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CASE REPORT                                          

Climate change mitigation potential of paludiculture in Finland: 
greenhouse gas emissions of abandoned organic croplands and peat 
substitution

Tanja Myllyviitaa, Juha Gr€onroosa, Tuomas Mattilaa and Kristiina Långb 

aFinnish Environment Institute, Helsinki, Finland; bNatural Resources Institute Finland, Helsinki, Finland 

ABSTRACT 
Introduction: Rewetting is an option to decrease greenhouse gas emissions of drained peat
lands. With continued cultivation of wetland plants (paludiculture), it is possible to provide 
renewable raw materials. In Finland, peat has been used as a growing media and animal 
bedding. Since peat availability is decreasing, new materials are needed.
Methods: The emissions of the paludiculture system were compared to emissions of the 
current system based on use of peat. We assumed that abandoned organic croplands were 
under paludicrop cultivation. Paludicrops were used instead of peat as animal bedding 
material and growing media. The assessment included an analysis of uncertainties related to 
the key parameters.
Results: Paludiculture would generate emissions savings of 352,000 tons of CO2 eq in 2050 
compared to the peat use system. The emissions savings are mostly generated by land-use 
emissions reductions. Emissions of peat decay represent 22% of the emissions of the peat 
use system, whereas emissions of peat extraction are less significant. Emissions of the paludi
culture system are mainly caused by paludicrop cultivation, with 300,000 tons of CO2 eq in 
2050. Paludiculture mitigates climate change by increasing biogenic carbon sink: 48,000 tons 
of CO2 eq in 2050.
Discussion: It is highly unlikely that the paludiculture system would generate more emis
sions than the peat use system. However, peat substitution does not offset emissions of 
abandoned organic croplands, even under paludicrop cultivation. Therefore, other land-use 
options, such as afforestation or restoration, could provide more emissions savings even 
though they do not provide raw materials.
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Introduction

About 15% of peatlands worldwide have been 
drained to accommodate agriculture, peat extrac
tion, forestry and urbanization [1]. Natural peat
lands form carbon sinks, in which the carbon 
intake into layers of organic matter exceeds the 
climate impact of the emission of methane (CH4) 
and carbon dioxide (CO2). Peatland draining has 
enhanced aerobic decomposition of organic 
matter and increased greenhouse gas (GHG) emis
sions, turning peatlands from sinks to sources of 
carbon. For instance, in Finland, the GHG emissions 
from cultivated organic croplands (histosols) are 
significant: 8.7 million tons CO2-eq annually, 
approximately 10% of all national emissions 
(including the Land Use, Land-Use Change and 
Forestry (LULUCF) sector). Furthermore, the 
decomposition of drained peat continues after 

cultivation activities have ended, resulting in con
siderable emissions from abandoned organic crop
lands [2]. In order to decrease these emissions, 
alternative uses for organic croplands are needed.

One promising option to decrease GHG emis
sions of organic croplands is rewetting: Peat min
eralization and consequent CO2 emissions are 
reduced through rewetting because peat decay 
decreases and N2O emissions remain at a negligible 
level due to the lower availability of mineral nitro
gen [2]. On the other hand, CH4 emissions increase 
because of anaerobic respiration [1]. Considering 
the time-dependency of climatic effects, however, 
CH4 radiative forcing does not undermine the 
climate mitigation impact of rewetting [3]. 
Vegetation can also mitigate CH4 emissions [4]. The 
benefits of rewetting on GHG emissions have been 
addressed in several studies [5].
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Paludiculture is the cultivation of crops on 
rewetted peatlands, providing not only climate 
change mitigation but also agricultural business 
options. Paludicultural crops, such as Typha, reeds 
and Phalaris arundinacea, among others, are suit
able raw materials for, e.g. construction, growing 
media, biogas and energy pellets [6–8]. Through 
paludiculture, it is possible to decrease GHG emis
sions arising from organic croplands but also 
reduce emissions by replacing more emission- 
intensive products on the market. Lahtinen et al. 
[7] evaluated GHG emissions of two paludiculture 
product systems, i.e. Typha construction board and 
reed growing media, with life cycle assessment 
(LCA), concluding that both product systems result 
in much lower emissions than current agricultural 
land use and may be net greenhouse gas sinks 
(average −6.0 tCO2eq ha−1 for construction board; 
−3.0 tCO2eq ha−1 for reed growing media). In 
Finland, peat is one of the raw materials that must 
be replaced in the near future because of chang
ing regulations concerning peat extraction.

In 2014, a total of 30,000 ha was under peat 
extraction in Finland [9]. Annual production of 
horticultural and environmental peat in Finland 
was 2 million m3 [10]. Peat energy use in 2017 
generated GHG emissions of 5.8 Mt CO2-eq, repre
senting 10% of the annual GHG emissions in 
Finland (LULUCF excluded), making it a major 
source of national GHG emissions [11]. Finland 
aims to achieve GHG emission reduction by 
increasing carbon sinks and decreasing GHG emis
sions. One of the options to decrease emissions is 
to replace peat with renewable fuels. In 2030, the 
use of energy peat should be half of the current 
level. Peat extracted for animal bedding and grow
ing media uses is a side stream of energy peat. 
Thus, a decrease in energy peat harvesting will 
also reduce the availability of peat for other uses 
[12]. There is a growing demand to find new raw 
materials for animal bedding and growing media 
uses. Using paludicrops, such as reeds and 
Sphagnum moss, for animal bedding and growing 
media production has been suggested [7,12,13]. 
The benefits of paludiculture for the climate could 
therefore be twofold: substituting for emission- 
intensive peat products and mitigating GHG emis
sions from cultivated peatlands [14,15].

