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Abstract
Since the 1980s there has been a substantial increase in the forest area of Ireland. Coupled with
a projected increase of 1.2 million ha of forest area in the next two decades, afforestation
provides Ireland an opportunity to potentially offset substantial carbon dioxide (CO2) emissions.
Afforestation leads to the sequestration of large amounts of C into the forest biomass, however,
the effect on soil carbon stocks has been little studied in Ireland. This is crucial if Ireland is to
meet it’s obligations to the Kyoto protocol.
This study measured the soil organic carbon densities (SOCD) of both afforested mineral and
peat soils and the possible factors controlling SOCD change upon afforestation. Amongst all sites
there was a mean decrease in SOCD following afforestation. In addition, there was a subsequent
increase in the biomass and forest floor carbon density, and when added to the SOCD it resulted
in a net gain in ecosystem carbon density following afforestation. The paired site study suggests
that planting broadleaf species may be an effective management strategy in promoting SOCD
sequestration. However, the chronosequence study found that ash afforestation leads to a decline
in SOCD. Additionally, we found that establishing forests on rough grazing (poor grassland) sites
or low pH soils may help to minimize SOCD losses.
Few studies have been published on the physical properties of Irish peatlands. We found peat
depth to be a key predictor in estimating the SOCD of peatlands. As the SOCD of the high and
low level blanket peats are very similar we recommend they be treated as one peat type for future
sampling and accounting purposes. The high variance within study sites means there is still
uncertainty as to the effects of afforestation on Irish SOCD, and future resampling should be
conducted to enhance the findings of this study.
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Chapter 1

1. Introduction

1.1. General introduction
Atmospheric carbon dioxide (CO2) concentration has increased from pre-industrial values of
approximately 280 ppmv to 379 ppmv in 2005 and is increasing at a rate of 1.4 ppmv per year
(IPCC, 2007). Much of this increase is due to the release of CO2 through fossil fuel burning and
land use change. Rising atmospheric CO2 levels are a major driver of climate change and have
become a major public concern. The increasing threat of climate change led to the Kyoto
protocol to be enacted. As Ireland is a party to the UNFCCC, it is committed to publishing
inventories of greenhouse gas (GHG) emissions from sources and removal by sinks, with land
use change and forestry being two sectors that require a GHG inventory. Article 3.3 of the Kyoto
Protocol allows changes in carbon (C) stocks due to afforestation, reforestation, and
deforestation since 1990 to be used to offset inventory emissions.
At the beginning of the twentieth century forests covered only 1% of the total Irish land area
(Pilcher and Mac an tSaoir, 1995). Due to the efforts of successive governments there has been
rapid afforestation since the 1960s resulting in a 10.0% forest land cover as of 2007 (NFI, 2007a),
with 62.8% of forests aged under 20 years (NFI, 2007a). This is largely due to government
afforestation grant incentive schemes introduced in the mid 1980s (Byrne and Milne, 2006). This
rapid afforestation represents an opportunity for Ireland to offset significant GHG emissions.
Under a business as usual scenario, it is estimated that afforestation since 1990 may offset ~22%
of the required GHG emissions for the first commitment period, 2008-2012 (Byrne and Milne,
2006).
Reporting on afforestation induced C stock changes must include measurements of change in
above- and belowground biomass, litter, deadwood and soil organic carbon (SOC). Biomass and
soils are the two biggest C stores within forests, and although it has been well observed that
biomass C increases following afforestation (Black et al., 2009), the effects upon soil C stocks are
still uncertain (Laganière et al., 2010). Soil C changes following afforestation are influenced by a
number of factors, including: tree species, soil cultivation method, pre-afforestation land use, soil
properties, stand age, site management, topography, and climate (Guo and Gifford, 2002; Paul et
al., 2002; Jandl et al., 2007; Laganière et al., 2010). However, the relative impact of each factor is
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unclear. Therefore, it is crucial to measure the change in soil C stocks following afforestation in
Ireland and simultaneously try and gain an understanding of the controlling factors.

1.2. Aims and objectives
This study investigates the soil carbon stocks of afforested stands within Ireland and attempts
to ascertain any possible changes due to afforestation. It consists of a large soil sampling regime
across the Republic of Ireland that was undertaken between October 2007 and October 2010.
The study was divided into 3 sub-projects, each with a specific aim:
1.

What is the impact of afforestation on the carbon stocks of Irish mineral soils? (Chapter
4).
a. Assessment of the soil organic carbon (SOC, %), bulk density (g cm-3), soil organic
carbon density (SOCD, Mg C ha-1) and forest floor carbon density (Mg C ha-1) of
forest and comparative non-forest mineral soils across Ireland.
b. Investigation of the impact of afforestation on the SOC, bulk density and SOCD of
mineral soils, and the factors possibly controlling any change.

2.

Soil organic carbon stocks of afforested peatlands in Ireland (Chapter 5).
a. Assessment of the SOC, bulk density and depth of afforested high-level blanket
bogs, low-level blanket bogs and raised bogs across Ireland.
b. Use of the SOC, bulk density and depth to estimate the soil organic carbon density
of Irish peatlands and creation of equations to enable future estimates of afforested
peatland soil organic carbon density.

3.

Changes in ecosystem carbon stocks in a grassland-ash (Fraxinus excelsior L.) afforestation
chronosequence in Ireland (Chapter 6).
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a. Investigation of the changes in C over time stored within the biomass carbon density
(above- and belowground biomass, Mg C ha-1), forest floor carbon density (Mg C ha), SOCD (Mg C ha-1) and ecosystem carbon density (Mg C ha-1) of a grassland-ash

1

chronosequence on a brown earth soil.
b. Assessment of the affects of future ash afforestation in Ireland.

1.3. Thesis layout
The thesis contains eight chapters and a list of references. Following the present introduction,
Chapter 2 is a literature review addressing the importance of SOC and the impact of afforestation
on these stores. The methodologies used to perform this work are presented in Chapter 3.
Chapter 4 assesses the impact of afforestation on SOCD of mineral soils and investigates the
potential controlling factors. Chapter 5 presents an analysis of the SOCDs of afforested peatlands
within Ireland. Chapter 6 investigates the change in ecosystem carbon density following
afforestation of grassland with ash (Fraxinus excelsior L.). Chapter 7 presents a general discussion
of the thesis. Chapter 8 concludes the thesis and provides recommendations for future research
which is followed by the reference list in Chapter 9.
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2. Literature review

2.1. Climate change and policy
The atmosphere plays a vital role for life on Earth as through the greenhouse effect it maintains
the temperature of Earth, creating suitable conditions for life. The greenhouse effect allows short
wave energy to reach the Earth while also not allowing long wave radiation to leave. The most
important greenhouse gases (GHG); water vapour, carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O) are found at low concentrations within the atmosphere. Greenhouse gases
vary in their effect on the global climate due to their respective atmospheric lifetimes and
radiative properties. Each GHG can be expressed as a CO2-equivalent emission (the emission of a
GHG multiplied by its global warming potential) for comparison (IPCC, 2007).
Industrial era human activities, particularly fossil fuel burning and land use change (global
deforestation); have led to increases in the concentrations of GHGs in the atmosphere. The
carbon dioxide (CO2) concentration within the atmosphere has increased from pre-industrial
values of approximately 280 ppmv to 379 ppmv in 2005 and is increasing at a rate of 1.4 ppmv
per year (IPCC, 2007); this drives change in both the local and global climate. In the next few
decades Ireland is predicted to see increased temperatures, while also experiencing drier summers
and wetter winters, with a greater chance of droughts in the south and east of the country (Ray et
al., 2008). It is important that foresters are aware of these potential changes as they will likely
impact the productivity of different tree species under different site conditions. Foresters will
have to adapt their management strategies for future climate scenarios.
In response to the increasing threat of climate change, the United Nations Framework
Convention on Climate Change (UNFCCC) was established with the aim of stabilising GHGs at
a level that prevents anthropogenic interference (UNFCCC, 1992). Under the terms of the Kyoto
protocol, Ireland is committed to reduce GHG emissions by 13% above the 1990 base year level
over the period 2008-2012 (Kyoto Protocol, 1997). Article 3.3 of the protocol requires nations to
account and report carbon stock changes associated with land use, land use change and forestry
(LULUCF) such as afforestation, deforestation and reforestation. This allows nations to offset
CO2 emissions from afforestation which has taken place since 1990. Consequently, the substantial
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afforestation that has taken place within the last 20 years provides Ireland with an opportunity to
offset a significant amount of CO2.

2.2. Carbon pools
There are five major global C pools. The largest is the oceanic pool with 38,000 Pg (Pg = 1015
g), followed by 5000 Pg stored in the geologic pool (coal, oil and gas), pedologic (soil, 2500 Pg),
atmospheric pool (760 Pg) and the biotic pool (560 Pg) (Lal, 2004). These pools are
interconnected, and C is constantly cycling between them.
Although the biotic pool is the smallest of the C pools, vegetation is an important C store.
However, vegetation is an unstable C store due to quick turnover and man induced land use
changes, with global deforestation being one of the main inputs of CO2 into the atmosphere.
Plants take up CO2 from the atmosphere through photosynthesis where it is stored within the
biomass of the plant. Carbon is eventually transferred to the soil when plant material dies and is
incorporated into the soil. Plants are the mechanism by which CO2 is transferred from the
atmosphere to the soil (Tomlinson, 2005). Forests contain large amounts of C within the biomass
and an estimated 80% of all C stored in the biomass globally (Dixon et al., 1994; Peng et al., 2008;
Laganière et al., 2010). Within Ireland, forests contain over 50% of all biomass C on only 10% of
land (Cruickshank et al., 2000; Tomlinson, 2006). This proportion will increase in the coming
decades as much of the national forest estate was only recently planted, and so have a number of
years of growth and potential to sequester greater amounts of C (Tomlinson, 2006).
Approximately 70% of the C stored within the forest ecosystem is stored within forest soil
(Dixon et al., 1994; Six et al., 2002a). Soils present a much more stable C store than the forest
biomass as the residence time of soil organic carbon (SOC) can be >1000 years within stable
fractions (von Lutzow et al., 2006). Three studies have assessed the soil C stocks and their
distribution within Ireland. Xu et al. (2011) found that forests contain 10.1% of the national soil
C stocks (0-50 cm soil depth), 149 Tg of C with forest occupying 9.1 % of the land area. Eaton et
al. (2008) noted similar values; with Irish forests occupying 9.2% of the national land area in 2000
and 10.9% (159.7 Tg of C) of the total national soil C stocks (0-100 cm soil depth). Tomlinson
(2005) found that 9.3% of the land cover was forest and comprised 9.4% of the national soil C
stocks.
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Peatlands are an important store of soil C, with boreal and subarctic peatlands estimated to
store between 270-370 Pg of C on only approximately 3% of the Earth’s land area (Turunen et al.,
2002). This is equivalent to 34-46% of the total carbon (as CO2) in the atmosphere (IPCC, 2007).
Although Ireland contains a small proportion of the world’s peatlands, it is a very important C
store within Ireland. Peatlands cover approximately 17-20.6% of the Irish land area (Hammond,
1981; Connolly and Holden, 2009), and contain between 53 and 62% of the total C stored in the
soils of Ireland (Tomlinson, 2005; Eaton et al. 2008).

2.3. Forms of carbon in the soil
The soil C pool is comprised of 2 main components: soil organic carbon (SOC) and soil
inorganic C.

2.3.1. Soil inorganic carbon
The largest amount of soil inorganic carbon (SIC) is found in the form of soil carbonates, such
as calcium carbonate (CaCO3) and dolomite (MgCO3) (Batjes, 1996; Schlesinger, 2002), and can
account for one-third of the total C in soil (Ming, 2002; Mikhailova and Post, 2006). Carbonates
can be formed from the soil parent material (lithogenic) or newly formed as a result of soil
processes (pedogenic) (Ming, 2002; Mikhailova and Post, 2006; Wu et al., 2009). Some soil types,
such as strongly weathered soils and acidic soils, contain little to no inorganic carbon as the
carbonates that were once present in the parent material have been dissolved (Batjes, 1996). High
carbonate concentrations are often found in soil formed over calcareous material and soils in dry
areas (Batjes, 1996). The carbon stored within the SIC is a more stable C store than SOC, and so
is not as susceptible to loss following afforestation, and so studies that measure the change in soil
C usually focus on changes in the soil organic carbon (SOC) stores.

2.3.2. Soil organic carbon
Organic matter is formed from a mixture of living biomass (plants, animals, insects, fungi, and
bacteria), detritus (recognizable dead biomass) and humus (non-living amorphous flora and fauna
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residues) with soil organic matter defined as the non-living component of organic matter
(Trumbore, 1997; Eaton, 2007). The amount of SOM is controlled by the inputs of organic
matter into the soil profile, and losses predominantly due to microbial decomposition but also
leaching in dissolved organic carbon and erosion (Trumbore, 1997). As organic matter
decomposes over time, it results in the formation of a more complex form of organic matter
called humus, this process is called humification. Soil organic matter and humus play an
important role in the maintenance of soil properties. Soil organic matter is a major source of
nutrients for plant growth as the high cation exchange capacity allows it to become a large
reservoir of cationic nutrients. This also adds to the buffering capacity of the soil, and so is less
susceptible to pH changes from acids or bases. SOM also improves soil aggregation, which also
influences soil aeration, soil temperature, soil strength, root penetration, water infiltration and
water retention (Biswas and Mukherjee, 1995).
Soil organic carbon (SOC) is an important component of soil organic matter with SOC making
up 58% of SOM (Post et al., 2001). Soil organic carbon is an important store of C globally as it is
the largest store in most terrestrial ecosystems (Eswaran et al., 2000; Jobbágy and Jackson, 2000).
SOC is conceptually separated into pools representing the lability (ease of oxidation) of SOC,
ranging from active/labile fractions (root exudates, microbial biomass and rapidly decomposed
components of fresh plant litter that may decompose in a few years to decades) to intermediate
fractions with a residence time of decades to a hundred years, to slow/refractory fractions that are
stable and may have a turnover time of several thousand years (Trumbore, 1997; von Lutzow et
al., 2006). The refractory organic matter pool is responsible for the long term stabilization of C in
soils (Falloon and Smith, 2000; von Lutzow et al., 2006). The mechanisms controlling SOC
stabilization are often sorted into 3 groups: selective preservation (the stabilization of SOM due
to its structural composition), spatial inaccessibility (the location of SOM influences the access of
microbes and enzymes for decomposition) and interactions with surfaces and metal ions (the
chemical or physiochemical binding between soil minerals such as clay and SOM leads to greater
SOM stabilization) (Sollins et al., 1996; Six et al., 2002b; von Lutzow et al., 2006). The
mechanisms controlling stabilization of C within the soil are not well understood (von Lutzow et
al., 2006). The turnover of SOM and thus SOC depends upon the chemical quality of the C
compounds (labile or passive), climate and soil properties such as clay content, soil moisture, pH
and nutrient status (Trumbore, 1997; Jandl et al., 2007), and several of these factors can be
influenced by afforestation and subsequent forest management (Jandl et al., 2007).
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Peatlands are wetland ecosystems with large stores of SOC. This is due to the production of
organic matter exceeding the rate of decomposition (Bubier et al., 1995). This imbalance is caused
by the inactivity of phenol oxidase under anaerobic conditions which are created by a high water
table (Freeman et al., 2001). This leads to an accumulation of chemically labile organic matter
(Jandl et al., 2007). However, a lowering of the water table through land management changes (i.e.
drainage) can shift the catotelm of the peat from anaerobic to aerobic conditions, promoting the
decomposition of SOM (Jandl et al., 2007; Koehler, 2010).

2.4. Soil carbon change following afforestation and
controlling factors
It has been well established that the C stored within the biomass increases upon afforestation.
However, the impact on soil C stocks and the controlling factors are still uncertain. Afforestation
is the establishment of forest plantations that, until then, was not plantation forest, i.e. pastures,
cropland, rough grazing, scrub etc. The change in soil C following afforestation is controlled by a
number of factors, including: species planted, pre-afforestation land use, soil texture, soil pH,
forest age, site management, topography, cultivation method and climate (Thuille et al., 2000; Paul
et al., 2002; Jandl et al., 2007; Laganière et al., 2010). There have been a number of studies that
have been conducted around the globe assessing the change in soil C following afforestation and
the factors that control the change, with differing conclusions. Studies have found no change in
SOC stocks after afforestation (Davis et al., 2003; DeGryze et al., 2004; Smal and Olszewska,
2008; Peri et al., 2010), others found an increase in SOC stocks (Post and Kwon, 2000; Guo and
Gifford, 2002; Hooker and Compton, 2003; Morris et al., 2007; Black et al., 2009; Mao et al.,
2010) while some have found a decrease in SOC stocks (Parfitt et al., 1997; Alberti et al., 2008).
However, many studies have shown the same trend, a decline in SOC stocks after afforestation,
before reversing to increase with age potentially matching pre-afforestation levels and possibly
surpassing them (Romanyà et al., 2000; Paul et al., 2002; Turner et al., 2005; Zerva et al., 2005;
Huang et al., 2007; Hu et al., 2008; Laganière et al., 2010; Mao et al., 2010).
Soil cultivation methods are employed so as to provide more suitable soil conditions for the
establishment of trees, and have the potential to significantly influence the future development of
a stand (NFI, 2007b). Soil cultivation methods can improve planting conditions in a number of
ways; competition reduction, improved water infiltration, better drainage and reduction of soil
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strength so as to allow better root penetration (Turner and Lambert, 2000). The soil disturbance
also aims to release nutrients for uptake by the trees by enhancing decomposition of SOM
through changing the microclimate (Johansson, 1994). A number of different cultivation methods
are employed in Ireland for site preparation and they differ in the level of disturbance to the soil.
They range from a low disturbance method such as pit planting (use of hand digging with no
mechanical help), to medium disturbance methods such as mounding and agricultural ploughing
(mechanical site preparations which creates drains or holes, respectively, but leave large areas
undisturbed), and to high disturbance cultivation methods single mould ploughing (SMB) and
double mould board ploughing (DMB) (use of heavy machinery to prepare large areas of the
forested area) (NFI, 2007b). Soil disturbance during site preparation is designed to promote the
decomposition of organic matter so as to release nutrients for uptake into the trees, but it leads to
an increased loss of C from the soil. Johnson (1992) in a review of the effects of soil cultivation
on soil C stocks noted a net loss of soil C due to disturbance, with soil C loss increasing with the
intensity of soil disturbance (Örlander et al., 1996; Schmidt et al., 1996; Mallik and Hu, 1997;
Bock and Van Rees, 2002; Laganière et al., 2010). Soil disturbance can stimulate soil C loss
through a number of mechanisms; breaking soil aggregates that can increase the availability of
SOM to decomposition; can stimulate microbial activity through aeration and modification of soil
surface environment (temperature and water content); and through the mixing of fresh organic
material into the soil. (Örlander et al., 1996; Nouvellon et al., 2008). However, site cultivation also
promotes tree growth through increased nutrient availability, water infiltration and root
development (Jandl et al., 2007; Nouvellon et al., 2008). Over time this may lead to an increase in
the organic matter input to the soil from the larger NPP of the forest. It has been suggested that
the C sequestered into the larger tree biomass may outweigh the soil C lost from the soil due to
site cultivation (Jandl et al., 2007).
There is a decline in the input of organic matter from the trees to the soil following
afforestation. Young trees have a low net primary productivity (NPP) and so little organic
material enters the soil via the roots or litterfall. The decline in litter input following afforestation
varies, depending upon the NPP of the vegetation prior to afforestation and that of the forest
species planted.
As the forest ages, a number of factors lead to the soil switching from losing C to beginning to
gain C. The NPP of the forest increases with age, and over time the organic matter input into the
soil becomes greater than the decomposition of SOM and so the soils switch from losing C to
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begin to sequester C (Paul et al., 2002; Turner et al., 2005). The soil microclimate also changes as
the forest ages. As the forest canopy closes, the soil surface temperature and moisture content are
lower than the soils of grasslands and croplands due to shading and greater transpiration rate,
which may lead to a reduction in SOM decomposition rates (Paul et al., 2002; Laganière et al.,
2010).
Within forest soils it has been shown that there is an enhanced protection of SOC. Del Galdo
et al. (2003) found that following afforestation there was a greater stabilization of C that was
present in the soil prior to afforestation into more microaggregates (53–250 µ m) and silt & clay
(<53 µ m) and Six et al. (2002a) noted a greater amount of soil C in microaggregates and
microaggregates occluded within macroaggregates (250–2000 µ m). Not only was there an increase
in SOC following afforestation, but it also had a longer residence time.
The rate at which SOC will decline or increase following afforestation is controlled by a
number of other factors, along with NPP and soil disturbance, which will be discussed below.

2.4.1. Pre-afforestation land use
The pre-afforestation land use of a forest has a large effect upon SOC stocks following
afforestation (Paul et al., 2002). Laganière et al. (2010) reports that the previous land use explains
much of the variability in soil C change following afforestation of agricultural soils. In Ireland a
large proportion of recent afforestation was upon pasture and rough grazing land, this is because
farmers were encouraged to plant forest upon their land by grant incentives from the
government. Studies have shown that pastures and grasslands can store an equal amount or more
soil C than that of forests (Corre et al., 1999; Franzluebbers et al., 2000; Turner and Lambert,
2000; Garten Jr and Ashwood, 2002; Laclau, 2003). Guo and Gifford (2002) noted a loss of 10%
of SOC from conversion of pasture sites to plantation forest, which is also seen in Paul et al.
(2002). However, Laganière et al. (2010) recorded a small increase of 3% in pasture sites and 10%
in grasslands. There are a number of reasons that pasture sites can lose C following afforestation.
Herbaceous plants and trees have different biomass allocation strategies that affect the amount of
SOM that enters the soil in each ecosystem. In trees, a large proportion of the biomass is
concentrated in the trunk in the aboveground biomass, while herbaceous plants allocate most of
their biomass into the belowground biomass of the root system (Cerri et al., 1991; Kuzyakov and
Domanski, 2000; Bolinder et al., 2002). The tree root system lives longer than that of herbaceous
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plants, and so the annual turnover of organic matter into the soil from dying grass roots are larger
than that from the trees (Kuzyakov and Domanski, 2000; Guo and Gifford, 2002; Guo et al.,
2007). These two factors lead to the roots of the pasture and rough grazing sites having a greater
SOM input to the soil than the forest sites. Guo et al. (2007) reported a 20% reduction in soil C
stocks following afforestation of a native pasture (dominated by Themeda triandra) with Pinus
radiata in Australia and found that it was in at least part due to a 36% greater mass of fine roots in
the pasture that also had a shorter turnover time than those in the forest. The roots of the grass
provided 3.6 Mg C ha-1 year-1 to the soil annually, larger than the 2.7 Mg C ha-1 year-1 added by the
Pinus radiata roots. The productivity of the pre-afforestation land use can also affect the change in
soil C stocks following afforestation. Those sites with higher productivity lead to larger inputs of
SOM into the soil and thus C sequestered into the soil. This level of sequestration cannot be
matched by young trees and so it leads to a decrease in soil C. Sites with a lower productivity will
see a smaller decline in SOM inputs into the soil following afforestation (Lima et al., 2006; Scott
et al., 2006). The soils of pasture and rough grazing sites are often left undisturbed in Ireland,
except for trampling of the grazing cattle, sheep and horses which allows the soil to accumulate C
without any large losses. It has also been recorded that scrub sites lose soil C following
afforestation. Guo and Gifford (2002) recorded a 13% loss of soil C following afforestation of
non-plantation forest sites. This is likely due to the increased disturbance of the soil through
removal of the trees from the scrub site (deforestation) and subsequent afforestation.
Deforestation of a site can cause large soil disturbance and lead to a loss in soil C (Guo and
Gifford, 2002).

2.4.2. Climate
Climate plays a large role in the carbon stocks of soils. It has been shown in the literature that
soil C change following afforestation varies between climate zones. Laganière et al. (2010) noted
that the boreal zone sites decreased in soil C following afforestation, the SOC of temperate
continental, subtropical and tropical soils increased following afforestation, with the temperate
maritime zone showing the highest gains. The climate zones are based on Köppen’s classification
(McKnight and Hess, 2007; Laganière et al., 2010). The soils of boreal zones have the greatest
ability to store SOC as the low temperatures suppress decomposition, which is why the majority
of peatlands are found in the boreal zone. However, the low temperature also inhibits tree
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growth, leading to a low input of SOM into the soil (Ritter, 2007), possibly explaining the loss of
soil C seen in Laganière et al. (2010). Boreal forest soils have the greatest potential to sequester C,
but it may take a long time for it to happen (Ritter, 2007). The high precipitation and temperature
of the tropical regions stimulate tree growth, leading to a higher organic matter input into the soil,
however, these same conditions also increase SOM decomposition and so limit the capability of
tropical soils to sequester C (Paul et al., 2002; Lal, 2005). There is a higher NPP in temperate
forests than in the boreal zones due to the warmer temperatures, but not so high as to promote
rapid SOM decomposition, and so have the greatest ability to sequester C quickly into the soil
following afforestation.
Although there are higher SOC levels in high rainfall areas, it has been seen that sites with
higher rainfall lose more SOC than drier sites (Guo and Gifford, 2002; Jackson et al., 2002;
Kirschbaum et al., 2008). Guo and Gifford (2002) found that in afforestation of grasslands there
was little change for sites with an annual precipitation <1200 mm, and a significant loss of soil C
of 10-15% and 23% for sites with a precipitation of 1200-1500 mm and >1500 mm, respectively.
Guo and Gifford (2002) also noted that conversion of non-plantation forest to plantation forest
showed little change for sites with precipitation <1500 mm, while sites >1500 mm recorded a loss
of 56% from pre-afforestation levels. Kirschbaum et al. (2008), using the model CenW found that
in areas of high rainfall, larger amounts of nitrogen were leached from the soil, leading to a
decline in the soil C stocks, while the drier sites had little leaching of C and so did not lose as
much C from the soil. However, in China, Shi and Cui (2010) noted that all sites saw an increase
in soil C following afforestation despite the precipitation level. This highlights the need for more
detailed examination of precipitation levels in soil C change following afforestation.

