation treatments at deeper layers. 

This is the main reason for the significant interaction between the two main factors; 

treatments and depth (Table 24), together with the much more SOC stock in the 0-5 layer in 

the hayfield that caused different relative depth distribution compared to the uncultivated 

control (Table 25). 

 

The pHH2O was significantly lower in the hayfield after 49 years of cultivation than in the 

uncultivated (P = <0.001 for both Low-N and High-N; Tables 24 and 25). There was also 

highly significant difference in pHH2O between the two treatments on the hayfield (P = 0.001; 

Tables 24 and 25).  
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Table 25. Average and standard error of soil organic carbon (SOC %) in Geitasandur Low-N (50 kg 
N), High-N (200 kg N) and control (comparable untreated adjacent area) in 2007.  

Control Low-N High-N 
Depth Mean ±SE Mean ±SE Mean ±SE 
0-5   1.3 0.12 20.4 2.15 20.8 2.48 
5-10 0.4 0.04 3.3 0.35 3.7 0.54 
10-20 0.3 0.02 1.0 0.07 1.3 0.04 
pHH2O   
0-5 6.2 0.07 5.1 0.03 4.9 0.02 
5-10 6.6 0.08 5.7 0.03 5.1 0.07 
10-20   6.6 0.09 6.2 0.05 5.6 0.11 
 

The pH was also significantly different between depth layers (Table 24). It decreased by 17% 

in Low-N and 20% in High-N treatment in the 0-5 cm layer from compared to control. At 5-

10 cm depth pH had also decreased by 14% and 23% in Low-N and High-N treatments, 

respectively. The difference between the two treatments was larger in 10-20 cm depth than at 

the other depths. There was a 6% decrease in pH in Low-N over the period and the pH 

decrease in High-N was 15% (Table 25). This is the main reason for the significant interaction 

between the two main factors; treatments and depth (Table 24), together with the much more 

SOC stock in the 0-5 layer in the hayfield that caused different relative depth distribution 

compared to the uncultivated control (Table 25). 

 

The SOC in the top 20 cm of the soil was converted to SOC stocks (Table 26) and analysed in 

the same way as SOC % and pHH2O (Table 24).  SOC stocks had changed considerably with 

time (compared to the uncultivated control) in (P = <0.001 for both Low-N and High-N; 

Tables 24 and 26). Interestingly, the change was not as drastic as in the SOC concentrations 

(Table 25), due to simultaneous changes in bulk density following the formation of an organic 

layer at the surface.   

 

In the 0-5 cm layer the SOC stocks in Low-N treatment had increased by 32 % and by 63% in 

High-N treatment compared to the uncultivated control (Table 26). In the 5-10 cm layer the 

SOC stock where five fold and six fold in Low-N and High-N treatments (Table 26), 

respectively compared the untreated control. At 10-20 cm depth SOC stocks showed a similar 

trend as the SOC concentrations (Table 25) where SOC stock in Low-N treatment was 164 % 

and higher than and High-N treatment was 370 % than control (Table 26). Total SOC stock in 
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0-20 cm depth were almost three times higher in Low-N treatment and roughly three times 

higher in treatment than SOC stocks in the untreated control  (Table 26).  

 

Table 26.Average and standard error of. SOC stock (t ha-1) in Low-N (50 kg N), High-N (200 kg N) 
treatment and control (comparable untreated adjacent area) in 0- 20 cm depth in Geitasandur, 2007.  

Contol Low-N High-N   

Depth Mean ±SE Mean ±SE Mean ±SE 
0-5 7.1 0.55 9.4 0.36 11.6 1.02 
5-10 2.5 0.27 12.7 0.78 15.4 2.17 
10-20 3.2 0.17 11.4 0.75 15.0 0.57 
Total 12.7 0.42 33.5 1.32 42.0 3.20 
 
 

Changes in SOC stocks with time and between treatments (as control was used to represent 

conditions in 1958) were highly significant (Table 24). However the general difference 

between depths was not significant (Table 24) probably because there were small differences 

between SOC stocks in control and Low-N treatment in 0-5 cm depth (Table 26). The 

significance should however be interpreted with caution since interaction between the two 

main factors; treatment (control was handled as the third treatment) and depth was also highly 

significant (Table 24) since change in SOC stocks in time and between treatments were 

different depending on depths. 

 

3.4. SOC changes across the study sites 

To test how general the temporal trends in SOC concentrations in the top 5 cm of soil were at 

different sites (Tables 9, 14, 19 and 25), a regression analysis was performed, where 

treatments were used as blocks and sites were grouped according to their soil type (Table 2).   

For all experimental sites, except Geitasandur, the regression was significant at the α<0.10 

level (Regression ANOVA, P= 0.0466; R2 = 0.11470) in 0-5 cm depth and showed a linear 

increase in SOC % with time. The predicted increase in C concentration (SOC %) was: 

SOC %  0‐5 cm depth    10.80608  0.03863   t,  (15) 
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where t was number of years. The slope of 0.039 means that the annual increase in C 

concentration was 0.04 %. If soils were grouped according to soil type, Akureyri and 

Sámsstaðir together but Skriðuklaustur analysed alone, the regressions were not significant.  

In Geitasandur no old measurements were available from earlier years. Therefore regression 

analysis was not possible. However, the difference between control and the two hayfield 

fertilisation treatments was significant and thus the general SOC% increase “in time” was 

calculated. In Geitasandur the SOC concentration had increased annually by 0.4%.  

3.5 Relationship between SOC and other measured parameters  

To assess if soil mineral properties, amount of N application and annual yield could explain 

regional differences in SOC across study sites, a Spearman’s correlation analysis was 

performed (Tables 27 and 28, Figure 3).  A relationship between SOC, stocks and 

concentrations, and colloidal constituents was apparent. The correlation was generally 

stronger with SOC stocks than SOC concentrations.  Clay content had the strongest (positive) 

relationship with SOC stocks and concentrations. Fep (%) and Alp (%) also had a strong 

positive correlation with SOC stocks (Figures 3a and b) and moderately strong positive 

relationship with SOC concentrations (Figures 3d and e). Sip had a different pattern than the 

Fep and Alp, with a strong positive significant correlation with SOC concentration (Figure 3f) 

but not SOC stocks (Figure 3c).  

 

The data points from different experimental sites lined up similarly when relationship 

between Alp, Fep, clay content and SOC was plotted ; Geitasandur below, Skriðuklaustur 

above and Akureyri and Sámsstaðir closest to the best fit line (Figures 3a and b) grouped 

according to soil type at each site (Table 2). Geitasandur had the lowest SOC stocks compared 

to clay content and Alp%, Skriðuklaustur the highest and Sámsstaðir and Akureyri 

intermediate (Figure 3a and b). The relationship between Alp, Fep, Sip and SOC concentration 

had a different pattern (Figures 3d, e and f). Data points representing Sámsstaðir and Akureyri 

still fell closest to the best fit line, but anomalies of the two data points representing SOC % 

Geitasandur Low-N and High-N treatment in 0-5 cm depth were obvious and to some extent 

Skriðuklaustur 0-5 cm depth. 

 

49 
 



 

 N applied (kg ha-1yr-1)
0 50 100 150 200 250

SO
C

 c
ha

ng
e 

(t 
ha

-1
)

-10

0

10

20

30

40

Clay (%)
0 2 4 6 8 10 12 14 16 18

SO
C

 (%
)

0

2

4

6

8

10

12

14

16

Clay (%)
0 2 4 6 8 10 12 14 16 18

SO
C

 (t
 h

a-1
)

0

10

20

30

40

50
Sio(%)

0.8 1.2 1.6 2.0 2.4 2.8
Alo (%)

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

SO
C

 (%
)

0

5

10

15

20

25

Feo(%)
1 2 3 4 5 6

Sio(%)
1.0 1.4 1.8 2.2 2.6

Alo (%)
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

SO
C

 (t
 h

a-
1 )

0

10

20

30

40

Feo (%)
1 2 3 4 5 6

Alp (%)
0.2 0.4 0.6 0.8 1.0 1.2

SO
C

(%
)

0

5

10

15

20

25

Fep (%)
0.2 0.6 1.0 1.4

Sip (%)
0.1 0.2 0.3 0.4 0.5

Fep(%)
0.2 0.6 1.0 1.4

0

10

20

30

40

50

Alp(%)
0.2 0.4 0.6 0.8 1.0 1.2

SO
C

 t 
ha

-1

Sámsstaðir
Akureyri
Skriðuklaustur
Geitasandur

Sip(%)

Sámsstaðir
Akureyri
Skriðuklaustur
Geitasandur

0.1 0.2 0.3 0.4 0.5

a)

k)

h) i)

l)j)

g)

e)d) f)

c)b)

o)m) n)

50 
 



 

Figure  3. Correlation between SOC (t ha-1) and SOC (%) and soil parameters (a-n) and SOC balance 
and N applied (o) in final year of experimental period. Correlation between parameters for each depth.  
SOC change (o) is total change in 0-20 cm depth. A best fit line is shown when correlation is 
significant (Table 28 and 29).   
 