The aim of this study is to assess the GHG emis
sion-reduction potential of paludiculture in aban
doned agricultural croplands in Finland between 
2020 and 2050. Emission reduction through the 
conversion of abandoned organic croplands into 

paludiculture cultivation sites, and substituting 
peat as animal bedding and growing media with 
paludicultural crops, were considered. The bio
genic carbon intake of paludicultural crops and 
peat decay were estimated. As most of the rele
vant parameters include substantial uncertainties, 
a Monte Carlo simulation approach was included 
to assess the sensitivity of the results.

Material and methods

In this study, we evaluated the total effect of shift
ing to paludiculture through a combination of two 
scenarios (Figure 1). The peat use system scenario 
describes the continuation of current practice. In 
this alternative, we assumed that abandoned 
organic croplands would remain unmanaged and 
not converted into paludicrop cultivation sites, and 
peat would be used as a raw material for animal 
bedding and growing media. In the second, palu
diculture system scenario, we assumed that aban
doned organic croplands would be used for 
paludicrop cultivation, and instead of peat, paludi
crops would be used as a raw material for animal 
bedding and growing media. In this scenario, peat 
extraction sites would remain unaltered. The total 
emissions savings of the paludiculture system are 
estimated by subtracting the emissions of the pal
udiculture system from the emissions of the peat 
use system (i.e. the difference compared to the 
continuation of current practices).

In Finland, there are ca. 30,000 ha abandoned 
organic croplands that no longer produce food or 
feed [16]. We assumed that these croplands would 
be converted into paludicrop cultivation sites by 
raising the ground water table. It was assumed 
that the change would take place gradually, begin
ning in 2020, and that all 30,000 ha of abandoned 
organic croplands would be used for paludicrop 
cultivation by 2050.

A substantial number of potential crops exist for 
paludiculture. In this study, we selected five plants 
that are suitable for Finnish growing conditions 
[17] and are appropriate for the production of 
growing media and/or animal bedding [7,12]. 
These five plants are: Phragmites, Salix, Typha, 
Sphagnum and Phalaris arundinacea. We assumed 
that by 2050, each plant would be cultivated in an 
area of 6000 ha. Salix would only be used to 
replace peat as animal bedding material, and the 
rest would be used as animal bedding material 
and growing media, with equal amounts for both 
uses.
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Emissions of abandoned agricultural peatlands

Although abandoned organic croplands are typic
ally regarded as sources of GHGs, some estimates 
suggest that they may act as minor carbon sinks 
[2]. An average value of GHG emissions of aban
doned organic cropland was determined based on 
data on drained boreal grasslands, with an average 
value of 20.9 t CO2 eq ha/year [18].

Paludiculture cultivation and production 
emissions

The cultivation emissions of paludicrops were esti
mated using emission factors from a review by 
Bianchi et al. [19]. The GHG emission factors 
include carbon intake in photosynthesis and car
bon release in plant and soil respiration, as well as 
emissions of CH4 and N2O. Global warming poten
tials of 27 and 273 were used for CH4 and N2O, 
respectively, to convert the results to CO2 equiva
lents. Bianchi et al. [19] assessed GHG emissions 
for so-called emergent plants (Typha, Phalaris arun
dinacea, Salix and Phragmites) and Sphagnum. 
Emissions of emergent plants were, on average, 
17.70 t CO2 eq/ha/year, which is close to the total 
of the emission factors for shallow-drained grass
lands according to the Intergovernmental Panel on 
Climate Change (IPCC) [18]. This value is moder
ately high as the sites included in a review were 
recently established and consequent CH4 emis
sions were still at a high level [20]. In this study, 
we assumed that the emissions of paludiculture 
would linearly decrease after establishment of a 
paludiculture site. An average estimate of 10.00 t 
CO2eq/ha/year [21,22] after 30 years of establish
ment of a paludiculture site was applied, e.g. a 
farming site established in 2020 would generate 

44% less emissions in 2050 than in 2020. The same 
values were used for Phalaris arundinacea, Typha, 
Salix and Phragmites. An average emission for 
Sphagnum cultivation was set as 12.74 t CO2 eq/ 
ha/year. This estimate is based on the review by 
Bianchi et al. [19], who found that emissions from 
Sphagnum farming were −2.8 t CO2 eq/ha/year, 
including the assumption that no harvesting 
would occur. We extracted the carbon intake of 
Sphagnum from the emissions factor, assuming 
that the water content of harvested Sphagnum is 
84% and half of the dry matter is carbon [12]. A 
linear decrease for Sphagnum cultivation emissions 
was also assumed. Thus, emissions would be, on 
average, 7.20 CO2 eq/ha/year 30 years after the 
establishment of a Sphagnum farming site. The car
bon intake and release of harvested paludicrops 
were included as a separate parameter (see the 
section ‘Biogenic carbon intake’).

