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SUMMARY

Upon drainage, peatlands subside and release stored carbon (C) into the atmosphere. However, little is known
about the magnitude of the total, physical and oxidative subsidence (TS, PS and OS) over long historical
periods and the past contribution of humans to the degradation observed in contemporary times. Lack of
historical subsidence data may hinder contemporary restoration efforts, highlighting the need for insights into
past degradation to inform current management practices. Therefore, the present study aims to assess the effect
of human activities on the degradation of a raised bog in Denmark in terms of the TS, PS, OS and the C lost
between 1880 and 2010 using legacy datasets. The results indicate that 84 % of the bog had been drained by
1997. The TS was 1.6 m on average with a rate of 1.8 cm y*. A total of 117 million m® of peat was lost in the
130-year period. The PS was most important shortly after the start of drainage while OS gained importance in
the long term. Up to 540 t ha* of C-stock was lost at a rate of 6 t ha y?, translating to 22 t hay*in carbon
dioxide equivalents. Therefore, the bog represents a C source in contemporary times, which necessitates
targeted and positive management interventions that favour peat growth and C accumulation.
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INTRODUCTION

Owing to their large carbon (C) stocks (i.e., 20-30 %
of the global soil C pool), peatlands are considered to
be important wetland ecosystems with great merit for
climate and environmental regulation (Schumann &
Joosten 2008, Erwin 2009). Nevertheless, many
peatland areas across the globe have become
degraded, mostly due to their unsustainable use and
management by humans. The use of peatlands by
people dates back many centuries and is ongoing. At
its core is the ditching and drainage of pristine
peatlands for conversion to other land uses (LU); and
this has facilitated the widespread degradation of
many peatland areas (Adesiji et al. 2015, Han et al.
2021). Peat extraction and drainage for agriculture
are among the major contributors to
anthropogenically mediated peatland degradation.
For instance, drained peatlands reportedly emit
approximately 5% of the global anthropogenic
greenhouse gas (GHG) emissions (Joosten 20009,
Gunther et al. 2020). In Europe, about 50 % of
pristine peatlands have been lost, which makes
Europe a global hotspot for peatland loss and
degradation. As is true for the global case, the main
driver of the degradation and loss of European
peatlands is drainage for agriculture, forestry and

peat extraction (Verhoeven 2014, Andersen et al.
2017). Agriculture is amongst the most prominent
LUs that emerge post-drainage and the total area of
drained agricultural peatlands in Europe is
approximately 125,000 km? (Joosten & Clarke 2002,
Page & Baird 2016).

