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ABSTRACT

Peatlands have been artificially drained and degraded over 100s of years and have released huge amounts of
carbon dioxide (COy) as a result. In organic grassland soils, raising the water table to prevent such emissions is
being proposed to meet national greenhouse gas emission targets for the land use sector. At present, all of these
soils (335,000 ha) are assumed to be drained (as no information has been available on their drainage status)
within national emission inventory reporting and are therefore responsible for significant emissions (8-9 million
tonnes COq-equivalent annually). The objective of the present study was to collate studies relating to the
drainage status of peat soils in Ireland to present alternative scenarios with regard to actual drainage status of
organic soils and their estimated emissions. From a drainage design perspective, evidence suggests that relatively
small proportions of the grassland peat area was drained effectively using optimal in-field drain spacings
required to control the water table at 0.4-0.5 m. Open drains excavated on such soils have limited capacity to
laterally control the water table depth beyond short distances. Furthermore, the lack of long-term routine
maintenance post installation ensures the redundancy of many drainage systems over time. New drainage in-
stallations are therefore likely replacing existing infrastructure and not necessarily increasing the drained area at
any given time. This evidence supports literature from the 1980s which state that relatively low proportions of
the grassland peat area has been subjected to effective drainage. Scenario testing results showed that likely
emissions from the most probable scenario (with total area drained equating to 90,000-120,000 ha) are 3.6-4.7
million tonnes COg-equivalent, approximately 40-53% of current national emission inventory estimates. The
incorporation of such a refinement into the national inventory could offer a significant reduction in estimated
GHG emissions from the grassland land use sector in national emission inventory reporting.

1. Introduction

Furthermore, given the accumulation of vast amounts of organic mate-
rial, peatlands offer significant value in terms of carbon (C) storage

Peatlands form where high rainfall or impeded drainage causes
waterlogging, restricting oxygen supply and suppressing decomposition
of organic matter (Evans et al., 2021). Peat is the accumulation of
partially decomposed organic material, which under suitable conditions
can form extensive deposits over wide areas, known as bogs. Complete
decomposition of organic material is inhibited by low oxygen levels,
induced by waterlogging, while high acidity also plays a role, as low pH
conditions will repress decomposition (Murayama and Bakar, 1996;
Huat et al., 2011; Yli-Halla et al., 2022). In their natural state bogs
facilitate a rich diversity of plant life and act as a habitat for numerous
species of international importance (Renou-Wilson et al., 2018).

* Corresponding author.

(Joosten et al., 2012; Turner et al., 2013). Peatlands cover only 3% of the
Earth’s land surface but store about 15-30% of the world’s soil C as peat
(Limpens et al., 2008; Liu et al., 2020a). In Ireland, peat soils cover
approximately 1.46 million ha or 21% of the land surface and store
approximately 2.3 billion tonnes of C (Wilson, 2021). In Europe, only
Finland, Estonia and Scotland can boast comparable proportions of peat
soil land cover (Tanneberger and Belous, 2017).

Over many generations, drainage of large swathes of these peats
reduced flooding and enabled trafficking to allow cutting operations for
fuel and pasture enterprises for agriculture to thrive (Bruton and
Convery, 1982; Mc Afee, 1984; Eaton et al., 2008), both of which
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removed C from these soils. Such practices were actively encouraged
and incentivised with a focus on maximising the peat resource in terms
of energy production, horticulture and agriculture (Hammond, 1981;
Finn et al., 1984). The intensification of the agricultural use of peatlands
over time has been documented elsewhere; in Poland (f.achacz et al.,
2023), the United Kingdom (Dawson et al., 2010) and Germany (Kriiger
etal., 2015). In Ireland, peatlands have been drained and degraded over
100s of years (Common, 1970; Wilcock, 1979; Carroll-Burke, 2002) for
afforestation, turf cutting for domestic fuel, peat extraction for energy,
agriculture, and horticulture (NPWS, 2015) and these areas have
released significant GHG emissions.

The depth of the water table within the peat is the key factor, which
controls whether accumulation or decomposition is the dominant pro-
cess. Consequently, the long term stability of peat is very sensitive to any
changes in hydrology brought about by drainage (Holden et al., 2004;
Worrall et al., 2007). As the water table depth is increased, greater
aeration close to the surface increases decomposition in the unsaturated
zone, affecting fundamental changes in the composition and character-
istics of the peat profile (Krause et al., 2021; Tanneberger et al., 2021).
When effectively drained, aerobic conditions mineralise C stored in the
peat and greenhouse gases (GHG) such as carbon dioxide and nitrous
oxide are released to the atmosphere (Bubier et al., 2003; Liu et al.,
2020b; Ma et al., 2022). This process transforms peatlands from C-sinks
into C-sources (Leifeld and Menichetti, 2018; Regan et al., 2019) which
are estimated to have contributed approximately 6% of anthropogenic
CO emissions to date (Joosten et al., 2012). It was estimated by Leifeld
et al. (2019) that by 2015, drained peatlands had already emitted about
80 billion tonnes of CO3 globally - and that this cumulative amount
would approximately triple by 2100. Substantial cuts in GHG emissions
are required in line with international agreements to reduce climate
change and its impacts. The land use sector therefore needs targeted
changes in management such that C sources are minimised and sinks
promoted on a local and global scale. Therefore, C rich peatlands are of
particular importance in this context and targets to ensure their
contribution towards a net zero emission future are needed.

The Irish State was involved in field drainage from the 1940’s to the
1980’s, when grant support was available for this purpose (Bruton and
Convery, 1982; Burdon, 1986). The Land Rehabilitation Project, from
1949, provided state aid for drainage work on farms and throughout the
project circa 1.2 million hectares of land, across all soil types, were
affected (Galvin, 1966; Burdon, 1986; Ryan, 1986). Prior to this, a
number of arterial drainage works (Arterial Drainage Act, 1945) incor-
porating most main river catchments and important tributaries facili-
tated efficient drainage of the farmland in their catchments. This work
commenced in 1842 under the control of the Office of Public Works. The
total area drained under the various schemes, both arterial and field
drainage, is approximately two million hectares, accounting for nearly
30% of the total land area (Burdon, 1986; Ryan, 1986). However, poor
record keeping and the loss of records (and maps) over time, has meant
that the vast majority of the field drainage work (location and status)
carried out is undocumented. This creates problems when trying to ac-
count for drained and undrained areas across soil types and land uses at
national scale (O’ Sullivan et al., 2015), which can tend towards an “all
or nothing” approach with little room for subtlety.

Ireland has the 3rd highest proportion of land area comprised of peat
in Europe, after Finland and Estonia (Montanarella et al., 2006) and
ranks highly on global comparisons in terms of peat area and peatland
proportion nationally (Joosten, 2009; Xu et al., 2018). High density
peatland corresponds with northern latitudes, with peatland cover
ranging from about 5% in Denmark and Iceland, up to over 20% in
Finland and Estonia (Joosten et al., 2017). In Ireland, the drainage of
these soils contributes significantly towards estimated national emis-
sions (Duffy et al., 2022) as currently quantified. In fact, Ireland is one of
only three European Union (EU) countries (along with Denmark and the
Netherlands) where the land use, land use change and forestry
(LULUCEF) sector acts as an emission source and not an emission sink
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(EEA, 2022), running contrary to stated EU policy in this sector
(Romppanen, 2020). The importance of drained organic soils as an
emission hotspot (IPCC, 2014; Paul et al.,, 2018) and the threats of
climate change have focused attention on these soils (Bullock et al.,
2012). Plans for their management and restoration are now a high pri-
ority, consistent with EU climate neutrality ambitions by 2050 and UN
targets to limit global warming to no more than 1.5 °C above
pre-industrial levels (UN, 2023). However, the lack of clarity around
drainage status of organic soils introduces large uncertainty with regard
to their estimated emissions. Currently, using national statistics in a Tier
1 approach, all of the 335,000 ha of the organic grassland soils mapped
are assumed to be drained for the purposes of National Inventory
Reporting (Duffy et al., 2022). This assumption has not been justified.

Management of grassland organic soils at farm scale will require a
knowledge of the spatial distribution of organic soils, their drainage
status and a range of policy instruments and measures to ensure
appropriate land uses are promoted and C storage is optimised. Mea-
sures will require site-specific adaptations and practices to maintain or
restore soil health and optimise functionality. Firstly, drainage of
grassland organic soils is no longer advisable and secondly, soil water
management (the manipulation and control of the water table) is being
proposed to induce a positive change in C storage in the management
regime (Teagasc, 2022; Climate Action Plan, 2023). Controlling the
water table is the major lever at our disposal in managing C storage on
these soils and will involve removing and blocking existing artificial
drainage features in a process described as rewetting. The rewetting of
peatlands, where appropriate, is seen as a fundamental priority to
address peatland degradation and biodiversity loss, and to mitigate CO4
emissions from peat oxidation and peatland fires (Parish et al., 2008).
Rewetting involves the partial or entire reversal of anthropogenic
drainage by reducing the average annual water table depth to close to or
above the peat surface and by reducing the amplitude of water level
fluctuations (Joosten et al., 2012). The IPCC (2014) defines rewetting as
the deliberate action of raising the water table in soils that had previ-
ously been drained to re-establish water saturated conditions closer to
the soil surface. This can be done by reducing water losses from the site
by decreasing surface drainage (blocking drainage ditches (henceforth
referred to as open drains), constructing bunds, or disabling pumping
facilities), surface runoff, sub-surface seepage or groundwater extraction
(Joosten et al., 2012; Renou-Wilson et al., 2018).

