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Abstract
In the last century, the conversion of peatlands to grasslands through drainage was a popular
method employed in Iceland to increase agricultural yields. Peatland drainage releases
carbon dioxide into the atmosphere, thereby contributing to global climate change.
According to Iceland´s National Inventory Reports, using global emission standards
recommended by the Intergovernmental Panel on Climate Change, the greatest single source
of GHG emissions in Iceland comes from drained land. Only limited research has been done
to estimate carbon loss from drained peat soils in Iceland. In this paper I introduce a new
approach for estimating carbon loss from uncultivated peat soils by using tephrochronology.
Samples were collected in eight peatland sites in South and Southwest Iceland that had parts
that were drained and parts that were unaffected by drainage. Carbon stocks were calculated
using measured carbon content and bulk density in reference to the depth down to a specific
volcanic tephra layer. The difference in carbon stocks between the wet and well-drained
areas represented carbon loss since drainage. The results showed a range of 0.7-3.1 tCha-1yr1
that had been lost by drainage from the soil layer in question. This is on par with other
studies in Iceland and elsewhere in the boreal climatic zone, supporting further use of the
presented method. The results also confirmed that carbon loss has been ongoing since
drainage. The results from this study help predict future carbon loss from drained peat soils
in Iceland. Furthermore, they support restoration of peat soils as a mitigation strategy.

Útdráttur
Á Íslandi átti sér stað víðtæk framræsla votlendis á seinni hluta síðustu aldar. Með
ríkisstyrkjum voru votlendi þurrkuð upp og þeim umbreytt í graslendi í því skyni að auka
landbúnaðarframleiðslu landsins. Við framræslu votlendis losnar meðal annars
gróðurhúsalofttegundin koltvísýringur út í andrúmsloftið og stuðlar að hlýnun jarðar.
Samkvæmt þjóðarbókhaldi Íslands um losun gróðurhúsaloftegunda sem byggir á
losunarstöðlum International Panel on Climate Change, kemur stærstu hluti af
heildarútblæstri gróðurhúsalofttegunda á Íslandi frá framræstu landi. Rannsóknir á losun
kolefnis úr framræstum mýrarjarðvegi á Íslandi hafa einkum byggst á beinum mælingum á
losun koltvísýrings úr jarðvegi yfir skamman tíma. Í þessari ritgerð kynni ég til leiks nýja
nálgun til að meta langtíma losun kolefnis frá framræstum mýrarjarðvegi sem byggist á því
að kanna breytingar í hlutfalli kolefnis í mólögum ofan við þekkt öskulag í jarðveginum.
Sýnum var safnað á átta votlendissvæðum á Suður- og Suðvesturlandi sem bæði höfðu
framræsta og óframræsta hluta. Kolefnisforði var reiknaður með því að mæla
kolefnisinnihald og rúmþyngd jarðvegs niður á ákveðið öskulag sem miðað var við á öllum
svæðum. Meðalkolefnislosun var reiknuð sem mismunur á kolefnisforða framræstra og
óframræstra hluta svæðanna og var á bilinu 0,7-3,1 tCha-1ár-1. Þessar niðurstöður eru í
samræmi við aðrar rannsóknir, bæði á Íslandi og í öðrum löndum innan barrskógabeltisins
sem styrkir gildi þessarar nýju nálgunar sem hér er kynnt og staðfesta það að kolefnislosun
hafi verið gegnumgangandi síðan framræsla átti sér stað. Losunin hefur verið mikil, jafnvel
aðeins úr efsta lagi jarðvegsins. Út frá því mætti álykta að endurheimt votlendis væri æskileg
aðferð til að draga úr losun kolefnis út í andrúmsloftið.
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1 Introduction
1.1 Climate change and greenhouse gas
emissions
1.1.1 Changing climate
Anthropogenic climate change resulting from human induced increased concentration of
greenhouse gases in the atmosphere has impacts observed all across the globe (IPCC, 2014a).
Many of the observed changes, even only since the 1950s, are of unprecedented magnitude
for millennia (IPCC, 2014a).
Accumulation of greenhouse gases (GHGs) in the atmosphere occurs when emissions to it
exceed removal from the atmosphere by sinks on land or the ocean. This accumulation is
essentially what drives climate change (Limpens et al., 2008). Research now shows that the
efficiency of natural carbon sinks has been declining over the last 60 years (Canadell et al.,
2007) and will likely continue to decline throughout this century (Friedlingstein et al., 2006).
Since the 1950’s, these human influences on the climate system have been linked to an
increase in extreme weather and climate events such as a decrease in cold spells, hotter heat
waves, higher extreme sea levels, along with more frequent heavy precipitation events in
many areas (IPCC, 2014a). In addition to extreme weather events, the acidification of the
ocean as a result of higher levels of atmospheric CO2 is also a concern, along with general
ocean warming, which can be disruptive to marine ecosystems (IPCC, 2014a). These effects
are all amplified in the Polar Regions (Larsen et al., 2014). Northern permafrost areas are
also expected to decrease by anywhere from 37% to 81% as surface temperature rises (IPCC,
2014a). Average rise in global temperatures is estimated to range from 0.3 to 4.8 ºC by 2100
relative to mean temperatures in 1986–2005 (IPCC, 2014a). Increases in average
temperatures can lengthen growing seasons and raise soil temperature, thereby affecting
local ecosystems (Hinzman et al., 2005).
If concentrations of GHGs in the atmosphere continue to grow, warming will likewise
continue, making severe impacts more frequent. This will have drastic effects on both people
and ecosystems. These higher risks are all greater for disadvantaged people and
communities, regardless of country (IPCC, 2014a). To mitigate the risks, it is necessary to
meaningfully reduce greenhouse gas emissions, as well as develop ways to acclimate to the
new climate system (IPCC, 2014a).
Future projections of GHG emissions vary widely between communities depending on
socio-economic development and climate policy both of which have great geographic
variation. Those projections are the basis for determining mean global surface warming by
the end of the 21st century (IPCC, 2014a).
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To mitigate climate change, we need to identify the sources of greenhouse gases, the
emission quantity, and how changing climate affects different ecosystems. Quantifying
greenhouse gas emissions helps us realize the status of our climate and possible future
climate scenarios. It is also fundamental in aiding us in deciding what measures need to be
taken to mitigate climate change and helps us measure success or failure of our mitigation
actions.

1.1.2 Observed greenhouse gas emissions
Global greenhouse gas emissions
The IPCC generally classifies sources of greenhouse gases into six categories by economic
sector: Electricity and Heat Production; Other Energy Industry; Transportation; Buildings;
and Agriculture, Forestry and Other Land Use (AFOLU) (IPCC, 2014a). In total, 49 (±4.5)
GtCO2eq were released globally in 2010. Out of the total GHG emissions, 35% (17
GtCO2eq) came from the energy supply sector, 24% (12 GtCO2eq net emissions) were
estimated to come from the AFOLU sector, 21% (10GtCO2eq) from industry, 14% (7
GtCO2eq) from transport and 6% (3 GtCO2eq) from buildings (IPCC, 2014a). The greatest
sources of GHGs within the AFOLU sector are deforestation and agricultural emissions from
soil and nutrient management and livestock (IPCC, 2014a). However, estimates show a
recent decline in GHG emissions from this sector, mainly due to a decrease in deforestation
and an increase in afforestation (IPCC, 2014a). Mitigation recommendations for this sector
are mainly continued afforestation, decreased deforestation, better management of croplands
and grazing lands, and last but not least, restoration of organic soils (IPCC, 2014a).
Iceland´s greenhouse gas emissions
Table 1. Estimated greenhouse gas emissions by sector within Iceland from 1990 to 2013 in
Gg CO2 equivalents (Snorrason et al., 2015).

Out of the total GHG emissions reported for Iceland in 2013, Energy is responsible for about
10%, Industry for about 12%, Agriculture for 4%, Waste for about 1%, but Land Use, Land
16

Use Change, and Forestry (LULUCF) alone accounts for 72%, and hence represents the vast
majority of the country’s emissions (Table 1) (Snorrason et al., 2015). The large GHG
emissions from the LULUCF sector are for the most part from drained peatlands (Snorrason
et al., 2015). Since the LULUCF sector is responsible for such a large fraction of emissions,
any error in this estimate will overshadow to the point of irrelevance all the other sectors
combined and, as will be covered later, the LULUCF sector estimates contains a higher
degree of uncertainty than most others (Snorrason et al., 2015).

