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Greenhouse gas (GHG) emissions from drained peatlands account for about
7% of the total anthropogenic GHG emissions in the European Union (EU). Yet,
a lack of high-resolution spatial data hampers targeted mitigation. We com-
bined soil and land use data to generate detailed maps of land use, GHG
emissions, and emission hotspots for EU+ peatlands. Undrained peatlands and
those drained for forestry dominate at high latitudes, while drained Grassland
and Cropland prevail around latitudes 50°-55°. Four main emission hotspots
emerge: the North Sea region, eastern Germany, the Baltics together with
eastern Poland, and north Ireland. The North Sea region is the largest,
accounts for 20% of EU+ peatland emissions on just 4% of the peatland area.
Our findings highlight the urgency of reducing emissions from drained peat-

lands to meet EU climate targets and reveal substantial underreporting
in National UNFCCC inventories, amounting to 59-113 Mt CO,e annually.
Our analysis provides a robust and spatially explicit evidence base for
policymakers to prioritize peatland rewetting to reduce GHG emissions.

In its Sixth Assessment Report, the Intergovernmental Panel on Cli-
mate Change states that limiting warming to around 1.5 °C requires
anthropogenic greenhouse gas (GHG) emissions to peak before 2025
and that steps towards system-wide transformations to secure a net-
zero, climate-resilient future are immediately taken”. One important
source of anthropogenic GHG emissions is found in drained
peatlands’®. In natural, undrained peatlands, decomposition of dead
plant material is incomplete, and peat (and carbon) accumulate. The
World’s peatlands store an amount equivalent to two-thirds of the total
(current) atmospheric carbon (C)*. When peatlands are drained, the
peat oxidizes, resulting in the release of carbon dioxide (CO,). Global
emissions from peatland degradation are estimated at 2 Gt CO,e per
year (without fires), which amounts to 5% of all anthropogenic
emissions’. If GHG emissions from drained peatlands globally continue

at the current rate, this could consume 12-41% of the GHG emission
budget for keeping global warming below +1.5 to +2 °C°.

In the European Union (EU), peatlands make up for almost 6% of
the total land area and are present in every country except Malta®.
Most of them are concentrated in the northern (boreal and temperate)
lowlands. Half of the peatlands in the EU are degraded due to various
human activities, most often linked to artificial drainage®’. Most of the
peatland drainage was done for agriculture, forestry, and peat
extraction. Drained peatlands currently emit up to 230 Mt CO,e per
year in the EU and 580 Mt CO,e per year in entire Europe*® and are
estimated to contribute some 5% to the total EU anthropogenic GHG
emissions’.

Accurate GHG emissions reporting is essential for the develop-
ment of policy measures to reduce these emissions'’. It enables
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policies and projects to focus appropriately on areas with high GHG
emissions, including drained peatlands. Therefore, all parties included
in Annex 1 to the United Nations’ Framework Convention on Climate
Change (UNFCCC), including the EU and its individual member states,
are obliged to report their GHG emissions in annual inventories.
National Inventory Submissions (NIS) must be based on IPCC emis-
sions reporting guidelines (including the 2013 Wetlands Supplement
for managed organic soils/peatlands") and contain two parts, namely
the Common Reporting Tables and the annual National Inventory
Document (used to be named Common Reporting Format, CRF and
National Inventory Report, NIR). In the EU, emissions from drained
peatlands contribute considerably to both the effort sharing sector'
and the LULUCF sector™" of total emissions regulated under the EU
climate and energy framework.

There are two main shortcomings in reporting GHG emissions
from peatlands. Firstly, the reporting of the GHG emissions the EU level
is done via a bottom-up approach. Each country reports by itself, which
makes the process prone to underestimates'’, e.g., by under-reporting
the drained peatland area (“activity data”), using outdated emission
factors (EFs; from earlier IPCC guidelines), not including all relevant
GHGs emitted from drained peatlands (CO,, CH4, N,0), or not
reporting emissions from ditches. A comparison between the peatland
area reported by the EU member states in 2017 and the data of the
Global Peatland Database (GPD, https://greifswaldmoor.de/global-
peatland-database-en.html) revealed that many EU member states
under-reported their drained peatland area at that time®. As a result,
only 92 Mt CO,e per year were reported to the UNFCCC for agri-
culturally used peatlands in the EU in 2021 (Cropland and Grassland),
compared to 167 Mt from an improved assessment based on more
comprehensive and accurate area data and updated IPCC EFs'. Sec-
ondly, the reporting under the UNFCCC does not require detailed
spatial information showing where the peatlands are located and
where exactly in the EU peatland emissions are high. Yet, this infor-
mation is crucial for policy-makers to develop climate-smart land use
policies for GHG mitigation'”*, as well as to implement cost-efficient
rewetting and restoration measures.

Already more than 20 years ago, McClain et al. (2003) suggested
that easy wins for the climate could be achieved by first focusing on
hotspot areas”. Unfortunately, GHG emissions from peatlands were
hardly reduced over the past years?, despite the increasing accuracy in
reporting'® and rising awareness about the potential for climate miti-
gation by rewetting drained peatlands. Apparently, both policymakers
and society still need to be made more aware of GHG emissions from
drained peatlands. A promising step forward is to inform about peat-
land emissions across the EU based on improved spatial maps. The
aims of this work are (1) to increase the accuracy in EU GHG reporting
from peatlands by providing a detailed peatland GHG emissions map,
and (2) to promote targeted policy measures for GHG mitigation by
introducing an EU-wide peatland GHG hotspot map. Moreover, the
resulting data can stimulate the exchange between EU and IPCC bodies
and their member states on the quality of national reporting to the
UNFCCC.