The primary objective of the present study is to examine and collate
the facts, figures and assumptions pertaining to drained organic grass-
land soils in Ireland to establish a range of likely scenarios with regard to
actual drainage status of organic soils and their estimated emissions. For
that purpose, recently unearthed literature, much of which is not
available in digital format, was reviewed to present national ranges
indicative of drainage status of organic soils in Ireland.

2. Materials and methods
2.1. Scenario testing

A number of scenarios are presented to show the possible range of
emissions, where different proportions of the total agricultural peatland
area are considered to be drained to differing degrees. These emission
scenarios are justified based on the arguments presented in this section
with regard to the complexity of draining peat soils, the lack of technical
capacity and funding for installation (and ongoing maintenance) of
drainage works to achieve effective drainage at large scales and docu-
mented ranges with regard to the likely extent of peatland drainage.

2.2. The complexity of draining peat soils
In the 1980s as other parts of Europe had expanded their drainage

networks, several countries including Ireland and the UK were noted as
having particular drainage problems which needed more research (Vc
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Afee, 1984). Drainage design in Ireland within the large scale drainage
schemes was based on a generic template and not based on soil or field
specific methods as in Teagasc (2022). The aim of artificial land
drainage is to install drainage channels at such a depth and spacing
within a given soil to control the water table at a design depth for a given
crop; e.g. 0.45 m for grassland (Galvin, 1981; Brereton and
Hope-Cawdery, 1988). The effectiveness of any drainage works is
defined by their capacity to control the water table (Galvin, 1986b). An
efficient drainage design requires detailed information on the spatial
variability of hydraulic conductivity and this information is often
missing in organic soil surveys or is simply outdated because of their
evolution (Millette et al., 1982). Functions used to predict soil properties
in mineral soil are not directly applicable to organic soils due to the
nature of its composition; made up of fibric material, as opposed to the
granular and structural nature of mineral soils (Galvin, 1976; Mulqueen,
1986). Peat soils are characterised by low bulk density, high total
porosity that includes both large pores that can actively transmit water
as well as closed dead-end pores formed by plant cell remains, varying
according to plant species (Hayward and Clymo, 1982; Kremer et al.,
2004). This creates a so-called dual-porosity with mobile and immobile
regions (Rezanezhad et al., 2016) which means that the water table
control achieved by treating organic soils the same as mineral soils is

Journal of Environmental Management 344 (2023) 118391

inappropriate and from a design perspective sub-optimum.

In relative terms, there was a hiatus in drainage works on both
mineral and organic soils after the mid-1980s in Ireland when grant aid
ceased and the EU milk quota was introduced (1984) which curtailed
farm expansion and removed an incentive towards increasing the
agronomic productivity of land (McDonald et al., 2014). Conaghan et al.
(2000) noted that in recent times the area of blanket bog being
reclaimed for agricultural purposes in the west of Ireland is relatively
small due to the relatively expensive nature of the work (Burke, 1963,
1967). An increased interest in land drainage has been seen since the
abolition of the EU Milk Quota (2015) and the increased demands this
has put on grasslands (Lapple and Hennessy, 2012). However, it should
be noted that the rate at which land is being drained would have peaked
in previous decades, while todays efforts are largely reinstating/-
rehabilitating drainage infrastructure in areas previously drained. The
focus of land drainage related research in recent years has been on both
drainage performance and environmental impacts (Ibrahim et al., 2013;
Tuohy et al., 2015, 2016, 2018, 2021; Daly et al., 2017; Clagnan et al.,
2018, 2020; Ezzati et al., 2020; Moloney et al., 2020; Adams et al., 2022;
Byrne et al., 2022) and therefore provides a more holistic understanding
of the various issues at play in an Irish context. The most recent edition
of the Teagasc Manual on Drainage and Soil Management have made

Table 1
Summary of drainage design criterion for various studies conducted on peat soils.
Annual Rainfall Peat Depth Drain depth Drain spacing Season Mean WT depth Location Reference
(mm) (m) (m) (m) (m)
1270 NA 0.91 7.6 Winter 0.05 Ireland Burke (1961)
Summer 0.26
15.2 Winter 0.06
Summer 0.27
30.5 Winter 0.07
Summer 0.22
1270 1.2-6.1 0.08 3.0 Winter 0.15 Ireland Burke (1969)
Summer 0.23
0.3 Winter 0.26
Summer 0.32
0.61 Winter 0.37
Summer 0.43
0.91 Winter 0.40
Summer 0.49
1400 1.0-4.4 1m 31 Full Year 0.35 Ireland Farrell and O’Hare, 1974
02/04/1970-24/09/ 0.40
1970
1117-1436 4.0 Winter 0.20 Ireland Burke (1975)
Summer 0.45
1250 NA 0.75 4.5 0.20 Ireland Burke (1978)
NA NA 0.4-0.5 10-15 0.2-0.25 Russia Konstantinov (1980)
NA 2.4 0.28 3.05 0.38 Ireland O Carroll et al., 1981
0.31 1.52 0.43
NM 1.52 0.80
NM 3.05 0.78
NM 4.47 0.55
NA NA 0.70-0.80 25-50 0.30-0.50 The Schothorst (1982)
Netherlands
0.20-0.30 12 0.0-0.30
>2000 NA 0.5 15 0.14 United Stewart and Lance
Kingdom (1991)
0.5 25 0.18
NA NA NA 30 0.79 Canada Hillman (1992)
40 0.66
50 0.56
60 0.73
1015 1.5 1 20 0.35 Canada Prevost et al. (1997)
1 30 0.38
1 40 0.28
1 50 0.24
1 60 0.23
765-920 NA 0.5 4,8,12 0.21 The Van Beek et al., (2010)
Netherlands
0.65 4,8,12 0.37
1095 1.16 1.7 15 0.71 Ireland Tuohy et al. (2018)

Abbreviations used in the table: NA = not available; NM = not measured; WT = water table.



P. Tuohy et al.

clear the changes in national policy with regard to peat drainage stating
that “further drainage of high organic content or peat soils cannot be
justified”, to ensure compliance with national climate change commit-
ments (Teagasc, 2022).

The efficacy of peat drainage depends on the physical properties of
the peat itself (Burke, 1972; Mulqueen, 1975) and the intensity at which
artificial drainage is installed (Table 1). In the Netherlands, drainage has
caused significant issues with regards to irreversible shrinkage of peats,
associated subsidence and potential damage to buildings and other
structures (Schothorst, 1982). Fen peats in Switzerland have suffered
similar impacts (Leifeld et al., 2011). Such impacts are to be expected
given the composition and mechanical properties of peat (Mohamad
etal., 2022; Sulaiman et al., 2022). In many cases however, the intent to
drain peats does not impose any drastic changes to the peatland hy-
drology over large areas in practice. The level of decomposition bears
huge influence on the water holding capacity of a peat. Poorly decom-
posed peats have the majority of their water capillary bound, and
therefore drainage, even at high intensity, has little effect (Burke and
McCormack, 1969). It has been shown that the installation of drains only
impacted water table depth within 0.5 m of drains in the United
Kingdom (Stewart and Lance, 1991), within 2-3 m of drains in Ireland
(Burke and McCormack, 1969; 1975; Holden et al., 2011). Depending on
the stage of peat decomposition, the effect of drainage can extend to
within 5 m of drains in hemic peat and up to 50 m from the drains in
fibric peat (Boelter, 1972). A similar phenomenon, referred to as the
distance decay effect was observed in China recently (Li and Gao, 2019).
Furthermore, Hudson and Roberts (1982) documented that a tile drain
installed in a peat had a negligible effect on the moisture content,
beyond a distance of 1 m from the drain.

Galvin (1979) describes the fundamental problems associated with
effective peat drainage. In peat depths ranging from 0.5 to 1.0 m, field
drainage is economically infeasible. For peats deeper than 1 m, a drain
spacing of 1-4 m is required. In this scenario, conventional piped drains
are not cost effective so two alternatives are proposed: 1) Excavation of a
tunnel, 0.38 m deep x 0.28 m wide, at a depth of 0.8 m (Armstrong et al.,
1960; Grubb and Burke, 1979) or 2) The installation of a band of gravel,
0.1 m deep x 0.8 m wide, on a layer of polyethylene plastic, at a depth of
0.8 m (Burke and McCormack, 1969; Galvin, 1982). In both cases dif-
ficulties arise related to costs, installation and efficacy, but where suc-
cessful, these systems give acceptable water table control during the
summer months (Galvin, 1979). For optimal grassland growth main-
taining an average water table depth range during the growing season
from 0.4 to 0.5 m is advised (Roe, 1937; Nicholson and Firth, 1958;
Teagasc, 2022). To achieve such conditions in low permeability peat, an
intensive drain spacing of 3 m is needed (Burke, 1961). Such spacing’s
would not have been imposed widely in practice as this would require
2000-3000 m of subsurface drains per ha, which is not economically
justifiable (Burke and McCormack, 1969). Burke (1969) examined the
effect of a drain spacing of 3 m with varied installation depths (0.08, 0.3,
0.6, 0.9 m; 4 replicates of each) on water table position and ryegrass
yields on peat soils from 1963 to 1967 in the west of Ireland (Glenamoy).
Results showed that mean water table depths increased progressively
with installation depth but only the 0.6 and 0.9 m installation depths
could maintain the water table at the required depths during the
growing season. In winter, only the 0.9 m installation achieved this
target control (Table 1).