Acid oxalate extractable Al, Fe and Si were not measured at Skriðuklaustur and only in two 

samples from Akureyri and Sámsstaðir whilst in six samples from Geitasandur. This might 

have caused bias in the relationship and therefore comparison with relationship between Alo 

Feo, Sio and other properties is questionable.  Sio had a modest negative correlation with 

SOC% but none with SOC stocks (Figures 3i and l). Correlation between Alo and  Feo and 

SOC stocks was moderately positive (Table 27, Figures 3g and h) but none with SOC 

concentrations (Table 27, Figures 3j and k).  

 

There was a strong positive significant correlation between SOC stocks (t ha-1) and clay 

content (Table 27; Figure 3m), the correlation was also significant but lower for SOC % and 

clay content  (Table 27), where data points from Skriðuklaustur 0-5 cm layer showed the most 

anomaly (Figure 3n). 

 

The relationship between the soil parameters and SOC stocks was generally stronger than 

between soil parameters and SOC concentrations.  The SOC % in Geitasandur Low-N and 

High-N in 0-5 cm show high anomaly (Figures 3d, e, f, j, k and l) but when converted to SOC 

stocks these values fall into line due to the low bulk density (Table 22, Figures 3a, b, c, g, h 

and i).  

 

Table 27. Correlation (Spearman´s) between SOC t ha-1, SOC % and other soil parameters measured 
at the end of the measurement period in 0-5, 5-10 and 10-20 cm depth. 

SOC t ha-1     SOC % n 
Alp (%) 0.80*** 0.53** 23 
Fep (%) 0.81*** 0.63** 23 
Sip (%) 0.16(ns) 0.64** 23 
Alo (%) 0.63* -0.13(ns) 11 
Feo (%) 0.56* -0.04(ns) 11 
Sio (%) -0.15(ns) -0.59* 11 

 
Values for Alo, Feo, Sio and clay were not available at all depths and all sites, correlation was calculated between 
comparable values. Ns = not significant (P >0.1) *significant (α<0.10) **significant (α<0.010) ***significant 
(α<0.001). See figure 1. 

Clay (%) 0.83** 0.73* 10 
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There was a strong positive significant correlation between N applied and changes in SOC 

stocks in 0-20 cm depth at each site (Table 28; Figure 3o). There was also a correlation 

between yield and N applied at each site but surprisingly that relationship was not significant 

(Table 28).   

  

When the relationship between N applied and SOC was plotted Geitasandur data points 

(Figure 3o) stand out with the largest change in SOC stocks. Whilst SOC stocks had not 

changed as much in 0-20 cm depth at the other experiments and data points all fell close to or 

below the best fit line (Figure 3o).  

 

Table 28. Correlation (Speraman’s) between SOC t ha -1, yearly SOC change all sites in 0-20 cm depth 
and yield and N applied. 

  Yield  N applied n 
SOC total 0.19(ns) -0.05(ns) 8 
SOC change 0.05(ns) 0.83* 8 
N applied   0.51(ns)   8 

SOC total is SOC (t ha-1) in the end of the period, SOC change is average yearly change (t ha-1) over the period at 
each site. Yield is annual average yield kg ha-1 over the experimental period and N applied is N kg ha-1 annually 
applied (180 N for Sámsstaðir, High-N). other places was constant). Ns = (P >0.1) *significant (α<0.10) 
**significant (α<0.010) ***significant (α<0.001). See figure 1o. 
 

 

3.6 Simulations 

The models simulations were run from 1969, assuming soil in equilibrium state at that time. 

Four simulations were run for each treatment at each experimental site, 32 simulations in all. 

The simulations run were: 

 

1) RothC-Yield. Then RothC-26.3 with inputs of plant C were derived from measured 

yield data 

2) RothC-Model. Then RothC-26.3 with model estimates of inputs of plant C were used.  

3) RothC-Volc-Yield. Then the RothC version modified for Andosol was used with 

inputs of plant C were derived from measured yield data 

4) RC-Volc-Model. Then the RothC version modified for Andosol was used with model 

estimates of inputs of plant C.  
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3.6.1 Sámsstaðir  

In the 0N treatment there was a minor change in SOC from 1969 to 2005 although the highest 

value was measured in 1973 (+3%; Table 29). RothC-Model simulation predicted no change 

over the period (Table 29) and had the best fit, just below the measured value (Figure 4a). 

RothC-Volc-Model had the second best fit, predicting a 4% increase over the period and 

higher SOC stocks in 2005 than were measured (Table 29; Figure 4a). Both simulations using 

plant inputs estimated directly from the yield predicted a decease in the SOC stocks with time 

and much lower SOC values in 2005 than were measured, with RothC-Yield having the 

poorest fit (Table 29 and Figure 4a).    

 

Table 29. Relative SOC (t ha-1) change in 0-20 cm depth in Sámsstaðir 0N and High-N (180 kg N) 
fertilisation treatment, measured v.s modelled values. 1.00 is measured beginning SOC stocks, set for 
all simulations. 

Measured     RC-Yield  RC-Model  RC-Volc-Yield   RC-Volc-Model 
Year 0N 

1.00 1969 1.00 1.00 1.00 1.00 
1.03 1973 0.99 1.00 0.99 1.01 
1.01 2005 0.91 1.00 0.93 1.04 

High-N 
1.00 1969 1.00 1.00 1.00 1.00 
1.08 1973 1.00 1.00 1.00 1.01 
1.11 2005   1.00  1.01  1.03   1.05 

 

The measured mean SOC stock in High-N treatment in 2005 exceeded the model predictions 

by 7 to 14 t SOC ha-1 (Figure 4b). Simulations line up in a different way than they did for the 

0N treatment in Sámsstaðir (Figure 4a and b). All simulations predicted an increase in the 

SOC stock with time, except RC-Yield that predicted no change. RothC-Volc-Model 

predicted the highest value and had the closest fit to measured value in 2005. Followed by 

RC-Volc-Yield, RothC –Model and RothC-Yield respectively (Table 29; Figure 4b). 
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.6.2. Akureyri 

The SOC stocks change in both fertilisation treatments were similar, although starting and 

 

 in 

e SOC stocks with time (Tale 30). RothC-Volc-Model predicted an increase of 11 t SOC 
-1 inal value than measured. RothC-Yield predicted a loss 

F
treat

igure  4. Measured and simulated values of SOC in the top 20 cm of soil at a) 0N fertilisation 
ment and b) High-N (180 kg N) fertilisation treatment at Sámsstaðir. Standard error bars are 

easured values in 2005.  shown for m

3

final values were slightly higher in the High-N treatment (Table 16). In the 0N treatment

RothC-Model and RothC-Volc-Yield had the closest fit and predicted only a minor change

th

ha  form 1969 to 2006 and a higher f
-1of 12 t SOC ha  during the period and had the poorest fit (Table 30; Figure 5a). 

 

Table 30.  Relative SOC (t ha-1) change in 0-20 cm depth in Akureyri 0N and High-N (55 kg N) 
fertilisation treatment, measured v.s modelled values. 1.00 is measured beginning SOC stocks, set for 
all simulations. 
  Measured  RC-Yield   RC-Model  RC-Volc-Yield  RC-Volc-Model 
Year 0N 
1969 1.00 1.00 1.00 1.00 1.00 
1973 1.04 0.98 1.00 1.00 1.02 
1982 1.03 0.95 1.00 0.99 1.05 
2005 1.05 0.89 1.01 0.99 1.10 

High-N 
1.00 1969 1.00 1.00 1.00 1.00 
0.99 1973 0.99 1.00 1.00 1.02 
1.03 1982 0.96 1.00 1.00 1.04 
1.05 2005      0.93 1.01 1.01 1.09 
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3.6.3. Skriðuklaustur 

 0N treatment in Skriðuklaustur the SOC stocks of the soil in 0-20 cm depth decreased from 

 final values than measured. RothC-Yield had the best fit and 

redicted the greatest decrease followed by RothC-Model that predicted less decrease. RothC-

Volc-Model predicted minor increase over the period. RothC-Volc-Yield predicted the 
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Figure  5. Measured and simulated values of SOC in the top 20 cm of soil at a) 0N fertilisation 
treatment and b) High-N (55 kg N) fertilisation treatment at Akureyri. Standard error bars are shown 
for measured values in 2006.  
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All simulations predicted lower values than the measured  final values for Skriðuklaustu

High-N treatment and the simulations all came within a  2.3 t SOC ha-1 range from the valu
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Table 31. Relative SOC (t ha-1) change in 0-20 cm depth in Skriðuklaustur 0N and High-N (120 kg N
fertilisation treatment, measured v.s modelled values. 1.00 is measured beginning SOC stocks, set for 
all simulations.  
  Measured   RC-Yield  RC-Model  RC-Volc-Yield   RC-Volc
Year 0N 
1969 1.00 1.00 1.00 1.00 1.00 
1973 1.00 0.99 0.99 1.00 1.01 

996 0.93 0.95 0.98 1.01 1.04 
High-N 

1

1969 1.00 1.00 1.00 1.00 1.00 
1973 1.02 1.00 1.00 1.00 1.00 
1996 1.09   1.00  1.00  1.03   1.02 
 

 

140

120

0

80

100

1954 1970 1980 1990 1996

 

 

 

 

 

 

 

 

 

 

3.6.4. Geitasandur 

The measured rise in SOC in the top 0-20 cm layer in Geitasandur with time was much higher 

than at the other sites. In both treatments measured final SOC stock values exceeded 

simulated values by far (Table 32). In the Low-N treatment all simulations except the RothC-

e

lso predicted an increase in SOC stocks over the 

 

 

 

 
Figure  6. Measured and simulated values of SOC in the top 20 cm of soil at a) 0N fertilisation 
treatment and b) High-N (120 kg N) fertilisation treatment at Skriðuklaustur. Standard error 
bars are shown for measured values in 1996.  