2.4.3. Soil texture
The soil texture of a site can have a significant effect on the ability of a soil to sequester C
following afforestation; with fine textured soils (silt and clay) having a greater capacity to store C.
Laganière et al. (2010) recorded a significant increase in the amount of C sequestered into the soil
following afforestation with an increasing clay content. This result was also seen in Paul et al.
(2002). The adsorption of SOM on the mineral surface of clay and silt creates stable
organomineral complexes, which helps to stabilises the SOM from decomposition (von Lutzow
et al., 2006). The large surface areas of silt and clay (especially clay) provide a much greater
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reactive surface to form complexes with SOM (Sollins et al., 1996; Hassink, 1997; Torn et al.,
1997; Six et al., 2002b). The clay type can also impact the amount of C a soil can sequester. Clay
minerals with a higher cation exchange capacity (CEC) and large surface area such as vermiculite
have a greater potential to bind with SOM than clays with a lower CEC and smaller surface area
(Six et al., 2002b).

2.4.4. Soil pH
The soil pH can affect both the input of SOM in the soil, and also affect SOC accumulation
following afforestation. Low pH can inhibit the activities of soil micro-organisms that decompose
SOM and so can lead to the preservation of SOM inputs into the soil (Motavalli et al., 1995; van
Bergen et al., 1998; Andersson and Nilsson, 2001; Aciego Pietri and Brookes, 2008). However,
Laganière et al. (2010) found the opposite trend with an increasing SOC accumulation following
afforestation with increasing pH (<5 pH = 10%, 5-7 pH = 13%, >7 pH = 22%). However,
Laganière et al. (2010) also found that the soil pH had no significant effect on soil C stock
changes. Laganière et al. (2010) suggests that the SOC increase with pH may be due to low pH
soils retarding tree growth due to nutrient deficiencies, leading to a decline in the inputs of SOM
into the soil from trees compared to soils with a higher pH (Augusto et al., 2002; Laganière et al.,
2010). This highlights the need for more research to fully distinguish the effect pH on soil C
stocks following afforestation.

2.4.5. Tree species
Choice of tree species planted can have a large impact upon the change in soil C stocks
following afforestation (Guo and Gifford, 2002; Resh et al., 2002; Vesterdal et al., 2002; Paul et
al., 2003; Lemma et al., 2006; Laganière et al., 2010; Shi and Cui, 2010). Laganière et al. (2010)
found that the species planted plays a major role in the recovery of soil C, the second strongest
predictor behind previous land use. Broadleaf species sequestered significantly more C (25%
increase on pre-afforestation levels) than pine forests and conifer forests when planted on
agricultural land, which sequestered 12% and 2%, respectively. Shi and Cui (2010) in a review of
the effects of afforestation on soil C stocks in China, found that the average change in soil C in 040 cm of broadleaf (5.92 gCm-2 yr-1) and mixed forests (4.88 gCm-2 yr-1) were significantly larger
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than conifer forests (-0.90 gCm-2 yr-1), which lost C over time. Guo and Gifford (2002) in a metaanalysis of soil C under different land use conversions, found that afforestation with conifers of
both pasture and non-plantation forest sites saw a significant loss of soil C, while the broadleaf
forests saw a small loss. Broadleaf forests can sequester a greater amount of C into the soil as they
have a larger and deeper root system (Strong and La Roi, 1983) than conifer species, which are
shallow rooting (Jandl et al., 2007). The higher belowground biomass of the broadleaf forests
produce a larger SOM input into the soil than that of conifer species, leading to a greater effect
on soil C. The broadleaf species may also have a greater ability to sequester C in deeper soil
horizons due to the larger root biomass, which is important, as the turnover time and chemical
recalcitrance of SOM increases with depth of soil (Lorenz and Lal, 2005).
Tree species also affects the amount of C stored in the forest floor, which accumulates at
quicker rates than that of the soil (Vesterdal et al., 2002; Vesterdal et al., 2008). A number of
studies have shown that afforestation with conifer species has led to a decrease in soil C stocks
(Guo and Gifford, 2002; Markewitz et al., 2002; Guo et al., 2007; Laganière et al., 2010).
However, conifers sequester a greater amount of C into the forest floor than broadleaves
(Vesterdal and Raulund-Rasmussen, 1998; Vesterdal et al., 2008) due to the slower decomposition
of the conifer litter. It is important to assess the amount of C stored within the forest floor as
studies have found that when the forest floor C stocks are added to the soil C stocks the conifer
species switch from losing C to gaining C following afforestation (Paul et al., 2002; Laganière et
al., 2010) .

2.4.6. Plantation density
It is believed that the plantation density of a forest stand affects soil C stocks following
afforestation. Tree planting density will impact the soil microclimatic conditions (temperature,
moisture) as the higher density stands are likely to have a larger canopy cover, shading the soil and
lowering its temperature, and thereby suppressing SOM decomposition (Laganière et al., 2010).
The higher density of trees means that the total forest biomass is larger than low density stands,
and so leads to a larger litter input of organic matter into the soil from those stands. It is due to
this that Turner et al. (2005) recommend increasing the initial plantation density to promote C
sequestration into the soil. However, recent work has shown that the plantation density has no
impact on the soil C stocks. Laganière et al. (2010) found that both high and low density
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plantations increased SOC stocks after afforestation, and although Davis et al. (2007) found a
greater root density within the higher density stands; there was no change in the soil C between
the 3 stocking density sites. It is unclear as to why the literature shows no change in soil C
between different tree densities, and so more work must be done to assess why higher density
stands are not sequestering more soil C as would be expected.

2.4.7. Fertiliser and nitrogen fixers
The use of fertilisers or the planting of nitrogen (N) fixing trees can increase the C stored
within the soil. Fertilisation of nutrient poor sites can lead to an increase in the NPP of forests as
they may have previously been N-limited (Nohrstedt, 2001; Hoegberg et al., 2006). This leads to
an increase in organic matter input into the soil through rhizodeposition and litterfall. Studies
have also shown that fertilisation leads to a decrease in the C/N ratio of the litter material, which
decomposes quicker than without fertilisers (Parker et al., 2001). Although there is an increase in
the decomposition of fresh material, the increased N can also reduce decomposition of old litter
and recalcitrant SOM which could affect the long term store of soil C (Jandl et al., 2007). The
decreased decomposition of recalcitrant SOM has been observed under both fertilisation
experiments and in planting of N-fixing trees. Fertiliser and N-fixing species induced increases in
soil C may be due to a number of reasons. One possibility is increased decomposer efficiency due
to a shift in community to organisms that are more efficient decomposers, but that have a larger
N requirement such as the suppression of ligninolytic decomposers for increased cellulose
decomposers. A decrease in the growth rate of decomposers and an increase in the rate of
recalcitrant material formation has also been suggested as possible reasons for the increase in soil
C (Ågren et al., 2001; Resh et al., 2002; Franklin et al., 2003; Jandl et al., 2007).

2.4.8. Peatland afforestation
Prior to planting, drains are installed within peatlands to lower the watertable and improve
growing conditions. However, lowering of the watertable, from both the drainage and also
increased evapotranspiration from the forest as it grows, can impact the carbon stocks of a
peatland. The lowering of the watertable exposes the usually anoxic catotelm to oxygen. This
leads to the growth of microbial aerobic decomposers (Chmielewski, 1991; Byrne and Farrell,
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2005) which enhance the rate of organic matter decomposition and loss of carbon as CO2
(Lieffers, 1988; Bridgham et al., 1991) and leads to a decrease in carbon stocks (Braekke and
Finér, 1991; Sakovets and Germanova, 1992). However, as the forest ages there is an increase in
the vegetative input of carbon to the peat through roots, litterfall and forest harvest residues
(Anderson et al., 1992; Minkkinen and Laine, 1998; Reynolds, 2007) which can increase peat C
storage. These uncertainties highlight the need to sample peat properties to assess the current
carbon stocks of afforested peatlands.

2.5. Methodologies used to detect soil carbon change
Three types of study designs are used to measure changes in soil C following afforestation:
paired sites, chronosequence studies and retrospective/re-sampling design (Turner and Lambert,
2000; Laganière et al., 2010). The paired site method uses a comparison between a forest site and
an adjacent non-forest control site. The control site is selected so that all site characteristics are
the same i.e. soil type, elevation, slope, etc. The only difference between the sites is the current
land use. The land use of the non-forest site is the same as that of the forest site prior to
afforestation. The paired site method allows for the comparison of several variables (tree species,
soil properties, planting density, etc.) and abiotic factors (climate, topography, etc.) (Resh et al.,
2002; Zinn et al., 2002; Del Galdo et al., 2003; DeGryze et al., 2004; Pinno and Bélanger, 2008)
and is also simple and inexpensive to develop (Laganière et al., 2010). The limitations of this
method are that it only measures one point in time and that there are uncertainties in the site
characteristics that are assumed to be similar amongst sites (forest site and non-forest) (Laganière
et al., 2010).
The chronosequence method is an extension of the paired site method, and uses a combination
of paired forest sites with the same characteristics, differing only in age, so as to measure changes
in soil C over the age of the forest (Zou and Bashkin, 1998; Markewitz et al., 2002; Farley et al.,
2004; Wang et al., 2006; Black et al., 2009; Mao et al., 2010). A chronosequence can also have a
control site as in the paired site methodology. However, like the paired site methodology, the
chronosequence method is limited, in that the similarity in site characteristics is assumed. The
validity of a number of chronosequence studies have been called into question as the basic
premise of these chronosequences had not been validated (Johnson and Miyanishi, 2008). They
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suggest that chronosequence and paired site studies should attempt to validate the premise of
these sites (i.e. all sites have the same pre-afforestation land use) prior to sampling.
Retrospective/resampling design re-samples the same soil over a period of time (Binkley and
Resh, 1999; Jug et al., 1999; Richter et al., 1999). This is the least biased methodology as it
removes the error associated with differences between sites (Laganière et al., 2010). The one
limitation of the resampling design is that it measures changes in real time, and so it is difficult to
assess afforestation induced changes as forest rotation lengths in Ireland can be 40 to 100+ years.
Laganière et al. (2010) noted in a meta-analysis of soil C changes following afforestation of
agricultural land, that the paired site methodology was the most used method (65%) and the soil
C of the sites measured under the paired plot methodology increased by 8.8% on preafforestation values, the chronosequence sites increased by 2%, and the retrospective design sites
decreased by 3.6%. Laganière et al. (2010) suggests that the paired site methodology may be
overestimating the change in soil C by 12.4%. They state that this possible error may be due to
the sites not being validated for similar characteristics (soil type, elevation etc.), but the exact
reason was not well understood.
These methods can also be used to measure changes of other soil properties (soil N, P, pH, etc)
(Piccolo et al., 1994; Veldkamp et al., 1999; White et al., 2004; Banning et al., 2008; Uselman et al.,
2009), changes in soil fauna (Insam and Domsch, 1988; Allison et al., 2005; Shi et al., 2006),
ecosystem properties (Pare and Bergeron, 1995; Bond-Lamberty et al., 2004; Kashian et al., 2005;
Uselman et al., 2007) and can measure land use changes other than afforestation (Baer et al., 2002;
Breuer et al., 2006; Zavaleta and Kettley, 2006; Ostertag et al., 2008).
The variance of soil C stocks impacts the ability of a study to measure a statistically significant
change in soil C following afforestation. The variance of soil C stocks can be affected by a
number of factors that must be considered when designing the sampling methodology. Variance
and mean carbon content have been shown to be significantly and positively related (Conen et al.
2005). Conen et al (2005) show that due to higher variance with increasing SOC concentration,
the number of samples needed to detect a significant change can vary from 10 to several
thousands. This is especially a problem for peat soils in Ireland and so care must be taken in
development of the soil sampling protocols of peats. Soil disturbance (whether it is due to preplanting disturbance, windthrow, burning of harvesting material), spatial scale of sampling
(detection of changes over local, regional, national etc) time-scale of sampling (changes in SOCD
following afforestation can be seen within a few years, whereas effects of climate change can take
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decades) can also affect the variance of soil carbon stocks (Conen et al. 2005). The variance of
soil carbon stocks limits the ability of the paired site, chronosequence or resampling methods to
detect changes in soil C and so consideration of the number of samples to be taken, the number
of sites to be measured or the age of forest are of great importance in sampling strategy design.
However, these decisions are often decided upon an ad hoc basis (e.g. once every six months) or
determined by economic or time constraints (Smith et al., 2002; Smith, 2004). To help determine
the number of samples, number of sites and how long it will take to detect changes, papers have
been published to help improve studies by providing the sampling intensity required to measure
soil C change at both the local and national level (Garten and Wullschleger, 1999; Smith, 2004;
Saby et al., 2008).
The most commonly used method in determining soil C stocks is the volume-based method
which multiplies the SOC concentration (%) by bulk density (g cm-3) to a fixed depth. When
assessing the effects of land use or management changes on soil C, the volume-based method
assumes that bulk density is static through time (Markewitz et al., 2002; Sartori et al., 2007; Mao et
al., 2010). However, soil bulk density varies spatially and temporally (Amador et al., 2000; Gifford
and Roderick, 2003; Kulmatiski and Beard, 2004; Lee et al., 2009; Wuest, 2009). The volumebased method does not account for variations in soil mass and this introduces uncertainty in SOC
stock changes (Ellert and Bettany, 1995; Markewitz et al., 2002; Murty et al., 2002; Goidts et al.,
2009; Lee et al., 2009; Mao et al., 2010). The equivalent soil mass (ESM) correction was proposed
by Ellert and Bettany (1995) as a more reliable method to determine changes in soil C stock
changes and a number of studies have used it since (Ellert and Bettany, 1995; Carter et al., 1998;
Yang and Wander, 1999; Gifford and Roderick, 2003; VandenBygaart, 2006; VandenBygaart and
Angers, 2006; Lee et al., 2009; Wuest, 2009; Mao et al., 2010). The ESM is defined as the
reference soil mass per unit area chosen in a layer and the equivalent C mass (ECM) is the C
stored in an ESM (Ellert et al., 2001; Mao et al., 2010).

2.6. National forest inventory (NFI)
In November 2004, the National Forest Inventory (NFI) began collecting data on the current
extent and state of Irish forests (NFI, 2007c). The NFI sampled forest plots across the country
that were selected from a randomised systematic grid sample design. After a pilot study in Co.
Wexford, a grid density of 2 x 2 km grid was placed over the total land base of Ireland (6,976,100

18

Chapter 2

ha). Aerial photos were used to determine whether the land use was forest or non-forest, and
areas that were found to be forest became the focus of the field survey. Permanent inventory
plots were established at random locations within 100 m of the 2 km by 2 km grid intersections
(NFI, 2007c). Data on the forest was collected within each plot, a circle with a radius of 12.62 m.
A total of 1,742 forest plots were measured for a number of forest characteristics, such as; forest
management, including forest ownership and forest type; forest structure; forest diversity
including species composition; production; damage; deadwood; regeneration, and site
characteristics including altitude, slope and soil type (NFI, 2007b). Data collection for the NFI
was completed in November, 2006 and the data was published in June, 2007 (NFI, 2007a; 2007c).
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3. Materials and methods.

3.1. Paired plot methodology
3.1.1. Site selection
The sites for the paired site study (Chapter 4) were selected from the NFI database (NFI,
2007a). The NFI database includes a large amount of sites that are unsuitable for this study and
so the 1,742 forest plots were filtered for suitability. The database was screened so that sites that
were inaccessible (those sites that were physically inaccessible by foot) and non-afforested were
removed. Reforested and non-plantation forestry sites were not sampled because the focus of this
study is afforested sites, as this represents the major land use change in the last few decades and
for decades to come (Department of Agriculture, 1996). The database was further screened for
age so that those sites that were under 15 years of age were removed. One of the initial aims of
the study was to attempt to find the point where the soil organic carbon density (SOCD) matches
pre-afforestation levels and begin to increase upon them. Fifteen years was chosen in consultation
with other scientists as studies had shown that the soil C of forest sites reached pre-afforestation
levels at around 20 years (Davis and Condron, 2002). The database was also screened to exclude
soil types that represent less than 1% of the total forest area (fen peat, regosols, lithosols and
rendzinas) as they could not provide a suitable sampling size.
From the screened database the sites were categorized by soil type (brown earth, gley, brown
podzolic and podzol) and forest type (conifer, broadleaf and mixed). Conifer and broadleaf
forests were defined as such when the dominant forest type represented greater than 81% of the
canopy cover, while the mixed forests were a combination of both conifer and broadleaf species
where the smallest one makes up at least 20% of the canopy cover (NFI, 2007b). It was from
these groupings that the final sites were selected. If a grouping had less than 6 sites it was rejected
as the small number of sites did not allow for an appropriate sample size. From these groups, 6
sites were randomly selected for sampling, the remaining sites were set aside as backups if
necessary. It was at this point that the sites were split between this study, ForestC and a
companion project, CARBiFOR II, based in University College Dublin. The sites that were in the
northern counties of Ireland (Dublin, Sligo, Donegal etc) were sampled by the CARBiFOR II
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project team and the sites in the southern counties (Cork, Tipperary, Kerry etc.) were sampled by
the ForestC project team. Each group sampled 21 sites, with the ForestC sites presented in table
4.1.
The paired site method was used to determine the impact of afforestation on soil organic carbon
density and a number of techniques were used to try and identify the pre-afforestation land use.
The first was to interview the forest manager or owner. This was the most effective method as
some were involved in the planting of the site, especially private owners, and so had extensive
knowledge, or was in possession of records of the land use prior to planting. However, this was
not always satisfactory, and other methods were used. An additional technique was to interview
local people in the area to identify local knowledge regarding the previous land use. Another
technique was to use maps from 1900 to identify the previous land use. The 1900 maps were not
used as stand-alone evidence but used to back up information from the other methods of inquiry
described above.
Once the pre-afforestation land use had been determined, a suitable site was selected from the
local area for sampling. The non-forested site was selected so that it had the same land use as the
forest prior to afforestation, the same soil type, slope, an elevation within 20 meters (Eaton, J,
personal communication), and a distance within 1.5 kilometres of the forest. Not all selected
forest sites were suitable for sampling for a number of reasons. The most common problems
were that the sites had been harvested since they were sampled by the NFI or there may not have
been an appropriate site in the area to represent the pre-afforestation land use. These sites were
removed from the database and were replaced by randomly chosen sites from the list of backup
sites.

3.1.2. Field sampling
Sampling of the paired plot sites took place between October 2007 and May 2009, and the
sampling design was adapted from Davis et al. (2004). At both the forest and non-forest sites a 20
m x 20 m square was setup and divided into four, 10 m x 10 m quadrants. The soil at each site
was sampled to a depth of 30 cm. Within each quadrant at a preselected random point a soil pit
was dug for soil classification and bulk density sampling. Bulk density samples were taken at
depths of 0-5, 5-10, 15-20 and 25-30 cm using stainless steel bulk density rings (Eijkenkamp
Agrisearch Equipment BV, Netherlands) of 8 cm diameter by 5 cm height. Around the pit, 8

21

Chapter 3

holes were sampled, to be analyzed for soil organic carbon (SOC, %), using a soil auger
(Eijkenkamp Agrisearch Equipment BV, Netherlands), to the depths of 0-10, 10-20 and 20-30
cm. The forest floor was sampled at the forest sites and the scrub non-forest sites, however, the
organic layer of the rough grazing and pasture non-forest sites were not sampled. At three points
within each quadrant, the forest floor was sampled from 0.1 m2 square plots. Each forest floor
sample was separated into 3 separate samples, fine woody debris (material with a diameter
>2.5cm and <7.5 cm), litter (non decomposed material of diameter <2.5 cm), and F/H layer
(decomposed material that has not mixed with the soil).
To summarise, at each of the 21 sites we obtained for both the forest and paired site: (1) 32
samples for SOC at depths of 0-10, 10-20 and 20-30 cm using the soil auger: (2) 4 samples of bulk
density at depths 0-5, 5-10, 15-20 and 25-30 cm using the stainless steel rings: (3) and 12 samples
of the forest floor. The distribution of samples within the 20 m by 20 m plot can be seen in
Figure 3.1.

Figure 3.1. The sampling distribution within the 20 m x 20 m plot used at each forest and nonforest site.
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3.1.3. Sample analysis
All soil and forest floor samples were stored at 4 OC before being dried at 55 OC (a low
temperature was used so as to prevent the combustion of organic matter from the soil samples)
until a constant dry weight was achieved. The augured soil samples were sieved to <2 mm (the 8
soil samples were bulked by depth within each quadrant by equal volume). All soil samples were
tested for the presence of carbonates. Any samples that tested positive for carbonates were
treated with sulphurous acid to remove the carbonates (Nelson and Sommers 1996). The soils of
sites CBE1, CG4, MBE1 and MBE2 were treated for carbonates. The forest floor samples were
bulked for each forest floor type within each quadrant by equal volume. The bulked soil samples
and bulked forest floor samples were ground to a fine powder before combustion in a C/N
analyser (Elementar - Vario Max CN) to determine the C content (%).
The texture of the mineral soil was analysed within the paired plot study within 2 randomly
chosen quadrants for each depth using the hydrometer method, ASTM D422, 2002 and measured
for pH using 1:1 soil to water using a LabFit AS-3000 pH analyser (McLean, 1982).
The bulk density samples were sieved to 2 mm and were calculated using equation (3.1):

rd =

MA
SV - CFV

(3.1)

where r d = bulk density (g cm-3); MA = mass of dry sample <2 mm (g); SV = sampler volume
(cm3); CFV = >2 mm coarse fraction volume (cm3)
The bulk density samples were converted to 10 cm depths to match the SOC data. The soil mass
was calculated using equation (3.2).

Mi = rdi ´ h ´ 10 4

(3.2)

where Mi = dry soil mass (Mg ha-1) at the ith depth (i =1,2,3 corresponding to the 0-10, 10-20 and
20-30cm depths); h = depth of soil layer (m); 104 = unit conversion factor (m2 ha-1).
The soil organic carbon density of the soil to a fixed depth (volume-based method) was calculated
using equation (3.3).
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Ci , vol = conci ´ Mi

(3.3)

where C i,vol = soil organic carbon density, volume based method (Mg C ha-1); conci = SOC (%)
The equivalent soil mass method uses the soil mass of each soil layer sampled at the non-forest
site as the ESM for the comparative forest soil layer, using equation (3.4), the equivalent carbon
mass can be calculated using equation (3.5) (Lee et al., 2009).
Mi , add = Mi , equiv - Mi

(3.4)

Ci , esm = Ci , vol - conci + 1 ´ Mi - 1, add + conci - 1 ´ (Mi, add - Mi - 1, add)

(3.5)

where C i,esm = the soil organic carbon density, equivalent soil mass method (SOCDesm, Mg C ha); Mi,e quiv = non-forest soil mass (Mg ha-1); Mi- 1,add and Mi,add = the additional soil masses that are

1

used to estimate the ESM (Mg ha-1); conci -1 and conci -1 = SOC concentration (%) for the additional
soil mass determined by the location of soil mass used for the corrections between the soil layers
at each sampling time. For more information on the ESM method see Ellert and Bettany (1995),
Ellert et al. (2001) and Lee et al. (2009).
The soil organic carbon density (0-30 cm) of the forest sites were calculated using equation (3.6)
and the soil organic carbon density (0-30 cm) of the non-forests sites were calculated using (3.7).

åC
= åC

Ctot =

i , esm

(3.6)

Ctot

i , vol

(3.7)

where C tot = soil organic carbon density using either the volume based method or equivalent soil
mass method.
The forest floor carbon density was calculated using equation (3.8).
C ff = FF ´ FFC

(3.8)

where Cff = forest floor carbon density (FFCD, Mg C ha-1), FF = forest floor mass (Mg ha-1), FFC
= forest floor carbon concentration (%).
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A collection of the terms, symbols, abbreviation and units that are referred to throughout the
study is presented in table 3.1.
Table 3.1. Collection of the terms, symbols, abbreviations and units used throughout this study.
Quantity
Symbol Abbreviation
Soil Organic Carbon
conci
SOC
rd
Bulk Density
BD
Dry soil mass
Mi
M
Depth of Soil
h
DS
Soil Organic Carbon Density (volume based method)
Ci,vol
SOCDvol
Soil Organic Carbon Density (equivalent soil mass method)
Ci,esm
SOCDesm
Soil Organic Carbon Density (either Equivalent Soil Mass
Method or volume based method)
Ctot
SOCD
Forest Floor Mass
FF
FFM
Forest Floor Carbon Concentration
FFC
FFCC
Forest Floor Carbon Density
Cff
FFCD
Stocking Density
ST
STDE
Diameter at Breast Height
d
DBH
Stem and Branch Biomass
S
SB
Leaf Biomass
L
LB
Root Biomass
R
RB
Aboveground Biomass Carbon Density
Ca
AGCD
Belowground Biomass Carbon Density
Cw
BGCD
Biomass Carbon Density
Cb
BCD
Ecosystem Carbon Density
Ce
ECD
i = ith depth (i =1,2,3 corresponding to the 0-10, 10-20, 20-30 and 0-30 cm soil depths)

Units
%
g cm-3
Mg ha-1
cm
Mg C ha-1
Mg C ha-1
Mg C ha-1
Mg ha-1
%
Mg C ha-1
stem ha-1
Cm
kg
kg
kg
Mg C ha-1
Mg C ha-1
Mg C ha-1
Mg C ha-1

3.2. Peatland methodology

3.2.1. Site selection
The peatland sites were randomly chosen from the filtered NFI list used to select the paired plot
sites (Chapter 3.1.1.). Peat soils were defined as having a peat depth greater than 30 cm and
having a soil organic matter content greater than 30% (Hammond, 1981). Twenty-four sites were
selected randomly from the groups which included conifer raised bog, conifer high level blanket
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bog and low level blanket bog (Table 5.1). A number of sites were inappropriate for sampling due
to being harvested or not meeting the definition of peat, and so these sites were replaced with
sites from the back up list. These sites were again split up and sampled by ForestC (14 sites) and
CARBiFOR II (10 sites). The peat sites were not sampled with the paired plot methodology due
to the large variation of soil organic carbon density within each site, which would mask any
changes in the soil organic carbon density following afforestation.