Furthermore, all systems installed, regardless of their initial effec-
tiveness, are subject to a high degree of redundancy and poor func-
tionality within relatively short time periods. In Sweden, it is recognised
that large areas of organic soils under agriculture have been abandoned,
largely due to insufficient drainage (Berglund and Berglund, 2010).
Galvin (1969), in the only large scale survey of installed drainage works
ever undertaken nationally (over an area of approximately 50,000 ha)
found that in 24.1% of drainage works on peat, broken drains were
found. It is recognised that although areas of peatland can be reclaimed
with the correct technical approach, such areas will quickly revert to
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rushy pasture dominated by Juncus effusus if they are neglected for any
length of time (Conaghan et al., 2000) as colonisation by different
vegetation is known to be driven by water table depth (Timmermann
et al., 2006). Furthermore, some land that remains technically, in pro-
duction, has naturally rewetted due to drainage works not being main-
tained (Renou-Wilson et al., 2018) due to factors related to rural
depopulation, increased labour and input costs and an aging rural
population or because sites are remote or particularly wet and difficult
to drain from a technical viewpoint (Strijker, 2005).

This challenges the assumption that organic soils are uniformly and
optimally drained and maintained over time. This is especially true in
Ireland as generally a sub-optimal drainage design was applied across
the country, which was not sufficient to control the water table consis-
tently throughout a parcel of land (Holden et al., 2011). Furthermore
such systems were not well maintained so could not sustain their func-
tionality over time. All of these facts run counter to the existing as-
sumptions of drainage status of organic soils in Ireland, their associated
emissions and our impression of what does and does not need water
table management. For Ireland, going forward there needs to be greater
research focus to overcome the large uncertainties pertaining to the
drainage status of grassland organic soils and the emissions from these
soils. Quantifying these aspects will establish a starting point for resto-
ration efforts. For example, the total area of managed organic soils
(those which possess an organic layer with at least 20% soil organic
carbon (SOC) and a minimum thickness of 30 (Duffy et al., 2015) or 40
cm (Creamer et al., 2014)) is disputed and is estimated to range from
120,000 ha to 513,000 ha (Farrell and Boyle, 1990; Connolly, 2018).
The proportion of these soils that were subjected to artificial drainage is
unknown. Land drainage works typically comprise a network of open
drains (relatively low intensity) acting as an outlet from an in-field
drainage system (sub-surface pipes installed at relatively high in-
tensity). Only a properly designed drainage system can control a water
table at a pre-determined level that meets crop requirements e.g.
grassland research proposes water table depth control at 0.4-0.5 m
below ground surface for optimal yields. Furthermore, the exact drain
spacing and depth required in a given field must be site and soil specific
in order to control the water table at a design depth below the soil
surface midway between adjacent open drains. While most of the
managed grassland on peats in Ireland would have been subjected to the
installation of open drains, in-field drainage would have been less
common, and where applied would have utilised a generic design, due to
financial and labour constraints. As a starting point, such deviation from
optimal drainage design would have led to variability in the level of
water table control and mean water table depth in the initial stages of
land reclamation works on these soils. It must be remembered that
effective lowering of the water table over wide areas is unlikely where
only open drains are installed and intensive in-field drainage is required
to achieve greater water table control in peat soils. In addition, all
drainage systems have a limited lifespan and are subject to regular
repair and replacement to retain long-term functionality (i.e. hydraulic
performance and prevention of sedimentation). In practice, such main-
tenance requires an economic incentive, which is not always present,
particularly when the historic grant-aided drainage schemes are no
longer available.

2.3. National statistics on drainage status of agricultural peat soils

In Ireland, GHG emissions from an estimated 335,000 ha of drained
grassland on organic (peat) soils are reported at approximately 8-9
million tonnes COs-equivalent (Paul et al., 2018; Climate Change
Advisory Council, 2021; Duffy et al., 2022). Other European countries
showing similar levels of organic soils under agriculture, Finland and
Netherlands (both 330,000 ha approximately), report emissions of 8.6
and 5.6 million tonnes COjz-equivalent respectively, while Germany
recognises 1.2 m ha of such soils and associated emissions of 37.5
million tonnes COz-equivalent (Martin and Couwenberg, 2021). When
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estimating emissions from organic soils at Tier 1 of the National In-
ventory, it is assumed that all “managed” organic soils are uniformly
artificially drained and 100% of the drainage network is functional
where no information is available to counteract this assumption. Martin
and Couwenberg (2021) compared how agriculturally used organic soils
are included in 2020 national inventory submissions across EU coun-
tries. In Ireland, Tier 1 defaults for drainage and nutrient status are
imposed (Duffy et al., 2022). However, some countries have additional
measurements and can use a mixture of Tier 1 and 2 emission factors for
reporting purposes. For example in Germany, Tier 2 reporting is possible
due to their high-resolution and up-to-date spatial data pertaining to:
organic soil mapping (includes shallow peats and areas of mixed peat
and mineral soils); land use and land cover and water table position.
Germany suggests that 92.3% of grassland on organic soils to be drained.
Of this total 34% are shallow drained and nutrient rich with the
remaining 66% deep drained and nutrient rich. The present study, based
on recently unearthed information, can state that much of the 335,000
ha grassland area on organic soils, assumed in Ireland, was never
effectively drained and where it was, lack of maintenance has led to
natural rewetting on land that is classified technically as “in produc-
tion”. Herein, it is proposed that as new information is available on the
overall drainage status nationally, this should be reflected in the Na-
tional Inventory for Ireland. The next step would then be to apportion
this figure as conducted in Germany to deep versus shallow drained and
to assign a nutrient status to each of these classes.

The groundwater table in organic soils under grassland is subject to
significant fluctuations due to high variability in drainage intensity
(whether open or in-field drainage is installed), peat characteristics and
climate (Li and Gao, 2020). Artificial drainage increases the depth and
variability of the water table in the adjacent peat soil while variations in
the local topography contribute to variance in the water table upslope
and downslope of drainage channels (Luscombe et al., 2016). Water
table depth may remain below the drainage depth (where drained) or
close to the surface, depending on spatial and temporal factors. The is no
national scale data available regarding water table regimes (Renou--
Wilson et al., 2015) and it is this variability in water table position that
results in a high degree of uncertainty regarding GHG emissions from
these soils (Haughey, 2021).

In Ireland, organised efforts at draining peats were initiated with the
appointment of the Bog Commissioners in 1809 who were tasked with
characterising and mapping bogs and assessing “the practicability of
draining and cultivating them, and the best means of effecting the same”
(Horner, 2019). Extensive attempts to convert peatlands to productive
agricultural land were made prior to this and likely for thousands of
years with small scale conversion to grassland documented from the
1600s (King, 1685; Carroll-Burke, 2002). Increases in population and
greater requirements for productive land initiated more drainage works
at the fringes of peatland areas (Connolly, 2018) in the 17th to early
19th centuries, where poorer land tenants were pushed further into the
bog (NPWS, 2015). Land use conversion from peatland to grassland was
predominantly undertaken prior to 1845 (Connolly, 2018) in a period of
agricultural expansion (Hall, 2006), when an increasing population
forced the exploitation of perceived “marginal” land for agriculture.
Unexploited peatlands have long been seen as a reservoir of potentially
productive agricultural land (Dooley and Dickinson, 1971; McEntee,
1977; Mc Afee, 1984). Hammond (1981) proposed that over 100,000 ha
of organic soils could be brought into production if subject to “proper
management” where efforts could be focused on drain cleaning, outfall
maintenance and the application of fertiliser.

Large-scale peatland drainage for agriculture in Ireland, was carried
out in the period from the 1940s to the 1980s (Climate Change Advisory
Council, 2021) and is paralleled with drainage focused literature from
the 1960s to the 1980s highlighting an appreciation for the technical
challenges and economic reality associated with peatland drainage. The
State initiated field drainage schemes from the 1940’s. A survey of land
drainage schemes in the 1960s covering an area of approximately 50,
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000 ha showed that the drainage of peats accounted for 6.1% of the total
implemented. Of these drained peatlands, 24% were drained with only
open drains, while in-field drains comprised tile (sub-surface pipes,
36%), stone aggregate (13%), sod (topsod or topsoil used as fill, 21%)
and bush (a type of backfill used almost exclusively in peat soils at the
time comprising of scrub and brush, 5%), (Galvin, 1969). The drainage
surveys and subsequent work of Galvin (1966, 1969, 1971; 1986a) offer
the most complete view of drainage works at this time. The total amount
of land across all soil types subjected to field drainage from the late
1940s to the mid-1980s was estimated at approximately 1.12-1.17 m ha
(Bruton and Convery, 1982; Galvin, 1986a). By, 1986, of the total
peatland area of 360,000 ha under agriculture, 70,000 ha was drained of
which 20,000 ha required re-draining at the time, leaving a net 50,000
ha of drained peatland under agriculture. This estimate varies sharply
from more recent estimates which quantify “drained”, “managed” or
“grassland” peats, ranging from 120,000 ha to 513,000 ha (Farrell and
Boyle, 1990; Connolly, 2018), (Table 2.). The figure of 50-70,000 ha
drained by 1986 represents the best estimate of drained peat soils in
Ireland, as this estimate was made at the end of a 40 year period when
state aid and impetus to promote land drainage works was concentrated.
A similar scenario is recognised in Scotland with a dramatic reduction in
new drainage works since the 1980’s due to the cessation of national
grant schemes (Elrick, 2019). Furthermore, other economic pressures
imposed by commodity surpluses at this time meant much less demand
for additional grassland (Farell and Renou-Wilson, 2019). It is still un-
known, how much drainage occurred after this period to the present day
as no official record or register of private drainage schemes is available,
unlike the situation in many other countries. However recent estimates
using earth observation methods show only approximately 80,000 ha of
cultivated peats can be classed as highly productive (Green, 2020),
indicating a similar drainage level to those estimates developed ~35

Table 2

Estimated area of agricultural peatland in Ireland by different studies. Note:
Galvin (1986a) is the only study that gives proportion of total area that is
drained and needs re-draining.