Yield predicted an increase with time. The RothC-Volc-Model predicted the highest valu

and had the closest fit. The RothC-Model a
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s much as RothC-Volc-Model. The RothC- Yield predicted a slight period although not a

decrease and the Roth-Volc-Yield practically no change (Table 32; Figure 7a).   

 
Table 32.  Relative SOC (t ha-1) change in 0-20 cm depth in Geitasandur Low-N (50 kg N) and High-
N (120 kg N) fertilisation treatment (control used as initial conditions in 1958), measured v.s modelled 
values. 1.00 is measured beginning SOC stocks (control), set for all simulations.  
Year Measured RC-Yield RC-Model RC-Volc-Yield RC-Volc-Model 
  Low-N 
1958 1.00 1.00 1.00 1.00 1.00 
2007 2.63 0.92 1.57 1.00 1.76 

High-N 
1958 1.00 1.00 1.00 1.00 1.00 
2007 3.30 1.20 1.80 1.40 2.00 
 

SOC stocks d ev  High-N treatm t  fro

n the Low-N treatment. S tions line imilarly as in the Low-N, although on the 

 they pred  higher va n 2007 tha  the 0N trea t. The RothC- Model 

predicted the highest increase in SOC stocks and est fit, followed by the RothC-

l. The Rot ield predi he smallest increase, only a 3 t SOC ha-1 over the period 

nd the RothC-Volc only predicted a slightly steeper increase (Table 32; Figure 7b) 

 

The RothC-Model and the RothC-Volc-Model simulations in the Low-N treatment and all 

simulations in the High-N treatment predict a rapid increase in SOC for the first 10 to 15 

years. 

had increase en more in en  in Geitasandur m 1969 to 2007 

than i imula d up s

whole icted lues i n for tmen Volc-
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Figure  7. Measured and simulated values of SOC in the top 20 cm of soil at a) Low N (50 kg N) 
fertilisation treatment and b) High N (200 kg N) fertilisation treatment at Geitasandur. Standard error 
bars are shown for measured values in 1996. Control represents initial conditions. 
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3.6.5. Model performance of simulating final values 

Comparing predictions of all simulations at all sites (Figure 8) showed that the RothC-Volc-

Model had the best fit in four scenarios: Sámsstaðir High-N, Akureyri High-N and both 

treatments in Geitasandur (Figure 7). The RothC-Volc-Model estimated the highest SOC 

stocks in all scenarios (Figure 8), except for the Skriðuklaustur’s High-N treatment and 

therefore did best where SOC stocks had increased (Figure 4b, 5b, 7a and b).  

 
Figure  8. Measured v.s modelled values, all simulations. Sámsstaðir is shown as red symbols, 
Akureyri as pink, Skriðuklaustur as green and Geitasandur as blue. RothC-Yield simulations are 
shown as filled dot, RothC-Model as hollow dot, RothC-Volc-Yield as filled star and RothC-Volc-
Model as hollow star. Black line is 1:1 line. 
 

Simulated values often fell close to the measured values (Figure 8), with values from 

Geitasandur showing the largest anomaly with the measured values much higher than the 

simulated values. Skriðuklaustur had the least difference between predicted and measured 

final values and also the least variance between simulation predictions (Figure 8).  
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l, 

del. Circles are predicted vs. measured values and line is 
est fit regression line. Dotted line is 1:1 line.   

s 

ne and 

igure. 9a). The RothC-Model had the second best overall fit, where the regression line was 

close to the 1:1 line although not crossing (Figure 9b). The RothC-Volc-Yield had a similar 

overall fit to RothC-Model, although slightly poorer, especially for Geitasandur (Figure 9c). 

 

In most simulations measured values exceeded the modelled values. The RothC-Volc-Model 

predicted the highest SOC values at all sites and treatment except Skriðuklaustur High-N 

treatment. The RothC-Model predicted the second highest final values at all occasions except 

Skriðuklaustur High-N and RothC-Yield predicted the lowest final SOC values in all but one, 
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Figure  9. Comparison of final predictions of different simulations a) RothC-Yield, b) RothC-Mode
c) RothC-Volc-Yield and d) RothC-Volc-Mo
b
 

Comparison of the overall performance of the four simulations at predicting the final value

for all the datasets showed that the RothC-Volc-Model predicted overall values closest 

measured one  (Figure 9d). The RothC-Yield had the overall poorest fit to the 1:1 li
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again Skriðuklaustur High-N. This was reflected in all the statistical tests of model 

performance, where RothC-Volc-Model did best, with or without Geitasandur datasets 

(Figure 10). 

 

Since replicates of the final measured values were available the lack of fit statistic (F) LOFIT 

was used to assess the goodness of fit between simulated and measured values for all the 

datasets. The RothC-Volc-Model had the lowest (F) LOFIT value (best fit), followed by the 

RothC-Model and the RothC-Volc-Yield, respectably. The RothC-Yield had the highest value 

and therefore the poorest fit. All models had F values for LOFIT higher than the critical 5% 

value (Figure 10a), indicating that for all the simulations the error in the predicted values was 

significantly greater than error inherent in the measured data. 

 

Because the Geitasandur experiment was different from the other experiments, the statistical 

valuation of simulations performance was also calculated without data from Geitasandur 

(Figure 10b, d and f). The F (LOFIT) values for the simulations then showed similar trend, 

with the highest value for the RothC-Yield and the lowest for the RothC-Volc-Model. When 

Geitasandur was excluded, the RothC-Model and the RothC-Volc-Model had F (LOFIT) 

values lower than the critical 5% value, and the RothC-Volc-Yield had an F (LOFIT) value 

just slightly above the critical value (Figure 10b). 

 

ough the error was smaller (Figure 10c). The 

The RothC-Yield had the biggest total error, with RMSE higher than the critical RMSE 95% 

value and as did the RothC-Volc-Yield, alth

RothC-Model and the RothC-Volc-Model had a small total error and the RMSE values were 

lower than the critical RMSE 95% (Figure 10c). When Geitasandur was excluded, the 

analysed total error of all simulations was small, with RMSE values of al simulations lower 

than the critical RMSE 95% value (Figure 10d). 
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Figure  10. Graphical representation of statistics describing the simulations performance in all 
datasets.  Shown above are the following statistics: a) F values for the lack of fit (LOFIT) statistic with 
critical 5% level shown, b) same as a) excluding Geitasandur datasets, c) root mean square error 
(RMSE) with RMSE95% value shown, d) same as c) excluding Geitasandur datasets, e) relative error 
(E) with E95%values shown and f) same as e) excluding Geitasandur datasets. 
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 The E value, or the bias in the total difference between simulated and measured values, was 

significant in all simulations except RothC-Volc-Model (Figure 10f).  Thus the RothC-Yield, 

the RothC-Model and the RothC-Volc-Yield simulations were biased towards under-

prediction (Figure 10e). Without the Geitasandur dataset, model performance improved and 

all simulations fell within the E 95% confidence interval and thus not showing significant bias 

(Figure 10f).  

 

3.7. Were the study sites sinks or sources of CO2?  

All sites, except the 0N treatment at Sámsstaðir, were net sinks of CO2 over the simulation 

period (Table 33). If sites were grouped according to soil type the average SOC accumulation 

rates in the 0-20 cm depth layer for the Silandic Andosol (Brown Andosol) in Akureyri and 

Sámsstaðir was 0.6 t CO2 ha-1 yr-1 in both treatments. The Gleyic Andosol at Skriðuklaustur 

showed practically no change when averaging both treatments, it had a net loss in the 0N and 

a minor increase in the High-N treatment. The Vitric Andosol (Vitrisol) in Geitasandur 

showed, however, a large accumulation of 2.4 t CO2 ha-1 annually, when an average for both 

treatments was used (Table 33).  

 

Table 33. Annual CO2balance of soils in 0-20 cm depth at all study sites and the CO2 that was 
removed as harvested yield annually. 