In order to control eutrophication, CH4 emission 
and dead organic matter loss, topsoil removal is 
strongly recommended for Sphagnum farming [23]. 
Following this recommendation, our study 
assumed the removal of a 30 cm layer of topsoil, 
which was then piled in the vicinity of the harvest
ing site. We also assumed the emission factors of 
grasslands on boreal peatland for piled topsoil 
[18]. Sphagnum cultivation sites were assumed to 
be established following the moss layer transfer 
technique [24]. Data on the establishment of 
Typha and Phragmites cultivation site were 
obtained from Lahtinen et al. [7]. The same values 
were used for Phalaris arundinacea, as we assumed 
that the establishment of a cultivation site for this 
plant was similar to the establishment of a cultiva
tion site for Typha or Phragmites. The assumption 
was that emissions of these operations would be 
minimal and use of data on other paludicrops 

Figure 1. Flowchart of the peat use system and paludiculture system, and sources of greenhouse gas emissions and 
carbon intake.
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would not influence the results. For Salix cultiva
tion, all operations related to its establishment and 
maintenance were adopted from Murphy et al. 
[25]. It was assumed that after harvesting re-plant
ing takes place.

All paludicrops, excluding Sphagnum, were 
assumed to be fertilized. Salix requires the addition 
of nitrogen, around 70 kg N/ha/year, during the 
first cutting cycle, applied especially during the 
third and fourth years [26]. The addition of phos
phorus (10 kg ha/year) and potassium (35 kg ha/ 
year) is also recommended [27]. We assumed that 
Salix was cultivated in cycles of 10 years, with an 
average annual yield of 6.95 t ha/year. Phragmites 
requires the addition of nitrogen fertilizers (60 kg/ 
ha/year) [7], and the annual yield of Phragmites 
was assumed to be 8.0 t/ha [7]. Typha was 
assumed to be fertilized with 150 kg/ha N in the 
form of coated urea and 150 kg/ha/year K as 
coated potassium nitrate [28]. The annual yield of 
Typha was assumed to be 8.96 t/ha/year [7]. Typha 
paludiculture requires fertilization with nitrogen 
and potassium nitrate (150 kg/ha for both) [7]. 
Phalaris arundinacea requires fertilization in the 
year of establishment with 40 kg/ha nitrogen fertil
izer, 40 kg/ha phosphorus fertilizer and 80 kg/ha 
potassium. For the following two years, the 
assumed fertilizer requirements were 60 kg ha/year 
nitrogen fertilizer, 30 kg/ha/year phosphorus fertil
izer and 70 kg ha/year potassium. Three years after 
establishment, the fertilizer requirement was 
assumed to be 55 kg/ha/year nitrogen, 20 kg/ha/ 
year phosphorus and 70 kg/ha/year potassium [29].

Values for emissions caused by the production 
of fertilizers were adopted from the Ecoinvent 
database. Fertilizing paludicrops with nitrogen fer
tilizers generates some N2O emissions. These emis
sions were estimated by Kandel et al. [30], 
assuming that 1.6% of nitrogen is released as 
N2O-N.

Typha, Phragmites and Phalaris arundinacea were 
assumed to be harvested and chipped with a shred
der, using estimates by Lehtoranta et al. [12] on 
fuel consumption. Emissions of transportation were 
adopted from Lehtoranta et al. [12]. It was assumed 
that the harvesting of Sphagnum was actualized 
with a front loader and semi-trailer, with fuel con
sumption of 2 litres/m3 harvested Sphagnum [12]. 
Emissions of Salix harvesting were adopted from 
Murphy et al. [25].

Typha, Phragmites, Phalaris arundinacea and Salix 
chips can be used as animal bedding material with
out any processing, although it is also possible to 

pelletize them. Sphagnum is also suitable for litter 
use without any processing but requires air-drying 
to reach an appropriate moisture content (50%).

Growing media production using Typha, 
Phragmites and Phalaris arundinacea was consid
ered to be similar regardless of the raw material. 
Growing media production requires vermicom
posting of paludiculture crops (5 months) and a 
dolomite addition. Data on growing media produc
tion processes and emissions were adopted from 
Lahtinen et al. [7].

Biogenic carbon intake

Biogenic carbon is stored in products with a long 
lifespan when paludiculture crops are used [7,31]. 
Although it was assumed that the use-phase of 
both growing media and animal bedding is only 1 
year, most of the carbon stored in these products 
is not instantly released into the atmosphere. We 
included a temporal carbon storage in the paludi
culture system as negative GHG emissions. It was 
assumed that both discarded growing media and 
animal bedding were used for soil improvement 
on agricultural lands, where carbon is slowly 
released into the atmosphere as CO2. We assumed 
that during the first 5 years, 80% of biogenic car
bon in these products would decay, and after the 
first 5 years, the remaining carbon would decay at 
1% as an annual basis [32]. The carbon intake in 
biogenic carbon storage accumulates as produc
tion volumes increase; thus, biogenic carbon stor
age also increases. At the same time, however, 
biogenic carbon decays, decreasing the biogenic 
carbon storage. The biogenic carbon intake occurs 
between 2020 and 2050. However, a substantial 
amount of biogenic carbon in paludicrops decays 
after 2050.

GHG emissions of peat harvesting

Peat extraction has an impact on the GHG emis
sions and carbon sinks of peatlands. In order to 
produce a tonne of peat, an area of 2.9 m2 over a 
period of 20 years is required [12]. In this study, we 
assumed that peat is targeted at drained peat
lands, as in Sweden, where peat is harvested only 
in peatlands with previous human alterations [11]. 
The GHG emissions from peat harvesting consist of 
three phases: reference state, initial state and 
aftertreatment.