3.2.2. Field sampling
The sampling design was adapted from Davis et al. (2004). Each NFI site was located using
GPS (GPS 60 Garmin, USA). At each site a 20 m by 20 m square plot was set out, and then
partitioned into four 10 m by 10 m quadrants. Within each quadrant, 4 points were randomly
selected and the soil sampled using a Russian peat corer (Eijkenkamp Agrisearch Equipment BV,
Netherlands) with a volume of 500 cm3 for bulk density (g cm-3) and SOC (%). The peat was
sampled over its full depth from the peat surface vertically down the profile in increments of 50
cm. A second sample (50 to 100 cm) was taken at a point 10 cm west of the first sampling point
to avoid the effects of compaction from the previously extracted sample and a third sample (100
to 150 cm) was taken 10 cm away from the second sampling point, while the fourth (150 to 200
cm) reverted back to the original sampling point and so on. When the bottom of the peat was
reached, indicated by the presence of a mineral layer or the presence of impenetrable rock, the
final depth was recorded and the sample taken. If a sample was seen to contain a peat pipe or
cavity, its depth was recorded with the sample ID. Each sample was placed into a labeled, sealable
polythene bag in the field. At sites RB1-5, HLB1-4 and LLB1-5 around each sampling point, 4
additional points were used to determine the peat depth using the Russian peat corer. Each point
was located 50 cm north, south, east or west of the initial sampling point. This was repeated for
each of the 4 random points within the 4 quadrants of the site.
There were limitations to sampling using the Russian peat corer in the top layer due to the
inability of the corer to cut through the roots of the ground cover vegetation, usually most
prominent in the top 20 cm. To compensate for this, a random point was chosen within each 10
m by 10 m quadrant where a hole was dug and samples were taken using stainless steel bulk
density rings (Eijkenkamp Agrisearch Equipment BV, Netherlands) of 8 cm diameter by 5 cm
height. Samples were taken with the rings to replace those that the Russian peat corer could not
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take reliably. If the Russian corer could not reliably sample 0–30 cm, we used the rings to sample
at depths: 0-5 cm; 5-10 cm; 15-20 cm; and 25-30 cm (5 cm gaps were placed between samples
after 10 cm to avoid the effects of compaction from previous samples).
To summarise, at each of the 24 sites we obtained: (1) 16 peat profiles using the Russian peat
corer for bulk density and SOC laboratory measurements; (2) four surface profiles (typically 0-30
cm) using stainless steel rings for bulk density and SOC: and (3) 80 individual estimates of peat
depth, using the Russian auger at sites RB1-5, HLB1-4, LLB1-5, and 16 individual estimates of
peat depth at sites RB6-11, HLB5-6 and LLB6-7. The distribution of samples within the 20 m x
20 m plot can be seen in Figure 3.2.

Figure 3.2. The sampling distribution within the 20 m x 20 m plot used at each peatland site.

3.2.3. Sample analysis
The peat samples were analysed in the same way for soil organic carbon content as the mineral
soil in chapter 3.1.3. Equations 3.1 and 3.3 were used to calculate the bulk density and soil organic
carbon density of each depth. While equation 3.6 was used to calculate the total soil organic
carbon density of the peat soil over the total depth.
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3.3. Ash chronosequence methodology

3.3.1. Site selection
Sites for the chronosequence study were found upon consultation with colleagues and relevant
forest managers. The sites, G0 (grassland site representative of the pre-afforestation land use) and
F12 (12 year old ash stand) were located on private land within Co. Offaly, Ireland, while sites
F20, F27, F40 and F47 (20, 27, 40 and 47 year old ash stands respectively) are located within the
Coillte Teoranta owned state forest of Castlemorris in Co. Kilkenny, Ireland. The
chronosequence technique used in this study allows for the integration of independent forest
stands with different ages, into one unit, substituting space for time. The stands are as close to
identical in all aspects other than stand age (Taylor et al., 2007; Hedde et al., 2008; Black et al.,
2009; Tang et al., 2009).

3.3.2. Field sampling
The soil and forest floor of each chronosequence site was sampled using the same methodology
as that of the paired plot study (Chapter 3.1.2.). The methodology used to measure the above
ground biomass of the sites was adapted from the NFI Protocol (NFI, 2007b) and was nondestructive. Three random points were chosen within each forest site and a circular plot of 500
m2 (25.24 m diameter) was set up with random points as plot centers. The diameter at breast
height (DBH, cm, at 1.3 m) was recorded for each tree that had a DBH greater than 7 cm within
each plot. Sites F40 and F47 were smaller than the other ash stands (<1500 m2) and so the third
plot was set to an area of 250 m2.
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3.3.3. Sample analysis
The soil of each chronosequence site was analysed for soil organic carbon concentration and
soil texture using the same methodology as that of the paired plot study (Chapter 3.1.3.). Sites G0
and F40 were found to have carbonates present. Equation 3.1 was used to calculate the soil bulk
density. Equation 3.3 was used to measure the SOCD of each soil depth of the grassland site
using the volume-based method and equation 3.5 was used to calculate the SOCD of each soil
depth for each forest site using the equivalent soil mass method. The SOCD (0-30 cm) of the
forest sites were calculated using equation (3.6) and the SOCD of the grassland site was calculated
using equation (3.7). The forest floor samples were dried at 55 OC to achieve a constant dry
weight. The stem and branch biomass was calculated from an allometric equation (3.9) of ash
trees within England (Bunce, 1968).
ln(S) = -2.4598 + 2.4882ln(d)

(3.9)

where S = stem and branch biomass (kg); d = DBH (cm)
The leaf biomass data were calculated from equation (3.10) of ash trees from an Italian study
(Alberti et al., 2005).

L = 0.003d 2.31

(3.10)

where L = leaf biomass (kg); d = DBH (cm)
The root biomass was calculated from equation (3.11) (Cairns et al., 1997).
R = 0.26b

(3.11)

where R = root biomass (kg), b = aboveground biomass (kg).
The biomass and forest floor mass values were multiplied by 0.5 to estimate the mass of C (IPCC,
1997). The forest floor carbon density was calculated using equation (3.12).

C ff = 0.5 FF

(3.12)
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where Cff = forest floor carbon density (FFCD, Mg C ha-1), FF = forest floor mass (Mg ha-1).
The carbon density of the above-ground biomass was calculated using equation (3.13).
Ca = ( S ´ ST + L ´ ST ) ´ 0.5 ´ 10-3

(3.13)

where Ca = aboveground biomass carbon density (AGCD, Mg C ha-1), ST = stocking density
(stem ha-1), 10-3 is a conversion factor.
The carbon density of the below-ground biomass was calculated using equation (3.14).
Cw = 0.26Ca

(3.14)

where Cw = belowground biomass carbon density (BGCD, Mg C ha ).
-1

The carbon density of the biomass was calculated using equation (3.15).
Cb = Ca + Cw

(3.15)

where Cb = biomass carbon density (BCD, Mg C ha-1),
The carbon density of the ecosystem was calculated using equation (3.16).
Ce = Cb + Cff + Ctot

(3.16)

where Ce = ecosystem carbon density (Mg C ha-1).
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4.1. Abstract
Ireland has implemented a large afforestation program in recent decades, with much of this
taking place since the mid 1980s. This presents Ireland with the opportunity to offset carbon
emissions through carbon sequestration in forests, as the latter are known to sequester a large
amount of carbon into the tree biomass. However, the effects of afforestation on soil carbon in
the Irish humid temperate climate are not well understood. In this study we use the paired-plot
methodology (Davis and Condron, 2002) to assess the impact of afforestation on the soil organic
carbon density (SOCD) of 21 pairs of sites across Ireland. We focussed on the SOCD change
between adjacent forested and non forested sites, considering the seven variables: forest type; preafforestation land use; soil texture; soil pH; soil cultivation disturbance; precipitation; and forest
age. Excluding the forest floor carbon density, we found that afforestation of Irish soils to a
depth of 0-30 cm resulted in a small, but not significant, loss of SOCD from the soil. However,
when the forest floor carbon density was added to the SOCD, we found that conifer afforestation
led to a small, but not significant, increase in ecosystem carbon density. We found that to
sequester C into the soil, broadleaf species are better than coniferous. Furthermore, the loss of
SOCD was minimised in afforestation on rough grazing sites or on soils with low pH. However,
the low number of sites within the study is a source of uncertainty and more work must be done
to assess SOCD change before any firm conclusions can be made. This work provides baseline
data and future work estimating SOCD changes due to land use or management changes should
use the equivalent soil mass (ESM) correction method instead of the volume based method. The
latter can over- or underestimate SOCD change due to variability in soil bulk density between
sites. The large afforestation programmes to be implemented in Ireland in the next decade
provides an opportunity to greatly improve estimates of Irish SOCD change. We suggest
implementing a large number of resampling studies, measuring the change in SOCD following
afforestation for a number of factors for a number of years.

4.2. Introduction
At the beginning of the twentieth century forests covered only 1% of the total Irish land area
(Pilcher and Mac an tSaoir, 1995). However, due to the efforts of successive governments there
has been rapid afforestation since the 1960s resulting in a 10.0% forest land cover as of 2007
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(NFI, 2007a). A large proportion of this afforestation took place after the mid-1980s, encouraged
by government grant incentives targeted at private landowners. Consequently, 63% of Irish
forests are less than 20 years old (NFI, 2007a), providing Ireland the opportunity to contribute to
meeting its international obligations set forth by the United Nations Framework Convention on
Climate Change (UNFCCC, 1992). These obligations include the limitation of greenhouse gas
emissions to 13% above 1990 levels. In order to promote accountability for these commitments,
the UNFCCC treaty and the Kyoto Protocol (Kyoto Protocol, 1997) mandate signatories to
publish greenhouse gas (GHG) emissions inventories for both greenhouse gas sources and sinks.
Article 3.3 of the Kyoto Protocol allows changes in carbon (C) stocks due to afforestation,
reforestation, and deforestation since 1990 to be used to offset inventory emissions. Therefore,
due to the rapid rate of afforestation and the increased ecosystem (biomass, forest floor and soil)
carbon sequestration since 1990, Ireland’s recent afforestation programme has the potential to
significantly offset some of its GHG emissions.
It is well established that there is a large increase in the carbon stored in the biomass following
afforestation (Morris et al., 2007; Black et al., 2009; Mendoza-Ponce and Galicia, 2010), but the
effects on soil organic carbon (SOC) are still uncertain (Kirschbaum et al., 2008). Soils contain
approximately two-thirds of the C stored within forest ecosystems (Dixon et al., 1994). The
residence time of stable fractions of SOC can be > 1000 years (von Lutzow et al., 2006) making it
a much more stable sink than living plant biomass (Laganière et al., 2010). In addition to being
able to estimate the carbon in tree biomass, it is therefore vital to measure the change in SOC
stocks following afforestation, and to determine the mechanisms involved in controlling SOC
dynamics.
Soil C stocks are determined by the balance between the inputs of C through litterfall and
rhizodeposition and the loss of C mainly through soil organic matter (SOM) decomposition
(Jandl et al., 2007). The change in soil C following afforestation is controlled by a number of
factors, including: previous land use (grasslands, cropland, etc); tree species; soil cultivation
method; soil properties (clay content, pH); stand age; site management; topography and climate
(Guo and Gifford, 2002; Paul et al., 2002; Jandl et al., 2007; Laganière et al., 2010). A number of
studies have been conducted to investigate afforestation induced SOC changes with different
conclusions. Some studies have found no change in SOC stocks after afforestation (Bashkin and
Binkley, 1998; Chen et al., 2000; Davis, 2001; Davis et al., 2003; DeGryze et al., 2004; Davis et al.,
2007; Smal and Olszewska, 2008; Peri et al., 2010). Others have found an increase in SOC stocks
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(Post and Kwon, 2000; Guo and Gifford, 2002; Del Galdo et al., 2003; Hooker and Compton,
2003; Grünzweig et al., 2007; Morris et al., 2007; Black et al., 2009; Mao et al., 2010) while some
have found a decrease in SOC stocks (Parfitt et al., 1997; Perrott et al., 1999; Ross et al., 1999;
Chen et al., 2004; Farley et al., 2004; Alberti et al., 2008; Wellock et al., 2011a). However, several
studies have shown a similar trend where initially there is a reduction in SOC stocks as the
decomposition of soil organic matter is greater than the input of organic matter from the trees.
Over time the soil organic matter input increases with the productivity of the forest stands and
the soils switch from being a C source to a C sink. This can lead to an eventual recovery of soil C
to the pre-afforestation levels and in some situations surpass them (Romanyà et al., 2000; Davis
and Condron, 2002; Paul et al., 2002; Turner et al., 2005; Zerva et al., 2005; Wang et al., 2006;
Huang et al., 2007; Ritter, 2007; Hu et al., 2008; Laganière et al., 2010; Mao et al., 2010).
A number of reviews have been conducted to examine the effects of afforestation on soil C
stocks globally (Guo and Gifford, 2002; Paul et al., 2002; Laganière et al., 2010) and for specific
countries (Davis and Condron, 2002). The latter, in a review of paired plot (adjacent plots on
same soils, one afforested, and one as original land use) studies of coniferous forestry in New
Zealand found an initial loss of soil C, before recovery to pre-afforestation levels after 20 years.
Guo and Gifford (2002) in a meta-analysis of different land use changes on soil C reported a 10%
decline in SOC with afforestation of pasture land and a 13% reduction from conversion of native
forest to plantation forestry. It was found that when pasture and native forests were afforested
with broadleaf, there was little change; however, there was a significant loss in soil C following
afforestation with pine (Guo and Gifford, 2002). Paul et al. (2002), in a review of 43 afforestation
studies found the key factors in order of importance to be: previous land use; climate; and the
type of forest. Laganière et al. (2010) published a meta-analysis (synthesised from 33 publications)
of the impacts of afforestation on the soil C stocks of agricultural land. They found that the main
factors effecting soil C change to be, in order of importance: previous land use; tree species; soil
clay content; pre-planting disturbance; and to a lesser extent, climatic zone.
Two studies have examined the impact of afforestation on the C stocks of mineral soils in
Ireland, with different conclusions. Black et al. (2009) analysed a chronosequence of Sitka spruce
stands on surface-water gley soils in Co. Wicklow, and found an increase in soil C stocks from the
pre-afforestation grassland site to the 9 year old spruce site, and further increases with stand age.
Wellock et al. (2011a) in an ash forest chronosequence located on brown earth soils in the Irish
midlands, observed a continuous decline in SOCD from the pre-afforestation grassland sites with
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stand age up to the 27 year old stand. Thereafter, the SOCD began to increase. Although the soil
begins to sequester C (after age 27), it did not accrue C as quickly, as it was initially released from
the soil, with the result that the SOCD of the 47 year old ash forest were only 79% of preafforestation grassland levels. The differing conclusions of these two Irish studies show that there
is still not a consensus on the impacts of afforestation on Irish soil C stocks and the controlling
factors, suggesting that further research is required.
The most commonly used method to determine SOCD is the volume-based method which
multiplies the SOC concentration (%) by bulk density (g cm-3) to a fixed depth. The volumebased method in assessing the effects of land use change on SOCD assumes that soil bulk density
is static through time (Markewitz et al., 2002; Sartori et al., 2007; Mao et al., 2010). However, soil
bulk density does vary spatially and temporally (Amador et al., 2000; Gifford and Roderick, 2003;
Kulmatiski and Beard, 2004; Lee et al., 2009; Wuest, 2009). The volume-based method does not
account for variations in soil mass and this introduces uncertainty in SOCD changes (Ellert and
Bettany, 1995; Markewitz et al., 2002; Murty et al., 2002; Lee et al., 2009; Mao et al., 2010). The
equivalent soil mass (ESM) correction was proposed by Ellert and Bettany (1995) as a more
reliable method to determine changes in SOCD due to changes in land use or management
practices and a number of studies have used it since (Ellert and Bettany, 1995; Yang and Wander,
1999; Gifford and Roderick, 2003; VandenBygaart, 2006; VandenBygaart and Angers, 2006; Lee
et al., 2009; Wuest, 2009; Mao et al., 2010). The ESM is defined as the reference soil mass per unit
area chosen in a layer and the equivalent C mass (ECM) is the C stored in an ESM (Ellert et al.,
2001; Mao et al., 2010).
The objectives of this paired plot study were: (1) to quantify the forest floor carbon density and
soil organic carbon density (0-30 cm depth) of 21 forest sites and their 21 adjacent non-forest site
on same soils; and (2) to assess the impacts of afforestation on SOCD using the paired site
method.
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4.3. Materials and methods

4.3.1. Site Selection
The forest sites were selected from stands surveyed for the Irish National Forest Inventory
(NFI) which systematically sampled 1,742 forest plots across the Republic of Ireland (NFI,
2007b). We filtered the NFI database and rejected those sites that were inaccessible, reforested,
and younger than 15 years or had soil types that were representative of less than 1% of Irish
forest soils (regosols, lithosols and rendzinas). All sites with peat soils were removed from this
study and were sampled separately from the mineral soils and are presented in Chapter 5,
(Wellock et al. 2011b). The remaining 98 sites were sorted into 3 forest categories: conifer,
broadleaf and mixed. These sites were then further sub-divided by soil type; brown earth, gley,
podzol and brown podzolic. Those categories with 6 or more sites were then selected. From
those categories sites were randomly chosen from each group (of soil type and forest type) for
sampling. Any sites left over, were retained as replacement sites. To assess the impact of
afforestation, all the selected 21 forest sites were paired with an adjacent non-forest site that had
the same current land use as the forest site had prior to afforestation. The non-forest site was
selected so that it had the same attributes (relief, aspect, elevation, soil type etc) as the forest site,
with the only difference being the current land use. The details and locations of sites are shown in
Table 4.1 and Figure 4.1.
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Table 4.1. Characteristics of each site; F, forest site; NF, non-forest site; DMB, double mould board ploughing; SMB, single mould board ploughing;
plough, agricultural ploughing. Pit planting, planting of trees into a pit opened with a spade, no mechanical site preparation is used.
Site
BLBE1
BLBE2
BLBE3
CBE1
CBE2
CBE3
CG1
CG2
CG3
CG4
CP1
CP2
CP3
CP4
CBP1
CBP2
MBE1
MBE2
MBE3
MG1
MG2

Forest
Type
Broadleaf
Broadleaf
Broadleaf
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Conifer
Mixed
Mixed
Mixed
Mixed
Mixed

Soil Type
Brown Earth
Brown Earth
Brown Earth
Brown Earth
Brown Earth
Brown Earth
Gley
Gley
Gley
Gley
Podzol
Podzol
Podzol
Podzol
Brown Podzolic
Brown Podzolic
Brown Earth
Brown Earth
Brown Earth
Gley
Gley

Previous Land
Use
Pasture
Pasture
Pasture
Pasture
Pasture
Scrub
Rough Grazing
Scrub
Rough Grazing
Rough Grazing
Rough Grazing
Rough Grazing
Rough Grazing
Rough Grazing
Rough Grazing
Pasture
Pasture
Pasture
Pasture
Scrub
Rough Grazing

Elevation
(F/NF) (m)
97/97
108/108
44/38
170/169
188/185
120/100
199/207
317/311
178/180
109/108
212/192
326/325
235/240
255/279
293/307
314/304
55/55
117/104
100/108
53/46
60/57
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Site
Preparation
Pit Planting
Plough
DMB
Mounding
Pit Planting
Pit Planting
Mounding
Plough
SMB
DMB
Mounding
DMB
Pit Planting
Plough
Pit Planting
Pit Planting
Pit Planting
Pit Planting
SMB
Plough
Mounding

Precipitation
(mm yr-1)
911.9
992.7
1198
1083.5
1154.7
1246.6
883.5
1073.7
1409.9
1213.3
1183.5
1555.1
1154.7
1008.2
1307.7
996.8
964.4
785.7
1038.3
1084.8
2301.9

Forest Age
(years)
42
20
17
19
34
42
17
33
29
22
18
41
68
22
68
22
67
51
33
37
17

Georeference
Position
52° 54' N, 7° 22' S
52° 15' N, 8° 33' S
52° 46' N, 8° 25' S
53° 9' N, 8° 32' S
52° 57' N, 6° 37' S
52° 24' N, 7° 33' S
52° 52' N, 7° 11' S
52° 50' N, 8° 30' S
52° 10' N, 7° 47' S
53° 47' N, 8° 23' S
52° 44' N, 8° 19' S
52° 1' N, 8° 59' S
52° 15' N, 7° 56' S
52° 16' N, 8° 31' S
53° 3' N, 7° 38' S
52° 43' N, 7° 8' S
53° 35' N, 8° 12' S
53° 0' N, 7° 6' S
52° 30' N, 7° 1' S
52° 48' N, 8° 46' S
51° 54' N, 9° 23' S

Figure 4.1. Locations of all 21 sites within Ireland arranged by forest type and soil type. MG,
mixed forest gley soil; MBE, mixed forest brown earth soil; CP, conifer forest podzol soil; CG,
conifer forest gley soil; CBP, conifer forest brown podzol soil; CBE, conifer forest brown earth
soil; BLBE, broadleaf forest brown earth soil.
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4.3.2. Sampling
Field sampling took place between October 2007 and May 2009 and the sampling design was
adapted from Davis et al. (2004). At both the forest and adjacent non-forest sites, a 20 m x 20 m
square plot was established and divided into four, 10 m x 10 m quadrants. The soil within each
site was sampled to a depth of 30 cm. Within each quadrant at a preselected random point, a soil
pit was dug and sampled for soil classification and bulk density. Bulk density samples were taken
at depths of 0-5, 5-10, 15-20 and 25-30 cm using stainless steel bulk density rings (Eijkenkamp
Agrisearch Equipment BV, Netherlands) of 8 cm diameter by 5 cm height. Around the pit, 8
points were sampled using a soil auger (Eijkenkamp Agrisearch Equipment BV, Netherlands) to
depths of 0-10, 10-20 and 20-30 cm and analyzed for soil organic carbon (SOC, %).
The forest floor was sampled at all forest sites along with the scrub non-forest sites, however,
the organic layer of the pasture and rough grazing non-forest sites were not sampled. At three
points within each quadrant, the forest floor was sampled from 0.1 m2 square plots. Each forest
floor sample was separated into 3 separate classes: (1) fine woody debris (woody material with a
diameter >2.5cm and <7.5 cm); (2) litter (non decomposed material of diameter <2.5 cm); and (3)
F/H layer (decomposed material that is not mixed with the soil).
All soil and forest floor samples were stored at 4 OC before being oven-dried at 55 OC until a
constant dry weight was achieved. The soil samples taken with the soil auger for SOC were sieved
to <2 mm (the 8 soil samples were bulked for each depth for each quadrant by equal volume). All
soil samples were tested for carbonates. Any samples that tested positive for carbonates were
treated with sulphurous acid to remove the carbonates (Nelson and Sommers 1996). The soils of
sites CBE1, CG4, MBE1 and MBE2 were treated for carbonates. The forest floor and sieved soil
samples were ground to a fine powder before combustion in a C/N analyser (Elementar - Vario
Max CN) to determine SOC concentration (%). The soil texture was analysed at each depth for
all sites from the bulked soil samples, using the hydrometer method, ASTM D422 (2002), and
measured for pH using 1:1 soil to water using a LabFit AS-3000 pH analyser (McLean, 1982). The
bulk density soil samples were sieved to 2 mm, with both the <2 mm fraction and >2 mm
fractions being stored separately. The bulk density was estimated using equation (4.1),

rd =

MA
SV - CFV

(4.1)
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where r d = bulk density (g cm-3); MA = mass of dry sample <2 mm (g); SV = sampler volume
(cm3); CFV = >2 mm coarse fraction volume (cm3)
The bulk density samples were converted to 10 cm depths to match the SOC data. The soil mass
was calculated using equation (4.2).
Mi = rdi ´ h ´ 10 4

(4.2)

where Mi = dry soil mass (Mg ha-1) at the ith depth (i =1,2,3 corresponding to the 0-10, 10-20 and
20-30cm depths); h = depth of soil layer (m); 104 = unit conversion factor (m2 ha-1).
The soil organic carbon density of the soil to a fixed depth was calculated using equation (4.3).
Ci , vol = conci ´ Mi

(4.3)

where C i,vol = soil organic carbon density, volume based method (SOCDvol, Mg C ha-1); conci =
SOC (%)
The equivalent soil mass method uses the soil mass of each soil layer sampled at the non-forest
site as the ESM for the layer, using equation (4.4), the equivalent carbon mass (ECM) can be
calculated using equation (4.5) (Lee et al., 2009).
Mi , add = Mi , equiv - Mi

(4.4)

Ci , esm = Ci , vol - conci + 1 ´ Mi - 1, add + conci - 1 ´ (Mi, add - Mi - 1, add)

(4.5)

where C i,esm = the soil organic carbon density, equivalent soil mass method (SOCDesm, Mg C ha); Mi ,equiv = non-forest soil mass (Mg ha-1 ); Mi- 1,add and Mi,add = the additional soil masses that are

1

used to estimate the ESM (Mg ha-1); conci -1 and conci -1 = SOC concentration (%) for the additional
soil mass determined by the location of soil mass used for the corrections between the soil layers
at each sampling time. For more information on the ESM method see Ellert and Bettany (1995),
Ellert et al. (2001) and Lee et al. (2009). The soil organic carbon density (0-30 cm) of the forest
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sites were calculated using equation 4.6 and the soil organic carbon density of the non-forest site
was calculated using equation 4.7.

Ctot =

åC

Ctot =

åC

i , esm

(4.6)

i , vol

(4.7)

where Ctot = soil organic carbon density (0-30 cm) using either the volume based method or
equivalent soil mass method.