  Sámsstaðir Akureyri Skriðuklaustur Geitasandur 
  0N High-N 0N High-N 0N High-N Low-N High-N 

Annual CO2 balance 0.12 1.36 0.52 0.57 -0.84 0.99 1.56 3.14 
(t CO2 ha-1 yr-1) 
CO2 removed with yield 16.0 46.5 19.9 30.6 36.0 50.2 11.6 30.8 
(t CO2 ha-1 yr-1) 
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4. Discussion  

4. 1. Methological issues 

4.1.1 Chemical analyses 

Some analyses of soil properties e.g. oxalate extracted Al, Fe and Si% as well clay content, 

ere not always (when relevant then noted in results) done on samples from the treatments 

xperimental sites. Such 

he 

 

eitasandur the experiment had a randomized block design. 

or the present study no corrections were, however, made for block effects at the study sites, 

d at 

the other sites. 

evious soil properties 

eviously sampled at the sites (1969 and 1973) had no true replicates, i.e. 

icate me ts  pu the  a amp ore

chemical analysis was done. This meant that analysis of variance could not be used to test 

treatment differences in older samples. Howev , where previous sampling had occurred more 

than four times (e.g. for the 0-5 cm layer), regression analysis could be used to analyse 

mporal changes in the chem al properties (e.g. Table 9).  

4.2.4 Assessing temporal changes  

When converting concentrations of substances to stocks/quantities per volume, bulk density 

of the soil is needed, i.e. the weight of a certain volume of soil has to be known. No bulk 

density measurements were made at previous sampling occasions, so it had to be measured on 

new samples taken when the experiments were discontinued (1996-2007). This might have 

introduced some bias in the SOC stock estimates, since bulk density may have changed as 

w

otherwise used in this study, even if they came from the same e

analyses were done before the present work began. However as these parameters are not or 

only marginally affected by the fertiliser treatment this is not expected to influence the results 

of this study. 

4.1.2. Systematic variability within study sites 

Variance in measured means of SOC in the experiments in 1996-2007 was generally high and 

replicates were relatively few, only three in Skriðuklaustur and Geitasandur and five at t

other sites (Table 1). The experiments at Sámsstaðir, Akureyri and Skriðuklaustur were set up

with Latin square design and in G

F

since additional (control) site was included at Geitasandur and not all rows were sample

4.1.3 Estimating pr

Soil that was pr

samples om each replfr  treat nt plo  were t toge r into bulk s le bef  

er

te ic
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well as the SOC concentration. The dia; soil build up, expansion, 

erosion and compaction are examples of forces changing the bulk density and soil volume 

llert et al., 2002). To overcome this, a regression equation 

easured in samples taken in the end of experimental period 

ess the bulk density for the old samples containing less SOC. Even 

tial problem in long-term studies is a possible change in soil volume with time 

(Ellert et al., 2002).  So when measuring the top 20 cm of a particular soil today it is not 

easured previously. Many methods for 

Before discussing the findings of the present project, it is helpful to give an overview of the 

stocks in Icelandic hayfields, as the author 

 soil is a very dynamic me

with time (Brady and Weil, 1999; E

between SOC and bulk density m

at each site was used to ass

if this is better than assuming unchanged bulk density, this could have caused to some 

additional bias in the SOC stock estimates. The author believes, however, that it is unlikely 

that these two issues involving the bulk density determination caused much error in the 

present analysis. 

 

Another poten

necessary measuring the same layer of soil as was m

eliminating this problem have been introduced (e.g. Ellert et al., 2002; Wuest, 2009), but most 

are quite complicated and require a big dataset sampled deep down the soil profile and 

preferably include some additional age-dependent marker. This potential bias was not 

addressed in the present analysis.  

 

4.2. Important factors affecting the SOC stocks in Icelandic hayfields 

most important factors that can affect the SOC 

understands them. Figure 11 shows a simplified overview of these factors, as the author 

understands it.  
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he size of the SOC stock at any given time is governed by two processes:  

ction 

and enter the SOC pool as aboveground litter or root litter, or through aeolian inputs of 

 

ount of aboveground outputs of OM, decomposition of soil organic matter 

(SOM) and leakage of dissolved OM. The governing output of OM from a hayfield is 

the annual harvest, which in many cases may involve two cuts per year. The second 

factor that can lead to aboveground outputs is grazing of both domestic animals and 

wildlife (reindeer, birds, insects), which feed on the hayfield but can potentially move 

outside it before the OM is returned through their digestive system. This factor is 

probably minor for the sites in this study as they were all fenced off for livestock 

grazing.   

 

Decomposition of OM is a complicated process, where OM goes through gradual breakdown, 

where climate, soil physical and chemical conditions, nutrient availability, soil animals and 

Figure  11. Conceptual picture of the most important factors that affect the SOC balance at the study
sites at any given time.  C is carbon, OM is organic matter, SOC is soil organic carbon, POC and DOC 
are aquatic organic carbon in particulate and dissolved forms, respectively.  
 

T

1) The amount of inputs of OM that are either produced on-site with grass produ

OM (Figure 11). The latter is something that is rarely considered elsewhere, but can 

potentially be an important input in erosion-prone areas in Iceland (Óskarsson et al.

2004).  

2) The am
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soil microbes, are involved (Post & Kwon, 2000; Six et al., 2002; Brady and Weil, 1999). 

These processes are, together with the inputs of root litter, usually where our understanding is 

most limiting (Chapin et al., 2002). The last output, dissolved OM (either as DOC or POC), 

may be important under certain conditions, such as in drained wetlands (Óskarsson & 

Halldórsson, 2006), but usually this pathway is neglected when SOC dynamics are studied on 

agricultural fields. In the following sections the author will try to shed light on how some of 

these key factors are affecting the SOC balance in Icelandic hayfields, based on the 

observations of the study. 

 4.3 Changes in SOC 

In the studied experiments, except Geitasandur, initial SOC content was high and relatively 

little change was observed in SOC over time (Table 11, 16 and 21). If management or 

environment conditions change, the SOC balance should be affected. Although the detailed 

land-use history prior to establishment of the experimental sites is not known in detail, it is 

nt history. Fertilisation 

were initiated. The use of che

Óskarsson, 1978), but before that m

harvest of their m

hayfields were probably close to

11), when they were initiated or the first 0-20 cm samples where taken. Therefore the only 

slight fluctuations (as were observed) would be expected following the management changes 

made in the long-term

Takahasi et al. (2007) in thei

SOC stocks should always be expected, sin

should also lead to such f

 

As was expected, soil conditions were sim

established on freely drained grassland soils. Th

kureyri had lower bulk density and thus lower SOC stocks per area (Table 11 and 

likely that all but the Geitasandur experiment had been cultivated and/or grazed grasslands for 

centuries. They are all situated on known farm sites with long settleme

of some kind has also probably been applied to the sites for a long time before experiments 

mical fertiliser became common in 1940’s (Eggertsson & 

ost farmers would use organic fertilisers to increase the 

anaged grasslands (Eggertsson & Óskarsson, 1978). The soils of the old 

 a steady state, with C inputs and outputs in balance (Figure 

 fertilisation experiment. Similar comments were also made by 

r study on permanent grassland on Andosol. Small fluctuations in 

ce climate and other environmental changes 

luctuations (Bellamy et al., 2005).  

ilar in Sámsstaðir and Akureyri, but both were 

e SOC % was similar between the sites, but 

the soil at A

16). These sites represent typical soils of vegetated drylands of Iceland (Arnalds, 2004). The 

soil would be classified as Brown Andosol, which is also termed Silandic Andosol (Table 2). 
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The measured soil properties for these two sites (Table 7 and 12) correspond with what has

been documented for such soils (Arnalds, 2004).  

 

Sámsstaðir had the highest SOC stocks of all the sites in this study, with 125 to 134 t S

ha-1 in 0-20 cm layer. The only higher values the author knows about from Iceland are from 

wetland soils (Óskarsson et al., 2004). The SOC stocks both at Sámsstaðir and Akureyri was 

also higher than reported for agricultural soils of northern Europe (Katterer & André

Permanent grasslands are k

 

OC 

n, 1999). 

nown to store more SOC compared to cropland soils (agricultural 

soils) that are periodically ploughed and left bare fallow (Janzen, 2006), so the hayfield soils 

 maybe not be compared to typical agricultural soils of northern 

to what 

via 

).  

ing 

en et al., 2008; Janessens and 

uyssaert, 2009), or inputs of more fresh OM as root litter after fertilisation promoted 

del, 

 

N ha-1 yr-1) dose of the High-N application. 

in the present study should

Europe. The present SOC stocks still were higher than commonly found in temperate 

grasslands (e.g. Soussana et al., 2004; Smith et al., 1997; Don et al., 2007), but similar 

is found in grasslands on volcanic soils in Japan (e.g. Takahashi et al., 2007; Shirato et al., 

2004), New Zealand (e.g Percival et al., 2000) and S-America (e.g. Matus et al., 2006). 