1.1.3 International climate agreements
At the 21st session of the Conference of the Parties (COP), held in Paris in 2015, an
important milestone in climate agreements was reached. The outcome was that all countries
of the world have now committed to reduce GHG emissions so that the increase of average
global temperature is kept within 2°C in this century. Iceland validated the agreement in
September 2016 and by doing so, it was one of the first 55 states contributing to it taking
effect (Ólafsdóttir, 2017).
Iceland´s aim is to participate in the shared goal of the European Union to reduce emissions
so that net emissions of 2030 are 40% less than they were in 1990. To do that, Iceland will
take part in the European Union carbon trading system as well as reduce emissions that are
not included in that system. Iceland will also increase the number of actions that involve
carbon sequestration or decrease in GHG emissions, for example land reclamation,
afforestation, and wetland restoration (Davíðsdóttir, 2017).
To comply with the current Rio Climate Convention, Iceland, like other member states, is
obligated to report on changes in carbon stocks and emissions of greenhouse gases with a
fair amount of certainty (UNFCCC, 1992). This perhaps pertains especially to emissions
relating to land use change, as that is the category from which the country’s largest
contribution to climate change originates and drained peatlands are by far the most
significant factor (Guðmundsson, 2016; Snorrason et al., 2015). For reports to be sufficiently
accurate, it is important to gather as much information as possible regarding the greenhouse
gas effects of different land uses, particularly because of possible mitigation opportunities
through ecosystem restoration (Guðmundsson & Óskarsson, 2005). To fulfil the goal of
keeping the global increase in temperature below 2°C, and for Iceland to reduce its emissions
like mentioned above, mitigation strategies need to be put into action right away. For them
to be efficient, gathering as much information about the current state of ecosystems and
carbon stocks and studying how these strategies can be most effective is crucial. If not, there
is a risk of making too little effort and failing to properly mitigate the global impact of its
economic activities, thereby failing to uphold Iceland's obligations to the rest of the world
and contribute, however minutely, to mitigating climate change. It is important for Iceland
to exploit all its mitigation possibilities, including peatland restoration as drained peatlands
are responsible for the largest part of emissions within the LULUCF sector (Snorrason et al.,
2015)
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1.2 Peatlands
1.2.1 Global peatland areas
Peat is a term for accumulated organic matter that forms under wet conditions where the rate
of decomposition is slower than plant growth (Smeck & Burras, 2002). The high water level
creates anaerobic conditions where oxygen is not available to facilitate decomposition of
organic matter (Gorham, 1991; Smeck & Burras, 2002).
Peatlands cover about 4 million ha, or around 3% of the world's land area, within which
about 30% of all global soil carbon is stored (more than 550 billion metric tons of carbon)
(Barthelmes et al., 2015; Joosten & Couwenberg, 2008; Parish et al., 2008; Strack, 2008).
That is equivalent to half the amount of atmospheric carbon (as CO2), or 75% of preindustrial atmospheric carbon (Joosten & Couwenberg, 2008; Parish et al., 2008). The
greatest peatlands (about 450 million ha) are found in the northern hemisphere, covering
large parts of North America, Russia and Europe (Figure 1) (Strack, 2008). Northern
peatlands developed after the last deglaciation in the arctic, subarctic, and boreal regions and
are the largest terrestrial carbon pools in the world, playing an important part in the global
carbon cycle (Armentano & Menges, 1986; Gorham, 1991; Joosten & Couwenberg, 2008).
High latitude peatlands have been identified as one of the key vulnerabilities of the terrestrial
carbon cycle and will likely lead to positive feedback to climate change (Fenner & Freeman,
2011; Freeman et al., 1992).

Figure 1. Peat distribution in the world by country (van Engelen & Huting, 2002).
Being large carbon sinks, peatlands are clearly an important part of the carbon cycle and
climate regulation, but they also have other functions. They provide a range of important
ecosystem services such as water regulation and purification, opportunities for recreational
and educational use, such as bird watching, and are important in terms of biodiversity
(Kimmel & Mander, 2010). They are also the only habitat of a large number of plant and
animal species (Wetlands International, 2012). Nevertheless, Millenium Ecosystem
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Assessment (2005) reports that sequestering and releasing fixed carbon in the biosphere is
the most important attribute of peatlands. Therefore, destruction or degradation of peatlands,
by extraction and drainage, needs to be minimized in order to keep peatlands in the state of
carbon sinks rather than sources of carbon (Chapman et al., 2003).

1.2.2 Degradation of peatlands
In Northern regions, degradation of peatlands is mainly done through draining with the
purpose of converting the land to some form of land use. Draining affects the carbon balance
of peatlands substantially (Armentano & Menges, 1986; Gorham, 1988). Some peatlands are
drained and converted into forests while others are converted into grasslands, croplands or
grazing lands. Peat is also extracted for fuel and for use in horticulture as a growing medium
(Armentano & Menges, 1986; Strack, 2008). Draining is generally done by excavating
ditches to drain water out of the peat causing water level to drop. This process increases soil
aeration and initiates decomposition of organic matter, releasing carbon into the atmosphere
as CO2 (Armentano & Menges, 1986; Gorham, 1991; Guðmundsson & Óskarsson, 2014).
The greater the groundwater depth, the more soil is exposed to oxygen and the higher the
potential is for carbon loss (Guðmundsson & Óskarsson, 2014; Renger et al., 2002). Studies
have shown a steep increase in peat decomposition rates with increased groundwater depth.
Renger et al. (2002) reported an increase from 0.3 tCha-1yr-1 when the water depth is about
10cm, to about 1.6-1.9 tCha-1yr-1 at around 100cm depth (Renger et al., 2002). A review of
net carbon flux studies give a range of -0.7-7.5 tCha-1yr-1 with drainage (Couwenberg, 2011).
Another study reports emissions ranging from 2.5-10 tCha-1yr-1 (Mitra et al., 2005). The
official IPCC emission factor for drained organic soil in the boreal zone is 5.7 tCha-1yr-1
(IPCC, 2014b). According to Renger et al. (2002), the most intense decomposition rates and
CO2 emissions occurred when the water depth exceeded 90 cm. Soil temperature has also
been reported to affect emission rate with higher temperatures leading to higher emission
rates (Mundel, 1976). In general, cultivated peat soils emit more net GHGs to the atmosphere
then uncultivated peat soils (Maljanen et al., 2010). When all these studies on emissions
from drained peat soils are taken into account, the emissions seem to lie within a fairly wide
range. That makes it relevant to study emissions from peat soils further, and even for
countries to study emissions from their peatlands to be able to accurately account emissions
for their national inventory of GHG emissions.
When peatlands are drained, there generally occurs some level of subsidence or lowering of
the soil surface, due to both initial compaction of the soil when the water drains out, and
long-term decomposition of the peat. With time, the surface can subside from a few
centimeters up to several meters (Kasimir-Klemedtsson et al., 1997). Leifeld et al.
(2011) estimated subsidence rates of 0.8–1.6 cm/yr for a temperate fen in Switzerland, and
Grønlund et al. (2006) estimated subsidence rates of 0.76-1.14 cm/yr (0.95±0.19 cm/yr for
reference) for cultivated peat soils in Norway. Subsidence rates in Icelandic peatlands are
quite low due to high soil mineral content (Arnalds, 2015). Estimates of subsidence rates in
drained but uncultivated peatland soils in Iceland have been estimated to be about 0.5 cm/yr
(H. Óskarsson, personal communication, February 29, 2017).
Subsidence rate measurements have been used to estimate carbon loss from cultivated
peatland soils (Grønlund et al., 2006; Kasimir-Klemedtsson et al., 1997; Leifeld et al., 2011).
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This method is not without drawbacks. Peat subsidence following drainage occurs both as a
result of compaction and decomposition of organic matter (Grønlund et al., 2008). To
estimate carbon loss, relative contribution of compaction and decomposition have to be
estimated.
Global CO2 emissions from drained peatlands in 2005 were estimated to be 630 million
tyr-1 (350-870 million tyr-1) and are estimated to increase in the next century unless changes
in land management are made (Strack, 2008). Further, Urák et al. (2017) reported that global
peatland degradation is still ongoing and by modelling future degradation of peatlands and
analyzing socio-political factors behind it, they found that degradation is still expected to
increase substantially in the next century.
Restoration of peatlands
Water table level is what mainly controls the biogeochemical processes that are responsible
for GHG fluxes from peatlands (Reddy & DeLaune, 2008). Restoring previously drained
peatlands by rewetting them decreases CO2 emissions and sometimes, if conditions are right,
it can lead to the peatland reaching a state where it is a net CO2 sink (IPCC, 2014b;
Komulainen et al., 1999; Waddington et al., 2010). Afforestation on drained peat soils, in
some instances, has also proven to be an effective method to reduce GHG emissions from
drained land through sequestration of carbon (Hargreaves et al., 2003; Lohila et al., 2007).

1.3 Icelandic peatlands
Icelandic peatlands are part of an extensive circumpolar peatland zone in the northern
hemisphere (Gorham, 1991). They cover approximately 9,000 km2 of Iceland´s surface area,
constituting about 20% of the country´s vegetated surface (Arnalds et al., 2016). Peat soil
depth can range from only a few centimeters to several meters, but 2-6 m is the most common
depth and they generally store in the order of 33 to >100 kg Cm-2 (Arnalds, 2015; Einarsson,
1975).
Peat soils are most commonly formed on dense, impermeable basaltic bedrock or
impermeable clay layers (Einarsson, 1975). These types of bedrock are typically found in
the east and west of Iceland, furthest away from the volcanic zone (Arnalds, 2015). The
source of water in most Icelandic peatlands is topographically controlled afflux water which
makes the water mineral rich, meaning the peatland is classified as minerogen. A less
common source of water in Icelandic peatlands is rainwater, resulting in the peatland being
classified as ombrogen (Steindórsson, 1975).
Traditionally, Icelandic peatlands have been divided into two major types depending mostly
on peat accumulation, average groundwater level and rates of water flow: 1) sloping fens; 2)
topogenous fens. In sloping fens, the water level rarely reaches the surface and there is a
constant movement of water downslope. Peat accumulation rates vary, mostly depending on
the slope. When the slope is steep, peat accumulation rates tend to be slow and when the
slope is slight, peat accumulation rates are higher. Topogenous fens are generally formed in
depressions in the landscape. They are therefore generally flat so peat accumulation rates are
high, water level is continuously high and water flow rates are low (Steindórsson, 1975).
20

1.3.1 Icelandic peat soil environment
Background
Iceland is a volcanic island, a 300 x 500 km platform located on the Mid-Atlantic Ridge
where the Eurasian and North American tectonic plates separate (Figure 2) (Einarsson,
2008). The mid-Atlantic plate boundary is dotted with earthquake epicenters and volcanoes
(Figure 2). Beneath the center of Iceland is the "Iceland hotspot", an area of excess
magmatism causing a wider than normal deformation zone in the Icelandic plate boundary.
The tectonic plates drift apart at a rate of about 2cm on average each year (Hreinsdóttir et
al., 2001) and volcanic eruptions occur over 20 times per century on average (Þórðarson &
Höskuldsson, 2008) producing great quantities of volcanic ejecta that are deposited all over
the country.