The forest floor carbon density was calculated using equation (4.8).
C ff = FF ´ FFC

(4.8)

where Cff = forest floor carbon density (FFCD, Mg C ha-1), FF = forest floor mass (Mg ha-1), FFC
= forest floor carbon concentration (%).
To summarise, at each of the 21 sites we obtained for both the forest and paired site: (1) 32
samples for SOC at each depth of 0-10, 10-20 and 20-30 cm using the soil auger; (2) 4 samples of
bulk density at each depth of 0-5, 5-10, 15-20 and 25-30 cm using the stainless steel rings; and (3)
12 samples of fine woody debris, litter and F/H layer of the forest floor.

4.3.3. Data presentation and statistical analysis
The 21 sites were analysed for 7 variables that are considered to influence soil organic carbon
density. These include: forest type (conifer, mixed, broadleaf); pre-afforestation land-use (pasture,
rough grazing, scrub); soil texture (loam, sandy loam, clay loam, silt loam); soil pH (<5, 5-7);
cultivation disturbance (low-level, high/medium-level); mean annual precipitation (750-1000,
1001-1250, 1251-1500, 1501-2000, 2001-2500 mm) and the forest age (10-19, 20-29, 30-39, >40
years). The SOC, bulk density and SOCD values of the forest and non-forest sites were compared
along these groupings.
The data for the bulk density, SOCD and the forest floor carbon density were normally
distributed, and so the mean carbon densities of each forest and non-forest site were compared
for significant differences using the paired t-test. The data for the soil organic carbon were not
normally distributed and so were analysed by the Wilcoxon signed-rank test. Differences between
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the mean forest floor carbon densities were analysed by ANOVA, and used the games-howell
post hoc test as the variance was not homogenous. All statistical analysis was carried out using
SPSS (SPSS Inc., SPSS Statistics, Student Version, Release 17.0, 2008).

4.4. Results

4.4.1. Change in soil properties following afforestation
Among all 21 sites, the SOC (0-30 cm) of the non-forest sites had a mean value of 5.0 ±
standard deviation of 2.1% compared to 4.7 ± 2.6% at the forest sites. The bulk density (0-30 cm)
of the 21 sites increased following afforestation, with a non-forest mean value of 0.88 ± 0.20 g
cm-3 compared to 0.94 ± 0.20 g cm-3 for the forest sites. Amongst all sites the mean soil organic
carbon density (SOCD, 0-30 cm) for the non-forest sites was higher at 111.7 ± 30.8 Mg C ha-1
compared to 106.0 ± 29.2 Mg C ha-1 for the forest sites. When the forest floor carbon densities
were added to the SOCD values the total C in the forests increased to 112.8 ± 28.2 Mg C ha-1
(slightly more than the 112.1 ± 30.3 Mg C ha-1) in the non-forests.

4.4.2. Factors affecting soil organic carbon density change
following afforestation

4.4.2.1. Forest type
The 21 sites were separated by forest type which comprised: 13 conifer sites; 5 mixed sites; and
3 broadleaf sites. Conifer and broadleaf were defined when the dominant forest type represented
greater than 81% of the canopy cover, while the mixed forests were a combination of both
conifer and broadleaf species where the lesser forest type makes up at least 20% of the canopy
cover (NFI, 2007b).
There were no significant differences between the bulk densities (0-30 cm) of the forest and
non-forest sites for the conifer and mixed forest types. The bulk density of the conifer and mixed
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forests tended to increase slightly following afforestation, while the bulk density of the broadleaf
sites declined. The conifers saw a 10.7% increase from the non-forest value of 0.82 ± 0.17 g cm-3
to the forest value of 0.90 ± 0.21 g cm-3. The bulk densities of the mixed forests tended to
increase slightly after afforestation by 9.5% from the non-forest value of 0.91 ± 0.23 g cm-3 to the
forest value of 1.00 ± 0.23 g cm-3, while the bulk densities of the broadleaf forests significantly
decreased after afforestation by 14.4% from the non-forest value of 1.13 ± 0.07 g cm-3 to the
forest value of 0.97 ± 0.02 g cm-3 (see Figure 4.2a).
There were no significant differences between the SOC (0-30 cm) of the forest and non-forest
sites for each forest type. The SOCs of the three forest types show the opposite trend to the bulk
density values. The SOC of the conifer sites decreased by 5.3% from the non-forest value of 5.4
±

1.9%, to the forest value of 5.1 ± 3.0%. The SOC of the mixed sites decreased by 14.1% from

the pre-afforestation level of 5.1 ± 3.2% to the forest value of 4.4 ± 2.4%. The broadleaf SOC
increased by 9.1% from the non-forest value of 3.4 ± 0.7% to the forest site value of 3.7 ± 0.8%
(see Figure 4.2b).
There were no significant differences between the SOCD (0-30 cm) of the forest and nonforest sites for each forest type. The SOCD values matched the trends in SOC between forest
types. The broadleaf forests showed an increase of 3.9% from the pre-afforestation mean value of
111.2 ± 17.2 Mg C ha-1 to the mean forest SOCD of 115.5 ± 19.3 Mg C ha-1. The SOCD of the
conifer forests decreased by 6.6% from the pre-afforestation mean value of 110.0 ± 33.3 Mg C ha1

to the mean forest SOCD of 102.8 ± 33.1 Mg C ha-1 and the SOCD of the mixed forests also

decreased by 6.4% from the non-forest mean value of 116.2 ± 34.9 Mg C ha-1 to the mean forest
SOCD of 108.7 ± 26.0 Mg C ha-1 (see Figure 4.2c).
The forest floor carbon density varied between the 3 forest types, with the 9.3 ± 5.1 Mg C ha-1
of the conifer sites significantly larger (p<0.05) than the 3.2 ± 2.3 Mg C ha-1 and 1.7 ± 1.0 Mg C
ha-1 forest floor carbon densities of the mixed and broadleaf forest floors, respectively. When the
forest floor carbon density is added to the SOCD the coniferous forests switched from losing to
sequestering C, a 1.5% increase to 112.1 ± 32.7 Mg C ha-1 at the forest site compared to 110.4 ±
32.6 Mg C ha-1 at the non-forest sites (see Figure 4.2d). The mixed forest sites still lost C with the
forest floor carbon density addition, although the loss of C was smaller, a 1.5% from a non-forest
value of 117.0 ± 35.0 Mg C ha-1 to the forest value 111.9 ± 24.2 Mg C ha-1. As the broadleaf
forests had the smallest forest floor carbon density, the percentage change in C only increased by
a small amount to 5.4% larger than the pre-afforestation value of 111.2 ± 17.2 Mg C ha-1 to the
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forest mean value of 117.1 ± 18.4 Mg C ha-1. However, the forest sites were not significantly
different than their adjacent non-forest site when the forest floor carbon density was added to the
SOCD.

Figure 4.2a. The mean forest bulk density (0-30 cm, filled bar, g cm-3) and non-forest site bulk
density (0-30 cm, unfilled bar) following afforestation by forest type. Figure 4.2b. The mean
forest soil organic carbon concentration (SOC, 0-30 cm, filled bar, %) and non-forest site SOC
(0-30 cm, unfilled bar) following afforestation by forest type. Figure 4.2c. The mean forest soil
organic carbon density (SOCD, 0-30 cm, filled bar, Mg C ha-1) and non-forest site SOCD (0-30
cm, unfilled bar) following afforestation by forest type. Figure 4.2d. The mean forest SOCD and
forest floor carbon density (FFCD, filled bar, Mg C ha-1) and non-forest site SOCD and forest
floor carbon density (unfilled bar) following afforestation by forest type. Error bars represent
standard deviation
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4.4.2.2. Pre-afforestation land use
The 21 sites when arranged by pre-afforestation land use (Figure 4.3) were comprised of: 9
pasture sites; 9 rough grazing sites and 3 scrub sites. Pasture was defined as improved or
unimproved grassland used for grazing animals. Rough grazing was defined as unimproved, poor
grasslands often with species such as gorse and bracken and used for low density grazing animals.
Scrub was defined as unplanted broadleaf forest that is often semi-natural. The SOCD of the
forest sites were not significantly different to the non-forest SOCD, with each pre-afforestation
land use declining after afforestation. The SOCD of the rough grazing sites decreased by a small
amount following afforestation, 2.2% from the non forest site value of 117.9 ± 35.4 Mg C ha-1, to
the forest mean value of 115.3 ± 35.4 Mg C ha-1. The pasture and scrub sites lost a similar amount
of SOCD. The SOCD of the pasture sites decreased by 7.5% from the non-forest site value of
113.1 ± 21.6 Mg C ha-1 to the forest mean value 104.5 ± 13.7 Mg C ha-1. The scrub sites SOCD
decreased by 6.8%, from the non-forest site of 88.7 ± 40.2 Mg C ha-1 to the forest value of 82.6 ±
39.1 Mg C ha-1.
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Figure 4.3. The mean forest soil organic carbon density (SOCD, filled bar, Mg C ha-1) and nonforest site SOCD (unfilled bar) following afforestation by pre-afforestation land use. RG, rough
grazing. Error bars represent standard deviation.

4.4.2.3. Soil texture
The 21 sites were partitioned by soil texture class (Figure 4.4) comprising of: 9 loam sites; 10
sandy loam sites; 1 clay loam site and 1 silt loam site. There were no significant differences
between the SOCD of the forest site and non-forest following afforestation of the four soil
textures. The SOCD of the two texture classes with multiple sites both decreased slightly
following afforestation. The loam sites declined by 6.4% following afforestation from the nonforest site value of 113.4 ± 18.9 Mg C ha-1 to 106.1 ± 12.5 Mg C ha-1 at the non-forest site, while
the sandy loam sites declined by 10.0% from 109.4 ± 42.1 Mg C ha-1 to 98.5 ± 35.8 Mg C ha-1 at
the forest sites. The SOCD of the silt loam and clay loam sites both increased following
afforestation. The silt loam sites increased by 3.7% from the non-forest site of 117.9 Mg C ha-1 to
the forest sites 122.2 Mg C ha-1, while the SOCD of the clay loam sites increased by 45.7% from
the non-forest value of 112.7 Mg C ha-1 to the forest site of 164.3 Mg C ha-1.
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Figure 4.4. The mean forest soil organic carbon density (SOCD, filled bar, Mg C ha-1) and nonforest site SOCD (unfilled bar) following afforestation by soil texture group. SaL, sandy loam;
CL, clay loam; SiL, silt loam. Error bars represent standard deviation.

4.4.2.4. Soil pH
The soil of site CP4 was not measured for pH and so 20 of the 21 sites were analysed. The 20
sites were split into two pH groups: 7 sites with a pH <5; 13 sites with a pH between 5-7. There
were no significant differences between the SOCDs of the forest site and non-forest site
following afforestation of the two soil pH groups. The SOCD of sites with a soil pH <5
increased by 2.3% from the pre-afforestation mean value of 98.9 ± 39.8 Mg C ha-1 to the mean
forest value of 101.2 ± 43.5 Mg C ha-1, while those sites with a pH 5-7 lost soil SOCD by 5.0%
from the paired site mean value of 107.8 ± 21.2 Mg C ha-1 to the mean forest site value of 113.5 ±
18.1 Mg C ha-1 (see Figure 4.5).
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Figure 4.5. The mean forest soil organic carbon density (SOCD, filled bar, Mg C ha-1) and nonforest site SOCD (unfilled bar) following afforestation by soil pH group, <5 and 5-7 pH. Error
bars represent standard deviation.

4.4.2.5. Cultivation disturbance
The 21 sites were separated into two categories of cultivation disturbance prior to planting; 8
low-level disturbance sites and 13 medium/high-level disturbance sites. Low-level disturbance was
defined as those sites that received no preparation or pit planting (planting of trees into a pit
opened with a spade., no mechanical site preparation is used), was used while the medium/highlevel disturbance sites were defined as those sites that were cultivated using machinery
(agricultural ploughing, mounding, single mould board ploughing, double mould board ploughing
and ripping).
There were no significant differences between the SOCDs of the forest and non-forest sites
following afforestation of the two cultivation disturbance groups (Figure 4.6). The SOCD of the
low-level disturbance recorded a loss of 11.2% from a pre-afforestation mean value of 95.7 ± 32.3
Mg C ha-1 to the forest mean value of 84.3 ± 23.2 Mg C ha-1, while the SOCD of the
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medium/high-level disturbance sites recorded a small increase of 1.7% from the non-forest site
of 121.5 ± 26.3 Mg C ha-1 to the forest value of 84.3 ± 23.2 Mg C ha-1.

Figure 4.6. The mean forest soil organic carbon density (SOCD, 0-30 cm, filled bar, Mg C ha-1)
and non-forest site SOCD (0-30 cm, unfilled bar) following afforestation by level of soil
cultivation disturbance. Error bars represent standard deviation.

4.4.2.6. Precipitation
The 21 sites when split by mean annual precipitation (Figure 4.7) were comprised of: 6 sites of
750-1000 mm; 11 sites of 1001-1250 mm, 2 sites of 1251-1500 mm, 1 site of 1501-2000 and 1 site
of 2001-2500 mm. The mean annual precipitation of each site was taken from the Met Eireann
1960 to 1990 climate norms.
There were no significant differences between the bulk densities (0-30 cm) of the forest and
non-forest sites for each precipitation group. The bulk density of the 750-1000 mm group
decreased upon afforestation by 3.4% from the non-forest value of 1.06 ± 0.16 g cm-3 to the
forest value of 1.02 ± 0.13 g cm-3 (see Figure 4.7a). The bulk densities of the 1001-1250 groups
increased after afforestation by 11.4% from the non-forest value of 0.85 ± 0.18 g cm-3 to the
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forest value of 0.95 ± 0.14 g cm-3. The bulk density of the 1251-1500 mm group increased by
15.5% from the non-forest value of 0.84 ± 0.05 g cm-3 to the forest value of 0.98 ± 0.39 g cm-3.
The bulk density of the 1501-2000 mm group decreased by 14.3% from the non-forest value of
0.53 g cm-3 to the forest value of 0.45 g cm-3 while the bulk density of the 2001-2500 mm groups
increased by 6.7% from the non-forest value of 0.65 g cm-3 to the forest value of 0.69 g cm-3.
There were no significant differences between the SOC (0-30 cm) of the forest and non-forest
sites for each precipitation group (Figure 4.7b). The SOC of the 750-1000 mm sites decreased by
8.0% from the non-forest value of 4.0 ± 1.7%, to the forest value of 3.7 ± 1.1%. The SOC of the
1001-1250 mm sites decreased by 11.4% from the pre-afforestation level of 5.0 ± 1.9% to the
forest value of 4.4 ± 1.6%. The 1251-1500 sites SOC decreased by 30.0% from the non-forest
value of 4.7 ± 1.6% to the forest site value of 3.3 ± 0.01%. The SOC of the 1501-2000 mm
increased by 93.0% from the non-forest value of 7.1% to the forest value of 13.7%, while the
SOC of the 2001-2500 mm decreased by 19.3% from the mean non-forest value of 10.4% to the
forest value of 8.4%.
The SOCD of the forest sites for the three precipitation levels were not significantly different
to the non-forest SOCD (Figure 4.7c). The SOCD of each precipitation group declined, except
for the 1500-2000 mm group which increased following afforestation. The SOCD of the 7501000 mm sites decreased by 8.0% from the mean non-forest value of 113.9 ± 26.2 Mg C ha-1 to
104.8 ± 11.6 Mg C ha-1 at the non-forest site and the SOCD of the 1001-1250 mm sites decreased
by 3.4% following afforestation from the non-forest site mean of 106.6 ± 33.0 Mg C ha-1 to the
forest value of 103.0 ± 32.8 Mg C ha-1. The SOCD of the 1251-1500 mm sites decreased by
22.4% from the mean non-forest value of 104.1 ± 25.3 Mg C ha-1 to 80.8 ± 8.3 Mg C ha-1 at the
non-forest site while the SOCD of the 1501-2000 mm sites increased by 35.9% from the mean
non-forest value of 109.5 Mg C ha-1 to 148.8 Mg C ha-1 at the non-forest site. The one site with a
mean annual precipitation >2000 mm decreased by 9.9%, from the non-forest SOCD of 171.1
Mg C ha-1 to 154.1 Mg C ha-1 at the forest site.
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Figure 4.7a. The mean forest bulk density (0-30 cm, filled bar, g cm-3) and non-forest site bulk
density (0-30 cm, unfilled bar) following afforestation by mean annual precipitation (mm). Figure
4.7b. The mean forest soil organic carbon concentration (SOC, 0-30 cm, filled bar, %) and nonforest site SOC (0-30 cm, unfilled bar) following afforestation by mean annual precipitation
(mm). Figure 4.7c. The mean forest soil organic carbon density (SOCD, 0-30 cm, filled bar, Mg
C ha-1) and non-forest site SOCD (0-30 cm, unfilled bar) following afforestation by mean annual
precipitation (mm). Error bars represent standard deviation.

4.4.2.7. Age of forest
The 21 sites were arranged into four age groups: 5 sites aged 10-19 years, 5 sites aged 20-29
years, 4 sites aged 30-39 years, 7 sites aged >40 years. Statistically there were no significant
differences between the forest site and non-forest site following afforestation of the four age
groups. The SOCD of the 10-19 year group increased following afforestation by 1.5% from the
non-forest value of 120.5 ± 32.5 Mg C ha-1 to the forest mean value of 122.3 ± 26.3 Mg C ha-1.
The SOCD of both the 20-29 and 30-39 year forests declined following afforestation. The 20-29
year SOCD decreased by 15.5% from the non-forest site value of 138.6 ± 25.9 Mg C ha-1 to the
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forest site value of 117.2 ± 28.7 Mg C ha-1. The SOCD of the 30-39 year forests declined by 7.3%
from the 110.9 ± 9.4 Mg C ha-1 of the non-forest site to 102.9 ± 6.9 Mg C ha-1 at the forest site.
The >40 year group increased by a small 2.0% from the non-forest value of 86.5 ± 23.4 Mg C ha-1
to the forest value of 88.2 ± 26.3 Mg C ha-1 (see Figure 4.8).

Figure 4.8. The mean forest soil organic carbon density of the forest (SOCD, filled bar, Mg C ha) and non-forest site (unfilled bar) following afforestation by age group. Error bars represent

1

standard deviation.
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Table 4.2. The mean carbon density ± standard deviation (Mg C ha-1) stored in each forest site and non-forest site. FWD, fine woody debris.

Site
BLBE1
BLBE2
BLBE3
CBE1
CBE2
CBE3
CG1
CG2
CG3
CG4
CP1
CP2
CP3
CP4
CBP1
CBP2
MBE1
MBE2
MBE3
MG1
MG2
Mean

Litter + FWD
Forest
1.6 ± 0.3
1.0 ± 0.3
0.3 ± 0.5
4.5 ± 1.7
4.8 ± 0.9
4.7 ± 3.2
1.3 ± 0.7
2.9 ± 0.3
2.4 ± 0.8
1.7 ± 0.2
2.3 ± 0.7
4.5 ± 0.6
5.6 ± 1.7
6.1 ± 8.9
1.4 ± 0.3
2.2 ± 1.0
0.8 ± 0.1
2.6 ± 1.5
2.0 ± 0.6
3.0 ± 0.9
0.2 ± 0.2
2.7 ± 1.7

Non-Forest
1.6 ± 0.8
0.7 ± 0.2
2.4 ± 1.0
-

F/H
Forest
0.9 ± 0.2
1.0 ± 0.1
0.2 ± 0.1
4.2 ± 2.2
9.3 ± 2.7
4.0 ± 1.5
1.5 ± 0.5
3.5 ± 2.4
11.7 ± 1.8
2.4 ± 0.7
2.9 ± 0.6
11.4 ± 4.4
12.2 ± 9.4
6.8 ± 3.9
1.3 ± 0.5
5.5 ± 3.1
1.3 ± 0.3
3.4 ± 1.3
2.8 ± 1.9
4.1 ± 3.9

Non-Forest
2.6 ± 1.7
1.7 ± 0.9
-

Carbon Density (Mg C ha-1)
Soil (0-30 cm)

Ecosystem (SOCD+FFCD)

Forest
98.6 ± 31.2
111.2 ± 9.8
136.6 ± 18.6
95.6 ± 12.4
99.1 ± 9.6
38.4 ± 2.2
122.2 ± 18.1
112.6 ± 16.0
86.6 ± 28.9
164.3 ± 23.1
103.0 ± 28.9
148.8 ± 34.4
66.7 ± 11.9
116.8 ± 24.5
74.9 ± 5.6
107.1 ± 13.3
101.4 ± 13.7
88.3 ± 20.7
102.9 ± 6.1
96.9 ± 1.0
154.1 ± 41.9
106.2 ± 29.2

Forest
101.1 ± 31.2
113.1 ± 9.8
137.1 ± 18.6
104.3 ± 12.7
113.2 ± 10.0
47.1 ± 4.1
125.0 ± 18.1
119.0 ± 16.2
100.7 ± 29.0
168.4 ± 23.1
108.2 ± 28.9
164.7 ± 34.7
84.5 ± 15.3
129.8 ± 26.4
77.6 ± 5.6
114.9 ± 13.7
103.4 ± 13.7
94.4 ± 20.8
107.6 ± 6.4
99.8 ± 1.3
154.3 ± 41.9
112.8 ± 28.2
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Non-Forest
96.3 ± 2.2
130.0 ± 14.2
107.2 ± 2.5
123.9 ±7.2
118.7 ± 14.3
43.1 ± 10.4
117.9 ± 14.0
103.5 ± 21.8
122.0 ± 14.6
112.7 ± 19.6
82.3 ± 20.3
109.5 ± 16.1
82.3 ± 49.8
177.3 ± 69.3
86.1 ± 11.2
151.3 ± 11.0
112.1 ± 18.8
75.9 ± 6.4
102.2 ± 12.3
119.4 ± 8.6
171.1 ± 52.1
111.7 ± 30.8

Non-Forest
96.3 ± 2.2
130.0 ± 14.2
107.2 ± 2.5
123.9 ± 7.2
118.7 ± 14.3
47.4 ± 10.6
117.9 ± 14.0
104.2 ± 21.8
122.0 ± 14.6
112.7 ± 19.6
82.3 ± 20.3
109.5 ± 16.1
82.3 ± 49.8
177.3 ± 69.3
86.1 ± 11.2
151.3 ± 11.0
112.1 ± 18.8
75.9 ± 6.4
102.2 ± 12.3
123.5 ± 8.7
171.1 ± 52.1
112.1 ± 30.3