When peatlands are drained, they undergo non-
reversible structural and chemical changes that lead
to subsidence. As defined by Hooijer et al. (2012),
subsidence refers to the sinking of the land surface
when the groundwater level is lowered. Total
subsidence (TS) in peatland ecosystems results from
the complex interplay of physical and oxidative
processes following drainage. The principal physical
processes that contribute to subsidence include
permanent shrinkage, compaction and consolidation
(Zeitz & Velty 2002, Ma et al. 2022, Oleszczuk et al.
2022). Permanent shrinkage occurs when peat layers
above the water table contract as they dry out,
causing irreversible volume losses, increased
hydrophobicity and altered peat compressibility and
water retention (Erkens et al. 2016, Bechtold et al.
2018). Pressure from livestock trampling and heavy
farm machinery also compacts peat layers above the
water table, leading to additional peat volume
reductions (Hooijer et al. 2012). Conversely,
consolidation occurs by the gradual settling and
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compression of peat layers below the water table due
to loss of buoyancy and the increased weight of
overlying material, as well as by the expulsion of
over-pressurised pore water (Van Asselen et al. 2009,
Hooijer et al. 2012). Moreover, subsidence from
oxidative processes is largely attributed to peat
mineralisation. Harpenslager et al. (2015) described
oxidation as the biogeochemical degradation of
organic material by microorganisms under aerobic
conditions in drained peatlands. In contrast to the
water-saturated conditions of pristine peatlands,
drainage alters the natural balance between the
volume of air-filled and water-filled pore spaces,
introducing oxygen and aerating the peat. This shift
stimulates microbial respiration, transforming stored
C into carbon dioxide (CO;) emissions (Holden et al.
2004, Green & Page 2017, Leifeld & Menichetti
2018). Oxidative subsidence (OS) is reported to be
the dominant contributor to TS over the long term
(Erkens et al. 2016). For instance, Hooijer et al.
(2012) reported that a substantial portion (75-95 %)
of TS was due to peat oxidation. Pronger et al. (2014)
found that subsidence was rapid and primarily driven
by physical subsidence (PS) processes in the early
years post-drainage. However, over time, the rate of
PS decreases, making OS the more significant
contributor to TS. Erkens et al. (2016) reported that,
over a millennium of cultivating Dutch coastal
peatlands, the relative contributions of OS, PS and
peat extraction to TS were 48 %, 18 % and 34 %,
respectively; while van Asselen et al. (2018) found
that PS and OS rates varied spatiotemporally due to
differences in overburden thickness, organic matter
content, groundwater table depth and other related
factors. They found that OS contributed the most
(70 %) to TS in drained areas with minimal loading,
whereas PS was the primary contributor (65 %) to TS
at heavily loaded sites. Nevertheless, both PS and OS
may lead to substantial peat volume reductions in the
long term. Under periods of prolonged anthropogenic
disturbance TS may vary spatiotemporally, being
influenced by (among other factors) the number of
years after drainage, the drainage depth, the peat type
and thickness, climatic conditions, land use changes
(LUC) through time and other management practices
(Pronger et al. 2014, Oleszczuk et al. 2022).
Peatlands in Denmark (as in most countries) have
been subjected to centuries of anthropogenic
degradation at both national and local levels. At
national level, a supply failure of foreign fuel during
the First and Second World Wars stimulated the
mapping of peatland areas to ascertain their quality
for fuel use, and this led in turn to increased
extraction of peat (Thggersen 1942). Also, many
peatland areas have been drained and cultivated for
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years, making them an important part of the
agricultural sector (Nielsen et al. 2012). The
implications of these disturbances extend beyond
subsidence to include a decline in the spatial extent
of peat soil areas in Denmark. For example, Greve et
al. (2014) estimated a 35 % reduction in the extent of
cultivated Danish peatland areas in 2010 compared to
the peat extent map of 1975. They attributed this
change mainly to anthropogenic disturbance arising
from agricultural production and peat extraction. Due
to the poor historical management of most Danish
peatland areas, it is expected that these sites will
subside and degrade continuously through time in the
absence of restorative management interventions.
Although Pedersen (1978) and Greve et al. (2021)
have assessed TS over shorter (1930-1974) and
longer (1880-2010) historical periods respectively,
only Pedersen (1978) has reported on the
contributions of both PS and OS processes to TS.
Pedersen (1978) found that PS accounted for 20 %
and OS for 80 % of TS in a bog after cultivation and
repeated drainage. However, the relative contribution
of these processes to TS over longer historical
periods remains unclear. Furthermore, an assessment
of the GHG emissions over long historical periods is
still lacking. The measurement and quantification of
peatland GHG emissions for both international
reporting and domestic planning purposes is an
arduous task. As mentioned by Huang et al. (2021),
the use of field experiments to quantify yearly
peatland GHG emissions is constrained by short and
infrequent sampling, which may not adequately
capture relevant management-related feedback.
Conducting such assessments over extended
historical periods is even more challenging due to
unavailable or scarcely available data.

Quantifying the retrospective effects of
anthropogenic activities on terrestrial ecosystems
such as peatlands is often challenging. However, as
stated by Han et al. (2021), “research on past human-
nature interaction has significant implications not
only for exploring the long-term human civilisation
but also for further assessment of the current
environment dynamics in the case of longer-term
human disturbance.” In the context of peatlands,
measurements and estimates of subsidence are
important for land management decision-making and
for developing strategies to curb peatland-related
CO, emissions. Everett (1983) mentions that the
continuous drainage of peatlands is unsustainable,
and the subsidence rate (SR) may be used to assess a
peatland’s life expectancy. This is echoed by Pronger
et al. (2014) who asserts that knowledge of the SR is
important for future land use planning and C
accounting. Nevertheless, Erkens et al. (2016) state
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that for long timescales of intensive peatland use, the
measurements of both subsidence and CO, emissions
are often short and limited to a few years.