Figure 2. A map of Iceland illustrating the main volcanic zones and systems (grey) where
the North American and Eurasian tectonic plates separate (Guðmundsson, 2016).
The fact that Iceland is an active volcanic island makes Icelandic soils highly unusual in a
global context. There are large quantities of volcanic material in Icelandic soils, classifying
them as Andosols according to the WRB soil classification system (IUSS Working Group
WRB, 2006). Less than one percent of the Earth's land surface is occupied by Andosols
(McDaniel et al., 2012). Among the characteristics of Andosols are low bulk density, high
organic content (up to 20%), high water retention, and strong phosphate retention (Arnalds,
2015).
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Numerous basaltic volcanic tephra layers are found in many soil profiles, especially nearest
to the most active eruption sites. In general, the concentrations of volcanic tephra deposits
are lower with distance from the active zone, meaning that mineral content is high in wetland
soils closest to the volcanic zone and gradually decreases with distance from the volcanic
zone (Jóhannesson, 1988). Another feature which contributes to the uniqueness of Icelandic
soils is the high level of dust deposition that occurs all over the country and redistributes the
volcanic materials (Arnalds et al., 2016; Óskarsson et al., 2004; Steindórsson, 1975). This is
due both to dust from serious soil erosion originating around the volcanic zone, and dust
from the extensive glacial outwash plains. The volcanic tephra and dust deposits make
Icelandic peatland soils mineral rich, particularly because peatlands are moist and therefore
more prone to absorbing windborne dust.
Icelandic soils
Peatland soils are generally classified as Histosols (>25%C) (WRB soil classification
system). According to the Icelandic soil classification system, the elected threshold for
Histosol is 20%C (Arnalds & Óskarsson, 2009). The carbon content in Icelandic peatlands
averages at less than 25%C, which is much lower than average carbon content reported for
northern peatlands (36-54%C) (Loisel et al., 2014). In fact, the greatest portion of Icelandic
wetland soils are classified as Histic Andosols (12-20%C) and some are even classified as
Gleyic Andosols (<12%C) (Arnalds, 2015). The fact that Icelandic peatlands are mineral
rich does not, on the other hand, imply that Icelandic peatlands do not contain as much
carbon as other peatlands. They accumulate organic matter at a similar rate as other
peatlands, but because of the large mineral deposition to the peatlands, they usually measure
at lower carbon content per volume than other peatlands. This explains why the carbon
content threshold for Histosols in Iceland is lower than the required carbon content in the
WRB soil classification system. While most Icelandic wetland soils are classified as Histic
Andosols and only a small portion of them as Histosols (Arnalds et al., 2016), other northern
circumpolar peatland areas are mainly dominated by Histosols or Cryosols (permafrost)
(Jones et al., 2010).
The wide range in carbon content of Icelandic peatland soils stems largely from the
proximity to the volcanic zone and therefore the quantity and frequency of volcanic tephra
and dust depositions. Closest to the volcanic zone and major dust sources, the level of
deposition is the highest, lessening the proportion of organic matter in the soil, and hence
leading to a lower per volume carbon content. The further away from the volcanic zone, per
volume carbon content tends to be higher, with the highest carbon content on average in the
western and northern parts of Iceland (Figure 3). The variability in carbon content is also
affected by drainage as well as landscapes (Arnalds et al., 2016). This mixture of basaltic
volcanic material and peat is uncommon around the world (Arnalds et al., 2016).
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Figure 3. A map of Icelandic inland wetlands. The variability in dominating soil type is
indicated by dotted lines. H: Histosols, HA: Histic Andosols, and G: Gleyic Andosols
(Arnalds et al., 2016).
Icelandic peatlands are generally fertile due to the large quantities of volcanic and dust
deposits. The pH level also tends to be relatively high compared to other northern peatlands
because of nutrient releases that occur with rapid weathering of volcanic material (Arnalds,
2008; Guðbergsson & Einarsson, 1998). The high fertility of Icelandic peatlands is reflected
by a high density of breeding birds, often being many times higher in Iceland than for the
same species in other countries (Gunnarsson et al., 2015; Jóhannesdóttir et al., 2014). About
75% of Icelandic bird species rely on different types of wetlands as habitat, either in part or
completely (Guðmundsson, 1998). Icelandic peatlands have been reported to be supporting
about 20 important international bird species (Einarsson et al., 2002). They are for example
essential for many wader species (Gunnarsson et al., 2006). Because of the support to
biodiversity, both domestically and internationally, carbon storage, and water regulation,
conserving peatlands should be a priority in Iceland.
Draining history
For centuries, Icelandic wetlands were used for grazing and harvested for hay to feed
livestock. Traditionally peat was also extracted for fuel (Þorsteinsson, 1975) and used as
material for building construction (Sigurðardóttir, 2007).
In the 1940´s, after the Second World War, draining became the most prominent means of
utilizing peatlands in Iceland. The government subsidized ditch excavation with the aim of
increasing agricultural yields to help ensure food security (Helgadóttir et al., 2013). This led
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to a period of extensive draining from the 1940´s through the 1990s (Figure 4). The
cumulative length of ditches excavated during this period total approximately 34,000 km
(Agricultural University of Iceland farmland database, unpublished). In 1968 alone, some
1,633 km of ditches were excavated, representing the peak of the extensive draining period
(Bjarnason, 1982). The draining efforts coincided with a rise in the use of heavy machinery
(Óskarsson, 1998) making ditch excavation an ever easier task.

Figure 4. Annual and cumulative length of excavated drainage ditches in Iceland between
1927 and 2016 (Arnalds et al., 2016).
Land was mostly drained with the aim of increasing Iceland’s agricultural yield (Arnalds et
al., 2016; Helgadóttir et al., 2013). These aims were not entirely realized as only about 15%
of the drained land has been used in that sense, i.e. for production of hay or grains to feed
livestock in the winter. Some areas have been used as grazing land for cattle, sheep and
horses (Arnalds et al., 2016). In spite of the aims for an increase in agriculture, a significant
proportion of the drained land has simply never been used for any agricultural purposes
(Arnalds et al., 2016), although about half of the land used for hay-making in Iceland is
drained peatland (Helgadóttir et al., 2013; Wöll et al., 2014). Interestingly, the increase in
draining efforts correlated with increased agricultural yields in the first half of the intensive
draining period (1940-1965) but no correlation was found between the draining efforts and
the yields in the second half of the period (1966-1990) (Ólafsdóttir, 2013). After the peak in
the late 1960´s, it can be postulated that much of the easily drained areas had been drained
(Arnalds et al., 2016).
More than half of Icelandic peatlands have been fully drained (Arnalds et al., 2016) but the
effectiveness of the drainage ditches has been highly variable from one region to the next. A
study in Southern Iceland, for example revealed that 97% of the peatland area had been
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affected by drainage (Þórhallsdóttir et al., 1998). Another study in West Iceland revealed
that 82% of the peatland area had been affected by drainage (Óskarsson, 1998).
1.3.2 Greenhouse gas emissions from Icelandic peatlands;
estimates and uncertainties
Most peatlands in Iceland are presently uncultivated and have never been cultivated
(Guðmundsson & Óskarsson, 2014). The total area of fully drained organic soils in Iceland
is reported to be 4,196 km2 of which the majority, 3,581 km2 are grasslands, 577 km2 are
croplands and 37 km2 are forests (Hallsdóttir et al., 2013). Most of the grasslands (3,440
km2) have never been ploughed or harrowed for cultivation (Hallsdóttir et al., 2013).
The extensive drainage of Icelandic peatlands is estimated to have led to substantial amounts
of CO2 being released to the atmosphere (Hellsing et al., 2016). One study assessed this for
five drained peatlands in West Iceland using the static chamber method (Guðmundsson &
Óskarsson, 2014). The chamber method, or flux measurements method, is based on
collecting gases into airtight chambers placed on patches of soil. The gases respired by the
soil are sampled at regular intervals over time to calculate the net flux of gases (Collier et
al., 2014). Measurements are done in both ambient light (respiration and photosynthesis) and
in a darkened chamber (respiration only) to isolate both system sequestration and respiration.
A calculated negative flux means that the patch of soil is accumulating CO2 while a positive
flux indicates a loss of CO2 or CH4 from the patch of soil to the atmosphere (Collier et al.,
2014; Wickland, 2001). The results from the study showed emissions ranging from 3.978.25 tCha-1yr-1 (5,009-10,409 GgCO2yr-1 for the entire country) (Guðmundsson &
Óskarsson, 2014).
Some uncertainties lie in the reported GHG fluxes of drained peatlands in Iceland. The first
is that there is a fair amount of uncertainty in the extent of drained land in Iceland (Snorrason
et al., 2015). Also, since the static chamber method only measures ongoing emissions, it fails
to capture historically accumulated carbon loss. The method has a very limited temporal
component to it and hence there is no verification, so to speak, that the measured emissions
have been ongoing since the time of drainage. As there is no reason to assume a linear
progression in the emission of carbon from drained peatlands, it seems reasonable to
compare limited-in-time flux measurements with historic losses to arrive at a more complete
estimate for past and future losses. In addition, a more geographically diverse sampling is in
order to account for localized differences.
According to Iceland´s national inventory report to the IPCC for the year 2015, 72% of
Iceland´s greenhouse gas emissions were estimated to originate from the LULUCF sector
(Hellsing et al., 2016), that is about 11,900 GgCO2. Drained organic soils are by far the
largest contributor to this emission sector (about 7,300 GgCO2). This number is calculated
using default emission factors proposed by the IPCC for calculating emissions from drained
wetlands in the boreal climatic zone (IPCC, 2014b). There are however large uncertainties
inherent in these estimations like mentioned before. One is the difficulty and complexity of
mapping, measuring, and assessing the dynamics of interactions between land, soil, and
water that are necessary to produce reliable standards (Snorrason et al., 2015; Tubiello et al.,
2016). Uncertainty in the estimate of drained area alone is considered to be 20-30% for these
calculations (Snorrason et al., 2015). Another important uncertainty lies in the fact that these
emission factors are produced for the boreal climatic zone as previously stated, and the
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Icelandic soil environment is quite different from the soils in the rest of the countries within
the same climatic zone. These uncertainties need to be addressed to be able to accurately
report on GHG emissions from drained peatlands.