 

The High-N treatment at Sámsstaðir showed a noticeable increase in SOC stock with time, at 

least after the 1973 sampling (Table 11). Similar long-term increases of SOC stocks have 

been reported from long-term fertilisation experiments in forest ecosystems of Scandina

(Hyvönen et al., 2008) and long-term fertilisation is known to increase SOC stocks of 

grasslands (e.g. Conant et al., 2001).  

 

The SOC stock was, however, lower in the High-N treatment in Sámsstaðir in 1969 than in 

the 0N treatment (Table 11), after having received fertilisation since 1945. In Skriðuklaustur 

the High-N treatment also had lower SOC stocks than 0N treatment in 1969 (Table 21

Although this difference was small and not significant, this was noteworthy. Maybe the N 

fertilisation was somehow responsible, e.g. N applied leading to lower C:N ratio promot

decomposition in the beginning of the experiment (cf. Hyvön

L

decomposition of old SOC, sometimes termed “a priming effect” (e.g. Kuzyakov and Frie

2000). This temporary reduction in SOC for some years after the fertilisation started also 

corresponds to what has been found in long-term fertilisation experiments in forest 

ecosystems in Scandinavia (Hyvönen et al., 2008). This trend was not observed in Akureyri 

High-N fertilisation treatment, which could possibly by explained by the relatively low (50 kg
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In contrast to the initial hypothesis, the soil at Skriðuklaustur showed somewhat different 

roperties and trend with time than the hayfield soil at Akureyri and Sámsstaðir. The SOC 

) 

tion 

eatments at Skriðuklaustur between 1973 and 1996. The reason for this inconsistency could 

y 

 

ering 

s in SOC stocks over time were only calculated for the 

p 0-10 cm depth in Guðmundsson et al. (2004), where no or minor loss of SOC was 

 

 

ced 

erties 

 

 the SOC with connection to ions and colloidal 

p

stocks in the 0-20 cm layer there were lower (Table 11, 16 and 21). SOC concentrations at 

Skriðuklaustur were high in the 0-5 cm layer, but decreased much more with depth (Table 19

than in Sámsstaðir and Akureyri. The low SOC stocks can probably be explained by 

abundant, light pumice tephra layer in the top 20 cm often found in soil of East Iceland, from 

a big ash eruption in Askja in 1875 (Guðmundsson et al., 2004; Arnalds et al., 2005). The 

existence of such a ca. 5 cm thick tephra layer has e.g. been noted in undisturbed soils in 

nearby birch woodlands and afforestation sites (Ritter, 2007). 

 

The minor SOC increase in the High-N treatment and decrease of SOC in 0N treatment 

observed at Skriðuklaustur (Table 21) was in sharp contrast with the findings of 

Guðmundsson et al. (2004). They found a considerable SOC accumulation in all fertilisa

tr

be that in their study, old data (Helgason 1975) was used to estimate SOC stocks in 1973.  

Helgason (1975) measured SOC concentrations with wet combustion method, and probabl

did not measure all SOC present in the older samples. In the present study old samples were,

however, reanalysed using the dry combustion method (Elementar analyssytem), recov

all organic carbon. In addition,  change

to

observed in the present study (Table 21). The reductions observed in SOC in both treatments

in the present study were mostly at 10-20 cm depth (Table 21), the thickest layer with the 

highest bulk density and hence large effect on the SOC stocks.   

 

The reason for the ongoing loss of SOC in the 5-20 cm layer in the 0N treatment and in the 

10-20 cm layer in the High-N treatment at Skriðuklaustur is not clear, but it can be 

hypothesized if it was caused by a drainage effect. The site had been drained with open

ditches shortly before establishment of the experiment in 1954  (Helgson 1975), probably 

leading to lowering of ground water level and thus exposing OM in deeper layers to enhan

decomposition.  The soil at the Skriðusklaustur site showed clear hydromorphic prop

and is classified as Gleyic Andosol (Guðmundsson et al. 2004). Therefore it is likely that OM

in the soil was protected from decomposition by anaerobic conditions due to high water table, 

rather than intrinsic recalcitrant properties of
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matter (Davidson and Janssen, 2006). It is supporting this theory that both clay and Alp 

 13 

il 

 

t 

s 

pensated for the SOC loss 

loser to the surface, leading to higher SOC stocks in the 0-5 cm layer (Table 21). Similar 

of 

 Laine 

 

 

arvested yield was very high in Skriðuklaustur, even in the 0N treatment (Table 5). It was 

 

ts of the 

ect 

concentrations were low in Skriðuklaustur compared to Akureyri and Sámsstaðir (Table 8,

and 18). In the literature Alp is generally thought to represent Al organically bound in the so

and has been suggested to mainly be related to the humified organic components of the soil

(Garcia-Rodeja et al., 2004; Dahlgren, 2004). The fact that Alp (%) was also low in 

Skriðuklaustur might thus also support that the soil OM was poorly developed and no

chemically stabilised.  

 

At the same time that SOC decreased in deeper layers at Skriðuklaustur, increased biomas

production in the High-N fertilisation treatment apparently com

c

depth-dependent trend has been observed in Ireland and Finland following afforestation 

drained peatlands (Minkkinen & Laine, 1998; Jones et al., 2000).  Minkkinen and

(1998) studied changes in SOC stocks at 273 peatland sites in Finland that had been drained 

and afforestered. Their results showed that SOC accumulation at and just below the surface 

exceeded loss of SOC (C oxidation) form deeper layers caused by enhanced decomposition

because of increased aeration. The SOC accumulation at the surface was explained by 

increased biomass production and was very dependant of new C inputs, resulting in the sites 

having a net positive C balance. In these two studies, the SOC changes were studied much 

further down the soil profile than in the present study. In Skriðuklaustur the SOC loss was 

already observed in the 10-20 cm layer. The soil at the site is around 90 cm deep 

(Guðmundsson et al., 2004) and no measurements of SOC changes deeper below 20 cm depth

were done.  

 

H

noteworthy that the yield there was much higher than in Sámsstaðir and Akureyri 0N (Table

3). Therefore it can be speculated that decomposition of organic matter in lower par

profile may in part be responsible for the high production and yield in the 0N plots (indir

fertilisation effect from mineralised nutrients). Icelandic wetlands contain much more 

nutrients in their peat or OM than most wetlands in the neighbouring countries (Guðbergsson 

& Þorbergsson, 1998). This is because of the high aeolian inputs that commonly occur in 

Iceland (Arnalds, 2004).  
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At Geitasandur the soil condition and land-use history was very different from the other 

experimental sites. It is known to have been eroded and thereafter sparsely vegetated at least 

since the 13th century (Guðmundsson et al., 2011). It was established directly on the eroded 

surface by seeding and fertilisation at the start of the experiment in 1958 (Guðmundsson et 

al., 2011). Conditions at the uncultivated control site at Geitasandur were used to rep

the starting conditions in 1958. This may only have been partly true, since the control si

been fenced off and pro

resent 

te has 

tected from lifestock grazing since 1958, and therefore may even have 

ained some recourses from nearby plots, compared to how the area was in 1958.  Thus 

sis. 

red 

 

 place. 

etated areas in South Iceland the average SOC accumulation rate was 0.47 t SOC 

a-1 yr-1. Arnalds (2000) and Kolka (2011), however, studied the soil to 30 cm depth, whereas 

 

 

lds 

oth suggested a long accumulation period, longer than the 

hronosequences of their studies covered (ca. 60 years). The same has also been found in 

afforestation areas in Iceland (Snorrason et al., 2002; Sigurðsson et al., 2008). The only study 

g

possible error in estimations of initial conditions would rather be biased towards 

underestimation of SOC increase, e.g. overestimating initial conditions in the present analy

 

The SOC stocks at Geitasandur increased significantly (Table 26) in spite of intensive 

cultivation, e.g. most of the above biomass was removed annually (Figure 11). The measu

annual SOC increase of 0.4 t SOC ha-1 yr-1 in the Low-N and 0.6 t ha-1 yr-1 in the High-N 

treatments was similar to the average SOC increase of 0.4 kg year-1 in 0-10 cm depth in 

Landbót revegetion experiment, which is also located in Geitasandur (Arnalds, 2011). It was

also consistent with reported average accumulation rates of 0.6 t C ha-1 yr-1 following 

revegetation and afforestation of eroded areas (Arnalds et al., 2000; Kolka, 2011). In the 

Arnalds et al. (2000) study, the average accumulation rate was from many different 

revegetation areas, in North and South Iceland, and included many different revegetation 

methods, including organic amendments, but without any annual harvesting taking

Kolka (2011) found that when natural birch woodlands were restored by planting on degraded 

and/or reveg

h

in the present study the soil was measured down to 20 cm depth, which makes the 

accumulation in the Geitasandur hayfields even more extensive. It seems, therefore, that 

cultivation of hayfields on eroded surfaces with relatively large nutrient inputs may both give

considerable annual yields than can be used as valuable animal fodder and at same time serve

to sequester carbon as SOC. 