Another limitation to the assessment of
subsidence over long historical periods lies in the
methodology employed. Common methods for
assessing historical peatland SR include geodetic
measurements using subsidence monitoring poles
(Franzén 2006, Green & Page 2017, Grzywna 2017)
and Light Detection And Ranging (LiDAR) datasets
(Hoogland et al. 2012, Boehm et al. 2013). Although
relevant, the former approach may have limited
potential for revealing the spatial variability of
subsidence even at field scale. In modern times, the
use of extensometers (van Asselen et al. 2020),
levelling instruments (Oleszczuk et al. 2020) and
Interferometric Synthetic Aperture Radar (InSAR)
(Conroy et al. 2022, Umarhadi et al. 2022) are among
the available methods for monitoring peatland
subsidence. However, data generated using these
methods may be non-existent for long historical
periods. This notwithstanding, legacy soil and
topographic databases may allow assessment of the
spatial variability of subsidence on the one hand and
the anthropogenic contribution to subsidence on the
other. Therefore, this study attempts to quantify the
historical contribution of human activities towards
the degradation of a selected Danish bog based on
LUC, disentangle the different processes contributing
to TS, and assess C losses for the historical period of
interest. Specifically, the study aimed to (1) assess
the extent and impact of anthropogenic activities in
the Store Vildmose raised bog as a function of LUC
from four legacy topographical maps, (2) estimate the
TS between 1880 and 2010 as well as the relative
contributions of physical and oxidative processes to
TS under different scenarios for the time since
drainage, and lastly (3) estimate the change in C-
stock and total C lost as CO emissions for the same
historical period.

METHODS

Study area

This study focuses on the Store Vildmose raised bog,
located in Northern Denmark (Figure 1). Underlying
the bog is a relatively flat marine plain formed by the
last marine transgression which covered Denmark
until 8000 BC (Kristensen 1945, Regina et al. 2016).
Around 3000 BC, the climate in Denmark gradually
cooled and became wetter, resulting in acidic and wet
soils that favoured the growth of Sphagnum and other
nutrient-poor and flood-tolerant plant species (Mgller
2005). With time, the bog developed over the
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previously existing forest vegetation. Thus, a layer of
forest or minerotrophic peat lies below the
oligotrophic bog peat. The peat thickness (PT) in the
centre of the bog was approximately 5m and
decreased towards the bog fringes (VHM 2006).

Historically, Store Vildmose was the largest
raised bog in Denmark, covering an estimated
5000 ha. However, this size is uncertain as including
meadows would increase the total area (VHM 2006,
Regina et al. 2016). Moreover, anthropogenic
activities have led to significant degradation of the
bog over the years. Interest in utilisation of the bog
dates back to the early 19" century when a few
resource-poor farmers began to cultivate its edges
(VHM 2006). With increased human activity, the bog
diminished in importance with regard to its size and
pristine status. For instance, ditching of the bog is
reported to have commenced during the 1830s
(Mgller 2005). Additionally, various changes of
ownership further contributed to its degradation. The
most prominent of these changes occurred in the
1920s when the Danish State purchased part of the
area for agricultural purposes (Mgller 2005).
Agricultural use of the bog required extensive
drainage prior to the establishment of cropping and
grazing fields. By 1935, a central farm and 19 cattle
farms had been established in the area, and these later
served as quarantine farms to contain an outbreak of
bovine tuberculosis. In the 1960s, the bog was re-
drained and the existing ditches were deepened
(VHM 2006). Moreover, failure in the supply of
foreign fuel during the First and Second World Wars
led to daily extraction of up to 500 tons of peat.
Although human activities feature prominently in the
alteration of the bog, natural phenomena such as fire
have also contributed to its degradation. For instance,
fire outbreaks in 1884 and 1976 have been reported
(https://trap.lex.dk/Store_Vildmose). Nowadays the
study area presents largely as a degraded peatland
under various LUs including extensive grasslands,
croplands, peat extraction sites and approximately
1,895 ha in the northern and western fringes under
protection (https://www.fredninger.dk/fredning/
store-vildmose/). The areal extent of the study area
shown in Figure 1 is approximately 6600 ha.