The reference state describes the state of the 
peat extraction area before peat extraction takes 
place. The reference state in this study is a forestry 
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drained peatland. The average GHG emissions of 
peat harvesting sites were determined based on 
the review by Pohjala [33]. The average GHG emis
sions were 200 g CO2/m2/year, 0.94 g CH4/m2/year 
and 0.04 g N2O/m2/year. When peat extraction 
begins, GHG emissions of the peat extraction area 
change radically. In the review by Pohjala [33], the 
average value of peat harvesting GHG emissions 
was 13.90 t CO2/ha/year, 2.6 g/CH4/m2 year and 
0.01 g N2O/m2/year. It was assumed that the 
extraction phase would last for 20 years. After the 
peat harvesting phase, the harvested peat extrac
tion areas are either afforested or restored. For res
toration, the average GHG emissions were set as 
−125 g CO2/m2/year and 25 g CH4/m2/year; N2O 
emissions were excluded, as they are assumed to 
be negligible [33]. The annual GHG emissions from 
afforested areas were adopted from Gr€onroos 
et al. [34]. In this study, we assumed that afforest
ation was the treatment option for 75% and restor
ation for 25% of extracted peatlands.

The paludiculture system does not need as 
many new peat extraction sites as the peat use 
system does. Annual GHG emissions from these 
unexploited areas were assumed to be the same 
as those of the reference state for the peat use 
system.

Peat decay

The majority of GHG emissions from peat energy 
use are caused by carbon decay [34]. In peat 
energy use, carbon is instantly released into the 
atmosphere.. However, discarded growing media 
and a mixture of manure and discarded bedding 
material are typically used as a soil improver. In 
this case, carbon release is slow. We applied esti
mations by Karhu et al. [35] to assess the timing of 
the carbon release of peat decay. In their study, it 
was assumed that 97% of carbon remains after 
one year, and half of the carbon is released after 
30 years. After 100 years, 14% of the carbon 
remains. The GHG emissions caused by peat decay 
were inserted within the time frame 2020–2100.

Uncertainty assessments

As the majority of the parameters used in this 
study include substantial uncertainties, a Monte 
Carlo approach was applied. Because the number 
of parameters used in this study is substantial, we 
included only 16 parameters that were considered 
the most influential. Monte Carlo simulates uncer
tainty by considering the uncertainty distributions 

for each variable. The values and distributions of 
the key parameters were determined based on sci
entific articles (Table 1). A Monte Carlo simulation 
(Simulacion 4.0 Microsoft Excel add-in, with 2000 
iterations) was applied to assess the uncertainties 
related to the key parameters.

The yield data for paludicrops were adopted 
from the literature (Table 1). GHG emissions from 
paludicrop cultivation are influenced by several 
factors, such as ground water table level, vegeta
tion composition, time since rewetting and land 
use history [5]. To assess uncertainties related to 
paludicrop cultivation GHG emissions, the range of 
emission factors in Bianchi et al. [19] were applied. 
For these parameters, a normal distribution was 
assumed. The ranges for the GHG emissions of the 
peat extraction sites were obtained from a litera
ture review by Pohjala [33]. For afforestation emis
sions, however, no suitable datasets were available 
to support uncertainty assessments. Also, no 
uncertainty assessment was included for N2O and 
CH4 emissions because they were not considered 
as relevant as CO2 emissions and insufficient data
sets were available.

Peat has proven to be a suitable raw material for 
both animal litter and growing media. Alternative 
materials should meet the same quality requirements. 
Currently, there is no in-depth information available 
on the functional equivalency of paludicrops and 
peat. In other words, it is unclear how many tonnes of 
paludicrops are needed to replace a tonne of peat. 
Previously, it has been estimated that one tonne of 
chipped Phalaris arundinacea or Phragmites replaces 
a tonne of peat when used as chicken bedding [12]. 
On the other hand, when used as material for horse 
bedding, one tonne of pelletized Phalaris arundina
ceareplaced one tonne of peat [12].

As these substitution assumptions were consid
ered an influential, yet poorly understood, factor in 
the assessment of the net climate impacts of the pal
udiculture system, a wider range of uncertainty was 
included. We set the substitution ratio assuming 
that both mass-based and volume-based substitu
tion is possible, and set a range to include both 
assumptions. The range was further widened to 
include a 20% increase or decrease in minimum and 
maximum substitution ratios. A uniform distribution 
was assumed for the substitution ratio parameters.

Time horizon

The dynamics of GHG emissions and carbon sinks 
influence the climate impacts of the paludiculture 
and peat use systems. In this study, GHG emissions 
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and biogenic carbon intake were considered 
between 2020 and 2050. Peat decay, however, is a 
slow process, and a large share of peat will decay 
after 2050. Therefore, peat decay was considered 
over a longer period (2020–2100). Paludicrop 
decay is faster than peat decay. Nevertheless, 
some biogenic carbon in paludicrops will decay 
after 2050. As paludicrop carbon is of biogenic ori
gin, paludicrop decay was not considered to be an 
emissions source, although biogenic carbon decay 
decreases the biogenic carbon storage.