Results

Land use distribution

Grasslands on peatland dominate around the 50-55° N latitude while
Forest Land is most prevalent at higher latitudes (Fig. 1). Around 75% of
all Croplands (1302 kha) on peatland are located in Germany (391 kha),
the United Kingdom (198 kha), Lithuania (158 kha), Poland (153 kha),
Finland (138 kha), Hungary (135kha) and the Netherlands (127 kha;
Table 1 and Supplementary Table S.1). The largest areas of Grasslands
on peatland can be found in Germany (954 kha), the United Kingdom
(720 kha), Poland (558 kha), Ireland (432 kha), Iceland (283 kha) and
the Netherlands (254 kha), together covering 75% of all Grasslands on
peatland (Supplementary Table S.2). Most Forest Land on peatlands

(>85%=11680kha) is located in Finland (5830kha), Sweden
(3897 kha), Poland (864 kha), Estonia (547 kha), Lithuania (280 kha)
and Latvia (263 kha). The highest proportion (>85%) of undisturbed
peatland is found in Northern Europe countries, together with the
United Kingdom, Ireland, and Iceland (Supplementary Table S.3).

This study estimates a larger total peatland extent for most
countries compared to NIS 2023 using the updated peatland dis-
tribution map, which has been integrated into the new European
Wetland Map (Tegetmeyer et al. 2025). Most countries seem to have a
greater spatial extent of Cropland and Grassland on peatland than the
areas reported to the UNFCCC (2023), only 6 out of 27 countries (and 8
out of 37 EU+ countries, see Table 1) report higher agricultural activity
on peatland in their NIS than found in this study. Overall, the total
Cropland and Grassland on peatland in the study area is 4% compared
to the national reports. The estimates of total Forest Land agree well,
although our area estimate of drained Forest Land is substantially
higher. We arrive at a substantially higher total Forest Land area in
Poland, but smaller Forest Land area in Norway, the United Kingdom,
and Latvia (Table 1).

In this study, the area of drained peatlands used for agriculture
and forestry often shows a deviation greater than 20% from corre-
sponding values reported in the 2023 NIS of the respective EU coun-
tries. The area estimates for Cropland, Grassland, and Forest Land are
largely aligning only for Germany, Finland, The Netherlands, and Ice-
land and some low peatland coverage countries such as the Czech
Republic, Bulgaria, Slovenia, and Portugal (Table 1). In general, the data
for Forest Land is more consistent than for Cropland or Grassland.
Some 26 countries have similar coverage (+20% in NIS 2023 and this
study) of Forest Land, which accounts for 86% of the total EU+ Forest
Land category on organic soils (Supplementary Table S.4). For Crop-
land and Grassland, the two estimates agree well in 18 countries, but
these countries only account for 42% of the total EU+ Cropland and
Grassland categories (Supplementary Table S.2).

Peatland emissions

The highest GHG emissions from drained peatlands are observed
between latitudes 50° and 55° N (Fig. 1B). Further north, larger areas of
low-emitting peatlands are concentrated in Finland, Sweden, and
Scotland, because here a substantial proportion of peatlands remains
little affected by drainage, and emissions from boreal forested peat-
lands are low (Supplementary Table S.1). In Estonia, Latvia, Lithuania,
Ireland, and the United Kingdom there are considerable areas of low-
emitting peatlands, mostly shallow-drained Grasslands. Our summa-
tion of GHG emissions from peatlands yields 232 + 56 Mt CO,e for the
EU, double the 119 Mt CO,e reported by the EU countries to the
UNFCCC (Table 1). GHG emissions from drained peatlands in the EU
and EU+ contribute substantially (7.4 % and 7.5%, respectively) to the
total EU and EU+ anthropogenic GHG emissions®.

Our spatial GHG emission analysis suggests higher agricultural
GHG emissions for the majority of countries (28 out of 37), than
reported to the UNFCCC in 2023 (Table 1). Differences primarily ori-
ginate from applying out of date EFs for Cropland and Grassland and
less to underestimates in drained peatland area. Looking at EFs
(emissions per hectare), 19 out of 37 countries use factors close to the
IPCC default factors for agricultural land (Cropland + Grassland;
indicated by # and ° in Table 1). Peatland-rich countries with the largest
emission deviations between NIS and our analysis are the UK, Hungary,
Poland, Lithuania, The Netherlands, Ireland, France, and Estonia.

Based on this study, EU Forest Land emissions from drained
peatland (Table 1; 103 Mt CO,e) are substantially higher than those
reported in NIS 2023 (25.2 Mt CO,e). We see two main reasons (playing
out for individual countries): underestimation of the peatland extent in
the first place, as well as an inappropriate choice of EFs, or an incom-
plete coverage of gases (CO,, CH,4, N,O) and DOC export in NIS. Only
Finland, Sweden, and Denmark have used EFs comparable to IPCC".
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Fig. 1| Land use and greenhouse gas emissions accross EU+ peatlands. Land use
map (A) and greenhouse gas (GHG) emissions map (B, tons of CO,e ha™a™) of EU+
peatlands. To enhance visibility, certain land uses are aggregated as shown in

Supplementary Table S1, and the resolution is downscaled to 1km? using nearest
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neighbouring resampling, which shows that Grassland and Cropland are mainly
located in the 50-55° latitude, whereas in the Baltic and Scandinavian countries
Forest Land and Wetlands are a dominant type of land use.

The other countries have used lower EFs, on average 3 tonnes of CO,e
ha™ a™, and some countries in the Balkan used very low EFs, referring
to boreal EF estimates. The UK and Germany use rather low Forest land
EFs, but these are actually rather well corroborated.

Validation against regional mapping

The comparison of our results with regional peatland GHG emission
maps from Brandenburg and Mecklenburg-Vorpommern shows a
good fit in terms of mean emissions per region, with a correlation of
around 0.64 and a MAE around 4. The mean difference for Branden-
burg is only 2.8 t CO,e ha™ a™, and for Mecklenburg-Vorpommern 4.3 t
CO,e ha™ a! (Fig. 2 and Supplement Fig. S.2). The areas dominated by
Grassland and Cropland (higher emitting) seem to agree well, whereas
Forest Land dominated regions, (the lower emitting regions) exhibit
higher emission in our estimate (Fig. 2 and Supplementary Fig. S.2).