 

A critical question is for how long will the accumulation in the SOC stock continue? Arna

(2000) and Kolka (2011) b

c
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that the author is aware of which has tried to look at the long-term SOC accumulation rat

Iceland is McPeek et al. (2004), who compared SOC stocks in natural grasslands that are 

found on top of lava fields of known age (up to 1000 yrs). They found that SOC stocks were

increasing even after 1000 years of soil devolvement. They did moreover not find any signs

SOC accumulation slowing down with time.   

 

The rate of SOC increase at Geitasandur is also within the range set for restoration of 

degraded areas of 0.1 to 7 t C ha-1 yr-1 ( IPCC, 2000), but it should be noted that IPCC wa

also based on the study of Arnalds et al. (2000). The observed rates at Geitasandu

higher than the rates set both for improved management of pasture 0.2-0.4 t C ha-1 yr-1 (in the 

es in 

 

 of 

s 

r were 

et temperate ecozone) and croplands 0.3-0.6 t C ha-1 yr-1 (in the boreal ecozone) (IPCC, 

 

nting 

kureyri 

er, but 

r on top of the mineral soil, with shallow roots or aboveground 

tter. Accumulation of such an organic layer at the soil’s surface is well known under certain 

 but can 

w

2000).  

 

The studies previously mentioned (Arnalds, 2000; Kolka, 2011; McPeek, 2004) and the 

present study at Geitasandur, indicated a longer sequestration period with revegetation or

primary succession in Iceland than the 30 years set by IPCC (2000).  In the present study at 

Geitasandur the SOC was only measured in 2007 and then compared to control represe

initial conditions, so no information existed on possible difference in sequestration rates 

during the period. However, when compared to the well developed dryland soils at A

and Sámsstaðir (Tables 11, 16, and 26), a great SOC accumulation potential is obvious at 

Geitasandur. This clearly indicated that cultivation of eroded areas may serve both as a 

valuable agricultural system and at the same time serve as a net sequester of CO2 from the 

atmosphere for a long time. 

 

In 2007 the SOC concentration at Geitasandur was relatively high in the 0-5 cm lay

very low in deeper layers (Table 25). This was a very different depth distribution than 

expected (Figure 11), and to what was seen in the other experiments, where SOC was more 

evenly distributed down the soil profile (e.g. Table 10 and 15). This indicated that the OM 

was primarily added as a laye

li

conditions. It is caused by slow decomposition and limited incorporation of the OM to the 

mineral horizon (Zanella et al., 2011). Such organic layers are typical for forest floors

also be found in other habitats (Zanella et al., 2011). Similar organic layers on top of the 

mineral soil are formed where primary succession on lava fields has been increased by high 
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nutrient inputs from seabirds, as can e.g. be found on the Surtsey island off the south coast of 

Iceland (Sigurdsson & Magnusson, 2010). The hypothesized explanation for this distinct 

organic layer is a lack of soil fauna, e.g shredders to process the OM for further 

decomposition (Brady & Weil, 1999; Chapin, 2002). In soils, earthworms play an important 

role in the beginning steps of decomposition by ingesting the OM matter and returning it to 

e soil in a more favourable form for other decomposing organs as well as incorporating it 

ly that 

 

ites revegetated with seeding of grasses and fertilisation have also been shown to 

ave lower abundance of earthworms compared to sites that have undergone other restoration 

 

nd 

as 

 were very different from the other experimental sites and more 

ke when eroded areas are restored or revegetated. The soil was very young and it is 

 the 

 

th

further down the soil profile (Brady and Weil, 1999). In support of this theory it is like

earthworms are few in Geitasandur as conditions are, and especially were previously, 

unfavourable for earthworms (Brady and Weil, 1999), e.g. the soil has low water holding

capacity, texture is coarse and previously food (OM) was limited.  Furthermore, earthworms 

have been shown to be late to colonise new revegetated areas in S-Iceland (Sigurðardóttir, 

1994). S

h

methods (Oddsdóttir et al., 2008).  

 

The organic top layer at Geitasandur does not enter the decomposition flow as expected and 

as expressed in Figure 11. If, however, a soil fauna would be introduced, this would probably

change with time and the SOC dynamics would subsequently start to mirror what was fou

in the more developed Akureyri and Sámsstaðir sites. It is likely that a part of the OM would 

be incorporated to the mineral horizon and become stabilised but a part would be respired 

decomposition takes place.  

 

Soil processes at Geitasandur

li

surprising how little SOM was added to the profile below 5 cm depth in the 49 years the 

experiment lasted (Table 25). Although the organic matter accumulated almost only on

surface, as some kind of turf layer, mineral particles are also present. The Geitasandur site is

situated in an area where aeolian deposition is known to be very high (Strachan et al. 1998; 

Arnalds, 2011). The site is surrounded by vast sandy area and the roughnesses of the 

vegetation surface of the established hayfields easily trap moving particles which probably 

enhanced soil thickening. It was very visible how the surface of the site was higher than 

surrounding unvegetated areas. Similar soil thickening has been observed in younger 

revegetation trials on Geitasandur (Arnalds et al., 2011).  
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4.4 Relationship between SOC and other properties  

The Alp% measured in this study (Table 8, 13 and 18) were higher than in Icelandic soils 

reported by Arnalds et al. (1995), similar that reported by Meijer et al. (2004) but lower than 

in the soils used for modifying the model for Andosol in Japan (Shirato, 2004). Both Alp % 

and Fep % had a strong correlation with SOC concentration and stocks in 0-20 cm layer 

(Figure 3; Table 27). A strong positive relationship between Alp and SOC and to a lesser 

degree Fep and SOC has often been observed in Andosols (García-Rodeja et al., 2007). It has 

been related to Al and Fe bound in organo-mineral complexes (Dahlgren et al., 2004), 

although the pyrophosphate solution not only extracts constituents bound in organo–mineral 

complexes (Garcia-Rodeja et al., 2007). The formation of organo-mineral complexes is 

generally thought to occure in acid Andosol (none-allophanic), i.e. when the pH is lower than 

5 (Dahlgren et al., 2004; Matus, 2006). The soils at the experimental sites in this study had 

however pH higher than 5 and Icelandic soils are classified allophanic Andosol (Arnalds, 

2007), so it is uncertain if this process is the main cause behind the strong observed Alp:SOC 

ight although partly be explained by anti-allophanic effect of the OM. 

0-20 cm depth was measured in the soil at 

able 13).  Sámsstaðir had the second highest clay content (Table 8) and 

is 

ysis which has been 

correlation or not. It m

The surface horizon at the study sites had a high OM content and when OM in the soil is very 

high it is suspected to absorb the Al fraction and inhibit allophane formation. It should of 

course also be kept in mind that a correlation between two factors does not necessarily mean 

that one is a direct cause for the change in the other.   

 

Of the experiment the highest clay content in 

Akureyri (T

Skriðuklaustur surprisingly low clay content (Table 18). Geitasandur had the lowest clay 

concentration (Table 23) which was expected since it has the “youngest”/ least developed soil. 

Clay content of the soil measured at the study site had a significant positive correlation to 

SOC in the present study (Table 27). Clay content is commonly positively related to SOC in 

mineral soils, as C connected with clay forms a stable unit (e.g. Brady and Weil, 1999). 

Different types of clay have different charge that affects these bonds (Percival, 2000). 

Allophane and ferryhydrite are thought to be the most abundant clay constituents in soils in 

Iceland and (Arnalds, 2004; Wada et al., 1992) and allophane has a large surface area and a 

high charge and thus a great SOC stabilising ability (Dahlgren et al., 2004). Of the 

constituents measured clay content had the strongest relationship with SOC (Table 27). In th

study clay content was measured with the standard particle size anal
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shown to poorly identify clay in Andosol, as soil particles are insufficiently separated 

ilar 

o, 

easured biomass parameter, 

OC changes at the study sites. However, the relationship 

tly 

(Arnalds, 1994). For this reason the strong relationship between SOC and clay content was of 

some surprise.  

  

Extractions of Sio and Feo are used to indicate allophane and ferrihydrite contents (Arnalds, 

2004). Thus it was expected that clay content and these two constituents would show a sim

pattern in relation to SOC. Their correlation to SOC did, however, show a very different 

pattern (Figure 2). Where the relationship between Sio and SOC % was moderately negative 

and significant and the relationship between Alo, Feo and SOC stocks (t ha-1) was moderately 

positive and significant, but the relationship between Sio and SOC stocks and between Al

Feo and SOC % were not significant (Table 27). The surface layers at Geitasandur with low 

colloidal content but very high SOC concentrations showed much anomaly (Figure 3). Apart 

form these two values, the pattern could be explained by the assumption that allophane 

formation is inhibited when SOC % reaches a certain limit (c.a. 10%) (Arnalds, 2004; García-

Rodeja et al., 2007; Dahlgren, 2004) and SOC and allophane have shown a positive 

relationship when soil has low SOC concentration but the relationship imbalances with higher 

SOC % (Arnalds, 2004).  