We used the approach by Helin et al. [38] to esti
mate the impacts of the timing of GHG emissions 
and carbon sinks. In this approach, GHG emissions 
and carbon intake today are given more weight 
than those occurring in the future. The reason for 
this is that when using the global warming poten
tial factors evaluated over 100 years (GWP100), 
which is the most common case, we estimate cli
mate impacts from the present to 100 years into the 
future. However, if the same method is applied to 
assess future GHG emissions (or sinks) as is used for 
emissions occurring today, the climate impact of 
future emissions becomes disproportionately high 
due to their effects extending beyond the 100-year 
time frame. This is corrected by using weighting 
factors that adjust the impacts of future emissions 
to match the time frame of impact assessment. For 
instance, according to Helin et al. [38] GHG emis
sions occurring in 2020 are multiplied by a 

weighting factor of 1.0, whereas emissions in 2040 
are given a weight of 0.82. Temporary carbon intake 
is weighted following a similar approach.

Results

Based on the results of this study, net GHG emis
sions in Finland can be decreased through paludi
culture in abandoned organic croplands compared 
to the current situation based on peat use without 
paludiculture. Emissions of the peat use system 
were ca. 645,000 tonnes CO2 eq. The emissions of 
the paludiculture system in 2050 were 293,000 
tonnes CO2 eq, generating emissions savings of 
352,000 tonnes CO2 eq (Table 2). Compared to the 
peat use system, the paludiculture system was not 
an emissions source in any of the simulation 
rounds. It is therefore highly unlikely that the palu
diculture system would generate more emissions 
than the peat use system.

Through paludiculture, GHG emissions savings 
can be generated by decreasing emissions from 
abandoned organic croplands and peat substitu
tion (Figure 3). Most of the emissions (ca. 70%) in 
the peat use system originate from abandoned 
organic croplands, and these emissions are thus 
fundamental when determining the potential GHG 
emissions savings. In 2050, these emissions in the 
paludiculture system are ca. 30% lower than in the 
peat use system because average emissions of pal
udicrop cultivation are lower than emissions of 

Table 1. List of key parameters and uncertainty assumptions.
Name Average Range Distribution Ref.

Typha yield (t/ha/year) 8.96 95% confidence interval: 
8.09–9.84

Normal [7]

Salix yield (t/ha/year) 6.40 95% confidence interval: 
5.76–7.03

Normal [36]

Phragmites yield (t/ha/year) 8.00 95% confidence interval: 
7.23–8.83

Normal [7]

Reed canary grass yield (t/ha/year) 6.95 95% confidence interval: 
6.29–7.60

Normal [29]

Sphagnum yield (t/ha/year) 14.40 95% confidence interval: 
13.0–15.8

Normal [37]

Emissions of abandoned organic croplands (t CO2 eq/ha/year) 20.94 95% confidence interval: 
10.9–31.3

Normal [18]

Emissions of Typha, Phalaris arundinacea, Phragmites and Salix 
cultivation (t CO2 eq/ha/year) after establishment of a farming site

17.70 95% confidence interval: 
8.5–27.1

Normal [19]

Emissions from Sphagnum cultivation (t CO2 eq/ha/year) after 
establishment of a farming site

12.74 95% confidence interval: 
7.64–18.04

Normal [19]

Emissions during peat extraction (t CO2 eq/m2/year) 13.90 95% confidence interval: 
9.38–18.10

Normal [33]

Peatland initial state (forestry drained) emission (t CO2 eq/ha/year) 0.20 95% confidence interval: 
−1200 to 1600

Normal [33]

Peatland restoration emissions (t CO2 eq/ha/year) −0.13 95% confidence interval: 
−406 to 144

Normal [33]

Substitution ratio Typha/Phragmites/Phalaris arundinacea and peat 
bedding material (in tons)

1/1.50 0.80–2.22 Uniform [12]

Substitution ratio Sphagnum and peat bedding material (in tons) 0.91 0.62–1.20 Uniform [12]
Substitution ratio Salix and peat bedding material (in tons) 1/0.9 0.60–1.20 Uniform [12]
Substitution ratio Typha/Phragmites/Phalaris arundinacea and peat 

growing media (in tons)
1/0.68 0.80–2.22 Uniform [12]

Substitution ratio Sphagnum and peat growing media (in tons) 1.48 1.19–1.78 Uniform [12]
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abandoned organic croplands. This makes paludi
culture a less emissions-intensive land-use option. 
Although paludiculture decreased emissions of 
abandoned organic croplands, emissions of paludi
crop cultivation were substantial, with an annual 
average of 300,000 tons of CO2 eq in 2050. 
Emissions of paludicrop cultivation are much 
higher (ca. 30%) than emissions from peat use 
(including peat decay and emissions of extraction 
sites and operations). Thus, peat substitution does 
not offset emissions of paludicrop cultivation. GHG 
emissions caused by the establishment and main
tenance of a paludicrop cultivation site, as well as 
emissions of harvesting and manufacturing, consti
tute only ca. 10% of the paludiculture cultivation 
emissions, and peat extraction site emissions con
tribute even less (Figure 3).

Although land-use emissions of abandoned agri
cultural croplands dominate the results of this 
study, the paludiculture system provides some 
GHG emissions savings via peat substitution. The 
majority of GHG emissions of the peat use system 
are caused by abandoned organic croplands 
(Figure 2). In this system, 23% of all GHG emissions 
in 2050 are caused by peat decay. When emissions 
of abandoned agricultural croplands are excluded, 
peat decay generates ca. 75% of the peat use sys
tem emissions. Carbon is released immediately in 
peat energy use, whereas it is released slowly and 
over a longer time frame in bedding and growing 
media use. As the time frame considered in this 
study was only 30 years, a substantial part of peat 
will decay after this time frame, making peat use 
appear less emission intensive. By 2100, cumula
tive GHG emissions of peat decay will be ca. 2 M 
tons of CO2 (Table 3).