Peatland hotspot map

Our spatially explicit analysis revealed GHG emission hotspots across
Europe. Peatland GHG emission hotspots (Fig. 3, indicated in purplish
color = top-right four grids of legend matrix A) are responsible for 39%
of the total peatland GHG emissions, despite covering only 17% of the
total peatland area (top-right four grids of legend matrix B). The region
with the highest relative emissions is situated in north-western Ger-
many and north-eastern part of the Netherlands, contributing to 14.2%
of the total EU+ peatland emissions. The western part of the Nether-
lands (1.1% of EU+ total), south-eastern England (1.9%) and north-
eastern Germany (4.8%) also emerge as pronounced GHG hotspots,

while collectively covering just 6.3% of the total EU+ peatland area
(Fig. 3). A second group of GHG emission hotspots is found in eastern
Poland, northern England (UK), north-western Ireland, and in the Baltic
states.

Regions with high cumulative GHG emissions from peatlands
(cumulative, because there is a large area of peatlands) include the
central European Plain, the Alpine foreland in Germany, as well as
Hungary and Romania. Blue coloured hotspots indicate a high density
of peatlands (peatland area hotspots in Fig. 3), which occur especially
in Finland and Sweden, covering 4.2%, 3.6%, and 3.2% of the EU+
peatland area, but emitting only 1.4%, 2.7%, and 0.3% of the EU+
peatland GHG emissions, respectively.

Discussion

This study provides spatially explicit information on peatland GHG
emissions on the European scale. This information is relevant both for
climate mitigation policy-making and policy implementation. Our
comprehensive approach uses high-resolution land use data, a newly
developed peatland map, and both country-specific analyses and
cross-country regional assessments. Our analysis shows the benefits of
integrating multiple spatial data products to estimate the density and
distribution of peatland GHG emissions. Our results raise serious
concerns about the overall under-reporting of peatland GHG emis-
sions in the National GHG Inventory Submissions of EU+ countries to
the UNFCCC (“NIS”), which amounts to 105-132 Mt CO,e annually
(Table 1). This amount of under-reported emissions is roughly
equivalent to the annual emissions from EU air traffic*. Main reasons

Nature Communications | (2025)16:10825


www.nature.com/naturecommunications

//doi.org/10.1038/s41467-025-65841-6

https

Article

"8y Jad suoIss|w? (%07 F) uswaaiby,
*SUOISSIWS IO BalE (%0T F) JUsWaaiby,
'S43 DOdI 8Y1 JO Alulenisdun ay) Uo paseq 10118 piepuels "LI31S "y Z'0> S1S810) OS|e sapnjoul Jalie) 8yl Yolym Jo ‘,ealy 19Xid, pPUe ,pue) 1s8104, ‘SUWNjoo g os|e ale aiayl ‘ApNis siyl Wol4 ‘pue 18104 paulelp Joj uo pue pue
159104 ]]E 04 BUO ‘SON)EA ESIE OM] D€ 219U} ‘PUET 1S3I04 SIN 83 104 *MOJaq paulyap se Juawubie paiedipul s183119) 1d10sIadNng *ApNis SIY3 Ul IN0 PayIom se pue £Z0g SIN @43 Ul pariodal se spuejiead Uo pueT 1s9104 pue ‘puedoid ‘pue|ssels) +13 JO SUOISSIWS pue ealy