Assessment of the historical land use changes

To quantify past human impacts on Store Vildmose,
we assessed landscape transformations caused by
LUC from the late 19" and 20" centuries. Four legacy
topographic maps of different ages were obtained
from the Danish Agency for Data Supply and
Infrastructure (https://historiskekort.dk/), covering
the periods 1885-1929, 1938-1963, 1943-1968 and
1983-1997 (Figure 2). Hereafter, these maps will be
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Figure 1. Map showing the location of the Store Vildmose raised bog in northern Denmark (a) and the zoomed
extent of the study area showing a diversified landscape (b). The blue polygon indicates the area within which
a commercial peat extraction site is located, and the red line denotes a soil characterisation transect (b). An
orthophoto from 2022 is displayed as the background map (Copyright Hexagon 2022).

identified by the earliest year that they represent.
While the maps from 1885, 1938 and 1983 were
formerly georeferenced by the National Mapping
Agency of Denmark (Greve et al. 2021), only a
scanned image of the map from 1943 was available.
To assign a spatial reference to the 1943 map, geo-
corrections were applied to accurately display its
real-world location. The 1938 map served as the
reference layer for georeferencing the 1943 image.
Areas with various signatures (symbolisations) on all
four maps were digitised as LU polygons using the
historical map handbook of Korsgaard (2006) as a
guide. Examples of signatures for digitised areas are
presented in Figure Al in the Appendix. The
different LUs were then assigned to four broad LU
classes as shown in Table 1. The total area under each
LU class was calculated for each map and compared

between maps. The anthropogenic contribution to
degradation of the study area was quantified as the
percentage areal change of the defined LU classes for
each period. All analyses were performed in ArcGIS
Pro 3.0 (ESRI, Redlands, California, USA).

Estimation of subsidence

This study employed a GIS-based approach for
subsidence estimation. The methodology used
includes three steps: (1) assessing TS using elevation
and PT measurements; (2) deriving empirical
estimates of PS and OS under different scenarios for
the time since drainage using TS, percentage OS and
drainage duration datasets compiled from the
literature on boreal and temperate bogs; and
(3) estimating changes in C-stock and CO;
emissions. Each step is described briefly below.

Mires and Peat, Volume 31 (2024), Article 10, 23 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2328103

4



D.V. Adetsu et al.

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

544[800 S48|800 552§OO 544|800 S48|800 552|800
: ‘JL 7 > T V‘,L. > e 1 be1ri v,;i . N
o . : LS RS] D
S 2 N\ A ©
[ee] 2% ,‘ _(1)
31 o A 3
™ | foa)
© N\ PR|
]
= g I
g o 8
O . ol
<T P X
™ ™M
O | O
o | s 1o
o : ¥ X AR T =}
§— 4D v . \ % .\/_',,—_§
~~ ) { ey BT AN
E Q "-‘.f ‘f'.“,“- v . = i P : “.\\' 8
g Kilometres |- P QH drvaa 3 e
U’ <r r 1 G A . 1 ‘,,._‘?,__’ e
c 0 15 3 0 15 3= i e PR \
_C T I ]
;=
S s (d) s
= 8 B =
< - [ 12
% p3
© > | ©
o "1 o
g {8
(e} 10
of g 3 o
o :&g‘ Ll e = Ve o
Kilometres e a Kilometres [; -« - 4o s b
S 2 T\ s e AR A \ | U WA Pk o T
0 I 1.5 3 \?r i e /1 ey 0 I1.5 3 ‘,-‘3&.];-‘ ""*:%:'3& Y
544800 548800 552800 544800 548800 552800
Easting (m)

Figure 2. Visualisation of the four legacy topographic maps from which historical land use changes were
assessed. These maps are valid for the periods 1885-1929 (a), 1938-1963 (b), 1943-1968 (c) and 1983-1997
(d). All were originally published at a scale of 1:20000 except for the newest (1983) map which was published
at a scale of 1:25000. Maps were sourced from The Danish Agency for Data Supply and Infrastructure

(https://historiskekort.dk/).