Area Classification Reference
(°000 ha)
120 Peat land used for agriculture: mostly Farrell and Boyle (1990)

occurring in poorly managed grassland
on reclaimed fen peats

237 Managed grass on peat land excluding O’ Sulaiman et al.

other grass occurring on peat and Natura (2022)
2000 designated grass.
295 Distribution of the main land use NPWS (2015),
categories of peat land: Farmed Peatland =~ Renou-Wilson et al.
in grassland (2018)
300-375 Organic Soils in Grassland Renou-Wilson et al.
(2018)
335 Organic Soils. This is the National Duffy et al. (2022)
Inventory Report. Assumed to be 100%
drained.
337 Drained organic grassland soils Climate Change
Advisory Council (2021)
360 Agricultural peat land. Specifies drained Galvin (1986a)

fraction of estimated area is 70,000 ha
(20,000 ha of this needing re-drainage).

370 Drained histosols (with minimum
thickness of 40 cm) excluding >200 m,
>12° slope and 15% drainage assumption
on other grasslands

420 Cultivated Peats: looks at the intersection
of enclosed agricultural fields and peat
soils i.e. cut over raised bog and blanket
peats. Excludes: all non-cultivated peat
soils (intact bogs, BNM bogs etc.),
commonage areas, and forested areas.

513 35% of peatlands found to be converted
to grassland

Paul et al. (2018)

Green (2020)

Connolly (2018)

Abbreviations used in table: BNM = Bord na Ména.
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years previously by Galvin et al. (1986a). There is potential for other
remote methods to help in defining the extent of drained peats as
established already in other regions such as Finland (Finnish Environ-
ment Institute, 2023).

2.4. Emission factors, spatial extent of agricultural peat soils and revised
drainage status range scenarios

In the calculation of emissions from drained peat soils, the Irish
National GHG inventory utilises a Tier 1 approach provided by the IPCC
(2014) Wetland Supplement (Table 3). This approach defines that,
shallow drainage imposes a mean annual water table depth of less than
30 cm below the surface and deep drainage imposes a mean annual
water table depth of at least 30 cm below the surface. Rewetting is the
deliberate action of raising the water table on drained soils by, for
example, blocking open drains or disabling pumping facilities.

A recent large scale study by Evans et al. (2021) related CO, and
methane (CHy4) emissions to water table depth in peat soils using eddy
covariance techniques. This study estimates emission factor values much
lower than the Tier 1 values currently in use. Similar studies state default
emission factors may not be representative of the variety of grassland
scenarios on organic soils (Renou-Wilson et al., 2014) and tend to be
quite variable (Renou-Wilson et al., 2014). A recent study by Aitova
et al. (2023) adds further evidence that country specific emission factors
for organic soils under agriculture may be significantly lower than
default Tier 1 values, when adopted. The classification of those soils
spontaneously rewetted in the national inventory is also a matter for
further refinement perhaps (Martin and Couwenberg, 2021). While not a
key focus of this study, such changes would further reduce emissions
estimates from this soil/land use category.

A number of scenarios are presented to show the possible range of
emissions, where different proportions of the total agricultural peatland
area are considered to be drained to differing degrees . Three emissions
scenarios are presented. The calculations are performed assuming values
of 300,000, 335,000 and 400,000 ha of organic soils under agricultural
management. Scenario 1 represents the status quo in terms of the pro-
portion of organic soils assumed to be subjected to drainage (Duffy et al.,
2022). In Scenario 1, the total area is assumed to be drained, with 50%
having a mean water table at 25 cm (shallow drained as per IPCC, 2014)
and 50% with a mean water table at 50 cm (deep drained as per IPCC,
2014). Scenario 2 represents a more realistic scenario as per the issues
raised in this study, with total area drained equating to 90,000-120,000
ha (30% of the total area) which allows scope for additional drainage
works carried out since 1990, which are largely undocumented, but are
unlikely to be at the higher end of this range, as earlier outlined. Sce-
nario 3 represents a fully rewetted scenario. The IPCC Tier 1 emission
factors are applied, with an equal share of nutrient poor and nutrient
rich sites assumed. . Scenario 1-3 details are included in Table 4.

3. Results

The resulting estimated emissions for scenarios 1-3 are presented in
Fig. 1. While the EPA national inventory (Duffy et al., 2022) estimates
emissions in the range of Scenario 1, the reduced total area impacted by

Table 3
Emissions from drained and rewetted peat soils (Adapted from Paul et al.
(2018)).

Emissions Emissions A
Drained Rewetted Emissions
Land use [t COze ha™? yr’l]
Grassland, nutrient-poor, shallow drained 23.29 3.1 20.2
Grassland, nutrient-poor, deep drained 24.08 3.1 21.0
Grassland, nutrient-rich, shallow-drained 16.67 9.9 6.8
Grassland, nutrient-rich, deep-drained 29.18 9.9 19.3
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Table 4
Proportions of the total area assigned to each water table depth in each scenario.
*assuming an equal share of nutrient rich and nutrient poor sites.

IPCC (2014)* Scenario 1 Scenario 2 Scenario 3
Rewetted 0% 70% 100%
Shallow Drained 50% 10% 0%

Deep Drained 50% 20% 0%

drainage, show significant potential emission reductions in all other
scenarios, given the arguments presented earlier it is likely that Scenario
2 would be the most representative. Emissions from this scenario are
3.6-4.7 million tonnes COs-equivalent, relative to 7.0-9.3 million
tonnes COy-equivalent in Scenario 1. Scenario 3 estimates emissions in
the 2.0-2.6 million tonnes COz-equivalent range. The establishment and
incorporation of Tier 2 and Tier 3 emission factors for the relevant land
use categories into the National Inventory would further reduce emis-
sion estimates. Similarly, the refinement of data regarding other vari-
ables such as the extent of agricultural peatlands and their nutrient
status would allow for further improvements in the robustness of
emissions estimates.

4. Discussion

The national research agenda has focused largely on moving from
Tier 1 to Tier 2 and Tier 3 emission factors within national emission
inventories. However, the assumptions around drainage status of agri-
cultural grassland peatland soils needs to be revisited. Emission calcu-
lations need to account for differences in the level of production and
investment on organic soils nationally to provide more rationalised and
reflective estimates. Indeed, aside from knowledge gaps related to area
of these soils and the drainage status of same there are many other
knowledge gaps regarding the hydrology of these systems as affected by
artificial drainage and in their rewetted state.

Restoration of peat soils through rewetting diminishes GHG emis-
sions but results in a shift in peatland biodiversity and ecosystem
functioning when compared with near-natural equivalents (Kreyling
et al., 2021). Rewetting, changes the hydrology of the system and can
result in sharper fluctuations in the water table, inducing surface inun-
dation onto fields with associated emission spikes (Liu and Lennartz,
2019). A greater understanding of pre and post rewetting hydrology and
how this varies with peat and external properties, related to climate,
topography and management is needed; this will be especially relevant
in grassland peatland soils.

5. Conclusions

The total emissions from grasslands on organic soils may be over-
estimated due mainly, to the imposition of a simplistic assumption with
regard to drainage status. A review of the literature shows that even
where significant efforts and funding is targeted towards peatland
drainage, the total impact is compromised by the difficulties associated
with the task and the need for a high level of upfront and continuing
investment to maintain effective drainage. As such, while large areas of
peatland have been transformed from their natural state to grassland
agriculture, there is no evidence from recently discovered historical
investigations to support that effective drainage ever occurred on much
land assumed, for the purposes of GHG estimates, to have been drained.
Therefore a refinement of the GHG emissions associated with this land
use is required. A number of other factors, currently being investigated,
such as peatland extent, land use, nutrient status and associated emis-
sions factors, are all subject to refinement over time. While potential
variability in these was not included as part of the scenarios presented
herein, the incorporation of refinements in these factors present further
opportunities for an improved understanding of the GHG emissions from
organic soils under agriculture. A significant research focus on these
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Scenario 2
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Scenario 3

Fig. 1. Estimated emissions using IPCC (2014) emissions factors, a range of spatial extents of grassland on organic soils and a range of drainage scenarios.
Abbreviation used in the figure are: S1 = Scenario 1; S2 = Scenario 2, S3 = Scenario 3.

areas is required.

The land use sector in Ireland represents a source of emissions largely
driven by high levels of assumed emissions associated with drained
organic soils. To harness the potential of organic soils and the scope for
rewetting as a climate change mitigation tool, alternative estimations of
the assumed emissions are put forward. Drainage status scenarios pre-
sented result in estimated emission savings of up to 60%. This study has
proposed this potential saving by compiling a large volume of evidence
to improve the wider understanding of peatland hydrology and its
management.

Notwithstanding the further research needs outlined, this work has
for the first time drawn on recently discovered evidence to move to-
wards more refined estimates of the status of drained organic soils in the
Irish context. The application of these findings can impact significantly
on the estimated emissions from organic grassland soils and more
broadly on the land use, land use change and forestry sector and can
offer clarity with regard to future policy relating to, and the manage-
ment of these soils.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.
Acknowledgments

The authors would like to thank Teagasc colleagues for making
source material available, much of which relied heavily on data pro-
duced originally by the soil survey and soil physics departments in An
Foras Taltntais (Forerunner to Teagasc). This research was conducted as
part of the Teagasc Climate Centre.

References

Adams, R., Doody, D.G., Anderson, A., Fenton, O., Tuohy, P., Vadas, P., 2022. Evaluating
scenarios to reduce phosphorus transport in surface waters from slurry applications
in temperate grasslands. Hydrol. Sci. J. 67 (8), 1216-1227.