1.4 Research objectives
Considering the extent of peatland draining in Iceland and its large contribution to Iceland's
overall GHG emissions, alongside the uncertainties associated with area estimations, default
emission factors, and Iceland's unique soil environment, it becomes clear that there is a
pressing need for more accurate and comprehensive estimates of emissions from drained
peatlands. Work on estimating areas of drained peatlands and the variability in organic soil
parameters and different drainage effects is needed to develop a country specific emission
factor for Iceland to more accurately report GHG emissions within the Icelandic LULUCF
sector. The objective of this project is to estimate long-term emissions from drained peat
soils in South and Southwest Iceland by focusing on changes in soil parameters in a specific
layer of soil defined by tephrochronology. Carbon content, C/N ratio, bulk density, loss on
ignition (LOI), pH level, and more are measured along with time of drainage, and are used
to estimate the average annual carbon loss since drain.
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2 Estimation of drainage induced
carbon loss from Icelandic
peatlands using tephrochronology
and carbon content
2.1 Introduction
Peat soils cover about 3% of the global land surface within which about 30% of total soil
carbon is stored (Joosten & Clarke, 2002). Most peat soils are found in the arctic, subarctic,
and boreal zones. Peatlands represent the largest terrestrial carbon pool in the world, playing
an important part in the global carbon cycle (Gorham, 1991; Joosten & Couwenberg, 2008).
Destruction of peatlands by drainage and other efforts have converted peatlands from a net
carbon sink into a net source of carbon (Armentano, 1980; Joosten & Clarke, 2002). Hence,
emissions from peatlands are contributing to the increase in atmospheric carbon, driving
global climate change.
Peatlands are a significant feature of Icelandic landscapes, accounting for about 20% of
vegetated land, or 9000 km2. They are the ecosystems which store the greatest amount of
carbon of all ecosystems in Iceland (Arnalds et al., 2016). In the last century Icelandic
peatlands were subject to extensive drainage, aided by governmental subsidies with the aim
of increasing agricultural yield by converting them into grassland and cropland (Arnalds et
al., 2016). However, contrary to the aims of the government, most of the drained areas have
not been cultivated (Arnalds et al., 2016). When peat soils are drained, the peat is oxidized
and carbon loss occurs as emissions in the form of CO2 to the atmosphere (Armentano,
1980).
Emissions from Land Use, Land Use Change and Forestry (LULUCF) alone account for
72% of Iceland´s greenhouse gas emissions (Snorrason et al., 2015). The largest contributor
to this number are drained soils (Snorrason et al., 2015). The reported numbers in Iceland´s
National Inventory Report for drained organic soils were calculated using emission standards
produced for the boreal climatic zone by the Intergovernmental Panel on Climate Change
(IPCC, 2014b). However, these standards have been criticized for being insufficiently
accurate (Couwenberg, 2011).
Icelandic wetland soils are highly unusual compared to other countries in the boreal climatic
zone. They are mineral rich and majority of them are classified as Andosols (IUSS Working
Group WRB, 2006). There are two main reasons for the high level of mineral content: 1)
Iceland is an active volcanic island where eruption frequency is ≥20 events per century and
magma output rates are about 8 km3 per century since settlement (about 1100 years ago)
(Þórðarson & Höskuldsson, 2008). Volcanic tephra is dispersed and deposited all over the
country and numerous layers of it are found in many soil profiles. 2) Dust dispersal occurs
from excessive erosion around the volcanic zone (Arnalds et al., 2016; Óskarsson et al.,
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2004; Steindórsson, 1975). For these reasons, in addition to the criticisms of IPCC emission
standards, research on emissions from Icelandic peat soils is important, especially since
drained soils are responsible for most of Iceland´s greenhouse gas emissions
When peat soils are drained, their organic material starts to decompose. If drained for long
enough, the soil will eventually be classified as Brown Andosol (<12%C) instead of Histic
Andosol (12-20%C) or Histosol (>20%C) (Arnalds, 2015). As decomposition progresses,
carbon in the form of CO2 is continuously being lost from the soil matrix. Nitrogen is also
released by oxidation, though at much lower rates, and therefore C/N ratio decreases as
decomposition progresses. Furthermore, as decomposition of the organic material occurs and
carbon is lost from the system, the mineral content of the soil increases, decreasing Loss on
ignition (LOI) (Guðmundsson, 1978). With increased decomposition, bulk density tends to
increase (Boelter, 1968; Rothwell et al., 1996). Decomposition alone is usually not
responsible for this. Other factors that facilitate this process are for example shrinkage and
compaction of the peat soil that occurs with decomposition (Hooijer et al., 2012).
Direct gas flux measurements have been conducted to estimate CO2 emissions from drained
uncultivated peat soils in West Iceland reporting annual emission in the range of 14.56-30.26
tCO2ha-1 or 3.97-8.25 tCha-1 over three study years (Guðmundsson & Óskarsson, 2014).
This method has some disadvantages. One is that it only measures fluxes at discrete points
in time or over short time periods, in addition to being costly and time consuming and
therefore often limited to a single location. Flux measurements therefore do not represent
estimates of long-term emissions and uncertainties prevail regarding the temporal variability
in emissions (Chojnicki et al., 2010; Imer et al., 2013). The variability has been reported to
depend largely on soil temperature and soil water content (Guðmundsson & Óskarsson,
2014; Imer et al., 2013). The uncertainty of flux measurements has been reported to be large,
even of an order of magnitude (Nieven et al., 2005).
Subsidence rate measurements are also an established method for estimating carbon loss
from drained peat soils (Grønlund et al., 2006; Kasimir-Klemedtsson et al., 1997; Leifeld et
al., 2011). This method suffers from uncertainty involving the ratio of physical compaction
to compaction due to mineralization of soil organic matter (Grønlund et al., 2008; KasimirKlemedtsson et al., 1997). The exact loss of carbon could be calculated using initial total
depth of the peat and final depth after drainage along with carbon content and bulk density
but that kind of data is usually not available (Grønlund et al., 2008).
In this paper we introduce a different approach for estimating carbon loss from drained peat
soils in Iceland where a buried volcanic tephra layer is used as a reference point in time.
This eliminates the need for measuring subsidence rates because it allows us to estimate
carbon loss from a specific layer of soil. It also eliminates the uncertainties of flux
measurements because it relies on accumulated changes in carbon content over the time
period since drainage occurred rather than a single point in time. The volcanic tephra layer
provides us with a fixed point in time, i.e. the time when it deposited, which ensures that we
are working with the same layer of soil at all sampling sites. Using this approach, we estimate
drainage induced carbon loss from a specific layer of peat soils in Iceland using
tephrochronology and compare the results with the results from flux measurements that have
been done in Iceland.
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2.2 Methods
2.2.1 Study sites
The site selection process was based on the following list of criteria:








The sites had to contain peat soils
A minimum of one ditch had to have been excavated for drainage.
The sites had to have a section that had been intensely drained with a water level that
had remained low since draining. It also had to have a section that had not been
affected by drainage and still remained in its original peatland state.
The sites had to contain the same easily identifiable specific volcanic ash layer in
their soil profile for reference to avoid error due to soil subsidence and compaction
that might have taken place with drainage.
The sites had to be easily accessible, meaning both fairly close to the city of
Reykjavík and not too far away from an accessible road. This was important for time
management, budget, and carrying equipment and samples.
Permission from landowners to use the sites was critical.
Time of drainage had to be known, at least approximately.

From the list of criteria, south and southwest of Iceland were determined to be the most
appropriate study sites (Figure 5). The region is fairly close to the capital city, has been
intensively drained and has several visible volcanic ash layers in its soil profile (Arnalds,
2015; Wald, 2012).
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Figure 5. Locations of eight sampling sites in South and Southwest Iceland. (Sites are
numbered for ease of reference in presenting results).