In this study, the biogenic carbon intake of pal
udicrops was estimated by assessing the intake of 
carbon into the system and outflows from the sys
tem. It was assumed that discarded paludiculture 
animal bedding manure mix and growing media 

would be used for soil improvement. The decay 
rate of discarded paludicrops is faster than the 
decay rate of peat. Biogenic carbon intake in palu
dicrops was, on average, 48,000 tons CO2 eq in 
2050, and this offsets ca. 16% of the total GHG 
emissions of the paludiculture system in 2050 
(Figure 3). As biogenic carbon decays faster than 
peat, the biogenic carbon starts to sharply 
decrease after 2050 (Figure 4). Thus, the biogenic 
carbon intake of paludicrops does not provide cli
mate mitigation after 2050.

Peat extraction temporarily increases the GHG 
emissions of a peat extraction site. This effect is 
insignificant considering the total emissions of the 
peat use system. Peat extraction site emissions are 
less than 4% of the total peat use system emis
sions. Furthermore, GHG emissions of peat extrac
tion sites decrease when peat extraction ends, as 
emissions of both afforestation and restoration are 
lower than emissions of a peat extraction phase. In 
the paludiculture system, because the peat extrac
tion sites were assumed to remain unaltered, the 
emissions of these sites were assumed to remain 
at the same level. Emissions of peat extraction sites 
without peat extraction generate only 2% of the 
total emissions of the paludiculture system. Thus, 

Table 2. Annual greenhouse gas (GHG) emissions of peat use system and paludiculture system, and emissions savings, 
2030–2050 (as tonnes of CO2 eq).

Mean

95% confidence  
interval, lower  

bound

95% confidence  
interval, upper  

bound Standard error

Avoided peat use system GHG emissions 2030 238,000 237,000 239,000 305
Avoided peat use system GHG emissions 2040 465,000 464,000 466,000 505
Avoided peat use system GHG emissions 2050 645,000 644,000 646,000 669
Paludiculture system GHG emissions 2030 144,000 143,000 145,000 585
Paludiculture system GHG emissions 2040 221,000 220,000 223,000 874
Paludiculture system GHG emissions 2050 293,000 291,000 295,000 1186
GHG emissions savings 2030 94,002 93,000 95,000 609
GHG emissions savings 2040 243,000 241,000 245,000 982
GHG emissions savings 2050 352,000 350,000 355,000 1334

The emissions savings are based on simulations, where the emissions of the paludiculture system are subtracted from the emissions of the peat use 
system.

Figure 2. Greenhouse gas emissions of avoided peat use 
system in 2050. Emissions related to land use from the 
peatland extraction sites are so small (less than 1% of the 
total emissions) that they cannot be distinguished.
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Table 3. Annual greenhouse gas emissions and carbon intake (as tons of CO2 eq) of the peat use system and the palu
diculture system.

Avoided peat use system emissions Paludiculture system emissions

Year

Peatland  
extraction  
site land  

use  
emissions

Peat  
decay  

emissions

Abandoned  
organic  

cropland  
emissions

Peat  
extraction  
machinery  
emissions

Paludiculture  
products  

manufacturing  
emissions

Peatland  
emissions  

without peat  
extraction

Biogenic  
carbon  
intake

Paludiculture  
cultivation

2020 0 0 0 0 0 0 0 0
2021 47 1221 14,927 284 991 116 −1604 7100
2022 93 2441 29,854 567 1982 233 −3208 14,201
2023 140 3662 44,781 851 2973 349 −4811 21,301
2024 186 4883 59,707 1134 3964 466 −6415 28,402
2025 233 6104 74,634 1418 4954 582 −8019 35,502
2026 279 7324 89,561 1701 5945 699 −9623 42,603
2027 326 8545 104,488 1985 6936 815 −11,226 49703
2028 372 9766 119,415 2268 7927 932 −12,830 56,803
2029 419 10,987 134,342 2552 8918 1048 −14,434 63,904
2030 465 12,207 149,268 2835 9909 1164 −16,038 71,004
2031 512 13,428 164,195 3119 10,900 1281 −17,641 78,105
2032 558 14,649 179,122 3402 11,891 1397 −19,245 85,205
2033 605 15,870 194,049 3686 12,881 1514 −20,849 92,306
2034 651 17,090 208,976 3969 13,872 1630 −22,453 99,406
2035 698 18,311 223,903 4253 14,863 1747 −24,056 106,506
2036 744 19,532 238,830 4536 15,854 1863 −25,660 113,607
2037 791 20,753 253,756 4820 16,845 1979 −27,264 120,707
2038 837 21,973 268,683 5104 17,836 2096 −28,868 127,808
2039 884 23,194 283,610 5387 18,827 2212 −30,471 134,908
2040 930 24,415 298,537 5671 19,818 2329 −32,075 142.008
2041 977 25,636 313464 5954 20,809 2445 −33,679 149,109
2042 1023 26,856 328391 6238 21,799 2562 −35,283 156,209
2043 1070 28,077 343,317 6521 22,790 2678 −36,886 163,310
2044 1116 29,298 358,244 6805 23,781 2795 −38,490 170,410
2045 1163 30,518 373,171 7088 24,772 2911 −40,094 177,511
2046 1209 31,739 388,098 7372 25,763 3027 −41,698 184,611
2047 1256 32,960 403,025 7655 26,754 3144 −43,301 191,711
2048 1302 34,181 417,952 7939 27,745 3260 −44,905 198,812
2049 1349 35,401 432,879 8222 28,736 3377 −46,509 205,912
2050 1395 36,622 447,805 25,017 29,727 3493 −48,113 213,013
2051 98,863 82,396
2052 91,683 55,862
2053 88,003 29,927
2054 82,357 4673
2055 79,015 4533
2056 73,523 4396
2057 70,495 4261
2058 65,189 4128
2059 62,452 3997
2060 57,632 3868
2061 54,894 3741
2062 50,342 3616
2063 47,824 3494
2064 43,582 3373
2065 42,140 3255
2066 38,991 3138
2067 37,697 3024
2068 34,786 2912
2069 33,629 2802
2070 30,946 2695
2071 29,909 2589
2072 27,444 2485
2073 26,514 2384
2074 24,258 2285
2075 23,421 2187
2076 21,363 2092
2077 20,609 1999
2078 18,738 1908
2079 18,058 1820
2080 16,874 1733
2081 15,749 1649
2082 14,680 1566
2083 13,665 1486
2084 12,703 1408
2085 11,790 1332
2086 10,925 1258
2087 10,107 1186
2088 9334 1116
2089 8603 1048
2090 7914 983
2091 7264 919