Change in Ecosystem
(SOCD+FFCD)
4.8
-16.9
30
-19.6
-5.5
-0.3
7.1
14.8
-21.3
55.6
25.9
55.2
2.2
-47.4
-8.6
-36.4
-8.7
18.5
5.3
-23.7
-16.8
0.7
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4.5. Discussion
We found that the tree species planted can influence the change in SOCD following
afforestation, with broadleaf species sequestering more C to the soil than conifer species.
However, it must be noted that these changes were not significant. Other studies have made the
same conclusion. Laganière et al. (2010) and others (Guo and Gifford, 2002; Shi and Cui, 2010)
found that the tree species planted plays a major role in the recovery of soil C, with broadleaf
species sequestering significantly more C (25% increase on pre-afforestation levels) than pine
forests and conifer forests when planted on agricultural land. These changes are due to how each
tree species allocates biomass. Broadleaf forests have a larger and deeper root system (Strong and
La Roi, 1983) than the shallow rooting conifer species (Jandl et al., 2007). The larger belowground
biomass of broadleaves produces a larger SOM input to the soil than that of the conifer species,
leading to an enhanced effect on SOC. However, this result is in contrast to the findings at two
Irish chronosequences. Wellock et al. (2011a) in a chronosequence of ash forests in central
Ireland reported an overall decrease of 21% of SOCD over the 47 years, while Black et al. (2009)
in a chronosequence of Sitka spruce in eastern Ireland saw a large increase in SOCD from the
pre-afforestation value of 97.2 to 137.3 Mg C ha-1 at the 16 year old site. In this study, we found
that when the forest floor carbon density was added to the soil organic carbon density, the
conifer forests switched from a source of C to a sink, which has been reported in the literature
(Paul et al., 2002; Laganière et al., 2010). The litter of conifer species decomposes more slowly
than broadleaf forests (Vesterdal and Raulund-Rasmussen, 1998) and so it is critical to measure
the forest floor carbon density when evaluating soil C stock changes as the full sequestration
potential of conifer forests following afforestation is not identified without the forest floor
contribution (Laganière et al., 2010).
If the volume based method was used to analyse the SOCD, the conifers would have switched
from losing C to sequestering C as the increase in bulk density is larger than the reduction in SOC
concentration. While the decline in bulk densities of the soils in broadleaf forests are larger than
the increase in SOC, and so would lead to a decline in SOCD within broadleaf forests following
afforestation. The volume based method does not take into account that bulk densities can vary
following land use change (i.e. afforestation), and can lead to an over- or underestimation of the
SOCD. This highlights the importance of using the equivalent soil mass (ESM) corrections
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proposed in Ellert and Bettany (1995) and Lee et al. (2009), for assessments of SOCD change
following changes of land use or management.
The literature shows that afforestation of pastures and rough grazing sites produces either a
negligible effect or a reduction in SOC following afforestation which was also observed in this
study. Guo and Gifford (2002) noted a 10% reduction in soil C following conversion from
pasture sites to plantation forest, with Paul et al. (2002) noting a similar result. However,
Laganière et al. (2010) recorded a small increase in soil C of 3% for pastures and a 10% increase
in afforested grasslands. A large proportion of the tree biomass is concentrated in the trunk,
aboveground, while herbaceous plants allocate most of their biomass belowground into the root
system (Cerri et al., 1991; Kuzyakov and Domanski, 2000; Bolinder et al., 2002). Tree roots also
live longer than those of herbaceous plants, and so the annual turnover of organic matter into the
soil from dying grass roots is larger than that from trees (Guo and Gifford, 2002). As in this study
Guo and Gifford (2002) recorded a loss of 13% from forest (scrub) sites to plantation forestry
which was attributed to soil disturbance from deforestation and subsequent afforestation. Guo
and Gifford (2002) also noted that the soil C of the plantation sites was restored to preafforestation values after 40 years. The forest sites presented in this study that were previously
scrub have a mean age of 26 years, and so the loss of soil C may be due to the forest sites not
being old enough to have restored the soil C stocks to previous levels.
Afforestation of clay loam and silty loam sites in this study increased the SOCD, which has
been noted in the literature when high clay content soils were afforested (Paul et al., 2002;
Laganière et al., 2010). Fine particles (clay and silt) form stable organo-mineral complexes with
organic compounds and these complexes provide physical protection against microbial oxidation
for SOM and contribute to the stability of SOC (von Lutzow et al., 2006). However, only one of
the 21 sites in this study was classified as either clay loam or silt loam so we are unable to
determine the true effect of soil texture on SOCD in Ireland.
Low pH can retard the activities of soil microorganisms that decompose SOM and lead to the
preservation of SOM inputs to the soil (Motavalli et al., 1995; van Bergen et al., 1998), which was
shown in this study. Our results are in contrast to Laganière et al. (2010), that observed an
increase in SOC following afforestation with increasing pH, but also found it to be the weakest
factor in determining soil C stock changes. Low pH can impair tree growth and thus its C inputs
to the soil and may explain the results of Laganière et al. (2010). The results of Laganière et al.
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(2010) show that the effects of pH on soil C stock changes with afforestation are still uncertain,
and further work is required determine the true effect.
It has been shown in the literature that soil disturbance from cultivation creates a loss of soil C
due to enhanced microbial decomposition of SOM, and the greater the soil disturbance the more
C that is lost to the atmosphere (Johnson, 1992; Örlander et al., 1996; Schmidt et al., 1996; Mallik
and Hu, 1997; Bock and Van Rees, 2002); however, this was not observed in our study. Laganière
et al. (2010) found that low pre-planting disturbance sequestered a significantly higher amount of
soil C than the high pre-planting disturbance sites. It is unclear why we observed the opposite
trend. The mean ages of the low disturbance sites and high disturbance sites are 49 and 25 years,
respectively. It would be assumed that the medium/high-level disturbance sites would see a
greater loss of C following afforestation due to the greater effects of soil disturbance and also as
young forests they would also have a much smaller organic matter input to the soil; however, this
was not observed.
We found that the SOC concentration and soil organic carbon density (SOCD) of both the
forest site and non-forest site increases when annual precipitation was >1500 mm, as high
precipitation is known to suppress decomposition of organic matter. However, we found no
decline in the SOCD following afforestation in the high rainfall sites; even though it has been
reported that sites with higher rainfall lose more SOC than drier sites (Guo and Gifford, 2002;
Jackson et al., 2002; Kirschbaum et al., 2008). Guo and Gifford (2002) found that there was little
change for sites with an annual precipitation <1200 mm while sites with precipitation >1200 mm
saw a significant decline in soil C stocks following afforestation. Kirschbaum et al. (2008) suggest
that in high rainfall areas, larger amounts of nitrogen were leached from the soil, leading to a
decline in the soil C stocks, while the drier sites had little leaching of C and so did not lose as
much C from the soil. However, in China, Shi and Cui (2010) noted that all sites saw an increase
in soil C following afforestation despite the precipitation level. This highlights the variation in
findings and suggests the need for a more detailed examination of precipitation levels in soil C
change following afforestation.
Studies have shown that following afforestation, there is a decrease in SOCD for a number of
years before it switches from a source of C to a sink, potentially matching or surpassing the initial
pre-afforestation SOCD (Turner and Lambert, 2000; Davis and Condron, 2002; Paul et al., 2002;
Wang et al., 2006; Huang et al., 2007; Ritter, 2007; Hu et al., 2008; Laganière et al., 2010; Mao et
al., 2010). The age effects of SOCD on this study suggests that it may take 40 years or more for
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forest soils to sequester SOCD to pre-afforestation levels. It was surprising that in the age group
10-19 years there was no loss in SOCD following afforestation as is widely reported in the
literature. We found appreciable losses in SOCD following afforestation in the age groups 10-29
and 30-39.
It is current Irish government policy to increase forest cover from its current 10% (NFI, 2007a)
to 17% by 2030 (Department of Agriculture, 1996). This provides an opportunity to establish a
large number of resampling studies, covering a number of differing forest variables, i.e. forest
type, pre-afforestation land use etc. The resampling studies should be identified prior to
cultivation, so that the SOCD of the pre-afforestation land use can be measured to further
investigate the effects of site cultivation and stand establishment on SOCD. Resampling studies
are preferable to paired plot studies as they measure change over time, while the paired plot
method only measures one point in time, and may overestimate SOCD (Laganière et al., 2010).

4.6. Conclusion
We found in this study that afforestation of Irish soils (0-30 cm) resulted in an increased soil
organic carbon density (SOCD) for broadleaf afforestation but a decrease in SOCD for mixed
and conifer plantations. However, when the additional forest floor carbon density was included,
the conifer sites had a higher total C than their adjacent non forested sites, while the mixed
forests remained with a lower total C than their adjacent non forest sites. We suggest that all
future assessments should include measurements of the forest floor carbon density to analyse the
full C sequestration potential of a forest stand. The SOCD of sites prepared by a medium/highlevel disturbance cultivation method declined less than that of the low-level disturbance,
highlighting the need for further research on the effects of SOCD change with differing soil
cultivation methods. Afforestation of rough grazing sites recorded the smallest loss of SOCD
among the different land uses, possibly due to the lower productivity of those sites compared to
the pasture and rough grazing sites. Low pH soils resulted in increased SOCD. This suggests that
the planting of broadleaf species and establishment of forests on rough grazing sites or low pH
soils can maximise the sequestration potential of C into soil in Ireland. However, the number of
sites and large variability presented in this study leads to uncertainty in estimating the impact of
each variable on SOCD changes, and so more sampling sites are required to better estimate the
importance of each factor in determining the impact of afforestation on SOCD.
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The methodology used to assess the change in SOCD can impact on the possible findings. The
use of the volume based method rather than the equivalent soil mass method can lead to an
erroneous assessment of the impact of forest type on SOCD.
The large afforestation set to take place in Ireland within the next decade represents a unique
opportunity to measure the impact of afforestation on SOCD. We recommend that resampling
studies should be established prior to afforestation on a large number of sites across Ireland, and
periodically resampled to gain a much greater insight into changes in the soil, forest floor and
biomass C following afforestation.
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5.1. Abstract
This paper assessed the soil organic carbon (SOC), bulk density, depth and soil organic carbon
density (SOCD) of 24 afforested peatlands. We found that the peat bulk density does not increase
with depth, as has been previously understood in the literature. The depths of each peat type were
found to vary widely with means of 192 ± 100, 145 ± 130 and 127 ± 100 cm for raised bogs (RB),
high level blanket bog (HLB) and low level blanket bog (LLB), respectively. Based on the full
surveyed depth, we estimated soil organic carbon densities of: 1160 ± 520 Mg C ha-1 for RB peat;
775 ± 590 Mg C ha-1 for HLB peat; and 705 ± 420 Mg C ha-1 for LLB peat. We found peat depth
and peat type to be significant predictors of peat SOCD and present pedo-transfer functions for
SOCD based on these predictors that will help to improve future peatland SOCD estimates. We
suggest that due to the similarities between the SOCDs of the high level and low level blanket
peats, they can be analysed as one group for accounting purposes and future SOCD estimates.

5.2. Introduction
Although peatlands cover only approximately 3% of the Earth’s land surface, they provide a
significant carbon (C) store, with boreal and subarctic peatlands estimated at 270 and 370 Pg of
carbon (C) (Turunen et al., 2002). This is equivalent to 34-46% of the total carbon (as carbon
dioxide, CO2) in the atmosphere (IPCC, 2007). An estimated eighty percent of peatlands are in
the northern hemisphere, particularly in Russia, Canada and the USA (Limpens et al., 2008) with
smaller areas in Ireland and other European nations. Approximately 20.6% (Connolly and
Holden, 2009) of the Irish land area is peatland, containing an estimated soil carbon store of
between 53 - 62% of the national soil carbon stocks (Tomlinson, 2005; Eaton et al., 2008).
Peatlands have long been considered carbon sink ecosystems. However, with the onset of
climate change, peatlands may become carbon source ecosystems with the potential to lose
carbon (from their large carbon stocks) either as trace gases such as carbon dioxide (CO2) and
methane (CH4 ) or fluvial dissolved organic carbon (DOC) (Koehler et al., 2010). One direct
feedback to rising greenhouse gases in an anthropogenically warmed environment is the release of
organic carbon stored in vegetation and soils. To assess this potential release of carbon and its
effect on climate change, accurate estimates of the quantity and distribution of soil organic carbon
density (SOCD) are required (Burnham and Sletten, 2010). The soil organic carbon density is
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estimated as the product of bulk density (g cm-3) and soil organic carbon concentration (SOC, %)
over the full peat depth. Peatland carbon stock studies in Scotland (Chapman et al., 2009) and in
Ireland (Tomlinson, 2005) have used models of peat based on either assumed values or a small
sample size for peat bulk density and depth. Tomlinson (2005), Limpens et al. (2008) and
Chapman et al. (2009) have identified the need for extensive data collection of bulk density and
peat depth to improve the current estimates of soil organic carbon density. The spatial extent of
peat (but not its depth) in Ireland has been examined by Connolly et al. (2007) and Hammond
(1981), but there have been few studies that quantify the physical properties (e.g. bulk density,
peat depth and SOC) of the major peat types (e.g. raised bog, high level and low level blanket
bog) (Tomlinson and Davidson, 2000; Tomlinson, 2005; Eaton et al., 2008; Kiely et al., 2010).
Ground penetrating radar (GPR) is becoming a useful tool in assessing the depth of peatlands
(Holden et al., 2002; Rosa et al., 2009). However, the most commonly used method for
determining peat depth is probing with connecting metal rods (Lindsay, 2010). Probing provides
a cheap, quick estimate of depth, but is limited in that it only gives the depth of the specific
location, and the peat depth can differ substantially only a few metres away (Lindsay, 2010). In
assessing national and global peat stocks, studies often assume a mean depth value for all peat, or
mean values for different peatland types or regions. Tomlinson (2005) in his assessment of soil C
stocks, separated peat depth estimates by peat type, location and its current and past use by man.
Intact midland raised bogs, western raised bogs, northwestern, high level and low level blanket
bogs were assigned depths of 750, 400, 300, 120 and 300 cm, respectively. For man-modified
peatlands, i.e. afforested peatland, a loss of 66% of the peat depth was assumed for all peatland
types except for high level blanket peat which assumed a 50% loss. In estimating the carbon stock
of peatlands, both within Ireland and globally, the lack of data on the depth of peatlands limits
the accuracy of the stock estimate.
Soil organic carbon (SOC, %) is the most studied property of peat, with most values reported
to be around 50%. Tomlinson and Davidson (2000) found a mean SOC value of 51.1% for
Northern Irish non-forested raised bogs, while Chapman et al. (2009) report values ranging from
50.6 to 54.6 % for Scottish blanket bogs.
There is very little data on peat bulk density for Ireland and Britain, especially below the 50 cm
depth (Lindsay, 2010). Tomlinson and Davidson (2000) observed a mean bulk density of 0.069 g
cm-3 for non-forested raised peats in Northern Ireland while Lewis et al. (2011) observed a mean
value of 0.070 g cm-3 for a high level blanket bog in County Kerry, Ireland. Some authors have
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noted that the bulk density of peat increases with depth (Clymo, 1978; Howard et al., 1994; Milne
and Brown, 1997; Cruickshank et al., 1998). However, a number of recent studies have shown
that this may not be the case. Recent studies have shown either no consistent change in bulk
density with depth (Tomlinson and Davidson, 2000; Lewis et al., 2011) or a slight increase with
depth (Weiss et al., 2002).
Over recent centuries, Ireland has been denuded of its native forests, so much so that at the
beginning of the twentieth century the national forest stock was estimated at only 1% of the total
land cover in the Republic of Ireland (Pilcher and Mac an tSaoir, 1995; Eaton et al., 2008). Since
the mid twentieth century, it has been Irish government policy to increase forest cover and by
2007 the national forest area had risen to 10% of the total land area (NFI, 2007a) with a projected
increase to 17% by 2030 (Department of Agriculture, 1996).
Large areas of peatland in the boreal and temperate zones have been commercially forested, the
majority in the Nordic countries and the former Soviet Union, while large areas have also been
afforested in Ireland and the UK (Byrne and Farrell, 2005; Vasander and Kettunen, 2006). In the
past, afforestation of peatlands was considered an attractive option for Ireland as peatlands were
considered as marginal lands unsuitable for agriculture (Renou and Farrell, 2005; Byrne and
Milne, 2006). This has resulted in peat soils being the largest soil type of Irish forests; with 42.1%
of the total Irish forest cover (NFI, 2007a) on peat soils. The main forest species planted on
peatlands were Sitka spruce (Picea sitchensis (Bong.) Carr.) and lodgepole pine (Pinus contorta Dougl.)
in large monocultural, non-native stands (Byrne and Farrell, 2005). Afforestation of peatlands
began in the 1950s and while still continuing into the 21st century, the rate of peatland
afforestation has decreased from 56% of total annual afforestation in 1990 to 29% in 2003 (Black
et al., 2009). This decrease is due to the poor economic return of forested peatland as well as the
growing awareness that peatlands should be conserved not only because of the unique
biodiversity of their landscapes (Foss et al., 2001) which contain significant amounts of carbon
but also because these ecosystems are currently known to be carbon sinks (Sottocornola and
Kiely, 2010).
Afforestation can impact the carbon balance of a peatland due to increased soil aeration which
follows from lowering the water table through drainage and increased evapotranspiration. This
leads to growth of microbial aerobic decomposers (Chmielewski, 1991; Byrne and Farrell, 2005)
which enhance the rate of organic matter decomposition and loss of carbon as CO2 (Lieffers,
1988; Bridgham et al., 1991) and can lead to a decrease in carbon stocks (Braekke and Finér,
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1991; Sakovets and Germanova, 1992). However, there may also be an increase in the vegetative
input of carbon to the peat through roots, litterfall and forest harvest residues (Anderson et al.,
1992; Minkkinen and Laine, 1998; Reynolds, 2007). Such uncertainties highlight the need to
sample peat properties to assess the current carbon stocks of afforested peatlands.
There are two major types of peatland in Ireland: fens and bogs. Bogs are forested more
frequently with 40.7% of the total national forest cover occurring on them, while fens only
represent 1% of the total forest cover (NFI, 2007a). Bogs are ombrotrophic ecosystems, taking
their water supply from the mineral-poor rainwater and are of two types: blanket bogs and raised
bogs. Globally, blanket bogs are a small part of the total peatland area, accounting for ca. 3% of
the global peatland area (Foss et al., 2001). However, blanket bogs are an important form of
peatland landscape in Ireland comprising approximately 18% of the total peat area (Hammond,
1981). Blanket bogs are further classified into two types: low level blanket bogs (LLB), have
Schoenus nigricans as a large contributor to the vegetative cover while high level blanket bogs (HLB)
do not (Hammond, 1981). Blanket bogs are located predominantly along the western seaboard
and at higher altitudes and represent 0.196 Mha or 31.5% of the total forest area within Ireland
(NFI, 2007a). Raised bogs (RB) are formed in areas with a high watertable due to impermeable
subsoil, such as in hollows, lake basins and river valleys (Gardiner and Radford, 1980). Raised
bogs are predominantly found in the midlands of Ireland and represent 0.066 Mha or 10.7% of
the total national forest area (NFI, 2007a). In this study, peat was classified as having a depth
greater than 30 cm (excluding the thickness of the plant/litter layer) and organic matter content
greater than 30% (Hammond, 1981).
To enable improved estimates of carbon stocks in afforested peatlands, this study was designed:
(1) to quantify the bulk density, SOC and depth of peatland soils of Irish forests on raised and
(high level and low level) blanket bogs; (2) to estimate the current soil organic carbon density of
Irish afforested peatland soils; and (3) to determine suitable pedo-transfer type functions for soil
organic carbon density.
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5.3. Materials and methods

5.3.1. Site selection and description
In 2007, the Irish Forest Service (IFS) produced a national forest inventory (NFI) with detailed
field surveys of forest plots (NFI, 2007b). The NFI surveyed 1,742 forest sites that were selected
from a randomised systematic grid sample design. After a pilot study in Co. Wexford, a grid
density of 2 x 2 km grid was placed over the total land base of Ireland (6,976,100 ha). The NFI
collected data on forest biology and geography, including forest type, age and soil type. From this
NFI database, we selected a sub-set of afforested raised bog, high level blanket bog and low level
blanket bog sites with forest age greater than 15 years and that were accessible by foot for
sampling purposes. Fen bogs were excluded from our sub-set as they represent a small portion
(1%) of the forested land cover (NFI, 2007a). We partitioned our sub-set into 3 categories:
conifer forested raised bog; conifer forested high level blanket bog; and conifer forested low level
blanket bog. Twenty-four sites were randomly selected from the 315 sites of the above sub-set
representing the 3 forested categories and with an age range of 18 to 45 years. This resulted in the
following distribution of sites among groups: 11 conifer forested raised bog sites; 6 conifer
forested high level blanket bog sites; and 7 conifer forested low level blanket bog sites. Details
and locations of the sites are shown in Table 5.1 and Figure 5.1.
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Table 5.1. Characteristics of each site. RB (raised bog); HLB (high level blanket bog); LLB (low
level blanket bog).
Site
ID
RB1
RB2
RB3
RB4
RB5
RB6
RB7
RB8
RB9
RB10
RB11
HLB1
HLB2
HLB3
HLB4
HLB5
HLB6
LLB1
LLB2
LLB3
LLB4
LLB5
LLB6
LLB7

Elevation
(m)
48
50
127
114
112
53
68
84
85
81
94
219
276
270
214
142
286
75
56
56
121
50
93
136

Slope
(o)
2
1
2
1
9
3
2
2
1
1
2
4
2
6
3
1
3
2
0
1
0
0
1
3

Tree Species
Pinus contorta
Picea sitchensis
Picea sitchensis
Pinus silvestris
Picea sitchensis
Pinus contorta
Picea sitchensis
Picea sitchensis
Picea sitchensis
Picea abies
Picea sitchensis
Picea sitchensis
Picea sitchensis
Picea sitchensis
Picea sitchensis
Pinus contorta
Picea sitchensis
Picea sitchensis
Picea sitchensis
Picea sitchensis
Picea sitchensis
Pinus contorta
Picea abies
Picea sitchensis
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Forest Age
(years)
31
18
25
31
31
40
24
20
20
41
30
18
39
41
18
21
35
24
18
35
21
25
45
20

Tree
DBH
301-400
141-200
71-140
301-400
71-140
301-400
201-300
71-140
201-300
141-200
71-140
31-70
301-400
141-200
31-70
71-140
141-200
31-70
31-70
301-400
71-140
201-300
301-400
71-140

Georeference Site
53° 18' N 8° 32' S
53° 26' N 8° 41' S
52° 52' N 7° 42' S
52° 4' N 9° 8' S
54° 16' N 8° 14' S
53° 27' N 8° 16' S
53° 37' N 8° 19' S
53° 29' N 8° 34' S
53° 25' N 7° 13' S
53° 28' N 7° 7' S
53° 18' N 7° 25' S
54° 53' N 8° 0' S
52° 20' N 9° 28' S
51° 49' N 9° 23' S
52° 53' N 6° 29' S
54° 13' N 9° 33' S
54° 19' N 8° 7' S
53° 18' N 9° 13' S
52° 11' N 10° 18' S
51° 53' N 9° 47' S
52° 46' N 9° 7' S
53° 44' N 9° 49' S
53° 19' N 6° 51' S
54° 11' N 9° 35' S
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Figure 5.1. Locations of all 24 peatland sites within Ireland arranged by type. RB, raised bog;
HLB, high level blanket bog; LLB, low level blanket bog.
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5.3.2. Sampling methodology
Each NFI site was located using GPS (GPS 60 Garmin, USA). At each site a 20 m by 20 m
square plot was set out, and then partitioned into four 10 m by 10 m quadrants. Within each
quadrant, 4 points were randomly selected and the soil sampled using a Russian peat corer
(Eijkenkamp Agrisearch Equipment BV, Netherlands) with sample length 50 cm, diameter 5.2 cm
and a volume of 500 cm3 for bulk density (g cm-3) and SOC (%). The peat was sampled over its
full depth from the peat surface vertically down the profile in increments of 50 cm. A second peat
sample (at depth 50 to 100 cm) was taken at a point 10 cm west of the first sampling point to
avoid the effects of compaction from the previously extracted sample and a third sample (100 to
150 cm) was taken 10 cm away from the second sampling point, while the fourth (150 to 200 cm)
was from the original sampling point and so on. When the bottom of the peat was reached,
indicated by the presence of a mineral layer or the presence of impenetrable rock, the final depth
was recorded and the sample taken. If a sample was seen to contain a peat pipe or cavity, its
depth was recorded with the sample ID. At sites RB1-5, HLB1-4 and LLB1-5, around each
sampling point, 4 additional points were used to determine the peat depth using the Russian peat
corer. Each point was located 50 cm north, south, east or west of the initial sampling point. This
was repeated for each of the 4 random points within the 4 quadrants of the site.
There were limitations to sampling using the Russian peat corer in the top layer due to the
inability of the corer to cut through the roots of the forest floor vegetation, usually most
prominent in the top 20 cm. To compensate for this, a random point was chosen within each 10
m by 10 m quadrant where a hole was dug and samples were taken using stainless steel bulk
density rings (Eijkenkamp Agrisearch Equipment BV, Netherlands) of 8 cm diameter by 5 cm
height. Samples were taken with the rings to replace those that the Russian peat corer could not
extract reliably. The Russian corer could not reliably sample 0–30 cm, and at each site we used the
rings to sample at depths: 0-5 cm; 5-10 cm; 15-20 cm; and 25-30 cm (5 cm gaps were placed
between samples after 10 cm to avoid the effects of compaction from previous samples).
To summarise, at each of the 24 sites we obtained: (1) 16 peat profiles using the Russian peat
corer for bulk density and SOC laboratory measurements; (2) four surface profiles (typically 0-30
cm) using stainless steel rings for bulk density and SOC; and (3) 80 individual estimates of peat
depth, using the Russian auger at sites RB1-5, HLB1-4, LLB1-5, and 16 individual estimates of
peat depth at sites RB6-11, HLB5-6 and LLB6-7.
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All samples were stored at 4 oC before being dried at 55 oC until a constant dry weight was
achieved. The samples were then bulked by volume for each depth within each quadrant. The
bulked samples were ground to a fine powder and the SOC (%) determined by combustion in a
C/N analyzer (Elementar – Vario Max CN). The bulk density samples were sieved to 2 mm and
were determined as the dry mass per fresh volume (g cm-3). The bulk density was estimated using
equation (5.1):

rd =

MA
SV - CFV

(5.1)

where r d = bulk density (g cm-3); MA = mass of dry sample <2 mm (g);
SV = sampler volume (cm3); CFV = >2 mm coarse fraction volume (cm3)
The soil organic carbon density of each peat layer was estimated using equation (5.2):
Ci , vol = r di ´ conci ´ h ´ 10 2

(5.2)

where Ci,vol = soil organic carbon density, volume-based method (Mg C ha-1); conci = soil organic
carbon (%); h = Depth of Peat

30 cm.

The soil organic carbon density over the entire peat depth is calculated using equation (5.3).

Ctot =

åC

i , vol

(5.3)

where C tot = total soil organic carbon density

5.3.3. Statistical analysis
The data for peat SOC was normally distributed and so comparisons between groups were
analysed using ANOVA at p<0.05. The data for peat bulk density, depth and soil organic carbon
density were not normally distributed, and so comparisons between the different peatland types
were analysed using the non-parametric, Kruskal-Wallis test at p<0.05. ANCOVA was used to
test for significant interaction between depth and peatland type when predicting total soil organic
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carbon density. All statistical analysis was carried out using SPSS (SPSS Inc., SPSS Statistics,
Student Version, Release 17.0, 2008).

5.4. Results
5.4.1. Bulk density
For the eleven raised bog sites (RB1–RB11) the depth averaged bulk density ranged from 0.101
to 0.198 with a mean of 0.133 and standard deviation of 0.03 g cm-3 (Table 5.2). For the six high
level blanket bog sites (HLB1-HLB6) the depth averaged bulk density ranged from 0.07 to 0.183
with a mean of 0.118 ± 0.04 g cm-3. For the seven low level blanket bog sites (LLB1–LLB7) the
depth averaged bulk density ranged from 0.088 to 0.177 with a mean of 0.125 ± 0.03 g cm-3. The
bulk density values reported here are within the range of values reported in the literature for nonforested peatlands. The bulk densities of the raised bogs are significantly higher than the bulk
densities of the low level blanket bogs.
In general the bulk density for the upper 20 cm is higher than that at lower depths (Figure 5.2,
5.3 & 5.4). This is most likely due to shrinkage of the upper soil layer resulting from the drainage
and water table lowering at the initial afforestation stage. The bulk density of each peat type
shows little change with depth with some sites showing a decrease in bulk density with depth,
with some sites, e.g. RB8 (Figure 5.2) showing an increase of bulk density with depth.
A number of bog sites show an increase in bulk density at the bottom of the peat profile. RB2
(Figure 5.2) has a bulk density value of 0.133 g cm-3 at 175 cm that increases to 0.183 g cm-3 at
225 cm. This increase is due to the presence of humic clays and clays at the bottom of the peat
profile. The bulk density profiles of Tomlinson and Davidson (2000) and Weiss et al. (2002) show
similar trends.
Of the 913 samples that were taken for bulk density across sites, RB1-RB5, HLB1-HLB4, and
LLB1-LLB5, twelve contained pipes (connected natural conduits that transport water, sediment
and solute through soil systems, Holden and Burt, 2002; Holden, 2006), three samples at LLB1,
eight samples at HLB1 and one sample at RB2. The bulk density of samples with pipes was 0.07 g
cm-3 which is significantly lower than the corresponding non-piped samples at 0.11 g cm-3
(p<0.05). Although the bulk density of the samples containing pipes is lower than adjacent
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samples, pipes are found in so few samples they were not significant to the overall mean bulk
density of the peats.
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Table 5.2. The mean ± standard deviation (SD), minimum and maximum for peat depth (cm),
SOC (%) and bulk density (g cm-3) for each site.