€Le9LT 086€evL LLIE €61LLL 66978 89LLT 9lest «09lEL LLLL oLorL L8Yve 9LLGoL LLB9LL «GE6S 8/19 +N3eoL
L6e - 5 oL 14 - L 0 - - 08 18 - cL - euinobazieH pue elusog
0z9 - 14 SL 6 - L ol - - el S09 - Ll - elueqyy
968L €89 L9 eie4 8€l L 1c 13 (0] 14 vee LBSL 289 1S Ll puepszIms
29192 vzl 866 9v6¢€ 9v6€ L9t soe soe LS¥ feie1 4 9ELY 9leee 186LL L6 6991 wopbury payun
(0] (0] (0] (0] 0 (0] (0] 0 ON - (0] <0 (0] el (] uleisusyosI]
L9 - 14 SL L - L ol - - L 4] - ol - oiBauauop
(>4 - (0] L (0] - (0] 0 - - S (44 - eC - BIUOP3OE UY1ION
Soe - 144 96 18 - L 9 - - 144 60C - 9 - elqlag
85€9 9v6e 198 vove e€ove €8yl €9¢ €9¢ €el 80L 8l9 7962 €9re el8 oL AemioN
erasis] L06L €C 06 06 6 L 0 14 14 Lv8L 9€/8 8681 70€ Lve pueao)
20LLET 2006LL €616¢ LSEE0L LeoLL Slese 9091 «0/SCL 88lL 6€8¢CL 88¢LC 28e8cL 18L€6 SYSY L0V n3jeioL
614 L6 S ¥4 9 (0] 4 0 ON ON 9 6¢ L6 3 144 Aey
998 08¢ L Le L (0] 4 ol ON ON €l q0vS 08¢ SL L 903919
VLL (0] Ll 89 Ll (0] S ol ON ON Lyl SOL (0] 0c¢ 0 uleds
L8L1 68 9L 8¢9 LT (0] 617 ell ON ON 8EC q6VLL 68 6¢ € wniblag
8LCET 75601 [7k4°) L66LT L66lC Gl69 L68E «L68E 886 eery L9C ql8CL 6e0r €38 SOl uspamg
€20¢e 9LE 6le 198 618 (0] L9 or ON ON oy q9SLT 9LE CL €l elsny
€8LC 14514 LOL 124 6L 144 €e 13 ON € 1514 qBSET 62C SL 8 eluewoy
09ee Le- 1444 G96 ey - SL €e ON ON €61 G6ET e 8 €l douely
coceL 8v8L [feiera 8800L oL ¢soL 08L oL VS 88C 009 1S9 vile 96L oLl €8 ejuoysy
LOOY 98YS c9C LEOL 092 {4 08 0T 6l LE €29 qlL6T 8¢S LoL (7% Jewusqg
LeLel L0V 60€T 0gL6 90ve Lozl 90L €9¢ 6LE 6LE €cL oLBSE 198C €zl 991 eine
oLooL 29 9LE 1871 GlS 29 Gl (014 ON 9 0S8l €Cl6 (0] LOE (] AseBuny
LLO9L GeL G8SL G929 819¢ 154 etcig 08¢ Sl €0¢e L00T 9086 vaL 6LE el elueny
060LL ¢S6LL L8EL 09rs 09vS 866¢C acy 444 1414 LSV LYET q0€9LL 568 o147 6€e pueai|
LEE9E 8v6 felele) 4 80¢8L 99LLL 6v8 80vL 98 VN ore 98ve €ci8lL £€98 174 1LS6 puejod
(0] (0] (0] (0] (0] 0 ON ON 0 (0] 0 (o] snudAo
L - [0] L (0] - [0] 0 - - [o] 0 - 0 - ellopuy
8¢ (0] 14 145 € (0] [ 0 ON ON © €l (0] el 0 DeAOIS
e 0] 4 8 0o (o) L 0 ON ON S €C 0] el 0 Binoquiexn
S9¢ L0L 914 LLL el (0] €l oL ON ON (014 6 L0OL € € eneoln
991 0] L Le oL (0] 4 ol ON ON 62 6€EL [o] o 0 1ebnuod
SL 16 13 v LT (0] € eC ON L €C elll 16 o 14 ElUaA0|S
6L 86 S (014 9 (0] 4 0 ON ON 9€ oLl 86 S € euebing
LEV (0] €L 68¢ 96L (0] 144 Sl ON 6l oe 8L (0] S (] ongndey yoazd
L008C ¢6v0C 569 vlesl viesl £3990L 0€8s «0€8S eley £96S Leve 206.6 686 eCCE e puejui4
€88LL €629 OLL LL9 LET CL Ac 8l 14 (014 96¢C €lell 0¢e9 el8€ Lve SPUeMSYISN ayL
1228y eL6vYy vzsl eleL g9ee 808 8GS «09C 8LC 8LT cvsL 2609LE SoLvy OVEL 96¢L Auewie9
wns joxid pauleiq NS wnsjexid pueT 1se404 VP 81qeL ealy 19xXid pueT 1sa404 iy 19eL Vi 219eL S ealy 19xid O + 8t +ag eqeL 1e101 ov + av a1qel Anunod
Joded siy1 SIN Jaded SIN Joded siyL Jaded siy1 SIN Jaded siyL SIN
[11] suoissiwg [] suoissiwg [3] suoissiwg [eyx] eaay
18101 pue 1sai04 aanynolBy

SOLI0JUDAUI JeUOIIBU PUE APNIS SIY} US2MIS( SUOISSIWD pue eale puejead jo uosiedwod | | ajgel

10825

Nature Communications | (2025)16


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65841-6

Brandenburg region

55.0°N
54.5°N
3 54.0°N
2
B
—~
53.5°N
Map image is the intellectu: perty of Esri
and is used herein under’ Copyright
o] ~©2025 Esri and its licens: its
53.0°N | reserved. p
11°E 12°E 13°E
Longitude
50
Pearson Corr: 0.64
"o 40 MAE: 4.06
@ RMSE: 5.06
<
o 30
o
o
g 20
=
m
i
- 10
©
Q
= P
0 -7

Fig. 2 | Comparison of EU+ peatland GHG emission map with regional data.
Difference (per 5km?) between our EU + GHG emission map (Fig. 1B) and a local
spatial peatland emission map for the federal state of Brandenburg in Germany
(Reichelt, 2021). Red colour indicates lower mean emission in our EU+ map and
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blue indicates higher estimates in our EU+ map. The size of the dots indicates the
cumulative peat area. The point cloud shows the 1 to 1 relation (dashed line) and
the regression (blue line) and the emission factor (EF) per pixel, where the size
indicates the cumulative peatland area. See Supplement Fig. S2 for more details.

for our substantially higher total GHG emissions from peatlands in EU+
countries compared to their national reporting in NIS (2023) are (1)
estimating emissions for all types of land use (Forest Land, Cropland
and Grassland) on drained peatlands for all EU+ countries, (2) devel-
oping a peatland map from the most up-to-date national datasets
(Supplementary Table S.5) and a comprehensive compilation of best
available LULC products to estimate the area under each of the land
use categories, (3) covering all gases, including CH, from drainage
ditches and DOC losses for all categories and for all countries, and (4)
using the appropriate EFs from 2014 IPCC' instead of outdated 2006
EFs from IPCC*.

Many southern and south-eastern EU countries omit emissions
from drained peatlands in their reporting. While this may be negligible
in several countries with little drained organic soil, Hungary and
Romania do and together fail to report about 13 Mt COe each year.
Other countries seem to underestimate their area of Cropland on
drained organic soil. For example, Ireland states that there is only
Grassland on agriculturally used peatland® (Environment Protection
Agency, 2023). Our study, however, suggests that 2.3% of the peatlands
in Ireland are used for the production of cereals (9.9 kha) and maize
(6.7 kha; Supplementary Table S.1), which causes additional emissions
of 0.3-0.7 Mt COe depending on the drainage depth class originally
assigned to the Grassland.