Elevation-based subsidence estimation

The TS between 1880 and 2010 was estimated using
legacy soil and land surface elevation data. This
included a 2007 LiDAR-based Digital Elevation
Model (DEM) (KMS/GIF 2014), a surface model of
the bog in 1880 digitised as points from historical city
maps and PT measurements from the SINKS 2010
database (Greve et al. 2014). The LiDAR data were

originally collected with an average point density of
one point per 2.2 m? resulting in a geographic
resolution of 1.6 m and an accuracy of about 70 cm
(KMS/GIF 2014). The DEM was aggregated to 8 m
spatial resolution and is assumed to represent the
surface elevation of the bog in 2010. Hereafter, the
2007 LiDAR-based DEM is referred to as DEMyo1o.
The PT measurements were collected by pushing a
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Table 1. Descriptions of the land use (LU) classes digitised from four legacy topographic maps covering the
period 1885-1997. The LU classes include ‘Peat extraction areas’, ‘Wetlands’ which include all LUs that are
denoted by wet signatures, ‘Drained” which include all LUs with dry signatures and, lastly, the ‘Other’ class
which includes LUs that do not fit into any of the above-mentioned LU classes. Detailed descriptions of the

LUs are presented in Table Al in the Appendix.

Land use class Description

Peat extraction

Areas where peat has been dug.

Wetland Heathlands, grasslands, bogs and meadows with signatures denoting wet conditions.
. Heathlands, grasslands, coniferous and deciduous forests, croplands and meadows
Drained S . . ..
with signatures denoting drained conditions.
Other Roads, ditches, buildings and water bodies.

glass fibre rod with a metal tip into the peat until
resistive firm ground was reached (Greve et al.
2014). The point elevation data and PT
measurements were kriged to 8 m spatial resolution,
to match the resolution of the DEM2o10 and to provide
an elevation model for 1880 and a PT model for 2010.
Considering the geology of the area, the elevation of
the underlying marine seabed was determined prior
to subsidence estimation as:

Sand gy = (DEM3p19 — PT2010) + 0.2 [1]

where Sandg,,r is the surface elevation of the
underlying sandy marine seabed (m), DEM, 1 is the
digital elevation model for 2010 (m) and PT,yq iS
the peat thickness model from 2010 (m). The
DEMz010 and the 1880 surface model represent the
bog surface height during these respective periods.
Moreover, northern Denmark has been undergoing
isostatic uplift at a rate of 1.5 mm y* since the last
glaciation (Nielsen et al. 1995, Gravesen et al. 2011).
To account for this rise, the elevation of the marine
surface layer was adjusted by adding 0.2 m for the
130-year period of interest (Equation 1). With the
elevation of the underlying marine layer known, the
actual peat thicknesses in the bog for 1880 and 2010,
respectively, were calculated as:

PTyy, = EM,, — Sand g, ¢ [2]

where PT,,, is the actual peat thickness for a given
period and EM,, is the elevation model from the same
period.

The total peat subsidence was subsequently
calculated as a differential peat thickness map by
subtracting the 1880 PT map from the 2010 PT map:

TS = PTa2010 — PTa1ss0 [3]

where TS is the total subsidence (m); PT,1gg0 and
PTg2010 are the actual peat thicknesses in 1880 and
2010, respectively. The SR was calculated by
dividing the mean estimated subsidence by 90 years.
Although the study considers the 130-year period
1880-2010, as determined by the available data, we
assume that the bog was nearly pristine in 1880. A
90-year period was considered in calculating the SR
in line with the start of local drainage (1920-2010).
For accuracy, the SR calculation excludes the area of
the contemporary commercial peat extraction site
(Figure 1), where peat loss is not exclusively due to
subsidence. The total change in the peat volume for
the whole area between 1880 and 2010 was
calculated in a 3D spatial analysis using the ‘cut-fill’
tool in ArcGIS Pro software 3.0. This involved the
estimation of volume changes based on two input
surfaces in a before (PT,1g50) and after (PTz2010)
analysis. From this analysis, areas with net volume
loss and net volume gain were identified.