Aitova, E., Morley, T., Wilson, D., Renou-Wilson, F., 2023. A review of greenhouse gas
emissions and removals from Irish peatlands. Mires Peat 29 (4), 17. https://doi.org/
10.19189/MaP.2022.SNPG.StA.2414 (Online: http://www.mires-and-peat.
net/pages/volumes/map29/map2904.php);.

Armstrong, J.J., Burke, W., Quinn, E., 1960. A new drainage plough for peatland. Dept.
Agric. J. 57, 149-152.

Berglund, O., Berglund, K., 2010. Distribution and cultivation intensity of agricultural
peat and gyttja soils in Sweden and estimation of greenhouse gas emissions from
cultivated peat soils. Geoderma 154 (3), 173-180.

Boelter, D.H., 1972. Water table drawdown around an open ditch in organic soils.

J. Hydrol. 15 (4), 329-340.

Brereton, A.J., Hope-Cawdery, M., 1988. Drumlin soils: the depression of herbage yield
by shallow water table depth. Ir. J. Agric. Res. 27, 167-178.

Bruton, R., Convery, F.J., 1982. Land Drainage Policy in Ireland. Thesis, 0707000491.
Pgs. The Economic And Social Research Institute Dublin, p. 93.

Bubier, J., Crill, P., Mosedale, A., Frolking, S., Linder, E., 2003. Peatland responses to
varying interannual moisture conditions as measured by automatic CO2 chambers.
Global Biogeochem. Cycles 17 (2).

Burdon, D.J., 1986. Hydrogeological aspects of agricultural drainage in Ireland. Environ.
Geol. Water Sci. 9 (1), 41-65.

Burke, W., 1961. Drainage investigation on bogland: the effect of drain spacing on
ground water levels. Ir. J. Agric. Res. 31-34.

Burke, W., 1963. Drainage of blanket peat at Glemarroy. Proc., Second International Peat
Congress. Lenningrad, USSR 1963, 809-817.

Burke, W., 1967. Principles of drainage with special reference to peat. Ir. For. 24 (1), 2-8.

Burke, W., 1969. Effect of drainage on crop yield on blanket peat. Ir. J. Agric. Res.
229-238.

Burke, W., 1972. Aspects of the hydrology of blanket peat in Ireland. In: Inter Syrnp. On
the Hydrology of Marsh-Ridden Areas. Minsk, UNesco, Paris.

Burke, W., 1975. Effect of drainage on the hydrology of blanket bog. Ir. J. Agric. Res. 14
(2), 145-162.

Burke, W., 1978. Long-term effects of drainage and land use on some physical properties
of blanket peat. Ir. J. Agric. Res. 315-322.

Burke, W., McCormack, P., 1969. Gravel drains for peat. Ir. J. Agric. Res. 285-287.

Byrne, 1., Healy, M.G., Fenton, O., Tuohy, P., 2022. The distribution, type, popularity,
size and availability of river-run gravel and crushed stone for use in land drainage
systems and their suitability for mineral soils in Ireland. Ir. J. Agric. Food Res..DOI.
https://doi.org/10.15212/ijafr-2022-0006.

Climate Action Plan, 2023. Department of the Environment, Climate and
Communications; Climate Action Plan 2023. Retrieved from. https://www.gov.
ie/pdf/?file=https://assets.gov.
ie/243585/9942d689-2490-4ccf-9dc8-f50166bab0e7.pdf#page=null.

Carroll-Burke, P., 2002. Material designs: engineering cultures and engineering states —
Ireland 1650-1900. Theor. Soc. 31, 75-114.

CCAC, 2021. Climate Change Advisory Council. Annual Review 2021, vol. 14.
McCumiskey House, Richview, Clonskeagh Road, Dublin, pp. D14-YR62.

Clagnan, E., Rolfe, S.A., Thornton, S.F., Krol, D., Richards, K.G., Lanigan, G., Tuohy, P.,
Fenton, O., 2020. Nitrogen transformation processes and gaseous emissions from a
humic gley soil at two water filled pore spaces. Soil Tillage Res. 198, 104543.

Clagnan, E., Thornton, S.F., Rolfe, S.A., Tuohy, P., Peyton, D., Wells, N.S., Fenton, O.,
2018. Influence of artificial drainage system design on the nitrogen attenuation
potential of gley soils: evidence from hydrochemical and isotope studies under field-
scale conditions. J. Environ. Manag. 206, 1028-1038.

Common, R., 1970. Land drainage and water use in Ireland. In: Stephens, N.,
Glasscock, R.E. (Eds.), Irish Geographical Studies in Honour of E. Estyn Evans.
Belfast. Queens University Belfast, pp. 342-359.

Conaghan, J., Douglas, C., Grogan, H., O’Sullivan, A., Kelly, L., Garvey, L., Van
Doorslaer, L., Scally, L., Dunnells, D., Wyse Jackson, M., Goodwillie, R., 2000. The
Distribution, Ecology and Conservation of Blanket Bog in Ireland. Enviroscope
Environmental Consultancy, Dublin, Ireland.

Connolly, J., 2018. Mapping land use on Irish peatlands using medium resolution
satellite imagery. Ir. Geogr. 51 (2) https://doi.org/10.2014/igj.v51i2.1371.

Creamer, R.E., Reidy, B., Simo, 1., Hannam, J.A., Hamilton, B., Jahns, G., Jones, R.J.A.,
McDonald, E., O’Connor, C., Hallett, S., Hazledon, J., Massey, P., Palmer, R.P.,
Sills, P., Spaargaren, O., 2014. Irish Soil Information System: National Soil Series
Description and Classification of Representative Profiles (2007-S-CD-1-S1) Final


http://refhub.elsevier.com/S0301-4797(23)01179-9/sref1
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref1
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref1
https://doi.org/10.19189/MaP.2022.SNPG.StA.2414
https://doi.org/10.19189/MaP.2022.SNPG.StA.2414
http://www.mires-and-peat.net/pages/volumes/map29/map2904.php);
http://www.mires-and-peat.net/pages/volumes/map29/map2904.php);
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref3
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref3
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref4
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref4
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref4
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref5
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref5
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref7
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref7
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref8
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref8
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref9
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref9
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref9
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref10
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref10
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref11
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref11
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref12
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref12
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref13
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref14
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref14
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref15
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref15
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref16
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref16
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref17
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref17
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref18
https://doi.org/10.15212/ijafr-2022-0006
https://www.gov.ie/pdf/?file=https://assets.gov.ie/243585/9942d689-2490-4ccf-9dc8-f50166bab0e7.pdf#page=null
https://www.gov.ie/pdf/?file=https://assets.gov.ie/243585/9942d689-2490-4ccf-9dc8-f50166bab0e7.pdf#page=null
https://www.gov.ie/pdf/?file=https://assets.gov.ie/243585/9942d689-2490-4ccf-9dc8-f50166bab0e7.pdf#page=null
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref21
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref21
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref22
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref22
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref23
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref23
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref23
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref24
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref24
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref24
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref24
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref25
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref25
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref25
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref26
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref26
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref26
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref26
https://doi.org/10.2014/igj.v51i2.1371
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28

P. Tuohy et al.

Technical Report 9. Prepared for the Environmental Protection Agency by Teagasc
and Cranfield University.

Daly, K., Tuohy, P., Peyton, D., Wall, D.P., Fenton, O., 2017. Field soil and ditch sediment
phosphorus dynamics from two artificially drained fields on poorly drained soils.
Agric. Water Manag. 192, 115-125.

Dawson, Q., Kechavarzi, C., Leeds-Harrison, P., Burton, R., 2010. Subsidence and
degradation of agricultural peatlands in the Fenlands of Norfolk, UK. Geoderma 154
(3-4), 181-187.

Dooley, M., Dickinson, C.H., 1971. The ecology of fungi in peat. Ir. J. Agric. Res. 10,
195-206.

Dufty, P., Black, K., Fahey, D., Hyde, B., Kehoe, A., Monaghan, S., Murphy, J., Ryan, A.,
Ponzi, J., 2022. Ireland’s National Inventory Report 2022 - Greenhouse Gas
Emissions 1990-2020. PO Box 3000, Johnstown Castle, Co. Wexford, Ireland.
Environmental Protection Agency (EPA), Ireland.

Duffy, P., Hanley, E., Black, K., O’Brien, P., Hyde, B., Ponzi, J., Alam, S., 2015. National
inventory report (2015). In: Greenhouse Gas Emissions 1990-2013. Reported to the
United Nations Framework Convention on Climate Change. Environmental
Protection Agency, Wexford, Ireland.

Eaton, J.M., McGoff, N.M., Byrne, K.A., Leahy, P., Kiely, G., 2008. Land cover change and
soil organic carbon stocks in the Republic of Ireland 1851-2000. Climatic Change
91, 317-334.

EEA, 2022. Comparison of cumulative historical and projected land use, land use change
and forestry emissions and removals by Member State. Available at. https://www.
eea.europa.eu/data-and-maps/daviz/comparison-of-cumulative-historical-and#ta
b-chart_1.

Elrick, G., 2019. Assessment for Agricultural Drainage Requirement. Technical Note
TN720. July 2019. Scottish Rural Development Programme. Farm Advisory service.
https://www.fas.scot/downloads/tn720-assessment-for-land-drainage/.

Evans, C., Peacock, M., Baird, A., Artz, R., Burden, A., Callaghan, N., Chapman, P.,
Cooper, H., Coyle, M., Craig, E., Cumming, A., Dixon, S., Gauci, V., Grayson, R.,
Helfter, C., Heppell, C., Holden, J., Jones, D., Kaduk, J., Levy, P., Matthews, R.,
McNamara, N., Misselbrook, T., Oakley, S., Page, S., Raymen, M., Ridley, L.,
Stanley, K., Williamson, J., Worrall, F., Morrison, R., 2021. Overriding water table
control on managed peatland greenhouse gas emissions. Nature 593, 548-552.