Our findings also point at under-reporting of the overall agri-
cultural peatland area for Lithuania (having higher national thresholds
for SOC in peat and for peat depths, which also is evident for Scotland,
UK), for France (having a fragmentary peatland map despite recent

efforts?*), and for Estonia (Table 1), Many countries may use the EU
field registry (Integrated Administration and Control system; IACS) for
reporting agricultural areas, but this registry tends to underestimate
actual areas. A spatial study comparing the Finnish agricultural area in
the IACS and in the National Forest Inventory (used for the GHG
inventory) showed that the latter has 12% larger agricultural area
because smaller farms, different marginal areas around fields and
some ditches are not included in the IACS® (Kirkkiinen et al., 2019).
Moreover, the inclusion of all relevant gases (CO,, N,O, CH,4) and ditch
emissions has not been accomplished in all countries yet. For example,
peatland emissions of CH, from drainage ditches (Estonia, Hungary,
Lithuania, Netherlands, Poland) and N,O (partly Poland, Hungary)
emissions from peatlands are not reported, or the very low, outdated
Tier LEF from the IPCC (2006) for Grassland is used (Estonia, Lithuania,
Poland). Finally, land use maps can be blind for the differentiating land
use intensity of Grasslands, which we derived from the biomass pro-
ductivity map (see “Methods”). For instance, the UK includes 1278 kha
of non-intensive Grasslands in its NIS with very low EFs between -1.0
and 3.3t CO,e ha™ a”, resulting in a low average EF for agricultural
peatlands in the UK NIS compared to higher emission estimates when
applying Tier 1 default EFs of IPCC (Fig. 1B).

Successful mitigation of GHG emissions from drained peatlands is
crucial for achieving EU climate targets by 2050, including climate
neutrality®® and adding 310 Mt CO, of net sinks within the LULUCF
sector™. Mitigation measures on drained peatlands necessarily need
to include rewetting. Rewetting provides permanent and high emis-
sion reductions even though CH, emissions could increase”.

Nature Communications | (2025)16:10825


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65841-6

65°N

Ed0.8% ¥

- S
2™ N &

X21%

55°N 24% €%
od12.7% i
eoD14.2%
£94.0%
, . 1.9% v
, L 04% ¢
%‘ ¥ ?—r,_o <§r %
50°N S R,
. i !
45°N y
W
40°N
.
= A 5
4 [}
4 -
" ‘
35°N

5°E

5°W 0° 10°E

Fig. 3 | Hotspots of peatland area and GHG emiissions in the EU+. Peatland area
and GHG emission (CO,, CH,, and N0, in CO,e respectively) density hotspot maps
of (drained) peatlands in the EU+, in a 1km? grid. High peatland density is depicted
in blue colours, high emissions intensity in red; the simultaneous presence of a
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Rewetting should raise water tables to the surface to fully reduce CO,
emissions, which is necessary to limit global warming to below 1.5 or
2°C. Mere land use change, while continuing drainage, for example,
from agriculture to drainage based forestry maintains considerable
emissions®® (Table 1). The under-reported peatland emissions at the
European scale hide the necessity of and blur the potential for their
reduction. Countries may be overly optimistic at achieving climate
neutrality if emissions are not fully accounted for in national inven-
tories. This study highlights both GHG emission hotspots in Europe
and shortcomings in national GHG reporting, which provides a basis
for improving national GHG reporting. This may be more easily
achieved in the case of Cropland, which is well monitored in the EU. For
Forest Land on drained peatland, however, correctly locating the
drained areas, mapping their extent and having appropriate EFs in
place remains a challenge. This is especially true in countries where
agriculture is the dominant type of land use and where awareness of

the role of forestry drained peatlands is lacking. Our analysis provides
a methodological approach to include drained Forest Land compre-
hensibly, which may encourage respective countries to better cover
forestry drained peatlands in their GHG inventories.

All currently available EU or European input data has its specific
biases, limitations, and uncertainties. We see five potential sources of
uncertainty in our input data that may have affected our products: (1)
misclassification of specific land use types, (2) neglect of temporary
grassland within crop rotation, (3) misclassification of drainage status
and nutrient status, (4) uncertainty in EFs, and (5) regionally some
under or over-representation of spatial peatland area.

Despite of high accuracies (+70%) of the land use maps, local
mismatches do occur®?°. Classification errors may arise, for exam-
ple, when productive Grassland or rangeland vegetation is confused
with wetland vegetation due to their similar appearance®. Therefore,
in areas where Wetlands and Grasslands are adjacent, such as in the
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north-western part of Sweden and the far north of Finland, some
precaution is required as these areas are most likely undrained
Wetlands®>**, A similar error may also play a partial role in Grassland
classification in Ireland. In addition, some undrained forest seems to be
classified as (drained) Forest Land in this study due to insufficient
drainage data for forests. This would explain the difference between
our Forest Land area and the reported NIR 2023 areas especially for
Germany, Estonia, Latvia, Lithuania, Norway, and Poland (Table 1). Yet,
our probable overestimation does not produce any notable hotspots
on the map. The total high productivity Forest Land area roughly
equals the area as reported in NIR 2023 for the countries mentioned
and might be preferred as estimate. However, Sweden and Finland
report a larger Forest Land area than estimated here, which is an
exception from this rule. Area estimates of countries may differ partly
because of varying interpretations of whether a wooded peatland is a
Wetland or Forest Land.

Another uncertainty factor is the difficulty to distinguish perma-
nent Grassland from short-term Grassland in crop rotation that should
be reported as Cropland, using the higher EFs*. This is partly resolved
by including the 2018 crop map™ and assigning former Croplands that
are now Grasslands to Croplands. However, higher frequency land use
maps are needed over a 4-6 years period®. Furthermore, the
assumption that all shallow drained Grassland is nutrient-rich probably
leads to an overestimation of emissions, but in the Wetland
Supplement” there is no EF for shallow drained nutrient-poor Grass-
land. This lack of emission data at the time the IPCC EFs were made is
related to shallow drained nutrient-poor Grassland not being very
common agricultural practice®®. Some more recent regional assess-
ments deliver insight in emissions from such sites®”,