2.2.2 Materials and methods
Fieldwork was carried out in May-September, 2016. In the beginning of summer, eight field
sites were selected based on the criteria listed before (Figure 5). Sites 1-5 were in the
Southern lowlands and the remaining three (no. 6-8) in the South-west, just north of the
Capital. About 70 km separate the eastern most from the western most site. Through
inspection of the sites and by measuring soil water table level, 2 points were marked as wet
and 2-5 points as well-drained, at each site, for a total of 36 points (16 wet and 20 welldrained). For measuring the water table level, a narrow water well was dug with a regular
soil auger (AMS, Inc., USA) in the beginning of summer and water level was measured
approximately every three weeks on average for the rest of summer.
As there is great variability in the effect a drainage ditch has, depending on slope and
underlying bedrock, a fixed distance from a drainage ditch could not be used to position the
sampling points. Instead, criteria were defined to demarcate well-drained and wet areas
within each site. To decide where to dig wells to measure the water table level, plant species
composition was examined as well as the presence or absence of water at the soil surface.
Predominant grassland species and dry surface were indicative of a drained area. Wet areas
had predominant wetland species and were usually visibly waterlogged at the surface. Based
on water table level, areas within sites were classified as wet or dry (well-drained).
Generally, the well-drained areas were located close to the drainage ditches whereas wet
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areas were located further away. In the wet areas, water table level was either near or at the
surface but in the well-drained sites the water table level was constantly low (on average
below 70 cm). While these two water table level categories (WLC) were used for sake of
clarity, it should be noted that water table level fluctuates significantly with precipitation
and season, especially in drained peat soils.
When sampling the soil, the same dark basaltic volcanic tephra layer was used for reference
at all sites. In the well-drained areas, it was found at 17-30 cm depth. This tephra layer
originates from an eruption in the Katla volcano in South Iceland in 1500 AD and the tephra
was deposited westward (Larsen & Gíslason, 2013). This eruption produced a large volume
of volcanic tephra (Larsen & Gíslason, 2013; Larsen et al., 2013), making the layer clearly
visible in the soil profiles of South and Southwest Iceland. The Katla 1500 tephra layer is
dark colored and was found to be on average about 2.2 cm thick (ranging from 1-5 cm) in
the soil profiles used in this study. While other, indistinct and thinner, layers were sometimes
found above the Katla 1500 layer, it was still easily identifiable, being the thickest layer as
well as being very clearly defined in the soil profile.
In the well-drained areas, holes for sampling were dug with a regular shovel and samples
gathered in reference to a prominent volcanic ash layer found at all sites (between 17-30cm
depth from soil surface. When sampling, the sward layer (0-5 cm) was cut off and discarded.
Bulk density samples and general soil samples were taken at two depths above the ash layer;
between 5-15 cm and between 15-30 cm. The bulk density samples were gathered with 5 cm
x 5 cm steel rings that were pressed into the soil horizontally and cut out with a knife. General
soil samples were also cut out with a knife at the same soil depths. In wet areas, a specific
peat sampler (Ejkelkamp, The Netherlands) was used to gather both bulk density samples (5
cm x 5 cm) and general soil samples at two depths; 0-50 cm and 50-100 cm.
Carbon content, C/N ratio, loss on ignition (LOI), as well as pH level were measured as these
soil parameters are generally indicative of decomposition in peat soils. Dry soil bulk density
was calculated using mass difference between air dried samples and samples dried at
105°C. The general soil samples were air dried and sieved through a 2 mm sieve for further
measurements. Subsamples of the sieved samples were grinded and analyzed for carbon and
nitrogen using elementary analysis according to the Dumas method (VarioMAX CN
instrument, Elementar Analysensysteme GMBH, Germany). Chemical analysis was done by
Innovation Center Iceland. The grinded samples were also used for LOI measurements.
Other subsamples from the sieved samples were used to measure soil pH in H2O with a Two
Channel Benchtop pH/mV/ISE Meter (Hanna Instruments, Temse, Belgium). The samples
were dissolved in 1:2.5 (per mass) solution and shaken for 2 hours before measuring pH
level. The pH measurement was duplicated for each sample for a more accurate result.
Carbon loss was calculated using bulk density and carbon content of the top layer, down to
the site specific volcanic ash reference layer at each site using the following equation:
Equation 1:
(%Cwet -%Cdry ) ×BDdry ×Dash

100 × T

= 𝑡𝐶ℎ𝑎 −1 𝑦𝑟 −1

BD stands for bulk density, Dash stands for depth down to ash layer in the drained sites and
T stands for time since drainage (in years).
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Proportional carbon loss per year was calculated using the following equation:
Equation 2:
1−

%𝐶𝑑1 + ⋯ + %𝐶𝑑𝑛
= 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑜𝑠𝑠 𝑖𝑛 %𝐶𝑦𝑟 −1
%𝐶𝑤1 + ⋯ + %𝐶𝑤𝑚
(
)×𝑛×𝑇
𝑚

%Cd1…dn stands for the %C for each of the measured points in the well-drained areas of each
site, where n is the number of different samples, %Cw1…wm stands for each of the measured
points in the wet areas of each site, with m being the number of different samples and T the
time since drainage.
Calculations were based on the assumption that the current wet sites are representative for
the state of the peat soils before drainage, meaning that they had not been subjected to
substantial carbon loss through oxidation of organic matter.
Information about the time of drainage was obtained through landowners.
Statistical analyses to determine correlations between soil parameters, as well as t-tests for
determining both water level categories and significant differences in soil parameters
between wet and dry areas, were carried out using SAS Enterprise Guide 7.1.

2.3 Results
Based on results from water table level measurements, it was determined that selection of
the points was successful and a basis for continuing analysis of the dataset with regards to
water table level had been established. Water table level categories are therefore defined as
either well-drained or wet.

Figure 6. Example of water table level measurements at well drained and wet sampling sites
in late July 2016. (Bars represent standard error).
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Water table level was measured multiple times at each site over the summer but usually not
at the same day at all sites. Measurements were made at all sites in late July which is why
that specific time period was chosen to be presented here so the approximate relative
difference between the well-drained and wet sites could be displayed. There was a significant
difference in water table level between wet and well-drained areas (Figure 6) (p<0.0001)
where the average water table level for well-drained sites was -120 cm and -4 cm for wet
sites.
Table 2. Correlations between selected soil parameters in wet and well-drained peatlands
in South and Southwest Iceland in 2016. %C: Carbon content, C/N: Carbon Nitrogen
ratio, BD: Bulk density, LOI: Loss on ignition and WLC: water level category (wet or welldrained).
Soil
C/N
BD
pH
LOI
parameter
%C
0.607*** -0.771*** -0.399*** 0.906***
C/N
-0.355**
-0.487*** 0.486***
BD
0.301*
-0.718***
pH
-0.341**
LOI
WLC
Note. *p<0.05, **p<0.01***p<0.001, ns=not significant.

WLC
-0.398***
-0.604***
ns
0.360**
-0.304**
-

Sample
depth
ns
-0.288*
ns
ns
ns
-

Analysis of the measured soil properties revealed that most properties were significantly
correlated, although to different strengths (Table 2). Notable was the correlation to WLC,
which was significant for every measured property except BD.
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Figure 7. %C, C/N ratio and LOI measured in wet and well-drained areas at eight different
sites in South and Southwest Iceland in 2016 showed in an order of the amount of time since
drainage a) LOI: loss on ignition, b) C/N: Carbon Nitrogen ratio and c) %C: Carbon
content. (Bars represent standard errors and values above the columns represent the number
of years since drainage).
There was substantial variability in %C, C/N ratio and LOI between sites, both under wet
and well-drained conditions (Figure 7). The range in C% for the wet areas was 17-30% and
10-21% in well-drained areas. The range in C/N ratio was 18-23 and 14-18 for the wet areas
and well-drained areas, respectively. The equivalent range in LOI was 34-56% and 23-44%.
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Table 3. Average %C, C/N ratio, and LOI and p-value of the difference between wet and
well-drained areas. %C: Carbon content, C/N: Carbon Nitrogen ration, and LOI: Loss On
Ignition.
Soil
parameter
%C
C/N
LOI (%)

Average
(wet)
23.7
20.6
47.0

Average
(well-drained)
15.9
15.3
35.9

Significance
(p-value)
p=0.0032
p<0.0001
p=0.0158

All three soil parameters associated with organic matter (%C, C/N ratio, and LOI) proved
significantly different between the wet and well-drained areas (Table 3).
At every site, there was a significant decrease in %C with drainage. That gave cause to
calculate the average carbon loss for each site. The results gave a range of 14-158 tCha-1.
When adding time since drainage to the calculation (Equation 1), the average carbon loss
ranged between 0.7-3.1 tCha-1yr-1 between sites, averaging at 1.7 tCha-1yr-1.
By calculating proportional percentage of carbon remaining after drainage, assuming that
the carbon content of the wet areas was 100%, 68% ±4 of carbon remained. This means that
on average, there has been around 32% loss in total carbon since drainage. The difference
proved significant (p=0.0227).

Number of years since drainage
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Figure 8. Average Proportional %C loss of sites since drainage against number of years
since drainage.
The time since drainage at the study sites ranged between 21-58 years and proportional %C
loss ranged from 14-48% depending on how long the sites had been drained. In Figure 8 we
see when we plot proportional %C lost since drainage against the number of years since
drainage, that the general trend is that the longer the sites had been drained, the more carbon
they had lost proportionally.
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When we calculate the proportional loss of carbon per year (Equation 2), I get a range of
0.45-0.94% of %Cyr-1. This can also be interpreted as the rate of decomposition.