Ezzati, G., Fenton, O., Healy, M.G., Christianson, L., Feyereisen, G.W., Thornton, S.,
Chen, Q., Fan, B., Ding, J., Daly, K., 2020. Impact of P inputs on source-sink P
dynamics of sediment along an agricultural ditch network. J. Environ. Manag. 257,
109988.

Farell, E.P., Renou-Wilson, F., 2019. A New Paradigm for Irish Peatland Afforestation.
Peatland Forestry. https://peatlands.org/assets/uploads/2019/06/ipc2008p472-
474-farrell-a-new-paradigm-for-irish-peatland-afforestation.pdf.

Farrell, E.P., Boyle, G., 1990. Peatland Forestry in the 1990s. Low-level blanket bog,
Irish. Forestry 47, 69.

Farrell, E.P., O’Hare, P.J., 1974. Depth of water table in a Picea sitchensis fertilization
experiment on blanket peat. Ir. For. 31 (1), 36-45.

Finn, S., Mulqueen, J., Collins, J.F., Ryan, T.D., Finnerty, P., 1984. Stratigraphy and
hydrology of a cutover raised big in County Mayo. Dublin Proceedings of the 7th
International Peat Congress 1984 (1), 148-167.

Finnish Environment Institute, 2023. Downloadable Spatial Datasets. Peatland Drainage
Status. https://www.syke.fi/en-US/Open_information/Spatial_datasets/Downloada
ble_spatial dataset. (Accessed 23 May 2023).

Galvin, L.F., 1966. Land drainage survey. Ir. J. Agric. Res. 79-88.

Galvin, L.F., 1969. Land drainage survey-IIL Ir. J. Agric. Res. 1-18.

Galvin, L.F., 1971. Land Drainage Survey III: Maps of Ireland Showing the General
Distribution of Drainage Problems and of Drainage Schemes. Irish Journal of
Agricultural Research 10 (2), 213-221.

Galvin, L.F., 1976. Physical properties of Irish peats. Ir. J. Agric. Res. 15, 207-221.

Galvin, L.F., 1979. Reclamation of peats and impermeable soils. Jans Wesseling.
Wageningen,. In: Proceedings of the International Drainage Workshop. International
Institute for Land Reclamation and Improvement, Wageningen, The Netherlands/,
pp. 16-20, 1979.

Galvin, L.F., 1981. The drainage of impermeable soils, 1982. 3. In: Land Drainage, Proc.
EEC Land Drainage Seminar, Cambridge. A, A. Balkema, Rotterdam, p. 85.
https://www.routledge.com/Land-Drainage-A-seminar-in-th
e-EC-programme-of-coordination-of research/Gardiner/p/book/9789061912453#.

Galvin, L.F., 1982. Gravel-mole drains are the most suitable system for many
impermeable soils. Farm and Food Research 13, 103.

Galvin, L.F., 1986a. Aspects of land drainage development in Ireland in the last twenty-
five years. The Netherlands. In: Wageningen, J. Vos (Ed.), Symposium 25th
International Course on Land Drainage, Twenty-Five Years of Drainage Experience.
International Institute for Land Reclamation and Improvement/ILRI, Wageningen,
The Netherlands.

Galvin, L.F., 1986b. Impermeable soils require stable channels and good crack formation
for effective drainage. In: Smith, K.V.H., Rycroft, D.W. (Eds.), Hydraulic Design in
Water Resources Engineering: Land Drainage. Springer-Verlag, New York,
pp. 413-422. https://link.springer.com/chapter/10.1007/978-3-662-22014-6_39.

Green, S., 2020. Distribution of cultivated peats. https://www.teagasc.ie/rural-econom
y/rural-economy/spatial-analysis/gis-monthlymaps/ (Accessed 22 March 2023).

Grubb, L., Burke, W., 1979. Tunnel drainage of deep blanket bog. Ir. J. Agric. Res.
279-292.

Hall, V.A., 2006. The vegetation history of monastic and secular sites in the midlands of
Ireland over the last two millennia. Veg. Hist. Archaeobotany 15, 1-12. https://doi.
org/10.1007/500334-005-0072-0.

Hammond, R.F., 1981. The Peatlands of Ireland. An Foras Taluntais, Dublin, p. 60.

Haughey, E., 2021. Climate Change and Land Use in Ireland. Environmental Protection
Agency, Johnstown Castle, Ireland. https://www.epa.ie/publications/research

1 M 344 (2023) 118391

Journal of Enviro g
/climate-change/research-371. ph p (accessed 20 March 2023). A Signpost for Soil
Policy in Ireland Renforth, P. and Campbell, JS.

Hayward, P.M., Clymo, R.S., 1982. Profiles of water content and pore size in Sphagnum
peat, and their relation to peat bog ecology. Proc. R. Soc. Lond. Ser. B 215 (1982),
299-325.

Hillman, G.R., 1992. Some hydrological effects of peatland drainage in Alberta’s boreal
forest. Can. J. For. Res. 22 (11), 1588-1596.

Holden, J., Chapman, P.J., Labadz, J.C., 2004. Artificial drainage of peatlands:
hydrological and hydrochemical process and wetland restoration. Prog. Phys. Geogr.
28 (1), 95-123.

Holden, J., Wallage, Z.E., Lane, S.N., McDonald, A.T., 2011. Water table dynamics in
undisturbed, drained and restored blanket peat. J. Hydrol. 402, 103-114.

Horner, A., 2019. Documents Relating to the Bogs Commissioners. 1809 -1813. Irish
Manuscripts Commision.

Huat, Bujang BK., Kazemian, S., Prasad, A., Barghchi, M., 2011. State of an art review of
peat: general perspective’. Int. J. Phys. Sci. 6, 1988-1996.

Hudson, J.A., Roberts, G., 1982. The effect of a tile drain on the soil moisture content of
peat. J. Agric. Eng. Res. 27 (6), 495-500.

Ibrahim, T.G., Fenton, O., Richards, K.G., Fealy, R.M., Healy, M.G., 2013. Spatial and
temporal variations of nutrient loads in overland flow and subsurface drainage from
a marginal land site in south-east Ireland (Royal Irish Academy). Biol. Environ. 113
(2), 169-186.

IPCC (Intergovernmental Panel on Climate Change), 2014. 2013 Supplement to the 2006
InterGovernmental Panel on Climate Change Guidelines for National Greenhouse
Gas Inventories: Wetlands. IPCC, Geneva, Switzerland.

Joosten, H., 2009. The Global Peatland CO2 Picture: peatland status and drainage related
emissions in all countries of the world. The Global Peatland CO2 Picture: peatland
status and drainage related emissions in all countries of the world. https://unfccc.
int/sites/default/files/draftpeatlandco2report.pdf (accessed 23 March 2023).

Joosten, H., Tanneberger, F., Moen, A., 2017. Mires and Peatlands of Europe.

Joosten, H., Tapio-Bistrom, M.L., Tol, S., 2012. Peatlands: Guidance for Climate Change
Mitigation through Conservation, Rehabilitation and Sustainable Use. Food and
Agriculture Organization of the United Nations, Rome.

Konstantinov, V.K., 1980. The use of forest drainage areas and drain networks in the
forestry of the Soviet Union. Summary of papers by the Soviet representatives. Silva
Fenn. 14 (2), 185-189.

King, W., 2023. Of the bogs, and loughs of Ireland. Phil. Trans. 15, 948-960.

Krause, L., McCullough, K.J., Kane, E.S., Kolka, R.K., Chimner, R.A., Lilleskov, E.A.,
2021. Impacts of historical ditching on peat volume and carbon in northern
Minnesota USA peatlands. J. Environ. Manag. 296, 113090.

Kremer, C., Pettolino, F., Bacic, A., Drinnan, A., 2004. Distribution of cell wall
components in Sphagnum hyaline cells and in liverwort and hornwort elaters. Planta
219 (2004), 1023-1035.

Kreyling, J., Tanneberger, F., Jansen, F., Van Der Linden, S., Aggenbach, C., Bliiml, V.,
Couwenberg, J., Emsens, W.J., Joosten, H., Klimkowska, A., Kotowski, W., 2021.
Rewetting does not return drained fen peatlands to their old selves. Nat. Commun.
12 (1), 5693.

Kriiger, J.P., Leifeld, J., Glatzel, S., Szidat, S., Alewell, C., 2015. Biogeochemical
indicators of peatland degradation — a case study of a temperate bog in northern
Germany. Biogeosciences 12 (10), 2861-2871.

Lachacz, A., Kalisz, B., Sowinski, P., Smreczak, B., Niedzwiecki, J., 2023. Transformation
of organic soils due to artificial drainage and agricultural use in Poland. Agriculture
13 (3), 634.

Lapple, D., Hennessy, T., 2012. The capacity to expand milk production in Ireland
following the removal of milk quotas. Ir. J. Agric. Food Res. 51, 1-11.

Leifeld, J., Miiller, M., Fuhrer, J., 2011. Peatland subsidence and carbon loss from
drained temperate fens. Soil Use Manag. 27 (2), 170-176.

Leifeld, J., Menichetti, L., 2018. The underappreciated potential of peatlands in global
climate change mitigation strategies. Nat. Commun. 9 (1), 1071. https://doi.org/
10.1038/54146 7-018-03406-6.

Leifeld, J., Wiist-Galley, C., Page, S., 2019. Intact and managed peatland soils as a source
and sink of GHGs from 1850 to 2100. Nat. Clim. Change 9 (12), 945-947.