Identification of the drainage level of Grassland using the pro-
ductivity threshold method provides a reliable approximation (Sup-
plementary Table S.6). A validation of the Forest Land nutrient status
based on the productivity map of Téth et al. (2013) was not
conducted*’, although nutrient status does affect emissions. Emissions
from boreal Forest Land on drained peatland range from -5.5 up to
20 Mt COye depending on whether the EFs for nutrient-poor or
nutrient rich forest are applied. Nutrient status is indeed an important
factor in choosing EFs in the Finnish national inventory. Forest types
with low nutrient status may have a negative or near-zero soil CO,
balance at present, but as the climate warmes, also these forest types are
likely turn to net sources of CO,*. The lack of validation points for the
nutrient levels of forested peatland in the LUCAS soil survey, where
only 49 of 21.850 sampling points are from forested peatlands, makes
it impossible to use them for validation of EU Forest Land on
peatland®. New methods to map ditch cover, drainage depth, and
estimate drainage impact using remote sensing and machine learning
are promising and may yield higher accuracy of drainage extent in
European Grassland and Forest Land*"*2,

Using IPCC 2014 Tier 1 EFs provides a standardized and com-
prehensive approach to GHG reporting and ensures consistency,
comparability, and completeness across regions and countries,
addressing underestimations caused by outdated data and incom-
plete reporting emissions of CO,, CH,, and N,O, respectively. How-
ever, Tier 1 EFs may not capture the specific conditions of peatlands
as accurately as Tier 2 or Tier 3 approaches. A comparison of our
maps with two regional spatial emission maps from Germany, based
on country- and land-use-specific GHG data, shows that using default
IPCC EFs results in somewhat higher average emissions (by 2.8 to
4.0t COze ha™ a™). Yet, the regional values fall within one standard
error of the IPCC factors (Supplementary Fig. S2)****. If the regional
EFs are closer to the actual emissions, our overestimation of tem-
perate Forest Land emissions would be at most 22 Mt COe (-4t
COe ha™a™to all temperate Forest Land; the resulting emissions are
still more than 3 times higher than reported). We tested the sensi-
tivity of hotspot distribution to variation in EFs in a subset and found

that the overall pattern of hotspots remained similar (Supplement
Fig. S.3).

The latest update (2025) of the European Peatland Map (GPD/
Greifswald Mire Centre) is under- or overestimating the peatland area
within some countries, when compared to Joosten et al”,
Barthelmes'®, and Martin & Couwenberg®. For Lithuania, we used a
data set that includes larger areas of the ‘peat in soil’ mosaic, whereas
the NIS sets high thresholds for C content and peat depth and thus
arrives at a smaller area. Also, drained peatland areas are shrinking due
to loss of the peat by oxidation under long-term drainage and use. This
is expected to accelerate as result of rising temperatures due to cli-
mate change*’.

This study provides a map of GHG emission hotspots from peat-
lands on a 1km? grid for EU+ countries. Hotspots emit a dis-
proportionally high amount of peatland GHG emissions in relation to
the peatland area, which is linked both to peatland density and to land
use intensity. It is crucial to note that the highest cumulative emissions
per area do not necessarily imply the highest emission intensity. As our
method also considers peatland density, an area where the emissions
per hectare are only slightly above average, but where the peatland
area is very large, may still be a hotspot. A notable example is the
northern region of Ireland, which is characterized by high peatland
density and a substantial extent of peatland covered mainly by a mix of
drained Grasslands with some drained Forest Land. This combination
results in grid cells with emissions that are clearly above average but
not as high per hectare as is the case for example, in the north-western
part of Germany. It is therefore recommended that the hotspot map is
used in conjunction with the GHG emission and land use map (Fig. 1A,
B) to develop effective policies and measures to reduce GHG emissions
from land use on drained peatlands.

Our results emphasize that GHG emissions from peatlands are not
evenly distributed, but that there are regional hotspots across the EU+.
Based on our hotspot map, policy incentives can be designed that
contribute to reducing these emissions more effectively and effi-
ciently. Our results suggest four regions of major attention: the North
Sea hotspot (NW-Germany, the Netherlands, and SE-England), a hot-
spot region in eastern-Germany, a cluster of hotspots in the Baltic
states and eastern-Poland, and two hotspots stretching from Central
Ireland to NW-England. Hotspots across these four regions represent
40% of total emissions from EU+ peatlands. Incentives, transformative
pathways, and cross-sector policy are needed to efficiently use
resources for peatland climate mitigation*’. Current and future
national/EU policy instruments for financing peatland rewetting within
e.g., the Common Agricultural Policy, nature restoration plans under
the Nature Restoration Regulation (NRR), and carbon farming schemes
under the Carbon Removal Certification Framework could direct their
funds to regions with highest emission reduction potential. However,
aspects such as land prices, stimulating policies, and opportunity costs
are also important parameters when prioritising certain regions on the
way to achieving the EU climate targets, which ultimately imply the
rewetting of all peatlands. Moreover, emissions in other regions of
course, need to be curbed as well.

Our results stress the need for country-specific policies that pro-
mote mitigation action in specific areas like the Danube Delta in
eastern-Romania. Next to addressing the high-emitting peatland of the
temperate climate zone, in the boreal zone, mitigation strategies
should be considered to reduce emissions from widespread low to
mid-emitting peatlands in Forest Land. In general, 20% of all peatland-
related emissions come from regions with low peatland cover, which
can be advantageous in minimizing conflicts with landowners, because
agriculture may not rely on peatlands alone for income*®, The EU+
hotspot map presented here may be accompanied by detailed national
versions in future (emerging from ongoing data collation efforts fun-
ded under the Horizon Europe program), which can be instrumental
for the national (or trans-boundary) spatial implementation of climate
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Table 2 | Emission factors used in this study