 

The initial idea in the present study was that yield, the only m

would be strongly correlated with S

was weak and not significant (Table 27). The proposed reason is that at Skriðuklaustur, where 

the overall yield was highest, the SOC stocks decreased in 0N treatment and just sligh

increased in High-N treatment. Also because in Geitasandur the yield of hay was lowest but 

the SOC increased the most. As discussed before, these two sites are governed by draining 

influences and lack of OM decomposition, respectively, which likely complicated the 

expected yield:SOC relationship.  

 

It was expected that applied N would always enhance plant production and thus a significant 

relationship between the two parameters would be observed.  However the correlation 

between N rates applied and harvested yield was not significant (Table 28). This can also be 

explained by the values from Skriðuklaustur, with high yield numbers even when no N was 

added and Geitasandur where yield was rather low even in the High-N treatment, which 

received the highest N application rates of all High-N treatments. Again it was probably the 
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indirect effects of draining and the lack of OM decomposition at those two sites that 

complicated the fertilisation:yield relationship.  

 

Relationship between rates of N applied and SOC-stock change over whole period was 

 

the parameters were adjusted for each 

 the model was run for the whole period; i.e. values for C 

del for calculating how much plant available water the 

psoil can hold. Clay also affects the way C is divided between CO2 and the BIO and HUM 

l 

ave 

effect were underestimated in the models.  

strongly positive and significant (Table 28). In the 0N plots SOC did not increase much with

time whereas plots receiving any N all had a SOC increase. This could be a response to 

increased yield or because of other N-dependent changes in soil properties.  

4.5 Simulations  

4.5.1 Input parameters  

Models are a tool that combines impact of different factors on the target output (Smith et al., 

2008), in this case SOC. Therefore all error in input parameters can significantly bias the 

outcome.  Although the RothC only acquires easily obtainable parameters (Coleman and 

Jenkinson, 1999), not all of them were available for this study and had to be estimated to 

some extent as was previously mentioned.   

 

When running both the RothC-23.6 and RothC-Volc 

dataset in the beginning and then

inputs and climate data was an average number for the whole period. Subsequently, 

simulations only attempted to predict the final value but have no means of simulating any 

temporal fluctuations during the simulation period, such as the value in 1973 at Sámsstaðir 

and Skriðuklaustur and 1973 and 1983 at Akureyri.   

 

4.5.2 Clay 

Clay is a parameter used in the mo

to

pools during decomposition. (Coleman and Jenkinsson, 1999). In this study the clay content 

of the soil was measured with the standard sieve pipette method. Clay content of the soi

measured rather low from (Tables 8, 13, 18 and 23). However it is known that clay 

determination in Andosols is highly dependent on the method used (Arnalds, 1994) as 

previously noted. Also the properties of the most abundant clay constituents in Andosol h

a high capacity to stabilise SOC (Dahlgren et al., 2004) and thus could resulted in the clay 
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4.5.3 C inputs to the soil 

When applying RothC, different methods have been used to estimate plant residue inputs, 

(e.g. Zimmermann et al., 2007; Smith et al., 1997). At some locations measurements of inputs 

of organic matter to the soil have been done and sometimes inputs for a specific ecosystem 

are also available. Often this input is not known and then the model can estimate it from 

known soil, site and weather data (Coleman and Jenkinson, 1999).   

 

In this study both models were run with C inputs estimated by the model and inputs derived 

ts estimated by the model seemed somewhat 

 

ings 

e 

hen studying SOC processes the largest knowledge gap is often the litter inputs by roots, 

nt study 

ery 

d OM from above ground biomass 

corporated into the soil. This is a very simple approach and does probably underestimate the 

kow and Domaski (2000) C input to the soil was 

. A value that would partly be fixed and partly 

from yield. The reason for this was that inpu

unrealistic and it was desirable to connect this parameter to a measureable unit. It also seemed

contradictory to use plant residues inputs estimated by SOC content of the soil amongst th

and then predict SOC changes of the same soil which are highly dependant on plant residu

inputs. 

 

W

the belowground production and turnover rates (Gill et al., 2002). C isotope labelling has 

increased our knowledge of C allocated belowground and indicates a higher proportion of 

root derived C in the soil than previously was known (Gill et al., 2002). For the prese

sites no measurements or estimates were available for the belowground production and a v

conservative approach was made; i.e. an equivalent of 40% of the C in the yield was 

estimated to enter the soil both as root derived OM an

in

actual amount inputted to the soil. In Kuzya

estimated to be around 100% of C in above biomass production for pasture plants, based on 

data from numerous researches. Although in their study no OM was removed whereas 

majority of the aboveground biomass production was removed at sites in the present study. In 

their study it was also evident that relative amounts of C translocated belowground decreased 

with increased N fertilisation. However belowground turnover seems generally to be faster in 

highly productive sites (Gill et al., 2002), so the amount of C that was stabilised in the soil 

could be similar. Other means of estimating plant inputs would likely have resulted in a better 

model fit.  The relationship between above- and belowground biomass production is more 

complicated than was assumed in this study
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based on yield would probably be more suitable, but further work has to be done to identify a 

ation on belowground production and processes of different 

nd the world (Ludwig et 

l., 2005; Shirato et al., 2005; Zimmermann et al., 2007). It has, however, not to my 

t al., 

tion in the soils used in this study are not inherent in the model.  

t 

d 

more suitable way. Inform

ecosystems are greatly needed as its importance is increasingly acknowledged (e.g. Gill et al., 

2002; Kuzyakow & Domanski, 2000). 

 

4.5.4 Model performance 

RothC has generally preformed well in predicting SOC changes arou

a

knowledge been tested at such a northerly location as Iceland before. Processes controlling 

SOC dynamics at high latitude soils have been shown to be somewhat different (Hobbie e

2000) and thus not inherent in the model being developed for temperate soils as RothC. In 

addition RothC-23.6 should be used cautiously with volcanic soils (Coleman and Jenkins, 

1999). Therefore it can be assumed that some processes that are determining for SOC 

stabilisa

 

The overall change in SOC stocks was minor over the simulation period, except in 

Geitasandur, where considerable amounts of SOC had accumulated. Predictions of differen

models and methods of estimating plant inputs had a good fit at sites where minor changes 

occurred in SOC stocks during the simulation period. The fit was best in Skriðuklaustur 

where the change with time was least and poorest in Geitasandur were the change in SOC 

stocks were greatest.  

 

The trend for all simulations in the present study was to underestimate the SOC values. This 

is a similar trend as was observed by Belyazid et al. (2007), who used the ForSave model for 

Icelandic forest soils, although the SOC predictions were closer to measured values in the 

previous study.  

 

As expected the present simulations did poorly in simulating the great increase in SOC values 

in Geitasandur. It was not of much surprise since the parameters in the models mostly 

controlling SOC stabilisation (clay content and Alp%) were low in Geitasandur.  

 

In simulations at Geitasandur, where plant inputs were estimated by the model, the simulate

SOC change followed the measured increase in SOC for the first years of the simulation 
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period. After 10-15 years the simulated accumulation slowed down as if the models assumed 

a slow approach to a steady state (Figure7). The reason for this is probably that the mod

assumes normal soil processes (Figure 11) where the incoming plant material is decomposing 

and entering the different SOC pools as

el 

 it decays and respires (DPM to RPMs in Figure 1). 

owever, as previously discussed this did not happen and the poorly decomposed OM built 

odel was therefore successful in simulating the first steps of 

t became unsuccessful when the OM did not move into 

ic conditions. 

 

ating plant residue inputs was more determinative of model 

ance than model type. Factors affecting performance of RothC-Volc may be 

at the sites used for RothC modification is older; it 

ate, land use and vegetation (Shirato et al., 2004).  

ranged from 0.33 to 0.85%. This might result in Alp not working as well as a rate-

H

up at the surface instead. The m

decomposition (of the DPM pool) bu

the RPM pools as expected. 