2.4 Discussion
With ongoing oxidation of soil organic material, change is expected in key soil parameters
such as C%, C/N ratio, and LOI, which, as explained previously, are indicative of soil
decomposition. This is reflected in the results where changes in these parameters correlate
with water level category (Table 2).
As seen in Figure 7, there was substantial variability in these soil parameters across the wet
areas, obscuring somewhat the actual loss of carbon with drainage. Since there was a
significant overall decrease in %C, C/N ratio and LOI, despite the observed variability
between the sites (Figure 7 & Table 3), it is clear that a substantial amount of carbon had
been lost as a result of drainage. The rather weak but highly significant correlations (Table
2) between WLC and the other soil parameters also support the assertion of variability, hence
there was ground for calculating proportional carbon loss.
When the difference between sites in the wet areas was eliminated by calculating the
proportional change in carbon content with drainage, the variability in the results decreased
substantially and showed a significant decrease in carbon of about 32%.
From Figure 8 I can predict with some degree of certainty the amount of carbon that has
been lost from soil upper layers since drainage. Time since drainage explains close to 60%
of the variability in proportional carbon loss. However, evidently, there are other variables
that influence carbon loss following drainage, for example temporal and spatial precipitation
patterns, annual temperature, land use history and more.
My results for the calculated carbon loss (0.7-3.1 tCha-1yr-1 or 1,7 tCha-1yr-1 on average) are
somewhat lower than Guðmundsson´s and Óskarsson´s (2014) results (3.97-8.25
tCha-1yr-1), although of the same order of magnitude. This comes as no surprise as the
approach of flux measurements includes calculations of total amounts of carbon emitted
from the whole soil profile to whatever depth decomposition takes place, and the soil depth
is not considered. In the present study, estimates of carbon loss are limited to the uppermost
soil layer formed since the year 1500. Because of that, lower estimates were expected. The
results also indicate that the annual estimates reported by Guðmundsson and Óskarsson
(2014) are not incidental but rather that carbon loss of this magnitude has been ongoing since
the time of drainage.
Other studies on estimated carbon loss from drained peat soils, also report results in a similar
range. Cultivated peat soils have been a popular research subject in recent years. A review
of the most prominent papers on emissions from managed peat soils in the boreal climatic
zone reveals net emissions in the range of -0.7–7.5 tCha-1yr-1 (Couwenberg, 2011), within
which our estimates fall. Flux measurements were the primary method for the estimation of
carbon loss in these studies. Another study which used changes in mineral contents to
estimate carbon loss from drained cultivated peat soils in Norway reported annual losses of
approximately 8 tCha-1yr-1 (Grønlund et al., 2008). In general, cultivated peat soils emit more
net GHGs to the atmosphere than uncultivated peat soils (Maljanen et al., 2010).
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According to my results, 0.45-0.95% of total soil organic carbon is lost from the uppermost
layer in question every year. That means, going by the average %C for the wet sites, the
uppermost layer could be reduced to levels below 12%C in about 106-222 years and could
then no longer be identified as peat soils. From this I can conclude that, without intervention,
carbon loss from drained peatlands could have long term impacts on climate. If areas are
very well-drained (water table level very low), decomposition could extend to deeper soil
layers, continuing to emit carbon to the atmosphere for even longer periods of time.
Among the measured soil parameters, only sample depth proved to be correlated with C/N
ratio (weak correlation) (Table 2) meaning that connection between level of decomposition
and level of drainage could not be established. This means that for this type of drainage, the
whole peat matrix within the uppermost layer is subject to similar rates of decomposition,
i.e. there was no gradient in %C within the layer. If there is a gradient in decomposition at
the sites in this study, it seems that it occurs in deeper layers.
Bulk density was the only soil parameter that did not correlate significantly with water level
category (Table 2), in contrast to what is generally indicated by the literature for peat soils
elsewhere in the world as mentioned before. That can be explained by the fact that most
Icelandic peat soils have an unusually high mineral content compared to peat soils in similar
climates. Therefore, when the peat is drained, the loss of weight due to decomposition of the
organic material is only a fraction of the total weight of the soil.
The conclusions drawn from this study could be strengthened by a larger sample size and
particularly by including sites from other parts of Iceland, for a more accurate result on
carbon loss with drainage. However, it should be noted that the utility of this approach relies
on the presence of specific tephra layers which may not be found in all parts of the country.
With more data, predicting future carbon loss from drained areas could be possible by
extrapolating the data. Sampling sites of more variable ages could also improve the accuracy
of the prediction of carbon loss from known time of drainage. Improving the resolution of
sampling depth, together with average annual water table level measurements could likewise
be beneficial in allowing estimations for deeper soil layers, improving the overall estimation
of carbon loss per surface unit, approaching the total carbon loss. To help reduce the
unexplained variability in Figure 8 mentioned above, other site specific parameters such as
vegetation cover, soil carbon quality, land use history, precipitation patterns, annual
temperature and level of drainage should be quantified.

2.5 Conclusion
Since drained soils are the largest source of greenhouse gas emissions in Iceland, studying
them is essential in order to accurately estimate their emissions. Without accurate estimates,
successful mitigation strategies are difficult to implement. Prior to this study, carbon loss
from drained Icelandic peat soils had been estimated using flux measurement methods,
which are limited in scope, particularly pertaining to temporal dimensions of carbon loss.
Here, a different approach to estimating carbon loss from drained peat soils has been
presented where some of the disadvantages of the flux measurement method were addressed
and the uncertainties of subsidence measurements as a method for estimating carbon loss
were also circumvented. The approach was based on calculating carbon loss from a specific
layer of soil defined by a volcanic layer deposited from Katla volcano in the year 1500. This
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was accomplished by calculating carbon stocks for both the wet and well-drained sites, using
carbon content, bulk density, depth to the volcanic layer, and time since drainage, and
comparing them. The difference in carbon stocks then represents the loss of carbon by
drainage. Estimates of loss ranged between 0.7-3.1 tCha-1yr-1, averaging at 1.7 tCha-1yr-1.
The results fit well with flux measurement studies (3.97-8.25 tCha-1yr-1) seeing that in the
present study, emissions from only the top soil layer (formed after 1500) were estimated as
opposed to the whole soil profile exposed to oxygen. The approach presented in this paper
could be further developed by, for example, increasing number of sites and increasing
resolution of depth samples. The approach itself, not necessarily using the same volcanic ash
layer, could also be used all around Iceland to estimate carbon loss from drained peat soils.
The approach has the advantage over the flux methods of being both inexpensive and easily
implementable, and hence has the potential of increasing substantially data on peatland
carbon losses. Estimating total carbon lost may even be possible by using deeper (older)
volcanic tephra layers for reference. The results from this study contribute to the knowledge
necessary to be able to construct a specific emission standard for drained Icelandic peat soils
as well as to be able to implement appropriate mitigation strategies for GHG emissions from
drained soils.
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3 Overall thesis conclusions
Despite covering only about 3% of Earth´s terrestrial surface, peatlands are nonetheless an
important part of the carbon cycle as they store about 30% of global soil carbon. The greatest
peatland areas are found in the northern hemisphere. Iceland is a part of an extensive
circumpolar peatland zone and 20% of Iceland´s vegetated surface are peatlands. In the last
century, however, peat soils were drained extensively in Iceland with the purpose of
increasing agricultural yields. The consequences of the drainage are serious, not only for
local ecosystems but also on a global scale. Before the extensive draining period, peatlands
in Iceland acted as substantial greenhouse gas sinks. Today, following the draining period,
peatlands have been converted to an overall source of greenhouse gases to the atmosphere.
In this paper we have succeeded in verifying previously measured carbon emissions from
drained peat soils in Iceland as well as demonstrating that emissions have been sustained
over time and are likely to continue for decades to come if mitigation actions are not put into
place. According to research, both afforestation and restoring peatlands by rewetting
previously drained peat soils, are effective ways of significantly decreasing GHG emissions.
In some cases, by rewetting peatlands, they can even be completely restored, converting
them back to carbon sinks. Because drained peat soils have lost vast amounts of carbon and
keep emitting carbon to the atmosphere, as demonstrated in this paper, as well as being
responsible for the largest part of GHG emissions in Iceland, I strongly recommend that the
government take action, both by financing continued research and by previously mentioned
actions to reduce GHG emissions.

39

40

References
Armentano, T. V. (1980). Drainage of organic soils as a factor in the world carbon cycle.
Bioscience, 30(12), 825-830.
Armentano, T. V., & Menges, E. S. (1986). Patterns of change in the carbon balance of
organic soil-wetlands of the temperate zone. Journal of Ecology, 74(3), 755-774.
Arnalds, Ó. (2008). Soils of Iceland. Jökull - Journal of Earth Science, 58, 409-421.
Arnalds, Ó. (2015). The soils of Iceland. Dordrecht, the Netherlands: Springer.
Arnalds, Ó., Guðmundsson, J., Óskarsson, H., Brink, S. H., & Gísladottir, F. Ó. (2016).
Icelandic inland wetlands: Characteristics and extent of draining. Wetlands, 36(4),
759-769.
Arnalds, Ó., & Óskarsson, H. (2009). Íslenskt jarðvegskort. Náttúrufræðingurinn, 78(3-4),
107–121.
Barthelmes, A., Cauwenberg, J., Risager, M., Tegetmeyer, C., & Joosten, H. (2015).
Peatlands and climate in a Ramsar context - a nordic-baltic perspective. Denmark:
Norden.
Bjarnason, B. (1982). Saga vatnsveita og framræslu. In A. Snæbjörnsson (Ed.), Þættir um
mýrarjarðveg á Íslandi (pp. 3-7). Hvanneyri, Iceland: Agricultural University of
Iceland.
Boelter, D. H. (1968). Important physical properties of peat materials. Paper presented at
the International Peat Congress, Quebec, Canada.
Canadell, J. G., Le Quéré, C., Raupach, M. R., Field, C. B., Buitenhuis, E. T., Ciais, P.,
Conway, T. J., Gillet, N. P., Haughton, R. A., & Marland, G. (2007). Contributions
to accelerating atmospheric CO2 growth from economic activity, carbon intensity,
and efficiency of natural sinks. PNAS, 104(47), 18866-18870.
Chapman, S., Buttler, A., Francez, A.-J., Laggoun-Défarge, F. V., H., Schotler, M.,
Combe, J., Grosvernier, P., Harms, H., Epron, D., Gilbert, D., & Mitchel, E.
(2003). Exploitation of northern peatlands and biodiversity: A conflict between
economy and ecology. Frontiers in Ecology and the Environment, 1(10), 525-532.
Chojnicki, B. D., Michalak, M., Acosta, M., Juszczak, R., Augustin, J., Drösler, M., &
Olejnik, M. (2010). Measurements of carbon dioxide fluxes by chamber method at
the Rzecin wetland ecosystem, Poland Polish Journal of Environmental Studies,
19(2), 283-291.
Collier, S. M., Ruark, M. D., Oates, L. G., Jokela, W. E., & Dell, C. J. (2014).
Measurement of greenhouse gas flux from agricultural soils using static chambers.
Journal of Visualized Experiments, 90(e52110).
Couwenberg, J. (2011). Greenhouse gas emissions from managed peat soils: Is the IPCC
reporting guidance realistic? Mires and Peat, 8(2011), 1-10.
Davíðsdóttir, B. (2017). Ísland og loftslagsmál: Hagfræðistofnun Háskóla Íslands.
Einarsson, Ó., Kristinsson, H., Skarphéðinsson, K. H., & Ottósson, J. G. (2002). Verndun
tegunda og svæða: Tillögur Náttúrufræðistofnunar Íslands vegna
Náttúruverndaráætlunar. Reykjavík, Iceland: Náttúrufræðistofnun.
Einarsson, P. (2008). Plate boundaries, rifts and transforms in Iceland. Jökull - Journal of
Earth Science, 58(2008), 35-58.
Einarsson, Þ. (1975). Um myndunarsögu íslenzks mýrlendis. In A. Garðarsson (Ed.),
Votlendi- rit Landverndar (Vol. 4, pp. 15-21).
41