Land use category CO, CH, N,O DOC Ditch GWP
Boreal
Forest Land NP 0.92+0.88 (n=59) 0.33+0.09 (n=47) 0.09+0.04 (n=43) 0.44+0.1(n=10) 0.15+0.09 (n=11) 1.79+0.9
Forest Land NR 3.41+£1.39 (n=62) 0.20+0.09 (n=83) 1.37+0.6 (n=75) 0.44+0.1(n=10) 0.15+0.09 (n=11) 5.42+1.72
Cropland 28.97+5.31 (n=39) 0+0 (n=38) 5.57+2.42 (n=36) 0.44+0.1(n=10) 0.79+0.74 (n=6) 35.75+7.51
Grassland 20.89+10.44 (n=8) 0.04+0.02(n=12) 4.06 +1.85 (n=16) 0.44+0.1(n=10) 0.79+0.74 (n=6) 27.03+13.45
Peat extraction 10.26 +£5.68 (n=20) 0.16+0.13 (n=15) 0.13+0.05 (n=4) 0.44+0.1(n=10) 0.37+0.37 (n=6) 11.36+6.22
Temperate
Forest Land 9.53+2.38 (n=8) 0.07+0.04 (n=13) 114+0.5 (n=13) 114+ 0.25 (n=12) 0.15+0.09 (n=11) 12.93+3.27
Cropland 28.95+5.31(n=39) 0+0 (n=38) 5.57+2.42 (n=36) 114+£0.25 (n=12) 0.79+0.74 (n=6) 36.45+7.62
Grassland NR, DD 22.35+4.21 (n=39) 0.43+0.41 (n=44) 3.51+£1.54 (n=47) 114+£0.25 (n=12) 0.79+0.74 (n=6) 28.22+5.95
Grassland NR, SD 13.19 £1.65 (n=13) 1.05+1.13 (n=16) 0.69+0.3(n=7) 114+ 0.25 (n=12) 0.79+0.74 (n=6) 16.42+2.27
Peat extraction 10.26 £5.68 (n=20) 0.16+0.13 (n=15) 0.13+0.05(n=4) 114+0.25 (n=12) 0.36+0.32 (n=6) 12.05+6.5

n number of sites used for the estimate, NP nutrient poor, NR nutrient rich, DD deep drainage, SD shallow drainage, GWP =100-year global warming potential (IPCC, AR6), has been used and

including the uncertainty within each GWP conversion.

Emission factors (t COe ha™ annually” + standard error of each EF and number of sites n) for CO,, CH,, N;O, DOC, and ditch emissions by land use category and climate zone. Source: IPCC (2014).

mitigation action in peatland-rich areas*’. The accuracy of our hotspot
map would benefit from additional ground-truthing, for example, in
Eastern Poland, Central Finland, and Estonia. Nevertheless, all these
regions are likely to need targeted mitigation measures. Peatland cli-
mate mitigation action on the continental scale would benefit from a
dialogue and concerted efforts together with peatland-rich countries
neighboring eastern-Poland (Ukraine and Belarus).

Several European policy initiatives encourage to rewet peatlands
(e.g., thex NRR*), but instruments are lacking for developing EU-wide
and national policies to target restoration efforts®, notably data on
extent, condition, and related GHG emissions of peatlands™. Our
findings emphasize the scale of climate mitigation benefits achievable
through targeted rewetting of (agriculturally used) peatlands in
emission hotspots. Since agriculturally used peatlands cover only 3% of
the agricultural land in the EU and the EU is a net food exporter, this
would not have much relevance for food security®, certainly when
seen in the light of necessary shifts in diet and resource efficiency®.
Our land use and GHG hotspot maps are intended to close knowledge
gaps and fine-tune the development and implementation of peatland
restoration policies and action across the EU+. Furthermore, the hot-
spot map can be used on a (sub-)national level, and across national
borders to tackle emissions hotspots on a transboundary level, similar
as in biodiversity conservation®.

Despite inherent uncertainties in peatland emission mapping,
opportunities for substantial climate mitigation exist. Immediate
action and mitigation policy focussing on identified hotspots and peat-
rich areas should be central. Full peatland restoration and rewetting
offer the most effective climate mitigation by halting emissions and
creating carbon sinks. To meet Paris Agreement targets, rapid water
table raising is crucial, necessitating the development of paludiculture
with water-adapted crops and trees as a European and global key
priority.

Methods

Land use map for peatlands

Spatial peat (and peaty) soil data for EU+ countries (EU member states
plus Albania, Andorra, Bosnia and Herzegovina, Iceland, Liechtenstein,
Montenegro, North Macedonia, Norway, Serbia, Switzerland, United
Kingdom) were taken from the peatland layer of the European Wetland
Map®. The dataset was compiled from over 100 different national and
regional datasets. It includes various geodata (raster, polygon, and
point data), mainly from publications on peatland and soil research,
national or regional soil databases, OpenStreetMap, and partly from
national or regional data provided by research institutes, ministries, or

authorities®. Their definitions of peatlands are in line with the 2006
and 2014 IPCC definition of ‘organic soils.

The EU crop map developed by the Joint Research Centre (JRC),
based on satellite images of 2022 with a spatial resolution of 10 m was
used to stratify the peatland map according to the 2022 land cover
distribution. This map delineates the most common (19) crops grown
on agricultural parcels in the EU with an overall accuracy of 71%%.
However, it does not include non-agricultural areas and does not
detect grasslands within crop rotation. Nor does it include countries
outside the EU. Therefore, the land use map of Witjes et al.*° was used
as a base layer to distinguish land use beside the agricultural areas. This
land use map has a lower resolution of 30 m and even though it has 40
different land use classes, it distinguishes only three types of agri-
cultural land (non-irrigated, irrigated, and grassland). So it was only
used to fill the gaps in the JRC map. Furthermore, we included the EU
crop map of d’Andrimont et al.”*, which formed the basis for the
Ghassemi et al.”” map, but is based on satellite images of 2018 to detect
grasslands within crop rotation. We assume that the land cover over
the years has not changed much, as e.g., the difference between the
2020 and 2021 World cover map developed by Zanaga et al.’® and long-
term land use changes in the EU are small”’. Area was calculated in
hectares per grid cell. For our analysis, the 80 single land use types
were aggregated into five main classes: Grassland, Cropland, Forest
Land, Wetlands, peat extraction, and Build-up (Supplementary
Table S.1). A forested area is in national inventory reporting counted as
Forest Land if at least 90% of a 0.25ha area is classified as forest™.
We also included smaller forested areas in the Pixel Area estimates,
whereas for the Forest Land we adhered to the official definition
(Table 1). Furthermore, Tegetmeyer et al.>® provided detailed infor-
mation about peat types in certain areas, indicating near-natural con-
ditions with classifications such as “blanket bog” and “heather moor”. If
the land use map categorised these areas as Grassland, they were
reclassified as Wetland.