Although the probing method offers rapid
measurement of PT, it is prone to inaccuracies when
the probe extends past the actual peat boundary or
encounters buried obstacles, or when the boundary is
uneven. To assess accuracy, the 2010 PT
measurements were validated along a dedicated
transect using peat samples that were collected in
2022 down to the base of the organic-mineral
boundary. Other available data for this location
include the humification degree, bulk density (BD)
and total organic C (TOC) content for the full peat
profile, obtained following standard methods (Zak et
al. 2010). Despite the 12-year interval between the
2010 and 2022 PT datasets, we assumed similar
conditions for both as LU maps indicated no LUC,
and we did not account for climatic differences. The
validation involved projecting the 2010 PT
measurements to an expected 2022 PT by applying
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the average SR determined using the elevation-based
subsidence approach. This rate, multiplied by 12
years, provided the TS for the 12-year period (2010—
2022), which was subtracted from each 2010 PT
measurement to estimate the expected PT for 2022.
We then compared the projected estimates with the
actual 2022 PT measurements. To quantify the
average deviation between the expected and actual
2022 PT measurements, the root mean square error
(RMSE) was calculated as:

. — 2
RMSE — \/ ?=1 (PTprOJected PTtrue) [4]

n

where PTyojectea 1S the estimated PT for 2022,

PTiye is the measured 2022 PT and n is the total
number of observations. All analyses were performed
in ArcGIS Pro software 3.0 (ESRI, Redlands,
California, USA).

Physical and oxidative subsidence estimation

While the elevation-based subsidence approach
considers TS for the period of interest, it does not
provide estimates of TS at timepoints in between the
endpoints, nor does it account for two of the major
processes that contribute most to TS. To explore this
further, an attempt was made to disentangle the
relative contributions of physical and oxidative
processes to subsidence under four scenarios for the
period since drainage started. The scenarios were
based on the historical record of drainage starting in
1920 and related to the ages of the legacy topographic
maps used. Thus, physical and oxidative SR after 18
(1920-1938), 23 (1920-1943), 63 (1920-1997) and
90 (1920-2010) years were estimated. In the absence
of necessary inputs such as PT measurements,
groundwater level, drainage depth, C mineralisation
rates and BD for each scenario, we relied on
empirical equations derived from the literature that
require minimal inputs. A meta-analysis by Liu et al.
(2020) provides an overview of subsidence data from
northern boreal and temperate peatlands. We refined
this dataset, along with additional literature, to
compile information on TS, percentage OS and
drainage duration in temperate bogs under grassland
and agriculture. To obtain the relative contributions
of PS and OS, we first estimated the TS with an
empirical equation requiring drainage duration as an
input (Figure A2). This is given by:

TSRemp = 0.0593 x D027 [5]

where TSR, is the empirically derived total

subsidence rate due to drainage (cmy ) and D is the
number of years after drainage.

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

The percentage OS was similarly estimated from
the relationship between percentage OS and drainage
duration for temperate bogs (Figure A3), as:

0Sy, = 18.769 x D0-22% [6]

where 0S,, is the percentage oxidative subsidence
(%). The OS ¢, y-1) rate was subsequently estimated

as the product of TSR, and 0S,, divided by 100.

The relative contributions of PS to TS were
estimated by subtracting the rate (0S5, ,-1,) and

percentage (0Sq) of oxidative subsidence from
TSRemp and 100 %, respectively. The PS rate is
given by:

PS(Cmy_l) = TSRemp - OS(Cmy_l) [7]

where PS ., -1, is the estimated rate of physical
subsidence, 0S5, ,-1) is the rate of oxidative
subsidence and TSR, is the total subsidence rate
estimated using Equation 3.