Li, Z., Gao, P., 2019. Impact of natural gullies on groundwater hydrology in the Zoige
peatland, China. J. Hydrol.: Reg. Stud. 21, 25-39.

Li, Z., Gao, P., 2020. Characterizing spatially variable water table depths in a disturbed
Zoige peatland watershed. Journal of Hydro-environment Research 29, 70-79.
Limpens, J., Berendse, F., Blodau, C., Canadell, J.G., Freeman, C., Holden, J., Roulet, N.,
Rydin, H., Schaepman-Strub, G., 2008. Peatlands and the carbon cycle: from local

processes to global implications-a synthesis. Biogeosciences 5 (5), 1475-1491.

Liu, H., Lennartz, B., 2019. Hydraulic properties of peat soils along a bulk density
gradient—a meta study. Hydrol. Process. 33 (1), 101-114.

Liu, H., Price, J., Rezanezhad, F., Lennartz, B., 2020a. Centennial-scale shifts in
hydrophysical properties of peat induced by drainage. Water Resour. Res. 56 (10),
e2020WR027538.

Liu, H., Wrage-Monnig, N., Lennartz, B., 2020b. Rewetting strategies to reduce nitrous
oxide emissions from European peatlands. Communications Earth & Environment 1
1), 17.

Luscombe, D.J., Anderson, K., Grand-Clement, E., Gatis, N., Ashe, J., Benaud, P.,
Smith, D., Brazier, R.E., 2016. How does drainage alter the hydrology of shallow
degraded peatlands across multiple spatial scales? J. Hydrol. 541, 1329-1339.

Ma, L., Zhu, G., Chen, B., Zhang, K., Niu, S., Wang, J., Ciais, P., Zuo, H., 2022. A globally
robust relationship between water table decline, subsidence rate, and carbon release
from peatlands. Communications Earth & Environment 3, 254.

Martin, N., Couwenberg, J., 2021. Organic soils in national inventory submissions of EU
countries. In: Proceedings of the Greifswald Mire Centre 05/2021, p. 86 (self-
published, ISSN 2627-910X).


http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref28
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref30
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref30
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref30
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref31
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref31
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref31
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref32
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref32
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref33
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref33
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref33
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref33
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref34
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref34
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref34
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref34
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref35
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref35
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref35
https://www.eea.europa.eu/data-and-maps/daviz/comparison-of-cumulative-historical-and#tab-chart_1
https://www.eea.europa.eu/data-and-maps/daviz/comparison-of-cumulative-historical-and#tab-chart_1
https://www.eea.europa.eu/data-and-maps/daviz/comparison-of-cumulative-historical-and#tab-chart_1
https://www.fas.scot/downloads/tn720-assessment-for-land-drainage/
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref38
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref39
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref39
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref39
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref39
https://peatlands.org/assets/uploads/2019/06/ipc2008p472-474-farrell-a-new-paradigm-for-irish-peatland-afforestation.pdf
https://peatlands.org/assets/uploads/2019/06/ipc2008p472-474-farrell-a-new-paradigm-for-irish-peatland-afforestation.pdf
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref41
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref41
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref42
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref42
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref43
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref43
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref43
https://www.syke.fi/en-US/Open_information/Spatial_datasets/Downloadable_spatial_dataset
https://www.syke.fi/en-US/Open_information/Spatial_datasets/Downloadable_spatial_dataset
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref46
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref47
http://refhub.elsevier.com/S0301-4797(23)01179-9/optULT3G064NC
http://refhub.elsevier.com/S0301-4797(23)01179-9/optULT3G064NC
http://refhub.elsevier.com/S0301-4797(23)01179-9/optULT3G064NC
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref48
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref49
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref49
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref49
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref49
https://www.routledge.com/Land-Drainage-A-seminar-in-the-EC-programme-of-coordination-of%20research/Gardiner/p/book/9789061912453#
https://www.routledge.com/Land-Drainage-A-seminar-in-the-EC-programme-of-coordination-of%20research/Gardiner/p/book/9789061912453#
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref51
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref51
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref52
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref52
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref52
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref52
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref52
https://link.springer.com/chapter/10.1007/978-3-662-22014-6_39
https://www.teagasc.ie/rural-economy/rural-economy/spatial-analysis/gis-monthlymaps/
https://www.teagasc.ie/rural-economy/rural-economy/spatial-analysis/gis-monthlymaps/
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref55
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref55
https://doi.org/10.1007/s00334-005-0072-0
https://doi.org/10.1007/s00334-005-0072-0
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref57
https://www.epa.ie/publications/research/climate-change/research-371.%20ph%20p
https://www.epa.ie/publications/research/climate-change/research-371.%20ph%20p
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref59
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref59
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref59
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref60
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref60
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref61
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref61
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref61
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref62
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref62
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref63
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref63
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref64
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref64
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref65
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref65
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref66
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref66
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref66
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref66
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref67
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref67
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref67
https://unfccc.int/sites/default/files/draftpeatlandco2report.pdf
https://unfccc.int/sites/default/files/draftpeatlandco2report.pdf
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref69
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref70
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref70
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref70
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref71
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref71
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref71
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref72
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref73
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref73
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref73
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref74
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref74
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref74
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref75
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref75
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref75
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref75
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref76
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref76
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref76
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref77
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref77
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref77
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref78
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref78
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref79
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref79
https://doi.org/10.1038/s4146 7-018-03406-6
https://doi.org/10.1038/s4146 7-018-03406-6
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref81
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref81
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref82
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref82
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref83
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref83
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref84
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref84
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref84
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref85
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref85
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref86
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref86
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref86
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref87
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref87
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref87
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref88
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref88
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref88
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref89
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref89
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref89
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref90
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref90
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref90

P. Tuohy et al.

Mc Afee, M., 1984. Drainage of Peat Soils — A Literature Review. Swedish University of
Agricultural Sciences. Report No. 143).

McDonald, R., Macken-Walsh, A., Pierce, K., Horan, B., 2014. Farmers in a deregulated
dairy regime: insights from Ireland’s new entrants scheme. Land Use Pol. 41, 21-30.

McEntee, M.A., 1977. Temperature conditions on the basin peat areas of the midlands of
Ireland. Ir. J. Agric. Res. 16, 141-148.

Millette, J.A., Vigier, B., Broughton, R.S., 1982. Organic soils in quebec. Can. Agric. Eng.
24 (1).

Moloney, T., Fenton, O., Daly, K., 2020. Ranking connectivity risk for phosphorus loss
along agricultural drainage ditches. Sci. Total Environ. 703, 134556.

Mohamad, H.M., Zainorabidin, A., Mohamad, M.I., 2022. Maximum strain effect and
secant modulus variation of hemic peat soil at large deformation due to cyclic
loading. Civil Engineering Journal 8 (10), 2243-2260.

Montanarella, L., Jones, R.J., Hiederer, R., 2006. The distribution of peatland in Europe.
Mires Peat 1 (1), 1-11.

Mulqueen, J., 1975. Drainage of deep peat in Ireland. Proc. International Symposium on
Peat in Agriculture and Horticulture 250-265.

Mulqueen, J., 1986. Hydrology and drainage of peatland. Environ. Geol. Water Sci. 9,
15-22. https://doi.org/10.1007/BF02439882.

Murayama, S., Bakar, Z.A., 1996. Decomposition of tropical peat soils. Jpn. Agric. Res. Q.
30, 145-151.

Nicholson, H.H., Firth, D.H., 1958. The effect of ground water-level on the yield of some
common crops on a fen peat soil. J. Agric. Sci. 50 (3), 243-252.

NPWS, 2015. National Peatlands Strategy. National Parks & Wildlife Service, Department
of Arts, Heritage and the Gaeltacht, Dublin, Ireland.

O Carroll, N., Carey, M., Hendrick, E., Dillon, J., 1981. The tunnel plough in peatland
afforestation. Ir. For. 38 (1), 27-40. https://journal.societyofirishforesters.ie/index.
php/forestry/article/view/9483. Accessed: 19February2023).

O’Sullivan, L., Creamer, R.E., Fealy, R., Lanigan, G., Simo, I., Fenton, O., Carfrae, J.,
Schulte, R.P., 2015. Functional Land Management for managing soil functions: a
case-study of the trade-off between primary productivity and carbon storage in
response to the intervention of drainage systems in Ireland. Land Use Pol. 47, 42-54.

Parish, F., Sirin, A., Charman, D., Joosten, H., Minaeva, T., Silvius, M. (Eds.), 2008.
Assessment on Peatlands, Biodiversity and Climate Change. Kuala Lumpur, Global
Environment Centre and Wageningen, Wetlands International, p. 179.

Paul, C., Fealy, R., Fenton, O., Lanigan, G., O’Sullivan, L., Schulte, R., 2018. Assessing the
role of artificially drained agricultural land for climate change mitigation in Ireland.
Environ. Sci. Pol. 80, 95-104.

Prevost, M., Belleau, P., Plamondon, A.P., 1997. Substrate conditions in a treed peatland:
responses to drainage. Ecoscience 4 (4), 543-554.

Regan, S., Flynn, R., Gill, L., Naughton, O., Johnston, P., 2019. Impacts of groundwater
drainage on peatland subsidence and its ecological implications on an Atlantic raised
bog. Water Resour. Res. 55 (7), 6153-6168.