Fenner, N., & Freeman, C. (2011). Drought-induced carbon loss in peatlands. Nature
Geoscience, 4, 895-900.
Freeman, C., Lock, M. A., & Reynolds, B. (1992). Fluxes of CO2, GH4 and N2O from a
Welsh peatland following simulation of water table draw-down: Potential feedback
to climatic change. Biogeochemistry, 19(1), 51-60.
Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W., Brovkin, v., Cadule, P.,
Doney, S., Eby, M., Fung, I., Bala, G., John, J., Jones, C., Joos, F., Kato, T.,
Kawamiya, M., Knorr, W., Lindsay, K., Matthews, H. D., Raddatz, T., Rayner, P.,
Reick, C., Roeckner, E., Schnitzler, K.-G., Schnur, R., Strassman, K., Weaver, A.
J., Yoshikawa, C., & Zeng, N. (2006). Climate-carbon cucle feedback analysis:
Results from C4MIP Model Intercomparison. Journal of Climate, 19, 3337-3353.
Gorham, E. (1988). Canada´s peatlands: Their importance for the global carbon cycle and
possible effects of "greenhouse" climate warming. Transactions of the Royal
Society of Canada, V(3), 21-23.
Gorham, E. (1991). Northern peatlands: Role in the carbon cycle and probable responses to
climatic warming. Ecological Applications, 1(2), 182-195.
Grønlund, A., Hauge, A., Hovde, A., & Rasse, D. (2008). Carbon loss estimates from
cultivated peat soils in Norway: A comparison of three methods. Nutrient Cycling
in Agroecosystems, 81, 157-167.
Grønlund, A., Sveistrup, T. E., Søvik, A. K., Rasse, D. P., & Kløve, B. (2006).
Degradation of cultivated peat soils in northern Norway based on field scale CO2,
N2O and CH4 emission measurements. Archives of Agronomy and Soil, 52(2006),
149-159.
Guðbergsson, G., & Einarsson, Þ. (1998). Flokkun og jarðvegseiginleikar mýra. In J. S.
Ólafsson (Ed.), Íslensk votlendi: Verndun og nýting (pp. 79-87): Háskólaútgáfan.
Guðmundsson, G. A. (1998). Þýðing votlendis fyrir fugla. In J. S. Ólafsson (Ed.), Íslensk
votlendi: Verndun og nýting (pp. 167-172). Reykjavík: Háskólaútgáfan.
Guðmundsson, J. (2016). Greining á losun gróðurhúsalofttegunda frá íslenskum
landbúnaði: Landbúnaðarháskóli Íslands.
Guðmundsson, J., & Óskarsson, H. (2005). Landbúnaður og losun gróðurhúsalofttegunda.
Fræðaþing Landbúnaðarins, 2005, 32-37.
Guðmundsson, J., & Óskarsson, H. (2014). Carbon dioxide emission from drained organic
soils in West-Iceland Soil carbon sequestration for climate food security and
ecosystem services (pp. 155-159). Italy: Agricultural University of Iceland &
European Commission Joint Research Centre.
Guðmundsson, Þ. (1978). Pedological studies of Icelandic peat soils. (PhD), University of
Aberdeen.
Gunnarsson, T. G., Arnalds, Ó., Appleton, G., Méndez, V., & Gill, J. A. (2015). Ecosystem
recharge by volcanic dust drives broad-scale variation in bird abundance. Ecology
and Evolution, 5(12), 2386-2396.
Gunnarsson, T. G., Gill, J. A., Appleton, G. F., Gíslason, H., Garðarsson, H., Watkinson,
A. R., & Sutherland, W. J. (2006). Large-scale habitat associations of birds in
lowland Iceland: Implications for conservation. Biological Conservation,
128(2006), 265-275.
Hallsdóttir, B. S., Wöll, C., Guðmundsson, J., Snorrason, A., & Þórsson, J. (2013).
National inventory report: Emissions of greenhouse gases in Iceland from 1990 to
2011. Submitted under the United Nations Framework Convention on Climate
Change and the Kyoto Protocol: Environmental Agency of Iceland.

42

Hargreaves, K. J., Milne, R., & Cannell, M. G. R. (2003). Carbon balance of afforested
peatland in Scotland. Forestry, 76(3), 299-317.
Helgadóttir, A., Eyþórsdóttir, E., & Jóhannesson, T. (2013). Agriculture in Iceland - a
grassland based production. Grassland Science in Europe, 18(2013), 30-43.
Hellsing, V. Ú. L., Ragnarsdóttir, A. S., Jónsson, K., Andrésson, K., Jóhannsson, Þ.,
Guðmundsson, J., Snorrason, A., & Þórsson, J. (2016). National inventory report:
Emissions of greenhouse gases in Iceland from 1990 to 2014. Submitted under the
United Nations Framework Convention on Climate Change and the Kyoto
Protocol: Environmental Agency of Iceland.
Hinzman, L. D., Bettez, N. D., Bolton, W. R., Chapin III, F. S., Dyurgerov, M. B., Fastie,
C. L., Griffith, B., Hollister, R. D., Hope, A., Huntington, H. P., Jensen, A. M., Jia,
G. J., Jorgenson, T., Kane, D. L., Klein, D. R., Kofinas, G., Lynch, A. H., Lloyd, A.
H., McGuire, A. D., Nelson, F. E., Oechel, W. C., Osterkamp, T. E., Racine, C. H.,
Romanovsky, V. E., Stone, R. S., Stow, D. A., Sturm, M., Tweedie, C. E.,
Vourlitis, G. L., Walker, M. D., Walker, D. A., Webber, P. J., Welker, J. M.,
Winker, K. S., & Yoshikawa, K. (2005). Evidence and implications of recent
climate change in northern Alaska and other arctic regions. Climatic Change,
72(2005), 251–298.
Hooijer, A., Page, S., Jauhiainen, J., Lee, W. A., Lu, X. X., Idris, A., & Anshari, G. (2012).
Subsidence and carbon loss in drained tropical peatlands. Biogeosciences, 9(2012),
1053-1071.
Hreinsdóttir, S., Einarsson, P., & Sigmundsson, F. (2001). Crustal deformation at the
oblique spreading Reykjanes Peninsula, SW Iceland: GPS measurements from
1993-1998. Journal of Geophysical Research, 106(B7), 13803-13816.
Imer, D., Merbold, L., Eugster, W., & Buchmann, N. (2013). Temporal and spatial
variations of soil CO2, CH4 and N2O fluxes at three differfently managed
grasslands. Biogeosciences, 10(9), 5931-5945.
IPCC. (2014a). Climate Change 2014: Synthesis Report. Contribution of Working Groups
I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. Geneva, Switzerland.
IPCC. (2014b). 2013 supplement to the 2006 IPCC guidelines for national greenhouse gas
inventories: Wetlands. Swittzerland: IPCC.
IUSS Working Group WRB. (2006). World reference base for soil resources 2006. Rome:
FAO.
Jones, A., Stolbovoy, C., Tarnocai, G., Broll, O., Spaargaren, O., & Montanarella, L.
(2010). Soil Atlas of the Northern Circumpolar Region (Vol. 62): European Journal
of Soil Science.
Joosten, H., & Clarke, D. (2002). Wise use of mires and peatlands- background and
principles including a framework for decision-making. UK: International Mire
Conservation Group & International Peat Society.
Joosten, H., & Couwenberg, J. (2008). Peatlands and Carbon. In F. Parish, A. Sirin, D.
Charman, H. Joosten, T. Minaeva, & M. Silvius (Eds.), Assessment on Peatlands,
Biodiversity and Climate Change (pp. 99-117). Kuala Lumpur/Wageningen, the
Netherlands: Global Environment Center/Wetlands International
Jóhannesdóttir, L., Arnalds, Ó., Brink, S. H., & Gunnarsson, T. G. (2014). Identifying
important bird habitats in a sub-arctic area undergoing rapid land-use change. Bird
study, 61(4), 544-552.
Jóhannesson, B. (1988). Íslenskur jarðvegur: Rannsóknastofun Landbúnaðarins.