C-stock change and CO; analysis

Carbon stock change and loss between 1880 and
2010 were estimated using legacy soil data, literature
sources and recent measurements from the transect
shown in Figure 1. Two estimations of the C-stock
were made. The first C-stock estimation considered
topsoil (0-50 cm) BD and TOC values reported by
Kandel et al. (2018) for pristine and cultivated areas
of the bog. We assumed that the reported values for
the pristine and cultivated bog corresponded to the
bog’s condition in historical and contemporary times,
respectively. Due to limited data availability, this
estimation also assumed that both the historical and
the contemporary bog were homogenous with
consistent BD and TOC content throughout the peat
profile. This approach is conservative, as soil
physicochemical properties are likely to be variable
because the peat in the bog has formed from different
plant materials and conditions. To address this, a
second C-stock estimation was performed following
a method similar to that of Leifeld et al. (2011),
which assumes that the deepest contemporary peat
layer is pristine and its BD and TOC reflect the
condition of topsoil in the pre-drained peatland.
Therefore, BD and TOC values from the transect
shown in Figure 1 were used, assuming that values
from the deepest peat layer represented the historical
bog while those from the surface peat layer
represented the contemporary bog. The C-stock was
then estimated as:

C — stock = PT X BD X TOC [8]
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where C — stock is the carbon stock (t ha ), PT is
the thickness of the peat deposit (cm), BD is the bulk
density (g cm %) and TOC is the total organic carbon
content (%). The C-stock was estimated for 1880 and
2010, and the change in C-stock was calculated as the
difference between these estimated stock values. The
rate of C-stock change was calculated by dividing the
C-stock change by the 90-year drainage duration. The
amount of C lost as CO, emissions was estimated as:

€0, = AC — stock x 3.67 [9]
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various estimations of subsidence and the assessment
of CO emissions for the historical period of interest.

Table 2. Overview of the data employed for C-stock
estimation using two data sources. The first scenario
presents C-stock estimates using bulk density and
total organic carbon values from the literature
(Kandel et al. 2018), while the second uses recent
bulk density and total organic carbon measurements
along a transect.

where (O, is the carbon dioxide emissions Total
(thaly?), AC — stock is the rate of change in C- Costock Dat Bulk otal
stock between 1920 and 2010 (t ha* y?!) and 3.67 is -ts' oct_ ad | period density orgetl)nlc
a conversion factor (quotient of the molecular weight | £Stmations | source (g cm?d) ca[)/on
of CO; to the atomic weight of C). All subsidence and (%)
GHG emission estimations were performed in Kandel 1880 0.10 410
ArcGIS Pro 3.0 (ESRI, Redlands, California, USA). Scenariol | etal. 2010 0'24 36.5
Table 2 provides an overview of the data used for (2018) ' '
both C-stock estimation scenarios. Figure 3 1880 0.06 529
summarises the methodology guiding the study, Scenario 2 | Transect 2010 0'10 36.5
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Figure 3. Flow diagram summarising the methodology guiding this study. The threefold methodology includes:
digitising and classifying various land uses from four legacy topographic maps; estimating total, physical and
oxidative subsidence from elevation data and empirical equations from the literature; then calculating the
change in carbon (C) stock and estimating the carbon loss as carbon dioxide (CO,) emissions over a 90-year

period (1920-2010).
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RESULTS

Historical land use changes based on legacy maps
Land use changes in the study area between the late
19" and 20™ centuries, assessed from the four legacy
maps of different ages, are shown as percentage areal
changes of the broadly defined LU classes in
Figure 4. The oldest map from 1885 (Figure 4a)
showed that the site was predominantly a wetland
(99.2 %) with only small areas of peat extraction
(0.7 %) and drainage (0.1 %). By the late 1930s
wetland, drained and peat extraction areas occupied
69.6 %, 19.8 % and 2.3 %, respectively, of the total
area, while other LUs (see Table 1 for description)
covered 8.3 % of the area (Figure 4b). This reflects a
30 % decrease in wetland area which translates to a
197-fold increase in drained area between 1885 and
1938. By 1943, more than half (52.7 %) of the bog
was drained with only 27.1 % of the site remaining a
wetland. About 0.9 % of the area was under peat
extraction and the area of other LUs increased to
19.4 % (Figure 4c). Moving towards contemporary
times (1980s onwards), more than two-thirds
(77.4 %) of the area had been drained while only
15.8 % of the site remained a wetland. Peat extraction
and other LUs occupied 3.2 % and 3.6 % of the area,
respectively (Figure 4d). Compared to 1885, the
wetland area had declined by 84 %, while drained
areas had increased 773-fold. Areas under peat