(continued)
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emissions of peat harvesting sites are not signifi
cant in either system.

The cumulative GHG emissions (2020–2100) of 
the peat use system are nearly 3 times higher 
than the emissions of the paludiculture system 
(Table 3). The cumulative GHG emissions of the 
peat use system are 9.3 million tons CO2 eq 
(Figure 5), whereas cumulate emissions of the pal
udiculture system are 3.3 million tons CO2 eq 
(Figure 6). When cumulative emissions of the peat 
use system are considered, peat decay generates 
23% of the emissions. Thus, although the emis
sions caused by peat decay generate the larger 
share of the total peat use system emissions when 
a longer time frame is considered, they remain a 
much less prominent emissions source than aban
doned organic croplands, which generate ca. 75% 
of the total emissions of the peat use system.

Discussion

In this study, we assessed the GHG emission reduc
tion potential of paludiculture in abandoned 
organic croplands in Finland, considering both 
land-use emissions and peat substitution. 
Emissions savings were particularly achieved when 
the land-use emissions from abandoned organic 
croplands decreased after their transition to the 
paludiculture system. Still, paludicrop cultivation 
was a major source of emissions in the paludicul
ture system. Paludiculture should be carbon-neu
tral or negative in the long term [39]. For instance, 
it has been estimated that peat extraction sites 
will become net carbon sinks within 30 years of 
rewetting [20]. As climate change mitigation must 
take place in the near future, shorter time frames 
should be considered when assessing the climate 
mitigation potential of paludiculture. However, 
recently rewetted sites that are still undergoing 

transitional changes – for example, the decompos
ition of a residual biomass pool – may act as emis
sions sources [5]. In this study, we focused solely 
on a 30-year time frame to assess the land-use 
emissions associated with paludicrop cultivation, 
assuming some reduction in cultivation emissions 
during that period. The benefit of paludiculture is 
that it not only generates land-use GHG emissions 
savings but also provides renewable raw material. 
As Finland has set ambitious targets to decrease 
peat use, new raw materials to replace peat are 
urgently needed. In this study we assumed that 
paludicrops would be harvested and used as a raw 
material for growing media and animal bedding. 
This would generate so-called substitution benefits 
when emissions caused by the use of peat are 
avoided. As discussed in previous chapters, how
ever, peat substitution is not sufficient to offset 
GHG emissions of paludicrop cultivation. To 
decrease the net GHG emissions of the paludicul
ture system, it is crucial to decrease cultivation 
emissions and increase carbon intake. For instance, 
Sphagnum farming is considered a carbon sink, 
when biomass is not harvested [19]. Other paludi
crops considered in this study can also become 
carbon sinks; however, they can also promote 
increased CH4 emissions [7,12,19]. One option for 
reducing GHG emissions is to remove organic 
croplands from agricultural production. Afforesting 
former organic croplands can also generate emis
sions savings. Lohila et al. [40] found that peat 
decay exceeded the carbon intake in forested 
organic croplands, making them small sources of 
emissions with an annual average of 50 g CO2 

eq m2. However, evidence on the long-term cli
mate benefits of afforesting drained peatlands is 
still lacking, and without restoring their hydrology, 
the ecosystem functions are not fully restored [41]. 
Afforestation makes possible the generation of 

Table 3. Continued.
Avoided peat use system emissions Paludiculture system emissions

Year

Peatland  
extraction  
site land  

use  
emissions

Peat  
decay  

emissions

Abandoned  
organic  

cropland  
emissions

Peat  
extraction  
machinery  
emissions

Paludiculture  
products  

manufacturing  
emissions

Peatland  
emissions  

without peat  
extraction

Biogenic  
carbon  
intake

Paludiculture  
cultivation

2092 6652 858
2093 6077 799
2094 5537 742
2095 5030 687
2096 4556 634
2097 4113 583
2098 3699 535
2099 3314 488
2100 2956 444
Sum 21,626 2,143,542 6,940,983 148,353 460,761 54,145 −474,452 3,301,697
Sum (all) 9,254, 505 3,342,151