Depth (cm)

SOC (%)

Bulk Density (g cm-3)

Site

Mean ± SD

Min

Max

Mean ± SD

Min

Max

Mean ± SD

Min

Max

RB1
RB2
RB3
RB4
RB5
RB6
RB7
RB8
RB9
RB10
RB11

374 ± 20
180 ± 35
91 ± 24
87 ± 30
48 ± 15
345 ± 82
211 ± 47
129 ± 10
243 ± 12
217 ± 42
183 ± 9

335
75
42
33
30
300
115
105
226
131
164

409
225
134
150
84
500
282
150
267
272
198

53.6 ± 2
44.1 ± 11
43.5 ± 6
50.5 ± 1
34.6 ± 10
51.6 ± 2
43.8 ± 1
47.4 ± 2
48.5 ± 2
45.0 ± 3
51.1 ± 1

50.4
23.9
36.5
49.1
27.3
48.0
42.2
45.0
47.4
39.6
49.9

56.7
50.8
47.2
51.2
41.9
55.3
45.3
49.4
50.2
47.7
52.0

0.104 ± 0.01
0.128 ± 0.03
0.133 ± 0.02
0.127 ± 0.02
0.198 ± 0.001
0.101 ± 0.01
0.152 ± 0.04
0.158 ± 0.02
0.103 ± 0.02
0.148 ± 0.03
0.111 ± 0.02

0.095
0.098
0.116
0.115
0.199
0.086
0.107
0.133
0.086
0.121
0.098

0.13
0.183
0.149
0.144
0.198
0.125
0.215
0.177
0.148
0.195
0.133

RB
HLB1
HLB2
HLB3
HLB4
HLB5
HLB6

192 ± 100
299 ± 65
73 ± 20
48 ± 14
38 ± 6
311 ± 42
104 ± 21

30
105
30
32
30
250
60

500
419
100
89
50
375
130

46.7 ± 5
49.8 ± 4
50.7 ± 3
48.9 ± 1
38.3 ± 3
53.8 ± 2
51.4 ± 3

23.9
44.1
48.5
48.0
36.3
51.0
48.6

56.7
54.6
52.8
49.8
44.4
55.7
53.9

0.133 ± 0.03
0.100 ± 0.01
0.129 ± 0.01
0.070 ± 0.01
0.183 ± 0.03
0.085 ± 0.01
0.140 ± 0.01

0.086
0.087
0.12
0.065
0.123
0.071
0.126

0.215
0.114
0.139
0.075
0.208
0.109
0.151

HLB
LLB1
LLB2
LLB3
LLB4
LLB5
LLB6
LLB7

145 ± 130
336 ± 147
113 ± 71
90 ± 40
98 ± 22
36.7 ± 4
60 ± 16
158 ± 11

30
108
30
33
63
31
35
143

419
600
225
188
150
48
85
178

48.8 ± 5
48.4 ± 3
47.5 ± 2
50.3 ± 2
48.4 ± 8
47.9 ± 2
46.1 ± 4
53.3 ± 2

36.3
44.3
44.4
48.5
39.6
45.4
43.5
50.8

55.7
52.3
49.8
52.2
54.1
49.8
48.8
55.4

0.118 ± 0.04
0.088 ± 0.01
0.122 ± 0.01
0.096 ± 0.01
0.131 ± 0.03
0.154 ± 0.03
0.177 ± 0.02
0.104 ± 0.004

0.065
0.069
0.114
0.091
0.111
0.132
0.164
0.098

0.208
0.11
0.126
0.109
0.169
0.202
0.19
0.107

LLB

127 ± 100

30

600

48.8 ± 2

39.6

55.4

0.125 ± 0.03

0.069

0.202
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Figure 5.2. Bulk density (g cm-3) versus depth for the eleven afforested raised bog sites, RB1; RB2; RB3; RB4; RB5; RB6: RB7; RB8; RB9;
RB10; RB11. Error bars indicate standard deviation.
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Figure 5.3. Bulk density (g cm-3) versus depth for the six afforested high level blanket bog sites, HLB1; HLB2; HLB3; HLB4; HLB5;
HLB6. Error bars indicate standard deviation.
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Figure 5.4. Bulk density (g cm-3) versus depth for the seven afforested low level blanket bog sites LLB1; LLB2; LLB3; LLB4; LLB5; LLB6;
LLB7. Error bars indicate standard deviation.
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5.4.2. Soil organic carbon concentration (%)
The mean of the soil organic carbon (SOC) concentrations of the peat was 46.7% ± 5, 48.8% ±
5 and 48.8% ± 2 for raised, high level and low level blanket bogs, respectively. There are no
significant differences in SOC concentrations between peat types. The presence of humic clays
and clays at the lowest depths affects the SOC values, typically with an SOC reduction at the
bottom of the peat profile. This is shown in LLB4 (Figure 5.5), where the SOC drops from
54.1% at 75 cm to 39.6% at 125 cm.
A number of the sites, especially within the high level and low level blanket bogs show the
highest SOC concentrations at mid depth, with lower values near the surface and also at the
bottom of the profile (Figure 5.5). The reduced SOC at the bottom of the peat profile is most
likely due to mixing with the underlying mineral material.

Figure 5.5. Soil Organic Carbon (SOC, %) versus depth for sites RB1; HLB1; LLB4. Error bars
indicate standard deviation.
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5.4.3. Peat depth
The mean depth varies widely, both within a site and between sites for all peat types (Table 5.2).
For the eleven raised bog sites (RB1-RB11) the mean depth ranged from 48 to 374 cm with an
overall mean depth of 192 ± 100 cm. For the six high level blanket bog sites (HLB1-HLB6) the
mean depth ranged from 38 to 311 cm with an overall mean depth of 145 ± 130 cm. For the
seven low level blanket bog sites (LLB1-LLB7) the mean depth ranges from 37 to 336 cm with an
overall mean depth of 127 ± 100 cm. The depth of raised peat is significantly greater than either
the high level or low level blanket bogs (p<0.05).

5.4.4. Soil organic carbon density
The soil organic carbon densities (SOCD) range from 180 Mg C ha-1 at site HLB3 (peat depth
48 cm) to 2090 Mg C ha-1 at site RB1 (peat depth 374 cm) (Table 5.3). Due to their greater depth,
raised bogs have the largest mean soil organic carbon density of 1160 ± 520 Mg C ha-1. The low
level blanket bogs mean SOCD is 705 ± 420 Mg C ha-1 while the high level blanket bogs mean
SOCD is 775 ± 590 Mg C ha-1. The standard deviations of the SOCD means are very large due to
the large variation of depth for each peat type. The SOCDs of the raised peat are significantly
larger than those of both the high level and low level blanket bogs (p<0.05). The depth and peat
type have a significant effect on the SOCD of each site (p<0.05) and are included in the following
linear regression models to predict SOCD based on peat depth and peat type. The high level and
low level blanket bogs were analysed together due to similar values of soil organic carbon density.
CRBC = 4.878h + 228.604

R2 = 0.95

(5.4)

CBLC = 4.414 h + 138.399

R2 = 0.96

(5.5)

where: C RBC = raised bog soil organic carbon density (Mg C ha-1); C BLC = blanket bog soil organic
carbon density (Mg C ha-1); h = depth of peat

30 cm;

There was no significant interaction between peat type and depth on the soil organic carbon
density using ANCOVA, (p<0.05).
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Table 5.3. The mean ± standard deviation soil organic carbon density (Mg C ha-1) of all sites down the peat profile.

Site
RB1
RB2
RB3
RB4
RB5
RB6
RB7
RB8
RB9
RB10
RB11
HLB1
HLB2
HLB3
HLB4
HLB5
HLB6
LLB1
LLB2
LLB3
LLB4
LLB5
LLB6
LLB7

0-50
326 ± 15
272 ± 34
314 ± 28
358 ± 28
368 ± 60
304 ± 44
411 ± 93
331 ± 39
364 ± 44
392 ± 67
323 ± 30
257 ± 85
355 ± 47
162 ± 22
253 ± 73
189 ± 28
383 ± 88
162 ± 19
249 ± 54
263 ± 21
294 ± 21
255 ± 7
362 ± 27
283 ± 56

50-100
295 ± 33
246 ± 33
181 ± 150
275 ± 110
20 ± 44
253 ± 38
376 ± 80
387 ± 75
262 ± 14
339 ± 52
274 ± 30
272 ± 100
155 ± 85
18 ± 32
196 ± 27
272 ± 72
175 ± 26
200 ± 150
137 ± 100
265 ± 78
106 ± 120
273 ± 26

100-200
575 ± 32
559 ± 84
54 ± 64
98 ± 110
476 ± 34
568 ± 140
235 ± 110
446 ± 20
523 ± 110
436 ± 69
476 ± 41
400 ± 34
72 ± 82
370 ± 60
233 ± 190
61 ± 89
73 ± 94
325 ± 54

Depth (cm)
200-300
531 ± 30
26 ± 50
547 ± 34
128 ± 140
193 ± 41
144 ± 130
480 ± 73
456 ± 130
329 ± 140
-

77

300-400
362 ± 94
124 ± 160
134 ± 120
119 ± 140
251 ± 140
-

400-500
103 ± 150
195 ± 160
-

500-600
74 ± 120
-

Total
2090 ± 140
1100 ± 96
548 ± 200
731 ± 190
388 ± 74
1800 ± 430
1480 ± 330
952 ± 170
1270 ± 76
1400 ± 220
1030 ± 100
1620 ± 250
510 ± 100
180 ± 49
253 ± 73
1360 ± 200
727 ± 170
1550 ± 640
682 ± 380
460 ± 170
632 ± 130
255 ± 7
468 ± 130
881 ± 92
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Figure 5.6. The soil organic carbon density of each peat type, RB, raised bog; HLB, high level
blanket bog and LLB, low level blanket bog, versus depth. The regression equations, 5.4 and 5.5
are presented. CRBC = 4.878h + 228.604

R2 = 0.95. CBLC = 4.414 h + 138.399

R2 = 0.96.

Where C RBC = raised bog soil organic carbon density (Mg C ha-1); C BLC = blanket bog soil organic
carbon density (Mg C ha-1); h = depth of peat

30 cm. Error bars indicate standard deviation.

5.5. Discussion

5.5.1. Peat bulk density and SOC concentration
The values for bulk density are within the range reported in the literature for forested and nonforested peatlands. There seems to be little difference in bulk density between non-forested and
afforested peatlands below the 20 cm depth. For the near-surface depth (up to 20 cm) the
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afforested peatlands seem to be denser, most likely due to compaction and water table lowering
caused by drainage planting and increased evapotranspiration from the trees (Minkkinen et al.,
2008).
Tomlinson and Davidson (2000) observed a mean bulk density of 0.069 g cm-3 for non-forested
raised bogs in Northern Ireland which is much lower than our mean value of 0.136 g cm-3.
Chapman et al. (2009) used bulk density values of raised peat at 0.112 g cm-3 lower than the values
reported here. Chapman et al. (2009) found bulk density values of blanket peat in Scotland of
0.129 g cm-3 which are similar to our value of 0.121 g cm-3. Burke (1978) found a mean bulk
density of 0.097 g cm-3 for a forested blanket bog site in Ireland to 90 cm depth, which is less
than our value of 0.121 g cm-3. However, Shotbolt et al. (1998) found a mean bulk density value
of 0.13 g cm-3 for a forested low level blanket bog site in Scotland, a value greater than our value
of 0.125 g cm-3. In contrast, Shotbolt et al. (1998) found a lower mean of 0.11 g cm-3 for an
adjacent non-forested low level blanket bog site that is similar to the mean values of this study.
The bulk densities of the raised bog sites are statistically greater than that of the low level blanket
bogs, for the entire profile. It is unclear why this is the case, but is most likely due to the different
processes and plant species which form each peat type.
It is widely noted in the literature that the bulk density of peat increases with depth (possibly
attributed to the effect of greater humification over time) (Clymo, 1978; Howard et al., 1994;
Milne and Brown, 1997; Cruickshank et al., 1998). However, this was not found in our study as
there was very little change in bulk density, with variation between sites. Tomlinson and
Davidson (2000) found no increase in non-forested raised bogs with depth in Northern Ireland.
Weiss et al. (2002) in a peat bog in south east Asia, found an initial increase in bulk density in the
top 150 cm of peat reflecting the transformation of living matter to poorly decomposed peat, and
then from 200 cm onwards the bulk density decreases until it reaches the peat/sediment interface
at 840 cm. Lewis et al. (2011) also found no change with depth in a high level non-forested
blanket bog in Glencar, Ireland. The results of Lewis et al. (2011) are interesting in that at the
centre of the bog (where the water table never fell below 15 cm) the bulk density of 0.055 g cm-3
was about half of that of 0.11 g cm-3 at the peat margins (a narrow 20m wide strip near a stream,
where the water table was generally below 30 cm) highlighting the spatial variation of bulk density
within the peatland. The increase in bulk density with depth due to compression of the physical
structure that is often assumed in peatland carbon stock modelling may not be accurate, and may
be leading to an overestimate of peatland carbon stocks, especially in deep peatlands.
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The values of SOC reported here are lower than those reported in the literature. Tomlinson and
Davidson (2000) found an SOC concentration of 51.1% for non-forested raised bogs in Northern
Ireland. Lewis et al. (2011) found a mean SOC of 52.9% for a non-forested, pristine low level
blanket bog. Our findings suggest that there may have been some minor losses in SOC (~3%) in
the afforested peatlands, possibly due to loss of CO2 to the atmosphere as a result of increased
aeration due to lowering of the water table in the afforestation process.
The impact of afforestation on the physical properties of peat may be better evaluated by
assessing the decomposition of the peat samples as well as the bulk density. Kechavarzi et al.
(2010) shows that the bulk density of peat increases with increasing decomposition. Analyses of
peat decomposition using the von Post scale (von Post, 1924) may explain some of the variation
in bulk density with depth.

5.5.2. Peat depth and soil organic carbon density
The measurement of peat depth varies widely between nations with some nations i.e. Finland,
having extensively measured peat depth, but globally and within Ireland there has been very little
measurement (Lindsay, 2010). Tomlinson (2005), in his estimate of soil carbon stocks in Ireland,
used mean depths (taken from a number of small databases from the literature and businesses) of
60 cm and 100 cm for high and low level, man modified (man modified encompasses a number
of land use types, including forested peatlands) blanket bogs which are lower than our results of
145 cm and 127 cm respectively. Tomlinson (2005) used a depth of 150 cm for western Ireland
raised bogs and 250 cm for midland Ireland raised bogs in contrast to our results for western
raised bogs of 172 cm for sites RB1, RB2, RB4 and RB5 and 183 cm for our midland raised bogs,
of sites RB3, RB9, RB10 and RB11. The values presented here represent the first comprehensive
field sampling analysis of the soil organic carbon density of Irish peatland soils. Tomlinson (2005)
used soil organic carbon densities based on a very small sample size, using a mean of 1290 Mg C
ha-1 for man-modified raised bogs, slightly bigger than the 1160 Mg C ha-1, reported here.
However, our estimates for the low level blanket and high level blanket bogs, 705 and 775 Mg C
ha-1, were higher than those of Tomlinson (2005) of 585 Mg C ha-1 and 270 Mg C ha-1
respectively.
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High level blanket bogs are the largest forested peat type, representing 49.9% of the total
forested area. The published soil organic carbon density estimates (Tomlinson, 2005) for forested
high level blanket peat, at 270 Mg C ha-1 is much lower than our value of 772.2 Mg C ha-1.
Tomlinson (2005) estimated that the effect of human activities on peatlands would see a depth
decrease of 66% for raised and low level blanket bogs and 50% for the high level blanket bogs.
The differences between our values and the estimates of Tomlinson (2005) suggest that to
improve future peatland carbon stock estimates, afforested peat carbon stocks should be
calculated separately from non-forested peat. By incorporating the soil organic carbon density
estimates of this study with the forest cover area from NFI (2007a) and using updated peatland
maps from Connolly et al. (2007), the estimates of peatland carbon stocks will be much
improved. Peat depth is a key property of the afforested peat soil organic carbon densities for
each peat type (Figure 5.6). Depth is the simplest and quickest property to measure and the
estimates based on equations 5.3 and 5.4, will allow for a much quicker assessment of peat soil
organic carbon densities. However, much fieldwork is required to get a more detailed picture of
the spatial variation of peat depth as we know from Lewis et al. (2011) that there is significant
spatial variability within the km scale and less within the same peatland.
Equations 5.4 and 5.5 are unlikely to be appropriate for non-forested peatlands and boreal
forested peatlands, where most of the global forested peatland is situated due to lower values of
bulk densities found at these sites (Minkkinen and Laine, 1998; Minkkinen et al., 1999; Tomlinson
and Davidson, 2000; Anderson, 2002; Lewis et al., 2011). Equations 5.4 and 5.5 could be used as
an estimate of soil organic carbon density for other afforested peatlands in Ireland and Britain
due to the similar peat types and climate, however, care must be taken in using them as these sites
only measured a small plot of each forest stand and do not measure the variation within the larger
peatland. The methodology may be used to create similar equations for other forested and nonforested peatland in other nations.
The depth and soil organic carbon density of the raised bogs are significantly larger than both
the high and low level blanket bog sites as expected. For future estimates of peat soil organic
carbon density and accounting purposes, raised and blanket bogs should be sampled and reported
separately. The linear equations and soil organic carbon densities of the high and low level blanket
bogs are similar with 775 Mg C ha-1 and 705 Mg C ha-1, respectively. The high level and low level
blanket bogs can be considered as the same peat type due to similar peat soil organic carbon
densities, and analysed simply as blanket bogs in future work.
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5.6. Conclusions
We present the depths, bulk densities, soil organic carbon (SOC) concentrations and soil organic
carbon densities of 24 Irish afforested peatlands. To date few publications exist on the physical
properties of forested peat which limits the estimates of peatland carbon stocks (Tomlinson,
2005; Limpens et al., 2008; Chapman et al., 2009). The data presented in this study can be used to
improve estimates of afforested peatland carbon stocks.
The view of peat bulk density increasing with depth is not supported by our work as each peat
type showed little change down the profile, with individual sites showing different trends. There
is an increased bulk density and lower SOC in the top 20 cm of the peat, possibly due to the
lowering of the water table and the subsequent increased aeration of the peat due to drainage
preparations and afforestation.
The depths of peat and thus the carbon stocks of forested peatland may have been
underestimated for Ireland in Tomlinson (2005), especially for blanket bogs where we found
depths of 145 and 127 cm for high level and low level compared to the 60 and 100 cm. High level
blanket bog represents 49.9% of the total Irish forested peatland area; therefore any
underestimate of the carbon stocks represents an underestimate of the carbon stocks of the entire
national forest area. The underestimate of the forested peatland carbon stocks also shows that in
future estimates of soil carbon stocks, forested peatlands should be analysed separately from
other non-forested peatlands. The similar values of soil organic carbon density show that
afforested high level and low level blanket bogs can be grouped together and analysed simply as
blanket bogs. The depth and soil organic carbon densities of raised bog sites are significantly
larger than those of the blanket bogs, and so further analysis of peat soil organic carbon density
should focus on both the raised and blanket bogs.
The linear regression equations of soil organic carbon density with depth and peat type are a
simple first estimate of soil organic carbon density of afforested peatlands for Ireland and Britain.
The linear regression equations require knowledge only of the peat type and the peat depth to
estimate the soil organic carbon density. The methodology presented here can be used to create
similar linear regression equations for non-forested peatlands. It is important that when modeling
the carbon stocks of peatlands, there should be a greater analysis of the physical properties of all
peat types, especially depth, to improve the reliability of the estimates.
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6.1. Abstract
Government policy in Ireland is to increase the national forest cover from the current 10% to
17% of the total land area by 2030. This represents a major land use change that is expected to
impact on the national carbon (C) stocks. While the C stocks of ecosystem biomass and soils of
Irish grasslands and coniferous forests have been quantified, little work has been done to assess
the impact of broadleaf afforestation on C stocks. In this study we sampled a chronosequence of
ash (Fraxinus excelsior L.) forests aged 12, 20, 27, 40 and 47 years on brown earth soils. A grassland
site, representative of the pre-afforestation land use, was sampled as a control. Our results show
that there was a significant decline (p<0.05) in the soil organic carbon density (SOCDi, 0-30 cm)
following afforestation from the grassland (90.2 Mg C ha-1) to the 27 year old forest (65.9 Mg C
ha-1). Subsequently, the forest soils switched from being a C source to a C sink, and began to
sequester C to 70.6 Mg C ha-1 at the 47 year old forest. We found the carbon density of the
above- and belowground biomass increased with age of the forest stands, by 1.83 Mg C ha-1 yr-1
and offset the amount of C lost from the soil. The increased biomass carbon density led to an
increase in the ecosystem carbon density, from 92.6 Mg C ha-1 at the grassland site to 161.9 Mg C
ha-1 at the 47 year old forest. This creates the potential to sequester significant amounts of C with
ash afforestation in the coming years. The effects of harvesting and reforestation may further
modify the development of ecosystem carbon density over an entire ash rotation.

6.2. Introduction
At the beginning of the twentieth century, forests accounted for only 1% of the total Irish land
cover (Pilcher and Mac an tSaoir, 1995). However, due to the facilitating efforts of successive
governments there has been rapid afforestation since the 1960s resulting in 10% forest land cover
as of 2007 (NFI, 2007a). A large proportion of this afforestation took place after the mid-1980s
and was fueled by government grant incentive schemes targeted at private landowners.
Consequently, 63% of forests are less than 20 years old (NFI, 2007a). This specific land use
change provides an opportunity for Ireland to meet in part its international obligations set forth
by the United Nations Framework Convention on Climate Change (UNFCCC, 1992), as article
3.3 of the Kyoto Protocol allows changes in carbon (C) stocks due to afforestation, reforestation,
and deforestation since 1990 to be used to offset inventory emissions (Kyoto Protocol, 1997). To
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assess if Ireland can benefit from Article 3.3, the impact of afforestation on the C stocks of
Ireland must be determined.
Before the 1990s, broadleaf afforestation had been low, at approximately 3-4% of total annual
afforestation. Conifers make up the majority of afforestation, especially Sitka spruce (Picea
sitchensis [Bong] Carr.), which are preferred due to their greater productivity. Broadleaf planting
increased to 20% of total annual afforestation in 1995, but steadily decreased to 13% in 2000
(Renou and Farrell, 2005). It is current policy that broadleaves should make up 30% of new
plantings.
Ash (Fraxinus excelsior L.) is one of the most popular species of indigenous broadleaf in Ireland,
as it has a short economic rotation length for a broadleaf of 60 to 80 years. Ash is also used in the
indigenous industry of hurley making as used in the Irish sport of hurling (Joyce et al., 1998;
Horgan et al., 2004). There are currently 19,200 ha of ash forests in Ireland (NFI, 2007a), and
with the government’s policy to increase forest cover from its current 10% (NFI, 2007a) to 17%
by 2030 (Department of Agriculture, 1996), and that 30% of new forests should be broadleaves,
the amount of land expected to be forested with ash will greatly increase.
It is important to assess the impact of afforestation on soil organic carbon (SOC) stocks as they
provide a long term store of C which is longer than that of the C stored in the forest biomass
(Vesterdal et al., 2002; Black et al., 2009). Irish forest soils are estimated to contain between 6 and
11% of the national total soil C stock (Tomlinson, 2005; Eaton et al., 2008; Xu et al., 2011).
Soil C stocks are controlled by the balance between the inputs of organic material from the
biota, and losses, primarily from microbial respiration (Zerva and Mencuccini, 2005; Peng et al.,
2008). The change in soil C stocks depends on myriad factors including: tree species, soil type,
rotation length, age, site management, topography and climate (Dixon et al., 1994; Thuille et al.,
2000; Jandl et al., 2007). Some studies have found no change in SOC stocks after afforestation
(Davis et al., 2003; DeGryze et al., 2004; Smal and Olszewska, 2008; Peri et al., 2010). Others
have found an increase in SOC stocks (Post and Kwon, 2000; Guo and Gifford, 2002; Hooker
and Compton, 2003; Morris et al., 2007; Black et al., 2009; Mao et al., 2010) while some have
found a decrease in SOC stocks (Parfitt et al., 1997; Alberti et al., 2008). However, many studies
have shown the same trend, a loss of SOC stocks in the initial years after afforestation, but
thereafter increasing with age to match pre-afforestation levels and even to surpass them
(Romanyà et al., 2000; Parker et al., 2001; Turner et al., 2005; Ritter, 2007).

86

Chapter 6

While the effects of afforestation on soil C stocks vary between studies, there is a consensus
that there is a large increase in the C stored in the above- and belowground biomass following
afforestation. The amount sequestered into the forest biomass increased on average by 1.18 -1.53
Mg C ha-1 yr-1, whereas the C sequestered into the soil is much less and varies from a C sink to a
source, -0.69 to +0.15 Mg C ha-1 yr-1 (Hooker and Compton, 2003; Alberti et al., 2008). Other
studies have found large increases in the forest biomass C following afforestation (Vesterdal et al.,
2002; Tremblay et al., 2006; Taylor et al., 2007; Black et al., 2009).
This study determined the ecosystem carbon density in five afforested ash chronosequence
stands (12, 20, 27, 40, and 47 years) and adjacent grassland to investigate the development of
ecosystem C storage following grassland afforestation. The aims of the study were: 1) to estimate
the changes in bulk density (g cm-3), SOC concentration (%) and soil organic carbon density (Mg
C ha-1) of the soil; and 2) to estimate the successional changes of C stored in the tree biomass and
forest floor.