Renou-Wilson, F., Barry, C., Miiller, C., Wilson, D., 2014. The impacts of drainage,
nutrient status and management practice on the full carbon balance of grasslands on
organic soils in a maritime temperate zone. Biogeosciences 11, 4361-4379.

Renou-Wilson, F., Wilson, D., Barry, C., Foy, B., Miiller, C., 2015. Carbon Loss from
Drained Organic Soils under Grassland — CALISTO. Environmental Protection
Agency (EPA), Dublin, Ireland.

Renou-Wilson, F., Wilson, D., Rigney, C., Byrne, K., Farrel, C., Miiller, C., 2018. Network
Monitoring Rewetted and Restored Peatlands/organic Soils for Climate and
Biodiversity Benefits (NEROS). Environmental Protection Agency (EPA), Wexford,
Ireland.

Rezanezhad, F., Price, J.S., Quinton, W.L., Lennartz, B., Milojevic, T., Van Cappellen, P.,
2016. Structure of peat soils and implications for water storage, flow and solute
transport: a review update for geochemists. Chem. Geol. 429, 75-84. https://doi.
org/10.1016/j.chemgeo.2016.03.010. ISSN 0009-2541.

Romppanen, S., 2020. The LULUCF Regulation: the new role of land and forests in the EU
climate and policy framework. J. Energy Nat. Resour. Law 38 (3), 261-287.

1 M 344 (2023) 118391

Journal of Enviro g

Ryan, T., 1986. Agricultural drainage practices in Ireland. Environ. Geol. 9, 31-40.

Schothorst, C.J., 1982. Drainage and Behaviour of Peat Soils (No. 3). ICW, Wageningen,
The Netherlands.

Stewart, A.J., Lance, A.N., 1991. Effects of moor-draining on the hydrology and
vegetation of northern Pennine blanket bog. J. Appl. Ecol. 1105-1117.

Strijker, D., 2005. Marginal lands in Europe — causes of decline. Basic Appl. Ecol. 6,
99-106.

Sulaiman, M.S., Mohamad, H.M., Suhaimi, A.A., 2022. A study on linear shrinkage
behavior of peat soil stabilized with eco-processed pozzolan (EPP). Civil Engineering
Journal 8 (6), 1157-1166.

Tanneberger, F., Belous, T., 2017. The peatland map of Europe. Mires Peat (19).

Tanneberger, F., Moen, A., Barthelmes, A., Lewis, E., Miles, L., Sirin, A., Tegetmeyer, C.,
Joosten, H., 2021. Mires in Europe—regional diversity, condition and protection.
Diversity 13 (8), 381.

Teagasc, 2022. Teagasc Manual on Drainage and Soil Management. 2nd Edition. https://
www.teagasc.ie/media/website/environment/soil/Teagasc_Drainage Manual_2022.
pdf. (Accessed 21 March 2023).

Timmermann, Tiemo, Margoczi, Katalin, Takacs, Gabor, Vegelin, Kees, 2006. Restoration
of peat-forming vegetation by rewetting species-poor fen grasslands. Appl. Veg. Sci.
9, 241-250.

Tuohy, P., Humphreys, J., Holden, N.M., Fenton, O., 2015. Mole drain performance in a
clay loam soil in Ireland. Acta Agric. Scand. Sect. B Soil Plant Sci 65 (1), 2-13.
Tuohy, P., Humphreys, J., Holden, N.M., Fenton, O., 2016. Runoff and subsurface drain
response from mole and gravel mole drainage across episodic rainfall events. Agric.

Water Manag. 169, 129-139.

Tuohy, P., O’Loughlin, J., Peyton, D., Fenton, O., 2018. The performance and behavior of
land drainage systems and their impact on field scale hydrology in an increasingly
volatile climate. Agric. Water Manag. 210, 96-107.

Tuohy, P., O’Sullivan, L., Fenton, O., 2021. Field scale estimates of soil carbon stocks on
ten heavy textured farms across Ireland. J. Environ. Manag. 281, 111903.

Turner, T.E., Swindles, G.T., Charman, D.J., Blundell, A., 2013. Comparing regional and
supra-regional transfer functions for palaeohydrological reconstruction from
Holocene peatlands. Palaeogeogr. Palaeoclimatol. Palaeoecol. 369, 395-408.

UN, 2023. United Nations, Net Zero Coalition. https://www.un.org/en/climatechange
/net-zero-coalition. (Accessed 19 May 2023).

Van Beek, C.L., Pleijter, M., Jacobs, C.M.J., Velthof, G.L., Van Groenigen, J.W.,
Kuikman, P.J., 2010. Emissions of N 2 O from fertilized and grazed grassland on
organic soil in relation to groundwater level. Nutrient Cycl. Agroecosyst. 86,
331-340.

Wilcock, D., 1979. The hydrology of a peatland catchment in Northern Ireland following
channel clearance and land drainage. In: Hollis, G.E. (Ed.), Man’s Impact on the
Hydrological Cycle in the United Kingdom. GeoAbstracts, Norwich, pp. 93-107.

Wilson, D., 2021. Opening Statement for the Public Session of the Joint Committee on
Agriculture and the Marine on the Subject of Rewetting of Peatlands and the Impact
on Drainage for Surrounding Farmland. accessed February, 2023. https://data.oirea
chtas.ie/ie/oireachtas/committee/dail/33/joint_committee_on_agriculture_and_th
e_marine/submissions/2021/2021-03-02_opening-statement-dr-david-wilson-earth
y-matters-environmental-consultants_en.pdf.

Worrall, F., Armstrong, A., Holden, J., 2007. Short-term impact of peat drain-blocking on
water colour, dissolved organic carbon concentration, and water table depth.

J. Hydrol. 337 (3-4), 315-325.

Xu, J., Morris, P.J., Liu, J., Holden, J., 2018. PEATMAP: refining estimates of global
peatland distribution based on a meta-analysis. Catena 160, 134-140.

Yli-Halla, M., Lotjonen, T., Kekkonen, J., Virtanen, S., Marttila, H., Liimatainen, M.,
Saari, M., Mikkola, J., Suomela, R., Joki-Tokola, E., 2022. Thickness of peat
influences the leaching of substances and greenhouse gas emissions from a cultivated
organic soil. Sci. Total Environ. 806, 150499.


http://refhub.elsevier.com/S0301-4797(23)01179-9/sref91
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref91
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref92
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref92
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref93
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref93
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref94
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref94
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref95
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref95
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref96
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref96
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref96
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref97
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref97
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref98
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref98
https://doi.org/10.1007/BF02439882
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref100
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref100
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref101
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref101
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref102
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref102
https://journal.societyofirishforesters.ie/index.php/forestry/article/view/9483
https://journal.societyofirishforesters.ie/index.php/forestry/article/view/9483
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref104
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref104
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref104
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref104
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref105
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref105
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref105
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref106
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref106
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref106
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref107
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref107
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref108
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref108
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref108
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref109
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref109
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref109
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref110
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref110
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref110
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref111
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref111
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref111
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref111
https://doi.org/10.1016/j.chemgeo.2016.03.010
https://doi.org/10.1016/j.chemgeo.2016.03.010
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref113
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref113
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref114
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref115
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref115
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref116
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref116
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref117
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref117
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref118
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref118
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref118
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref119
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref120
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref120
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref120
https://www.teagasc.ie/media/website/environment/soil/Teagasc_Drainage_Manual_2022.pdf
https://www.teagasc.ie/media/website/environment/soil/Teagasc_Drainage_Manual_2022.pdf
https://www.teagasc.ie/media/website/environment/soil/Teagasc_Drainage_Manual_2022.pdf
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref122
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref122
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref122
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref123
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref123
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref124
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref124
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref124
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref125
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref125
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref125
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref126
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref126
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref127
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref127
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref127
https://www.un.org/en/climatechange/net-zero-coalition
https://www.un.org/en/climatechange/net-zero-coalition
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref129
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref129
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref129
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref129
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref130
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref130
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref130
https://data.oireachtas.ie/ie/oireachtas/committee/dail/33/joint_committee_on_agriculture_and_the_marine/submissions/2021/2021-03-02_opening-statement-dr-david-wilson-earthy-matters-environmental-consultants_en.pdf
https://data.oireachtas.ie/ie/oireachtas/committee/dail/33/joint_committee_on_agriculture_and_the_marine/submissions/2021/2021-03-02_opening-statement-dr-david-wilson-earthy-matters-environmental-consultants_en.pdf
https://data.oireachtas.ie/ie/oireachtas/committee/dail/33/joint_committee_on_agriculture_and_the_marine/submissions/2021/2021-03-02_opening-statement-dr-david-wilson-earthy-matters-environmental-consultants_en.pdf
https://data.oireachtas.ie/ie/oireachtas/committee/dail/33/joint_committee_on_agriculture_and_the_marine/submissions/2021/2021-03-02_opening-statement-dr-david-wilson-earthy-matters-environmental-consultants_en.pdf
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref132
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref132
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref132
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref133
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref133
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref134
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref134
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref134
http://refhub.elsevier.com/S0301-4797(23)01179-9/sref134

	Drainage status of grassland peat soils in Ireland: Extent, efficacy and implications for GHG emissions and rewetting efforts
	1 Introduction
	2 Materials and methods
	2.1 Scenario testing
	2.2 The complexity of draining peat soils
	2.3 National statistics on drainage status of agricultural peat soils
	2.4 Emission factors, spatial extent of agricultural peat soils and revised drainage status range scenarios

	3 Results
	4 Discussion
	5 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