Emission factors for GHG emissions from peatlands

Drainage influences the three most important GHGs emitted from
peatlands, CO,, CHy, and N,0O, in such a way that less drainage results
in lower overall GHG emissions. Drained peatlands under higher tem-
peratures (e.g., in temperate zones) emit more GHGs than peatlands
under lower temperatures (e.g., in boreal zones) and nutrient-rich
peatlands emit more GHGs than nutrient-poor ones". Default IPCC EFs
are stratified per climate zone and land use class (Table 2). Peatland
drainage requires ditches, so the emissions from these ditches must be
included as well. Due to limited EU-wide data, default IPCC fractions of
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5% +2.5 for agricultural fields and 2.5% +1.25 for Forest Land were
applied". We did not include GHG emissions from (wild)fires.

Allocation of nutrient and drainage levels

To apply appropriate EFs (IPCC, 2014, chapter 2.2) to the land use map
of peatlands, we had to allocate nutrient and drainage levels. As there
is currently no suitable European-wide map of nutrient and drainage
levels in peatlands, the biomass productivity map of Toth et al. (R? of
0.85)*’ was used as a proxy. We assumed that more productivity means
a higher probability of drainage and fertilizer application. Thus, we
classified a Grassland area “deep drained” if it has “high biomass pro-
duction” or “shallow drained” if it has “low biomass production”
according to T6th et al.** map. The same was done for Forest Land,
which was classified “nutrient rich” with “’high biomass production” or
“nutrient poor” with “low biomass production” according to Téth
et al.** map. Furthermore, we assumed that biomass productivity has
not changed considerably between 2013 and 2022 as nutrient content
in peat soils does not change in the short term—even with apparent
changes in management™,

In order to apply the biomass productivity map in this way, two
threshold values had to be implemented for the biomass production
level distinguishing, (1) whether a Grassland has a high or low agri-
cultural activity; and (2) whether a Forest Land is nutrient-rich or
nutrient-poor (see Supplementary Table S.6). To identify the threshold
value, we applied the mean value and the minus one standard devia-
tion as two potential threshold values per country and per land use
type and checked whether the ratio between “deep drained” and
“shallow drained” follows the given values in the (updated) 2020
UNFCCC National Inventory Submission’. This was achieved by over-
laying the peatland land use maps per country with the biomass pro-
ductivity map using ArcGIS Pro 2.9. When applying the mean Grassland
Productivity Index (PI) of 6.32 across EU to distinguish if a peatland
Grassland is shallow drained (below 6.32 PI) or deep drained (above
6.32 PI), 8 out of 13 countries were estimated to agree well (within
a+5% range) with a previous estimate of the distribution of deep/
shallow drained Grassland'® (Supplementary Table S.6). As there was
no European-wide information available about the deviation of
nutrient-rich and nutrient-poor Forest Land and wetlands on peatland
the mean PI of 6.08 was used as the threshold value for Forest Land.

Peatland GHG emission map and GHG emission hotspot map
With a resolution of approximately 10 meters peatland emissions were
estimated using the EFs of IPCC (2014), the land use map, the K6ppen-
Geiger climate classification (period 1990-2020 produced by Beck et al.,
2023) and the productivity map of Toth et al. (2013)* with corre-
sponding best fit thresholds (see above) to assess the nutrient level of
Forest Land and the drainage level of Grassland (Supplement Fig. S1
Dichotomous decision tree diagram). The emissions (t CO,e) were cal-
culated for each grid cell by using R-4.4.1°°. In order to assess whether a
peatland area is a GHG hotspot or not, we used the “biscale” package® in
R. This package uses thematic choropleth mapping with two variables, in
this case peatland density (amount of peatland per area) and cumulative
peatland GHG emissions per area. The peatland density and the sum-
med GHG emissions within each certain area were calculated on a 1km
resolution. This resolution gave a good visual representation of where
the peatland emission hotspots are located and highlights the highest
emitting and the densest peatland areas at the chosen EU+ scale. The
highlighted selected areas in Fig. 3 were based on a lower resolution
10 km hotspot map. The “fisher” option that works best with skewed
data has been used within the “biscale” packages, as the emissions are
not normally distributed, due to predetermined EFs.

Validation
After developing the GHG emission (hotspot) map, an overview table
on the national level emissions was developed for validation. Here,

emission estimates of the 2023 NIS (UNFCCC 2023) were compared
to the outcomes of our study. The relevant peatland area and emis-
sion values were aggregated from the CRF categories 3D, 4A-D, 4lI,
and the files of the 2023 NIS. Furthermore, the aggregated EU + LULC
map from this study was validated using two regional GHG emission
maps for peatlands in Germany, namely for Brandenburg® and
Mecklenburg-Vorpommern**. Both maps use different EFs com-
pared to each other and to our study. This evaluation was done by
overlaying the map and comparing the mean emissions within sub-
regions of around 5 km?.

Inclusion & ethics statement
This research aligns with the Inclusion & Ethical guidelines embraced
by Nature Communications.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The land use and greenhouse gas emission data generated in this study
have been deposited in the Zenodo database available on https://
zenodo.org/records/17091811. The raw data used to derive these maps
are described in the “Methods” section and originate from previously
published datasets; these are not provided here but can be accessed
through the original publications cited in the manuscript.

Code availability
The scripts that support the findings of this study are available on
https://zenodo.org/records/14974022.
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