6.3. Materials and methods

6.3.1. Site description
The study sites were selected from private and state owned forests located in central Ireland.
Five afforested ash stands were selected for sampling; aged 12, 20 27, 40 and 47, and referred to
as F12, F20, F27, F40 and F47, respectively. Prior to afforestation, each forest site was grassland.
A grassland site adjacent to site F12 was sampled to provide a comparison to all sites and will be
referred to as G0. The sites, G0 and F12 were located on private land within County Offaly, while
sites F20, F27, F40 and F47 were located within the state owned Coillte forest of Castlemorris in
County Kilkenny (Figure 6.1, Table 6.1). The forest sites consist of similar aged stands of ash,
ranging in elevations between 73 to 106 m above sea level and with flat topographies. Each site
has a brown earth soil: a well-drained, mature mineral soil possessing a uniform profile (Gardiner
and Radford, 1980). The chronosequence technique used in this study allows for the integration
of independent forest stands with different ages, into one unit, substituting space for time. The
stands are as close to identical in all aspects other than stand age so as to reduce variability (Taylor
et al., 2007; Hedde et al., 2008; Black et al., 2009; Tang et al., 2009).
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Figure 6.1. Locations of all 6 sites within Ireland.

88

Chapter 6

Table 6.1. Characteristics of each site.
Forest
Site

Stand Age
(years)

Elevation
(m)

Georeference
Position

Stocking Density
(Stem ha-1)

DBH
(cm)

G0
F12
F20
F27
F40
F47

12
20
27
40
47

73
73
87
75
106
102

53o 17' N, 7o 12' S
53o 18' N, 7o 12' S
52o 27' N, 7o 16' S
52o 27' N, 7o 16' S
52o 27' N, 7o 16' S
52o 27' N, 7o 16' S

3433 ± 551
1400 ± 131
787 ± 70
727 ± 214
453 ± 153

8.7 ± 0.1
14.5 ± 0.4
17.6 ± 0.7
23.8 ± 3.0
26.6 ± 3.5

6.3.2. Soil and forest floor sampling methodology
Sites G0 and F12 were sampled in February 2010, while sites, F20, F27, F40 and F47 were
sampled in June and July 2010. At each site a 20 m by 20 m square plot was set out, and then
partitioned into four 10 m by 10 m quadrants. The soil at each site was sampled to 30 cm depth.
Within each quadrant, 4 points were randomly selected and sampled for bulk density (g cm-3) at
the depths of 0-5, 5-10, 15-20 and 25-30 cm. Horizontal spacing of 5 cm were used between
samples below 10 cm to avoid the effects of compaction from previous samples. Bulk density
samples were taken using stainless steel bulk density rings (Eijkenkamp Agrisearch Equipment
BV, Netherlands) of 8 cm diameter by 5 cm height.
Adjacent to the point where the bulk density samples were taken, 8 holes were sampled to
depths of 0-10, 10-20 and 20-30 cm for soil organic carbon using a 10 cm soil auger (Eijkenkamp
Agrisearch Equipment BV, The Netherlands).
At three points within each quadrant, the forest floor was sampled from 0.1 m2 square plots.
Each forest floor and soil sample was placed into a labeled polythene bag in the field.
All soil samples were stored at 4 OC before being dried at 55 OC, until a constant dry weight
was achieved. The soil samples taken with the soil auger for SOC were sieved to <2 mm (the 8
soil samples were bulked for each depth at each quadrant by equal volume) and then ground to a
fine powder. All soil samples were tested for carbonates. Any samples that tested positive for
carbonates were treated with sulphurous acid to remove the carbonates (Nelson and Sommers
1996) Sites G0 and F40 were found to have carbonates present. Samples were combusted in a
C/N analyser (Elementar - Vario Max CN) to determine the SOC (%).
The bulk density was calculated using equations (6.1).
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rd =

MA
SV - CFV

(6.1)

where r d = bulk density (g cm-3); MA = mass of dry sample <2 mm (g); SV = sampler volume
(cm3); CFV = >2 mm coarse fraction volume (cm3)
The bulk density samples were converted to 10 cm depths to match the SOC data. The volume
based method is often used in assessing changes in soil organic carbon density following land use
or management changes by multiplying the SOC concentration (%) by bulk density (g cm-3) to a
fixed depth. The volume-based method assumes that bulk density is static through time
(Markewitz et al., 2002; Sartori et al., 2007; Mao et al., 2010), however, bulk density varies spatially
and temporally (Lee et al., 2009) and so changes in soil mass can mask changes in SOC and
produce erroneous results. The equivalent soil mass method (ESM) was designed so as to remove
this error in measurements of SOCD change and is defined as the reference soil mass per unit
area chosen in a layer (Ellert et al., 2001). The soil mass was calculated using equation (6.2).
Mi = rdi ´ h ´ 10 4

(6.2)

where Mi = dry soil mass (Mg ha-1) at the ith depth (i =1,2,3 corresponding to the 0-10, 10-20 and
20-30 depths); h = depth of soil layer (cm); 104 = unit conversion factor (m2 ha-1).
The soil organic carbon density of the soil to a fixed depth using the volume-based method was
calculated using equation (6.3).
Ci , vol = conci ´ Mi

(6.3)

where C i,vol = soil organic carbon density, volume based method (SOCDvol, Mg C ha-1); conci =
SOC (%)
The equivalent soil mass method uses the soil mass of each soil layer sampled at the control site
as the ESM for the layer, using equation (6.4), the equivalent carbon mass (ECM) can be
calculated using equation (6.5) (Lee et al., 2009).
Mi , add = Mi , equiv - Mi

(6.4)
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Ci , esm = Ci , vol - conci + 1 ´ Mi - 1, add + conci - 1 ´ (Mi, add - Mi - 1, add)

(6.5)

where C i,esm = the soil organic carbon density, equivalent soil mass method (SOCDesm, Mg C ha); Mi,e quiv = non-forest soil mass (Mg ha-1); Mi-1,add and Mi,add = the additional soil masses that are

1

used to estimate the ESM (Mg ha-1); conci -1 and conci-1 = SOC concentration (%) for the additional
soil mass determined by the location of soil mass used for the corrections between the soil layers
at each sampling time. For more information on the ESM method see Ellert and Bettany (1995),
Ellert et al. (2001) and Lee et al. (2009).
The soil organic carbon density (0-30 cm) of the forest sites were calculated using equation (6.6)
and the soil organic carbon density (0-30 cm) of the grassland site was calculated using equation
(6.7)

Ctot =

åC

Ctot =

åC

i , esm

(6.6)

i , vol

(6.7)

where C tot = soil organic carbon density (0-30 cm) using either the volume based method or
equivalent soil mass method.
The soil texture was analysed at each depth for all sites from the bulked soil samples, using the
hydrometer method, ASTM D422, 2002.
To summarise, at each of the 6 sites we obtained: (1) 32 samples for SOC at each depth of 010, 10-20 and 20-30 cm using the soil auger that were bulked into 4 samples for each depth for
analysis; (2) 4 samples of bulk density of the depths, 0-5, 5-10, 15-20 and 25-30 cm using the
stainless steel rings; and (3) 12 samples of the forest floor.

6.3.3. Above- and belowground biomass
The methodology used to measure the biomass of the sites was adapted from the Irish National
Forest Inventory (NFI) Protocol (NFI, 2007b) and was non-destructive. Three random points
were chosen within each forest site and a circular plot of 500 m2 (25.24 m diameter) was set up
with random points as plot centers. The diameter at breast height (cm) (DBH at 1.3 m) was
recorded for each tree that had a DBH greater than 7 cm within each plot. Sites F40 and F47
were smaller than the other ash stands (<1500 m2) and so the third plot was set to an area of
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250m2. The stem and branch biomass was calculated from an allometric equation (6.8) of ash
trees from an English study (Bunce, 1968).
ln(S) = -2.4598 + 2.4882ln(d)

(6.8)

where S = stem and branch biomass (kg); d = DBH (cm)
The leaf biomass data were calculated from equation (6.9) of ash trees from an Italian study
(Alberti et al., 2005).

L = 0.003d 2.31

(6.9)

where L = leaf biomass (kg); d = DBH (cm)
The root biomass was calculated from equation (6.10) (Cairns et al., 1997).
R = 0.26b

(6.10)

where R = root biomass (kg), b = aboveground biomass (kg).
All biomass and forest floor litter was multiplied by 0.5 to estimate the mass of C (IPCC, 1997).
The forest floor carbon density was calculated using equation (6.11).

C ff = 0.5 FF

(6.11)

where Cff = forest floor carbon density (FFCD, Mg C ha-1), FF = forest floor mass (Mg ha-1), 0.5
= conversion factor to convert into carbon density.
The carbon density of the above-ground biomass was calculated using equation (6.12).
Ca = ( S ´ ST + L ´ ST ) ´ 0.5 ´ 10-3

(6.12)

where Ca = aboveground biomass carbon density (AGCD, Mg C ha-1), ST = stocking density
(stem ha-1), 0.5 = conversion factor to convert into carbon density, 10-3 is a conversion factor.
The carbon density of the below-ground biomass was calculated using equation (6.13).

92

Chapter 6

Cw = 0.26Ca

(6.13)

where Cw = belowground biomass carbon density (BGCD, Mg C ha-1).
The carbon density of the biomass was calculated using equation (6.14).
Cb = Ca + Cw

(6.14)

where Cb = biomass carbon density (BCD, Mg C ha-1),
The carbon density of the ecosystem was calculated using equation (6.15).
Ce = C b + C ff + Ctot

(6.15)

where Ce = ecosystem carbon density (Mg C ha-1).

6.3.4. Statistical analysis
The biomass carbon density, soil bulk density and SOC data, along with the 20-30 cm depth for
soil organic carbon density were normally distributed and so were analysed by one way ANOVA
to test for significant differences between all sites. The 0-10, 10-20 and 0-30 cm depths for soil
organic carbon density and forest floor carbon density values were not normally distributed, and
were analysed using the non-parametric test, Kruskal-Wallis. All statistical analysis was calculated
at p<0.05 using SPSS (SPSS Inc., SPSS Statistics, Student Version, Release 17.0, 2008).

6.4. Results
6.4.1. Soil texture and soil organic carbon
The soil texture class of loam was the same at all sites (Table 6.2). There is no difference in the
soil texture along the chronosequence, confirming the suitability of the soils for sampling.
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For the 0–10 cm depth, the SOC (mean ± standard deviation) decreased from its highest value
of 4.5% ± 0.8% at G0 with increasing stand age to a minimum of 3.4 ± 0.5% and 3.4 ± 0.2%, at
F27 and F40, respectively (Table 6.3). At the later stand age, the SOC was significantly lower
compared to G0 and F12 (p<0.05). The SOC was higher at F47 than it was at F27 and F40, but
still lower than G0 and F12, although the SOC at F47 was statistically different only to the SOC
at G0. The SOC of the 10-20 cm and 20-30 cm depths followed similar patterns as the 0-10 cm,
although the magnitudes of SOC decreased with depth for sites. For example the SOC for F12
decreased from 4.3% at 0-10 cm to 2.5% at 10-20 cm and to 1.6% at 20-30 cm giving an overall
depth average of 2.8% for the 0-30 cm depth.
Table 6.2. The soil texture as % sand, silt and clay (mean and standard deviation, SD) at each
site; n = 3 for each site.
Site
G0
F12
F20
F27
F40
F47

Sand (%)
43.4 ± 3.6
39.9 ± 4.1
40.8 ± 1.7
39.7 ± 1.9
45.9 ± 2.6
43.6 ± 3.0

Silt (%)
34.5 ± 8.2
35.1 ± 1.6
33.9 ± 2.0
37.6 ± 1.7
33.8 ± 1.1
36.1 ± 1.6

Clay (%)
22.1 ± 4.8
25.0 ± 5.0
25.3 ± 0.7
22.7 ± 3.1
20.3 ± 3.1
20.4 ± 2.6
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Table 6.3. The mean, standard deviation (SD), minimum and maximum values of bulk density (BD, g cm-3), SOC (%) and soil organic carbon density (equivalent
soil mass method) (SOCDesm, Mg C ha-1) and soil organic carbon density (volume-based method) (SOCDvol, Mg C ha-1) for each soil depth of 0-10 cm, 10-20 cm,
20-30 cm and 0-30 cm for all sites; n = 4 for each attribute at each site.
0-10
10-20
Soil
Site
Attributes
Mean ± SD
Min
Max
Mean ± SD
Min
Max
G0
BD
0.85 ± 0.11 a
0.77
1.01
1.10 ± 0.12 a
0.93
1.22
a
a
F12
BD
0.94 ± 0.11
0.81
1.05
1.12 ± 0.10
1.05
1.27
a
a
F20
BD
0.88 ± 0.06
0.80
0.92
1.03 ± 0.10
0.92
1.15
a
a
F27
BD
0.93 ± 0.06
0.87
1.00
1.06 ± 0.11
0.90
1.15
a
a
F40
BD
0.95 ± 0.06
0.90
1.04
1.13 ± 0.10
1.00
1.25
a
a
F47
BD
0.90 ± 0.07
0.82
1.00
1.10 ± 0.12
1.02
1.28
ab
c
G0
SOC
4.5 ± 0.80
3.7
5.2
3.0 ± 0.15
2.8
3.1
a
b
F12
SOC
4.3 ± 0.24
4.1
4.6
2.5 ± 0.14
2.4
2.7
ab
ab
F20
SOC
3.8 ± 0.50
3.1
4.3
2.2 ± 0.24
2.0
2.6
ab
a
F27
SOC
3.4 ± 0.47
2.8
3.9
2.0 ± 0.08
1.9
2.1
b
a
F40
SOC
3.4 ± 0.18
3.2
3.6
1.9 ± 0.13
1.8
2.1
ab
abc
F47
SOC
3.8 ± 0.44
3.2
4.2
2.1 ± 0.45
1.5
2.5
a
a
G0
SOCDvol
38.8 ± 11.0
29.2
51.8
32.7 ± 4.9
25.7
37.2
F12
SOCDesm
36.4 ± 5.5 a
31.6
43.8
28.7 ± 2.2 ab
26.2
31.2
F20
SOCDesm
31.8 ± 3.1 a
27.2
34.0
24.3 ± 2.7 b
20.4
26.4
F27
SOCDesm
28.7 ± 2.4 a
25.9
31.0
23.3 ± 2.0 b
20.8
25.1
F40
SOCDesm
28.9 ± 3.5 a
26.0
34.0
22.2 ± 3.0 b
19.9
26.7
F47
SOCDesm
32.5 ± 1.8 a
30.6
34.9
23.2 ± 3.0 b
20.4
25.9
abc. Means with different lower cased letters are significantly different among sites (p<0.05).
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20-30
Mean ± SD
Min
1.24 ± 0.09 a
1.17
a
1.17 ± 0.06
1.11
a
1.23 ± 0.07
1.13
a
1.28 ± 0.10
1.13
a
1.22 ± 0.10
1.11
a
1.26 ± 0.09
1.20
ab
1.5 ± 0.29
1.2
a
1.6 ± 0.15
1.4
ab
1.5 ± 0.25
1.1
b
1.1 ± 0.17
0.88
ab
1.2 ± 0.20
1.1
ab
1.2 ± 0.26
0.79
a
18.7 ± 3.6
14.1
21.0 ± 2.4 a
18.6
18.1 ± 3.1 a
14.2
13.8 ± 1.7 a
11.8
16.1 ± 1.9 a
14.1
14.8 ± 2.5 a
11.2

Max
1.37
1.25
1.30
1.34
1.34
1.39
1.9
1.8
1.7
1.3
1.4
1.4
22.8
24.3
21.6
15.9
18.6
17.0

0-30
Mean ± SD
Min
1.06 ± 0.19 a
0.77
a
1.08 ± 0.13
0.81
a
1.05 ± 0.17
0.80
a
1.09 ± 0.17
0.87
a
1.10 ± 0.14
0.90
a
1.09 ± 0.17
0.82
a
3.0 ± 1.4
1.2
a
2.8 ± 1.2
1.4
a
2.5 ± 1.0
1.1
a
2.2 ± 1.0
0.88
a
2.2 ± 1.0
1.1
a
2.4 ± 1.2
0.79
ab
90.2 ± 18.0
70.1
86.2 ± 7.0 a
79.5
74.2 ± 8.5 ab
61.7
65.9 ± 3.1 b
62.7
67.3 ± 6.6 b
61.3
70.6 ± 6.9 ab
62.2

Max
1.37
1.27
1.30
1.34
1.34
1.39
5.2
4.6
4.3
3.9
3.6
4.2
111.8
94.1
79.7
69.5
76.3
77.7
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6.4.2. Soil bulk density
There were no significant differences in bulk densities between sites (p>0.05) (Table 6.3). The
bulk density of the 0-10 cm depth ranged from the lowest value of 0.85 ± 0.11 g cm-3 at site G0 to
the highest of 0.95 ± 0.06 g cm-3 at site F40. The 10-20 cm depth ranged from the lowest value of
1.03 ± 0.10 g cm-3 at site F20 to 1.13 ± 0.10 g cm-3 at site F40. The 20-30 cm bulk density values
ranged from the lowest of 1.17 ± 0.06 g cm-3 at site F12 to the highest of 1.28 ± 0.10 g cm-3 at site
F27. The bulk density of each site increased with depth.

6.4.3. Soil organic carbon density
The soil organic carbon density (SOCD) decreased with depth for all sites. The SOCD was
highest for G0, decreasing with age to its lowest at F27, after which SOCD began to increase
again (Table 6.3 and Figure 6.2). In the 0-10 cm soil depth the largest value of SOCD was 38.8 ±
10.9 Mg C ha-1 for site G0. From site G0 there was a decline in SOCD to 31.8 ± 3.1 Mg C ha-1 at
site F20 and the lowest SOCD of 28.7 ± 2.4 Mg C ha-1 was at site F27. The SOCD began to
increase with age after site F27, with values rising to 28.9 ± 3.5 Mg C ha-1 and 32.5 ± 1.8 Mg C ha1

for sites F40 and F47, respectively. However, there were no significant differences between the

SOCDs of depth 0-10 cm of each site.
Site G0 had the highest SOCD of the 10-20 cm soil depth with 32.7 ± 4.9 Mg C ha-1, being
significantly larger than sites F20, F27, F40 and F47 (p<0.05). From site G0 there was a sustained
decrease to the lowest value of 22.2 ± 3.0 Mg C ha-1 at site F40, before a small increase to 23.2 ±
3.0 Mg C ha-1 at site F47. Site F12 had the highest SOCD of the 20-30 cm soil depth with 21.0 ±
2.4 Mg C ha-1, slightly larger than the 18.7 ± 3.6 Mg C ha-1 of site G0. There was a decrease in
SOCD from site F12 to site F27 with the lowest value of 13.8 ± 1.7 Mg C ha-1, before an increase
with sites F40 and F47 having SOCDs of 16.1 ± 1.9 Mg C ha-1 and 14.8 ± 2.5 Mg C ha-1,
respectively. There was no significant difference between the sites in the SOCD of the 20-30 cm
soil depth.
For the integrated depth 0-30 cm, site G0 had the highest SOCD of all sites with 90.2 ± 18.0
Mg C ha-1, slightly larger than the 86.2 ± 6.7 Mg C ha-1 of site F12. From site F12 there was a
significant decline (p<0.05) in SOCD to the lowest value of 65.9 ± 3.1 Mg C ha-1 at site F27. After
site F27, there was a small increase in SOCD to F47, with a value of 70.6 ± 6.9 Mg C ha-1. The
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change in SOCD of the 0-30 cm soil depth with the stand age is presented in equation 6.16
(Figure 6.3),

Ctot = 0.0159 x 2 - 1.2574 x + 92.822 , R2=0.87

(6.16)

where Ctot = SOCD, 0-30 cm (Mg C ha-1); x = age of stand (years).
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Figure 6.2. Soil organic carbon density (SOCD, Mg C ha-1) versus depth for sites G0, F12, F20, F27, F40 and F47. Error bars indicate
standard deviation.
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6.4.4. Forest floor and biomass carbon density
The forest floor carbon density (FFCD) increased with the age of the ash stands (Table 6.4).
Site F12 had a value of 2.0 ± 0.8 Mg C ha-1 and increased to the largest amount of FFCD at site
F47 with 8.6 ± 4.6 Mg C ha-1. The values of FFCD were not significantly different between sites
(p<0.05). The forest floor consisted mainly of woody debris rather than decayed leaf biomass.
The FFCD on average accumulated ~ 0.18 Mg C ha-1 yr-1 (Figure 6.3). The changes in the FFCD
with stand age is presented in equation (6.17),
C ff = 0.178 x , R2=0.99

(6.17)

where Cff = forest floor carbon density (Mg C ha-1); x = age of stand (years).
The DBH of the ash stands increased with age from 8.7 cm at site F12 to 26.6 cm at site F47.
However, the stocking density of the ash stands decreased from 3433 stems ha-1 at F12 to 453
stems ha-1 at F47 due to thinning activities (Table 6.1). There was an overall increase in the live
aboveground biomass carbon density along the chronosequence (Table 6.4). There was a large
increase in the live biomass carbon density after afforestation with site F12 having accumulated
41.2 ± 6.6 Mg C ha-1. There was a further increase to 59.8 ± 4.1 Mg C ha-1 at site F20, before a
decrease in the live biomass carbon density at site F27 with 54.5 ± 3.6 Mg C ha-1 as the stocking
density almost halves from 1400 stems ha-1 at site F20 to 787 stems ha-1 at site F27. From site F27
there was a significant increase (p<0.05) to 101.9 ± 5.0 Mg C ha-1 at site F40 before another
decline to 82.7 ± 0.5 Mg C ha-1 again due to the stocking density decrease from 727 (stems ha-1) at
site F40 to 453 (stems ha-1) at site F47 (Table 6.1). The biomass carbon density of sites F40 and
F47 are significantly larger than sites F12, F20 and F27 (p<0.05). The biomass carbon density of
grasslands is much less than that stored in forests. Black et al. (2009) and Peichl et al. (2011a)
estimate that between 2.3-2.4 Mg C ha-1 is stored in the live biomass carbon density of Irish
grasslands.
Dead biomass was noted at only three sites, G0, F20 and F40, and is a very small fraction of
the ecosystem carbon density representing only 0.1, 0.3 and 0.1%, respectively of the ecosystem
carbon density. The above- and belowground biomass accumulated on average ~ 1.83 Mg C ha-1
yr-1 (Figure 6.3). The changes in the total above- and belowground carbon density with stand age
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using a grassland biomass value of 2.35 Mg C ha-1 (Black et al., 2009; Peichl et al., 2011a) is
presented in equation (6.11),
Cb = 1.826 x + 12.731 , R2=0.86

(6.18)

where Cb = biomass carbon density (Mg C ha-1); x = age of stand (years).

6.4.5. Ecosystem carbon density
The change in ecosystem carbon density over the chronosequence follows the increase in
biomass carbon density (Figure 6.3). The ecosystem carbon density increased following
afforestation, despite the loss of SOCD, from 90.2 Mg C ha-1 at G0 to 161.9 Mg C ha-1 at site F47
(Table 6.4). The ecosystem carbon density drops at two sites, F27 and F47 due to the reduction in
the biomass carbon density (due to thinning of the stocking numbers). Over the course of the
chronosequence, the portion of the ecosystem carbon density stored in the soil decreased from
100% of the ecosystem carbon density, at site G0 to 43.6% of the ecosystem carbon density at
site F47 (Figure 6.4). Between sites F27 and F40 the biomass becomes the largest portion of the
ecosystem carbon density, larger than the store of SOCD. The changes in the ecosystem carbon
density with stand age using a grassland biomass value of 2.35 Mg C ha-1 (Black et al., 2009; Peichl
et al., 2011a) is presented in equation (6.19),
Ce = 1.521x + 100.152 , R2=0.81

(6.19)

where Ce = ecosystem carbon density (Mg C ha-1); x = age of stand (years).

100

Chapter 6

Figure 6.3. Carbon pools (Mg C ha-1) for sites G0, F12, F20, F27, F40 and F47. BCD, biomass
carbon density (Mg C ha-1): FFCD, forest floor carbon density (Mg C ha-1): SOCD, soil organic
carbon density (Mg C ha-1): ECD, ecosystem carbon density (Mg C ha-1).
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Figure 6.4. Percentage of each carbon pool in relation to the total ecosystem carbon density, for
sites G0, F12, F20, F27, F40 and F47. SOCD, soil organic carbon density: FFCD, forest floor
carbon density: BCD, biomass carbon density: ECD, ecosystem carbon density.
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Table 6.4. The mean ± standard deviation carbon density for each pool (Mg C ha-1) and changes along the chronosequence.

Site

Pool Carbon Density (Mg C ha-1)
Live Stem & Branch Biomass Carbon Density
Live Leaf Biomass Carbon Density
Live Belowground Biomass Carbon Density
Live Above- & Belowground Biomass Carbon Density
Dead Stem & Branch Biomass Carbon Density
Dead Belowground Biomass Carbon Density
Dead Above- & Belowground Biomass Carbon Density
Forest Floor Carbon Density
Soil Organic Carbon Density (0-30 cm)
Ecosystem Carbon Density

G0
90.2 ± 18.0
90.2 ± 18.0

F12
31.9 ± 5.1
0.8 ± 0.1
8.5 ± 1.4
41.2 ± 6.6
2.0 ± 0.8
86.2 ± 7.0
129.4 ± 9.7

103

F20
46.5 ± 3.2
1.0 ± 0.1
12.3 ± 0.9
59.8 ± 4.1
0.3 ± 0.2
0.1 ± 0.1
0.4 ± 0.3
3.6 ± 1.6
74.2 ± 8.5
138.0 ± 9.6

F27
42.4 ± 2.8
0.9 ± 0.1
11.2 ± 0.7
54.5 ± 3.6
4.5 ± 0.7
65.9 ± 3.1
124.9 ± 4.8

F40
79.3 ± 3.9
1.6 ± 0.1
21.0 ± 1.0
101.9 ± 5.0
0.1 ± 0.2
0.04 ± 0.06
0.2 ± 0.3
6.9 ± 6.0
67.3 ± 6.6
176.5 ± 10.3

F47
64.4 ± 0.4
1.3 ± 0.03
17.1 ± 0.1
82.7 ± 0.5
8.4 ± 4.5
70.6 ± 6.9
161.9 ± 8.3

Chapter 6

6.5. Discussion

6.5.1. Soil organic carbon
Afforestation of grassland with ash resulted in a loss of soil organic carbon. While the 0-30 cm
depth of the grassland had an SOC of 3.0%, the ash stand at age 47 had an SOC of 2.4%,
corresponding to a loss of 20% of SOC following afforestation. This occurs as forest
establishment initially reduces the SOC of soils as it disturbs soil structure, and leads to an
increase in the decomposition of organic matter and thus an increase in C lost to the atmosphere
from soil respiration (Zerva and Mencuccini, 2005). Within the first few decades the litter input to
the soil from the young forest is small and cannot match the losses of SOC, therefore becoming a
source of C (Vesterdal et al., 2002). As the forest ages the organic matter input from plant
residues increase and along with reduced soil disturbance the soil switches from losing C to
beginning to sequester C (Mao et al., 2010) which occurred at about age 27 in this study.