43

Kasimir-Klemedtsson, Å., Klemedtsson, L., Berglund, K., Martikainen, P., Silvola, J., &
Oenema, O. (1997). Greenhouse gas emissions from farmed organic soils: A
review. Soil Use and Management, 13, 245-250.
Kimmel, K., & Mander, U. (2010). Ecosystem services of peatlands: Implications for
restoration. Progress in Physical Geography, 34(4), 491-514.
Komulainen, V. M., Tuittila, E. V., Vasander, H., & Laine, J. (1999). Restoration of
drained peatlands in southern Finland: Initial effects on vegetation change and CO2
balance. Journal of Applied Ecology, 36(1999), 634-648.
Larsen, G., & Gíslason, S. R. (2013). Gjóska. In J. S. Sólnes, F. & B. Bessason (Eds.),
Náttúruvá á Íslandi - Eldgos og jarðskjálftar (pp. 130-143). Reykjavík:
Viðlagatrygging Íslands/Háskólaútgáfan.
Larsen, G., Guðmundsson, M. T., & Sigmarsson, O. (2013). Katla. In Á. Ásgeirsson, B.
Bessason, F. Sigmundsson, & J. Sólnes (Eds.), Náttúruvá á Íslandi: Eldgos og
jarðskjálftar (pp. 211-233). Reykjavík: Viðlagatrygging Íslands, Háskólaútgáfan.
Larsen, J. N., Anisimov, O. A., Constable, A., Hollowed, A. B., Maynard, N., Prestrud, P.,
Prowse, T. D., & Stone, J. M. R. (2014). Polar regions. In V. R. Barros, C. B. Field,
D. J. Dokken, M. D. Mastrandrea, K. J. Mach, T. E. Bilir, M. Chatterjee, K. L. Ebi,
Y. O. Estrada, R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. MacCracken,
P. R. Mastrandrea, & L. L. White (Eds.), Climate change 2014: Impacts,
adaptation, and vulnerability. Part B: Regional aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (pp. 1567-1612). Cambridge, UK/ New York (NY): Cambridge University
Press.
Leifeld, J., Müller, M., & Fuhrer, J. (2011). Peatland subsidence and carbon loss from
drained temperate fens. Soil Use and Management, 27(2), 170-176.
Limpens, J., Berendse, F., Blodau, C., Canadell, J. G., Freeman, C., Holden, J., Roulet, N.,
Rydin, H., & Schaepman-Strub, G. (2008). Peatlands and the carbon cycle: From
local processes to global implications – a synthesis. Biogeosciences, 5(5), 14751491.
Lohila, A., Lauria, T., Aro, L., Aurela, M., Tuovinen, J.-H., Laine, J., Kolari, P., &
Minkkinen, K. (2007). Carbon dioxide exchange above a 30-year-old Scots pine
plantation established on organic-soil cropland. Boreal Environment Research,
12(2007), 141-157.
Loisel, J., Yu, Z., Beilman, D. W., Camill, P., Alm, J., Amesbury, M. J., Anderson, D.,
Andersson, S., Bochicchio, C., K., B., Belyea, L. R., Bunbury, J., Chambers, F. M.,
Charman, D. J., De Vleeschouwer, F., Fiałkiewicz-Kozieł, B., Finkelstein, S. A.,
Gałka, M., Garneau, M., Hammarlund, D., Hinchcliffe, W., Holmquist, J., Hughes,
P., Jones, M. C., Klein, E. C., Kokfelt, U., Korhola, A., Kuhry, P., Lamarre, A.,
Lamentowicz, M., Large, D., Lavoie, M., MacDonald, G., Magnan, G., Mäkilä, M.,
Mallon, G., Mathijssen, P., Mauquoy, D., McCarroll, J., Moore, T. M., Nichols, J.,
O’Reilly, B., Oksanen, P., Packalen, M., Peteet, D. R., Richard, P. J. H., Robinson,
S., Ronkainen, T., Rundgren, M., Sannel, A. B. K., Tarnocai, C., Thom, T., Tuittila,
E., Turetsky, M., Väliranta, M., van der Linden, M., van Geel, B., van Bellen, S.,
Vitt, D., Zhao, Y., & Zhou, W. (2014). A database and synthesis of northern
peatland soil properties and Holocene carbon and nitrogen accumulation. The
Holocene, 24(9), 1028–1042.
Maljanen, M., Sigurdsson, B. D., Guðmundsson, J., Óskarsson, H., Huttunen, J. T., &
Martikainen, P. J. (2010). Greenhouse gas balances of managed peatlands in the

44

Nordic countries - present knowledge and gaps. Biogeosciences, 7(2010), 27112738.
McDaniel, P. A., Lowe, D. J., Arnalds, Ó., & Ping, C. L. (2012). Andisols. In P. M. Huang,
L. Yncong, & M. E. Sumner (Eds.), Handbook of soil sciences: Properties and
processes (2nd ed., pp. 33-29‒33-48). Boca Raton: CRC Press.
Millenium Ecosystem Assessment. (2005). Ecosystems and human well-being: Synthesis
Washington, DC: Island Press.
Mitra, S., Wassmann, R., & Vlek, P. L. G. (2005). An appraisal of global wetland area and
its organic carbon stock. Current Science, 88(1), 25-35.
Mundel, G. (1976). Untersuchungen zur torfmineralisation in Niedermooren. Archiv fur
Acker und PÀ anzenbau und Bodenkunde, 20(1976), 669-679.
Nieven, J. P., Campbell, D. I., Schipper, L. A., & Blair, I. J. (2005). Carbon exchange of
grazed pasture on drained peat soil. Global Change Biology, 11(4), 607-618.
Ólafsdóttir, B. (2017). Skýrsla umhverfis- og auðlindaráðherra um stöðu og stefnu í
loftslagsmálum. Retrieved from
Ólafsdóttir, S. (2013). Ástæður og áhrif framræslu í Mýrasýslu 1930-1990. (B.Sc.),
Landbúnaðarháskóli Íslands, Hvanneyri.
Óskarsson, H. (1998). Framræsla votlendis á Vesturlandi. In J. S. Ólafsson (Ed.), Íslensk
votlendi: Verndun og nýting (pp. 121-129): Háskólaútgáfan.
Óskarsson, H., Arnalds, Ó., Gudmundsson, J., & Gudbergsson, G. (2004). Organic carbon
in Icelandic Andosols: Geographical variation and impact of erosion. Catena, 56(1–
3), 225-238.
Parish, F., Sirin, A., Charman, D., Joosten, H., Minayeva, T., Silvius, M., & Stringer, L.
(2008). Assessment on peatlands, biodiversity and climate change: Main report.
Kuala Lumpur/Wageningen, the Nehterlands: Global Environment
Centre/Wetlands International.
Reddy, A. V. R., & DeLaune, R. D. (2008). Biogeochemistry of wetlands, science and
applications. Boca Raton, London, New York: CRC Press, Taylor & Francis group.
Renger, M., Wessolek, G., Schwärzel, K., Sauerbrey, R., & Siewert, C. (2002). Aspects of
peat conservation and water management. Journal of Plant Nutrition and Soil
Science, 165(4), 487-493.
Rothwell, R. L., Silins, U., & Hillman, G. R. (1996). The effects of drainage on substrate
water content at several forested Alberta peatlands. Journal of Forestry Research,
26(1996), 53-62.
Sigurðardóttir, S. (2007). Torf til bygginga. Smárit Byggðasafns Skagfirðinga, VII(2007).
Smeck, N. E., & Burras, C. L. (2002). Time and space, soils. In R. Lal (Ed.), Encyclopedia
of Soil Science. New York, NY, USA: Marcel Dekker, Inc.
Snorrason, A., Þórsson, J., Guðmundsson, J., Andrésson, K., Jónsson, P. V. K., Einarsson,
S., & Hellsing, V. Ú. L. (2015). National inventory report 2015: Emissions of
greenhouse gases in Iceland from 1990 to 2013. Submitted under the United
Nations Framework Convention on Climate Change: Environmental Agency of
Iceland.
Steindórsson, S. (1975). Um íslenskan mýrlendisgróður. In A. Garðarsson (Ed.), Votlendirit Landverndar.
Strack, M. (2008). Peatlands and climate change. Finland: International peat society.
Tubiello, F. N., Biancalani, R., Salvatore, M., Rossi, S., & Conchedda, G. (2016). A
worldwide assessment of greenhouse gas emissions from drained organic soils.
Sustainability, 8(4), 371-383.

45

UNFCCC. (1992). United Nations Framework Convention on Climate Change: United
Nations.
Urák, I., Hartel, T., Gallé, R., & Balog, A. (2017). Worldwide peatland degradations and
the related carbon dioxide emissions: The importance of policy regulations.
Environmental Science & Policy, 69(2017), 57-64.
Waddington, J. M., Strack, M., & Greenwood, M. J. (2010). Toward restoring the net
carbon sink function of degraded peatlands: Short term response in CO2 exchange
to ecosystem-scale restoration. Jounral of Geophysical Research, 115(2010).
Wald, E. C. (2012). Land-use development in South Iceland 1900 - 2010. (M.Sc.),
University of Iceland, Reykjavík.
Wetlands International. (2012). Waterbird Population Estimates: Summary report.
Wageningen, The Netherlands: Wetlands International.
Wickland, K. P. (2001). Carbon gas exchange at a southern Rocky Mountain wetland,
1996-1998. Global Biogeochemical Cycles, 15(2), 321-335.
Wöll, C., Hallsdóttir, B. S., J., G., Snorrason, A., Þórsson, J., Jónsson, P. V. K., Andrésson,
K., & Einarsson, S. (2014). National Inventory Report, 2014: Emissions of
greenhouse gases in Iceland from 1990 to 2012. Submitted under the United
Nations Framework Convention on Climate Change: Environmental Agency of
Iceland.
Þorsteinsson, G. (1975). Horfnir starfshættir og leiftur frá liðnum öldum. Reykjavík: Örn
og Örlygur.
Þórðarson, Þ., & Höskuldsson, A. (2008). Postglacial volcanism in Iceland. Jökull - The
Icelandic J Earth sci, 59(2008), 197-228.
Þórhallsdóttir, Þ. E., Þórsson, J., Sigurðardóttir, S., Svavarsdóttir, K., & Jóhannsson, M. H.
(1998). Röskun votlendis á Suðurlandi. In J. S. Ólafsson (Ed.), Íslensk votlendi:
Verndun og nýting (pp. 131-142). Reykjavík: Háskólaútgáfan.

46