 

Different model performance depending on model type and methods of estimating C input to 

soil was reflected in the model statistics. The overall performance of RothC-23.6 was poorer 

than of RothVolc and C inputs by plants derived from yield data gave generally poorer model 

fit than when model estimates of plat inputs were used. Therefore RothC-Volc-Model 

simulations had the overall best fit. RothC-Volc should therefore be used in further work with 

the RothC model under Iceland

 

Beforehand it was assumed that Roth-Volc, specially modified for Andosol, would do better 

in predicting SOC change in Iceland than RothC-23.6. When tested on Andosol in Japan 

Roth-Volc provided considerably improved fits between measured and modelled values 

compared to RothC-23.6 (Shirato et al., 2004). In the present study RothC-Volc did perform

better. However means of estim

perform

numerous: 

1) Although the soil used for the model modification in Japan was of the same origin 

as in Iceland (Andosol), it is not identical and has not exactly the same properties 

(Shirato et al., 2004). The soil 

developed under different clim

Although a strong correlation is found between SOC and Alp in the present study 

(Table 27), the Alp in the soils used for the modification of RothC for Andosols was 

higher (ranging from 0.28 to 2.46%), than in the soils in the present study, where it 

modifying factor in Iceland as in Japan.   
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2) In RothC-23.6 a small part of the SOC pool is defined as inert organic matter (IOM)

and does not change over time. In Roth-Volc there is no carbon defined inert and th

the whole SOC pool is subjected to decomposition. Therefore the decomposition rate 

of HUM has to be inhibited enough to slow down the decomposition to compensate 

for the lack of IOM pool. If the Alp value is very low the decomposition rate of the 

HUM does not slow down much and then RothC-26.3 would simulate higher total 

SOC values. In other words if the soil had almost no Alp content, the HUM 

decomposition rate w

 

us 

ould not decrease enough to parallel the absence of the IOM pool 

in RothC 26.3 that is stable through out the simulation period. This was probably the 

n high-latitude soils are also known to partly 

different to other latitudes (Hobbie et al., 2000). In addition for Andosols unique 

high 

inputs, 

ulation and validation data (Ogle et al, 2003). A through valuation of model 

perform

 

This m for 

poor m ter 

but kno  

caused s 

introdu he 

decomp f 

the OM and dynamics of the SOC would also be 

interesting to study further and possibly link the C pools of the model to some measurable 

units of other soil properties. If further work with RothC-Volc would be planed it would also 

reason for small differences in predictions of all models in the datasets at 

Skriðuklaustur and Geitasandur where Alp numbers were low and the prediction of 

RothC and Roth-Volc were similar.  

3) Although soil C has been thoroughly studied, many properties and processes 

controlling its stabilisation are not fully understood (Lützow et al., 2006). Factors 

controlling SOC storage and turnover i

properties SOC stabilisation follows somewhat different pathways (Dahlgren et al.F, 

2004). This is not accounted for in the RothC model and not fully in RothC-Volc (

latitude).  

 

A good model is one that can credibly simulate observed trend (Smith et al., 2008). 

Uncertainties in model outputs are a result of imprecision in initial values, parameter 

model form

ance is thus essential before models are utilized and simulations are taken credible. 

odel exercise revealed that lack of precise data on plant inputs was the main cause 

odel fit. The simulations would likely improve with better estimates of this parame

wledge on belowground plant dynamics in Iceland is lacking. The simulation error

 by the estimated plant input was so obvious that it overshadowed other possible error

ced by other input parameters. It would however be worthwhile to look further into t

osition inhibiting factor for the HUM pool in Icelandic soils. The origin and fate o

 entering the soil as well as the properties 
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be bett

manage

simulat

 

4.6 Ca

This st he study 

sites w

well in  

(Conan rous 

colloid  

develop Martínez-Cortizas et al., 2007).  

 

Althou ral 

fields i

1) 

2) 

3) aled the twofold environmental service provided at Geitasandur, with both 

forage production and C sequestration when an veroded surface was cultivated.  

ot as 

 

 

g 

er to work with a more dynamic type of the model, where climate, input and 

ment parameters would change with time, not just set at one value for the whole 

ion period. 

rbon balance 

udy indicates that the most determining factor for temporal SOC changes at t

ere: i) land use history (initial SOC), ii) OM inputs and iii) hydrological status. That is 

 line with previous studies in Iceland (Arnalds, 2000; Óskarsson, 2006) and elsewhere

t et al., 2001). Although a strong relationship was observed between nume

al constituents and SOC, the relationship is not necessarily causal as these properties

 simultaneously as the soils develop (

gh the sites studied here are not proportionally good representatives of all agricultu

n Iceland they add much knowledge on number of issues: 

How sensitive the SOC that was previously protected from decomposition by 

anaerobic conditions is when it becomes exposed after drainage. 

How the SOC in well developed dryland soils seems to be recalcitrant and stable.  

It also reve

4) The results also indicated that although changes below the 10 cm depth are n

responsive as above, they are very important in the long term. Of course the ecosystem

SOC balance is much more complicated and only a minor part of it (the 0-20 cm depth 

layer) was addressed in this study.  

 

The SOC stocks in the experiments on Silandic Andosol, which is also Brown Andosol, 

(Akureyri and Sámsstaðir) seem to be rather constant, taken in to account all the C and N that

was removed from the sites with the harvested hay (Table 33). This was especially surprisin

in 0N treatments where no N was added for a prolonged period (Table 33). The combined 

result for all hayfield sites and treatments was a considerable sequestration of CO2. The 

hayfields were a net sinks of CO2 from the atmosphere, although the balance was quite 

dependent on soil type (hydrological status and initial SOC values) and rates of N applied 

(Table 33). 
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Though the overall CO2 balance of the fields in this study was suggested to be positi

not be directly transferred to all cultivated fields in Iceland because the proportion of 

agricultural fields o

ve it can 

n each soil type is different (see chapter 1.3.3.). There are however few 

ain conclusions that can be drawn: 

1) The results from Geitasandur indicate that agricultural fields with poorly developed 

potentially a strong CO2 sinks.  

t as a very 

active CO2 source.  In Iceland vast areas of wetlands have been drained (Óskarsson, 

nly contains much mineral 

il does 

 top 20 cm were 

as 

m

(eroded) soils are 

2) Compared to the trend that was observed at the sites in Akureyri and Sámsstaðir, 

cultivated hayfields on well-developed Silandic Andosol (Brown Andosols) are likely 

to be stable or even a modest CO2 sink. At least if the crops grown are perennial and 

the soil is not frequently disturbed by ploughing and/or tillage. 

3) When highly organic wetland soil (Histosol) is drained the decomposition enhances 

and OM of the soil decreases (Brady and Weil, 1999) and thus it can ac

1998), but Histosol is not the only soil type of these areas. As aeolian inputs are 

commonly great in Iceland, the soil of the wetland commo

matter (Arnalds, 2004). The changes in Skriðuklaustur show that even if the so

not contain much SOC it can be affected by drainage. As only the

subjected in the present study and no agricultural field of highly organic Histosols w

included it is hard to conclude whether as a whole agricultural fields in Iceland are a 

sink or a source of CO2.  

4) More than half of agricultural fields in Iceland are estimated to be on dryland soil 

(Þorvaldsson, 1994), and should therefore act as a CO2 sink. If, however, fields on 

drained wetland soils in Iceland mostly act as a CO2 strong source that would be 

outweighed.  
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Conclusions 
o The SOC stocks in hayfields cultivated on Silandic Andosol (Brown Andosol) at 

Sámsstaðir and Akureyri were rather steady during the study period, especially where N 

s 

SOC  on managed grasslands, also on 

have

that

accu

o 

SOC  

chan

incr  in 

the 1  

the i

deep  

the s

o At G

com ccumulation rates following revegetation of denuded areas 

 

surf 2 

sequ

parallel with other land use. 

 On fertilised permanent hayfields on Silandic Andosols (Brown Andosols) and on 

hayfields established on unvegetated surfaces the hay can be removed from the site and 

he soil.  

o The overall trend in model simulations was to underestimate final SOC values at the study 

sites. The RothC modified for Andosol did predict final values closer to measured one than 

RothC-23.6 but method of estimating plant C inputs to the soil was more determinative on 

model performance than type of model.  The Andosol RothC version would be 

recommended if further modelling work would be initiated however a better method of 

was not applied. They increased, however, somewhat where N additions where high. Thu

 accumulation can be enhanced by application of N

those already with high SOC contents and presumably at a steady state as was assumed to 

 been the case at the onset of the experiment. From the above results it is concluded 

 most hayfields on Silandic Andosol (Brown Andosol) in Iceland potentially 

mulate SOC from the atmosphere. 

At Skriðuklaustur SOC stocks were lower than in Sámsstaðir and Akureyri due to lower 

 concentrations in 5-20 cm depth. In contrast with previous studies minor temporal

ges in SOC stocks were observed; a slight decrease in the 0N treatment and a slight 

ease in the High-N treatment, which was explained by decrease of SOC % mostly

0-20 cm layer. The soil had been drained prior to establishment of the experiment and

ncreases aeration of the soil is expected to have enhanced decomposition of SOC in 

er layers whereas increased biomass production resulted in accumulation of SOC in

urface layer. 

eitasandur SOC accumulation during the study period was considerable and 

parable to reported SOC a

in Iceland and within the set limits of the ICPP. The OM had mostly accumulated at the

ace as a turf layer and SOC % was still very low below the 5 cm depth. The great CO

estration potential of denuded areas  as Geitasandur is obvious and can be done 

o

utilized and at the same time as carbon is sequestered in t
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estimating plant C to the soil is c ies on below ground plant 

production and OM dynamics are essential. 

 

rucial. Thus further stud
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