6.5.2. Soil bulk density
Within the literature it has been noted that the bulk density of soils decreased with age due to
the incorporation of organic matter, and so the bulk density decreases while the soil layer
becomes thicker (Vesterdal et al., 2002). However, no change in bulk density was observed in this
study. This was also noted in Gholz and Fisher (1982), who found no significant differences
between the bulk densities in a slash pine chronosequence of 2 to 34 year old stands in Florida,
USA.

6.5.3. Soil organic carbon density
Soil organic carbon density follows the pattern of SOC, with a decline following afforestation.
This is due to a loss of SOC from forest establishment, which outweighs the organic matter being
added to the soil by the young forests. After 27 years, there was an increase in the SOCD of the
forest with age, as the inputs of organic matter from the litterfall, woody debris and roots of the
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forest become greater than the loss of SOCD from decomposition. However, the rate of increase
after 27 years is slower than the rate of decline from site G0 to site F27. The increase in SOCD
after 27 years is not statistically significant. Over the chronosequence the soil loses C and so as
the ash stands reach 60 years (the age that these plantations are scheduled to be harvested) the
SOCD is estimated to reach 74.6 Mg C ha-1, representing a 17.3% or 15.6 Mg C ha-1 loss from the
pre-afforested conditions. This is a large loss and mitigation measures should be considered to
limit this SOCD loss. However, more work must be done to assess the SOCD of ash forests
older than 47 years to verify this trend. Black et al. (2009) in a chronosequence of Sitka spruce
stands on surface-water gley soils in Ireland, found an increase in SOCD, from 97.2 Mg C ha-1 at
the grassland site to 137.3 Mg C ha-1 at the 16 year old spruce stand, an annual increment of 2.22.5 Mg C ha-1 year-1. The authors suggested that this may be due to the higher total belowground
C allocation of their sites and reduced decomposition due to the anaerobic conditions associated
with the water saturated soils. Tang et al. (2009) in a chronosequence of deciduous forests,
predominantly aspen (Populus tremuloides) and sugar maple (Acer saccharum) after disturbance in
Wisconsin and Michigan, USA found an initial decrease in the SOC at 0-60 cm depth of soil from
the regenerated stand to the young stand (10 years), and thereafter the SOC increased up to the
mature forest (73 years) and the old growth forest (350 years).
The amount of SOCD that is either lost or sequestered depends upon site management, tree
species, soil type, length of rotation, age, topography, climate and management (Dixon et al.,
1994; Thuille et al., 2000; Jandl et al., 2007). Ash has a short economic rotation length for a
broadleaf specie in Ireland at 60-80 years; however, ash is not as productive as the more widely
grown conifers, such as Sitka spruce (Picea sitchensis). The greater productivity of the conifers is
likely to result in a large input of organic matter into the forest floor. However, broadleaf forests
have been shown to sequester more C into the soil through a larger root biomass (Laganière et al.,
2010).

6.5.4. Biomass carbon density
The significant increase in biomass carbon density (BCD) with the age of the ash stands follows
the increase in the mean DBH of the ash trees; however, there are two occasions when BCD
declines. These are both due to the decrease in the stocking density of each stand as the sites are
thinned. The cutting of trees provides more growing space for the remaining trees (NFI, 2007b).
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The biomass carbon density of the forests on average increased by 1.83 Mg C ha-1 yr-1, and at the
projected time of harvesting, at 60 yrs, the BCD is estimated to be 122.3 Mg C ha-1. The rate that
C is sequestered into the BCD of the ash trees is similar to values in the literature. Alberti et al.
(2008) in a chronosequence of mixed ash and sycamore in a natural recovery in Italy found that
the trees sequestered 1.69 Mg C ha-1 yr-1, while Hooker and Compton (2003) in a natural recovery
white pine mixed forest in north-eastern, USA, found that the aboveground biomass sequestered
1.53 Mg C ha-1 yr-1.
There is uncertainty in the allometric equations used to estimate the biomass of the stands due
to their derivation coming from differing locations and species. Equation (6.6) (Bunce, 1968) is an
equation based on the stem and branch biomass of ash trees for England, and is the most
appropriate allometric equation for Irish ash trees at present, but it does not account for the
biomass of the live leaves and the root biomass. Equation (6.7) (Alberti et al., 2005) was based on
ash trees from Italy, from a climate different to that of the ash sites sampled within this study.
Equation (6.8) (Cairns et al., 1997) is a general measure of the ratio of root biomass to
aboveground biomass for a number of species, not just ash. At present these equations represent
the best method of estimating the biomass of Irish ash. Future work should focus on producing
allometric equations for Irish ash trees that will allow for improved estimates of biomass and
biomass carbon density at both the stand and national level.

6.5.5. Ecosystem carbon density
While there was a loss in soil organic carbon density due to afforestation, there was an increase
in the biomass carbon density along the chronosequence. As the ash stand grows, the loss of
SOCD is more than balanced by ever larger amounts of biomass carbon density, and the
ecosystem carbon density follows this trend. At F27 and F47, where the ecosystem carbon
density decreases, is due to thinning of the ash stands and the subsequent loss of BCD from the
ecosystem as the trees are removed from the sites. At the 40 year old ash stand the biomass
becomes a larger store of C than the soil. Over the chronosequence the ecosystem sequesters a
mean of 1.52 Mg C ha-1 yr-1 from the atmosphere, and at 60 years there is an estimated 191.4 Mg
C ha-1 stored within the ecosystem. Black et al. (2009) in a chronosequence of Sitka spruce stands
on surface-water gley soils in Ireland, found that after 10 years the afforested sites become carbon
sinks, due to both the increase in soil organic carbon density and the increase in C stored in the
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above ground biomass increasing from 1.7 Mg C ha-1 at the grassland site to 176.5 Mg C ha-1 at its
maximum at the 45 year old forest. Vesterdal et al. (2002) found a loss in SOC from two separate
Oak and Norway spruce forests, however, there was a much greater amount of C stored in the
biomass, approximately 75 Mg C ha-1 and 105 Mg C ha-1 for the Oak and Norway spruce,
respectively.
It is Irish government policy to increase the current national forestry area from its current 10%
to 17% by 2030, with an aim of 30% of all afforestation being broadleaf species. This study found
that by 60 years, afforestation of brown earth grasslands had led to a doubling in ecosystem
carbon density, from 92.6 Mg C ha-1 at the grassland site to an estimated 191.4 Mg C ha-1 at the
60 year old forest. This presents a large C sequestration potential for ash forests within Ireland.
However, soils store C for longer than forest biomass, and the loss of SOCD in this study shows
that when assessing forest C stocks, soil organic carbon density should always be measured so as
to assess the entire ecosystem carbon density. As the forest biomass is normally harvested after
60-80 years, work should be undertaken to assess the changes in ecosystem carbon density
following harvesting and reforestation so as to gain insight into impacts of the full rotation of the
ash forests. Studies have shown different effects of harvesting on the SOCD. Zerva et al. (2005)
found a loss in soil C after deforestation before an increase in soil C in the second rotation of a
Sitka spruce chronosequence in England. While other studies have found very little or no change
in soil C following harvest (Johnson and Curtis, 2001; Yanai et al., 2003; Martin et al., 2005).
With the recent and continuing afforestation within Ireland, there is a unique opportunity to
study the impacts of a number of different tree species on the ecosystem carbon density of a
number of different soil types. The chronosequence presented here could be expanded in the
next few years, allowing for repetition of the younger sites, and gaining a greater insight into the
losses of SOCD from forest establishment. The sampling of the older sites should also be
repeated in the next 10-20 years to determine the SOCD of the ash sites before harvesting and
post harvest.
This study examined only one soil type, brown earth, which represents ~1/3rd of the total
current ash area (NFI, 2007a). The two other major soils that ash is grown on in Ireland are gleys
and grey brown podzolics which occupy 27 and 14% respectively. Further work is required to
study the effects of ash forests on the SOCD of these two soil types so as to improve the
accuracy of the estimates. This is especially the case for the gley soils as soils with high clay
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contents, >33% (Laganière et al., 2010), such as gleys, have a greater capacity to accumulate
SOCD and so may lose less SOCD over time than the brown earth soils presented here.

6.6. Conclusions
There has been very little assessment of the impact of afforestation on ecosystem carbon
density in Ireland, especially the impacts of broadleaf afforestation and their effect on soil organic
carbon density. We present changes in the carbon pools of ash forests with age following
afforestation. We found that the forest SOCD decreased for the first three decades, before
beginning to sequester C, but at a slower rate than it was initially lost. However, the SOCD
increase is not statistically significant. The C lost from the soil was offset by the increase in the
biomass carbon density of the ash forests resulting in the total ecosystem acting as a C sink.
Given the Irish governmental policy to increase the national forest cover to 17% by the year
2030, there will be potential to sequester large amounts of C within ash forests as the ecosystem
carbon density doubled following afforestation. Future work should assess the impacts of
harvesting and reforestation on the ecosystem carbon density in order to fully understand
ecosystem C dynamics in afforested ash stands over multiple rotation periods.
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7. Discussion and synthesis

7.1. Paired plot study
Among all paired sites there was a small decrease in soil organic carbon density (0-30 cm)
following afforestation. However, when the forest floor carbon density was added to the SOCD,
the forest sites became a larger C store than the non-forest site. The paired sites were split into
groups between seven different variables that have been shown in the literature to exert an
influence on the change in SOCD with afforestation (Guo and Gifford, 2002; Paul et al., 2002;
Laganière et al., 2010). We found that the tree species planted can affect SOCD change, with an
increase in SOCD under broadleaf species and a decrease under conifer and mixed species (Guo
and Gifford, 2002; Laganière et al., 2010; Shi and Cui, 2010). The deeper root system of the
broadleaf species produces a larger input of organic matter into the soil from rhizodeposition. We
found that the planting of conifer species leads to a decline in SOCD. Conifer species sequester a
significantly larger amount of forest floor carbon density than other forest types, and when this is
added to the SOCD, it leads to an increase in the carbon stocks of conifer forests from preafforestation levels (Paul et al., 2002; Laganière et al., 2010). The change in bulk density values for
the conifer forests (an increase) and the broadleaf forests (a decrease) shows that the method
used to measure the SOCD of the forest site at different stand ages is very important. The
volume based method assumes that bulk density does not change over time, and so the changes
in bulk density result in the conifers switching from a loss of SOCD to a gain in SOCD, while the
broadleaf forests switch from a gain to a loss of SOCD. This highlights the importance of using
the equivalent soil mass (ESM) method in future assessment of SOCD following land use or
management changes as it accounts for variation in bulk density (Lee et al., 2009).
We found that afforestation of rough grazing sites and low pH soils may help to minimise the
losses of SOCD following afforestation. Rough grazing sites saw the smallest loss in SOCD as
the lower net primary productivity of these sites leads to a smaller drop in organic matter inputs
following afforestation than for other land uses. A low soil pH can retard soil microbial activity
which leads to a drop in SOM decomposition and a possible increase in SOCD due to a longer
residence time of new organic matter (van Bergen et al., 1998). We found that sites with larger silt
and clay concentrations may sequester more SOCD than other soil textures (Laganière et al.,
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2010). However, only one site was sampled for each of the silt and clay sites and so no firm
conclusions can be drawn from this, but the observation does warrant further research. We found
that when analysed by age the change in SOCD decreases up to the 20-29 year group; and
thereafter a small increase in the 40+ year group occurs, suggesting that it may take 40+ years for
forest soils to sequester enough C to match pre-afforestation levels. The 10-19 year group saw an
increase in SOCD, which is contradictory to results noted in the literature.
The variability in the results means that there is no significant change in SOCD for each
variable. Further work is required with a larger sample size to verify the findings of this paper and
to better understand changes in SOCD following afforestation and their controlling factors.

7.2. Afforested peatlands
The bulk densities of Irish peatlands are within the range reported in the literature (Burke,
1978; Shotbolt et al., 1998; Chapman et al., 2009). The surface peat (0- 20 cm depth) has higher
bulk densities, than the deeper peat layers. This is likely due to drainage and subsequent shrinkage
of the sites for planting. We found that bulk density does not increase with depth as is widely
assumed (Clymo, 1978; Howard et al., 1994; Milne and Brown, 1997; Cruickshank et al., 1998).
This finding adds to a number of recent studies that have come to the same conclusion
(Tomlinson and Davidson, 2000; Weiss et al., 2002; Lewis et al., 2011). The assumption that bulk
density increases with depth may not be appropriate for future peatland modeling as it may lead
to an overestimation in the mass of peat, especially in the deeper peats. The mean SOC of the
afforested peatland sites are lower (~3%) than values reported within the literature (Tomlinson
and Davidson, 2000; Chapman et al., 2009; Lewis et al., 2011), possibly due to the increased
decomposition of the catotelm due to lowering of the water table and its subsequent aeration
(Minkkinen et al., 2008).
We found that afforested peatlands in Ireland are deeper than had been previously reported
with depths of 192 ± 100, 145 ± 130 and 127 ± 100 cm for raised bogs, high level blanket bogs
and low level blanket bogs, respectively. These are larger than the peat depths used in the
estimation of the national peat C stocks (Tomlinson, 2005). This in turn leads to a possible
underestimation of peat C stocks as the soil organic carbon density of the afforested blanket bogs
are greater than those used by Tomlinson (2005). This is especially so for the high level blanket
bogs in which the soil organic carbon densities estimated in this work are almost three times
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larger, with a mean SOCD of 774.9 Mg C ha-1. The soil organic carbon density of the high level
and low level blanket peat are similar and we suggest that in future they be treated as a single peat
type rather than two for future sampling and accounting purpose. The soil organic carbon
densities of the raised bogs were significantly larger than those of the blanket bogs as expected.
We found depth to be the main predictor of peat soil organic carbon density, and present
equations 5.4 and 5.5 as a method to simplify future estimates of afforested peat soil organic
carbon density, as the key variable needed is peat depth.

7.3. Ash chronosequence study
Afforestation of grassland with ash leads to large increases in the biomass carbon density, forest
floor carbon density and ecosystem carbon density as has been observed in the literature
(Vesterdal et al., 2002; Black et al., 2009). However, the SOCD declined significantly following
afforestation which is attributed to a decline in SOC concentration. The SOCD declined from the
non-forested grassland to the 27 year old stand because the low organic matter input from the
young forest cannot match the decomposition of SOM due to soil disturbance during preparation
of the site for planting (Vesterdal et al., 2002). As the forest ages the organic matter input to the
soil from the aging trees becomes greater than the loss of SOC, and so the soil switches from a
source of C to a sink (Turner et al., 2005; Hu et al., 2008). However, the increase in SOCD after
27 years is smaller than the initial decline and we estimate that 60 years after afforestation there is
predicted to be a 15.6 Mg C ha-1 reduction in SOCD.
The biomass carbon density increased on average by 1.83 Mg C ha-1, which is similar to that
found in other studies (Hooker and Compton, 2003; Alberti et al., 2008). The biomass carbon
density increased with the DBH of the trees, with two sharp declines due to thinning of the sites
at ages 27 and 47. At the 40 year old ash stand the biomass became a larger store of C than the
soil. The ecosystem sequesters on average 1.52 Mg C ha-1 yr-1. Future ash afforestation may
potentially sequester a large amount of C as by 60 years old the ash forest will have over twice as
large an ecosystem carbon density than the grassland. However, further work must be done to
measure the SOCD of ash stands closer to 60 years to establish the change in ecosystem carbon
density over the full rotation.
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7.4. Synthesis
Both the paired plot and chronosequence studies noted a decline in SOCD following
afforestation of mineral soils, while the peat study noted a smaller SOC compared to the SOC of
non-afforested peats in the literature, this decline is attributed to afforestation. However, the
paired plot and chronosequence studies show that when other C stores within the forests are
measured (forest floor and biomass respectively) the sites show an increase in C compared to the
pre-afforestation level.
Although afforestation of peatlands has all but ceased by Coillte, the results of chapter 5 show
the importance of peatlands as an SOC store for Ireland. Afforestation can potentially switch
peatlands from carbon sources to sinks, and it is important that Coillte continue to not afforest
peatlands, and further work done to reduce private peatland afforestation.
The paired plot study found that afforestation with broadleaves, of rough grazing sites or low
pH soils may be the most effective management options for foresters to sequester SOCD.
However, the chronosequence study found that afforestation with ash leads to a decline in
SOCD. This contradiction and the high variance of SOCD show that much research is still
required to assess afforestation induced changes within Ireland’s forest landscape before any firm
conclusions can be made. The data presented here provides a baseline that future studies can
resample to measure further changes as the forests age.
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8. Conclusions and recommendations

8.1. Conclusions
This study was conducted to assess the current soil organic carbon density (SOCD) of Irish
afforested soils and to determine the factors controlling any change. For all sites there was a
decline in the SOCD following afforestation, but when other components of the forest ecosystem
were also measured afforestation led to an overall sequestration of C. The work of the paired plot
study suggests that broadleaf forests are the most effective tree species at sequestering SOCD.
However, afforestation of grassland with ash led to a significant loss of C from the soil which was
outweighed by a large increase in the biomass carbon density of the forest sites. The paired plot
study also suggests that establishing forests on rough grazing sites and on soils with a low pH may
also be useful strategies to reduce the loss of SOCD with afforestation.
Chapter 5 is the first major study conducted within Ireland to assess peatland physical
properties. Equations 5.4 and 5.5 are presented to improve estimates of afforested peatland soil
carbon densities simply by measuring depth, as peat depth accounts for the greatest proportion of
variance in soil organic carbon density. The soil organic carbon densities of the high level and low
level blanket bogs are very similar and so in future we recommend that for sampling and
accounting purposes these sites be analysed simply as blanket bog.
The high variability within all studies means the change in SOCD in Ireland and its controlling
factors are far from certain. This work represents a baseline that future studies should use to
further examine these questions. With the ongoing afforestation programs being carried-out in
Ireland, which is forecast to almost double the national forest area, it is crucial that this work be
built upon so as to fully determine the potential sink or source of C that Irish forest soils may be
in the future.

8.2. Recommendations for future research
The research conducted under this study has raised some issues and questions that I would like
to recommend for future investigations.
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The project that this work was part of, ForestC, has a companion study conducted by the
CARBiFOR II project, University College Dublin. The CARBiFOR II project sampled 10
peatland sites and 21 paired plot sites selected from the NFI under the same criteria presented in
chapter 3.3.1. The 10 peatland sites of CARBiFOR II were incorporated into chapter 5, but the
UCD 21 paired sites have yet to be incorporated into chapter 4. The sites will be integrated in a
final report for the funding agency, COFORD. The extra paired sites will double the number of
sites presented in chapter 4, to 42 sites, and would allow for a greater analysis of the effects of
afforestation on mineral soil organic carbon density and the possible controlling factors in
Ireland.
This study will be integrated, along with the work of CARBiFOR II, into the CARBWARE
model. The CARBWARE model is currently being designed by the CARBWARE project at
University College Dublin (Black et al., 2011) to provide a comprehensive analysis of the current
total C stocks of the Irish forest state, and to examine how this may change over time and in
future climate change scenarios. The CARBWARE model will synthesise the data gathered by
ForestC, CARBiFOR II and NFI to meet Ireland’s commitments of reporting to the United
Nations Framework Convention on Climate Change (UNFCCC).
The CARBWARE project will model the national forest soil C stocks, however, they will not be
integrated with the soil C stocks of other land uses. As this study represents the most thorough
analysis of forested soil organic carbon density undertaken in Ireland to date, it could be used to
improve current estimates of the national soil C stock (Tomlinson, 2005; Eaton et al., 2008; Xu et
al., 2011). Current national soil C models have limited data on the SOC, bulk density and SOCD
of Irish forest soils, therefore integrating the data of this study would improve current estimates.
During the course of this study it became apparent that there is a lack of data on the soil
organic carbon density of peatlands, not only in Ireland, but globally. Chapter 5 provides an
analysis of the soil organic carbon densities of Irish afforested peatlands, as well as a methodology
appropriate to measure the soil organic carbon density of all peat types and land uses. As
peatlands are a large C store, estimated at 53% of the national soil C stock (Tomlinson, 2005) and
have the potential to switch from C sinks to sources under climate change, it is imperative to
determine the C stocks of non-forested peatlands (Limpens et al., 2008). Any extra sampling
could easily be combined with the afforested peat data presented in this work. This combination
along with improved measurements of the spatial extent of peat (Connolly et al., 2007; Connolly
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and Holden, 2009) has the potential to provide a comprehensive estimate of Irish peatland C
stocks.
The mineral soils presented within this study should be resampled in the coming years to create
a real time dataset to improve the findings of this study. One of the major drawbacks to using the
paired site and chronosequence methods is the potential for error based on the assumptions of
similarities between the sampled sites. Resampling of these sites would remove these errors. This
would also improve the paired sites in that they would no longer be measuring just one point in
time. Furthermore, new work should examine in greater detail the impacts of reforestation or
conversion to agricultural land etc. on soil organic carbon density, as the impacts of these actions
are still not fully understood.
Resampling of the sites will improve our knowledge of soil organic carbon density changes in
the later stages of the forests rotation. Forests aged less than 15 years were excluded from analysis
in the paired plot and peatland studies, leaving a 15 year gap in the earliest stages of forest growth
that was not measured. To amend this knowledge gap, it is suggested that additional resampling
sites should be identified and sampled in coming years. It is Irish government policy to increase
afforestation from 10% of land cover in 2007 (NFI, 2007a) to 17% by the year 2030 (Department
of Agriculture, 1996). This high rate of afforestation provides a unique opportunity to set up a
large number of resampling studies. Sites should be identified and sampled prior to site
cultivation and planting so as to fully measure the impact of site cultivation and afforestation on
soil organic carbon density in the earliest stages of the forest rotation.
Future resampling efforts should increase the soil sampling depth to at least 50 cm. As the
forests age, the root biomass of the trees becomes larger and penetrates deeper, potentially
storing C in deeper parts of the soil profile, especially broadleaf species. The mineral soil was
measured to 30 cm in this study, and so may be underestimating the C sequestration ability of
forests as it does not measure changes in the deeper soil.
Study of the growth of tree biomass in Ireland has so far focused primarily on Sitka spruce
(Saiz et al., 2006; Tobin et al., 2006), while the growth of young ash (Fraxinus excelsior L.) and
black alder (Alnus glutinosa L. Peichl et al., 2011b) has also been measured, but less widely. Along
with resampling of the soil and forest floor carbon density as mentioned above, it would also be
prudent to produce further allometric data and models for both broadleaf and conifer tree species
planted in Ireland, such as Norway spruce, lodgepole pine, Japanese larch, Douglas fir, oak,
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sycamore etc. This would vastly improve the estimates of biomass carbon density changes in Irish
forests with age and improve the estimates of the total C stored in the Irish forest biomass.
The mineral and peat sites sampled within this study were selected from the Irish national
forest inventory (NFI). The original NFI was sampled between 2004 - 2006 and published in
2007 (NFI, 2007a). In 2010, the NFI began to resample the sites as part of a continuous 5 year
resampling program. Within the NFI methodology a soil pit is dug and the soil type is recorded,
but no samples are taken (NFI, 2007b). To improve measurements of forest SOCD, samples
could be taken at each NFI site to a set soil depth as part of the NFI measurements. This would
provide a soil database of 1,742 forest sites that would be resampled every 5 years for SOC, and
would support the suggested resampling regimes with a higher sampling density that could be
established. Due to the commitment of the NFI to measure a number of properties at each forest
site, it should be a small soil sampling regime, so as to fit into the NFI dataset. This has been
successfully implemented in the Italian NFI where soil sampling was integrated into the existing
biomass measurements (M. Rodeghiero, personal communication).
To date in Ireland there have been few greenhouse gas (GHG) flux studies on afforested sites
over a sustained time period. Peichl et al. (2011b) observed an initial decrease in the gross and net
ecosystem production and ecosystem respiration following recent afforestation of grassland with
ash and alder in Dripsey, County Cork. Mishurov and Kiely (2010) at the same mixed ash and
alder site recorded an increase in N2O emissions following cultivation of the site, before a
decrease over the next three years to levels that were ~one third of the emissions of surrounding
grasslands. Another study by Black et al. (2007) measured the CO2 fluxes of a 14 year old Sitka
spruce forest in the Irish midlands, measuring an uptake of 7.30-11.44 Mg C ha-1 using both
ecological inventory and eddy covariance methods. Nieuwenhuis et al. (2011) are currently
measuring the CO2 fluxes of an ash afforestation chronosequence. Eddy covariance is a
micrometeorological technique that measures the turbulent flux across the vegetation canopyatmosphere layer to determine the net difference of material moving across this interface
(Lenschow, 1995; Baldocchi, 2003; Sottocornola, 2007). An eddy covariance system could be set
up prior to site cultivation and planting to measure the CO2, N2O and CH4 fluxes of the forest
during planting and as the forests grow. This would create a high quality dataset of the total
ecosystem flux of Irish forests, however, eddy covariance systems are expensive, and would
require constant maintenance.
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