A positive value indicates emissions, whereas a negative value implies carbon intake.
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renewable biomass. However, harvesting can occur 
in the future, whereas the biomass in paludiculture 
can be harvested a couple of years after the 
establishment of a paludicrop cultivation site. 
Restoration, i.e. rewetting, should turn organic 
croplands into net CO2 sinks [5], but a drawback is 
that no renewable raw material is produced simul
taneously with the rewetting. Nonetheless, based 
on the results of this study, peat substitution does 
not offset emissions of paludicrop cultivation. 
Thus, when assuming the GHG emissions used in 
this study, transforming former organic croplands 
into carbon sinks in a short time period would 
generate more emissions savings than 

Figure 4. Biogenic carbon net flows of paludiculture crops cultivated in the period 2020–2050. A negative value indicates 
a net increase in biogenic carbon storage, whereas a positive value indicates a net decrease. The cessation of carbon 
intake is attributed to the assumption that paludiculture is projected to conclude by the year 2050, marking the end of 
its carbon sequestration. The peak in biogenic carbon outtake signifies the point at which biogenic carbon, originating 
from previously harvested biomass, continues to be released into the atmosphere, while carbon intake from paludicrops 
has ceased.

Figure 5. Annual greenhouse gas emissions of peat use system between 2020 and 2100. Peat decay from 2050 onward is 
caused by peat used between 2020 and 2050. Emissions related to land use from the peatland extraction sites are so 
small (less than 1% of the total emissions) that they cannot be distinguished.

Figure 3. Greenhouse gas emissions and carbon intake of 
the paludiculture system in 2050. Emissions related to 
land use from the peatland extraction sites are so small 
(less than 2% of the total emissions) that they cannot be 
distinguished.
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paludiculture, even without peat substitution. As 
discussed earlier, it is possible that the cultivation 
emissions of paludiculture are overestimated in 
this study. As uncertainties related to GHG emis
sions of recently established paludiculture cultiva
tion sites are substantial, it is challenging to make 
robust assumptions about the most beneficial 
land-use option for abandoned organic croplands. 
It is, however, evident that existing abandoned 
agricultural croplands are a major source of GHG 
emissions, and paludiculture, as well as other treat
ment options, could substantially decrease these 
emissions. It is likely that global warming could 
affect various key parameters of this study. 
Warmer temperatures could increase the rate of 
organic material decay, and this may result in the 
release of the carbon stored. Thus, the anticipated 
emissions of peatlands could increase in the future 
because of warming climate. Global warming can 
also accelerate the rate of decay of peat and dis
carded paludicrop products.

In this study, we assumed that all abandoned 
organic croplands in Finland would be suitable for 
paludiculture. However, this is not likely because 
of technical and economic restrictions. For 
instance, small or scattered areas may be unsuit
able for paludiculture as there is no incentive or 
need for the associated machinery and infrastruc
ture [42]. Although paludicrops considered in this 
study are moderately adaptable to various growing 
conditions, Sphagnum farming has some special 
requirements related to e.g. sufficient water sour
ces, pH and nutrient availability [43]. Organic crop
lands taken into paludiculture need to have 
suitable hydrological conditions, and how draining 
would affect neighboring areas should also be 

considered [44]. Overall, controlling the water 
table level is a key element in the climate change 
mitigation potential of paludiculture [45,46].

The focus of this study was climate change miti
gation; however, paludiculture also has beneficial 
impacts for biodiversity [21,42] and water quality 
[47]. In this study, the economic feasibility of palu
diculture was not assessed. From previous studies, 
paludiculture does not appear to be an economic
ally viable option, mainly due to its high cultiva
tion costs and low revenues [6,31]. In Germany, 
under favorable conditions, paludiculture can be 
economically viable, but costs and revenues vary 
considerably [21]. The economic feasibility should 
be assessed case by case, as the local circumstan
ces have a substantial impact on the economics of 
paludiculture. Its economic viability could be fur
ther improved by introducing, for example, carbon 
credits and financial and policy support [31].

Conclusions

Establishing paludiculture in abandoned organic 
croplands and substituting peat as bedding mater
ial and growing media with products based on 
paludicrops appear to provide GHG mitigation 
compared to the current peat use system in 
Finland. The majority of the emissions savings are 
caused by decreasing emissions of abandoned 
organic croplands, but peat substitution also gen
erates some emissions savings. However, peat sub
stitution does not offset the cultivation emissions 
of paludicrops. Although paludiculture appears to 
generate emissions savings compared to the cur
rent peat use system, other land-use options, such 
as afforestation or restoration, could also generate 

Figure 6. Annual greenhouse gas emissions and carbon intake of paludiculture system between 2020 and 2100. A posi
tive value represents emissions, whereas a negative value indicates carbon intake. Emissions related to land use from the 
peatland extraction sites are so small (less than 2% of the total emissions) that they cannot be distinguished.
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emissions savings. As the means to decrease emis
sions should be efficient over short time frames, it 
is crucial to consider land-use options that can rap
idly turn abandoned organic croplands into carbon 
sinks or minor emissions sources.
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