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

extraction increased by more than 300 % during the
same period. A detailed examination of the drained
area in the contemporary period (1983-1997) showed
that 44.7 % of it was under grassland, 25.6 % was
cropland and about 7.1 % was forested (Figure 4e).

Subsidence

Stratigraphy of the bog

Figure 5 illustrates the stratigraphy of the bog along
the transect depicted in Figure 1. The top 5-15 cm
consists primarily of highly humified peat with
degree of decomposition between H9 and H10 (von
Post 1922), indicating fully decomposed peat (a
detailed description of the von Post peat
decomposition scale is presented in Table A2).
Beneath this are layers of undecomposed (H1-H2)
and very slightly to slightly decomposed (H3-H4)
peat, except at location 2 where the deeper layers are
highly to very highly decomposed (H7—-H8). The top
of the peat generally consists of Sphagnum peat
overlying cottongrass peat on top of a transition layer
of fen peat, gyttja and birch peat. Peat thickness along
the transect ranges from 0.6 to 1.9 m with an average
of 1.2 m. At some locations a gyttja layer up to 0.6 m
thick is present below the peat. At the base of the
organic sediments are layers of fine to medium
grained sand with varying contents of silt and clay.
Location 4 coincides with a ditch.

(@) 1885

(b) 1938

0.7 0.1 0

(e) 1983 detailed

(c) 1943 (d) 1983 5, 36

B Wetland
M Peat extraction

B wWetland
M Peat extraction

M Drained
B Others

447

M Peat extraction B Wetland
M Drained Grassland M Cropland
W Others M Forest [ Others

Figure 4. Evolution of the Store Vildmose peat landscape assessed from 1885 to 1997, based on four legacy
maps (a—d). Land uses are categorised as ‘wetland’, ‘drained’, ‘peat extraction’ and ‘other’. The pie charts
illustrate the percentage area of each land use class. Figure 4e provides a detailed breakdown of the land uses
that comprise the ‘drained’ land use class for the contemporary epoch (1983-1997).
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Elevation-based subsidence and peatland volume
changes

Table 3 presents an estimate of the elevation of the
underlying marine layer, the actual PT for 1880 and
2010, the mean subsidence, the SR, and the changes
in peat volume for the historical period of interest.
The estimated elevation of the underlying marine
layer ranged from 2.3 to 9.6 m. As expected, the
actual PT in 1880 was larger than in 2010. For 1880,
the PT ranged from 0 to 5.8 m while the PT in 2010
ranged from O to 2.1 m. Excluding the area with
commercial peat extraction, a mean subsidence of

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

1.6 m was estimated, with a SR of 1.8 cm y* for the
90-year period (1920-2010) following drainage of
the bog. Substantial changes in peat volume occurred
over the 130-year period of interest (1880-2010). As
much as approximately 117 million m® of peat may
have been lost whilst only 114 thousand m® of peat
was gained by peat accumulation. In contemporary
times, areas where peat accumulation occurs
correspond with permanently wet nature and forest
LUs (Figure A4). Additionally, an RMSE of 0.45 m
was found when comparing actual PT measurements
from 2022 with those projected from 2010 to 2022.
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Figure 5. Stratigraphic transect in a contemporary agricultural area of the bog. Ten locations along the transect
are illustrated. The arrow at the bottom runs from the beginning (top / northern end) to the (southern) end of
the transect. “H” refers to the degree of peat decomposition according to the von Post scale (von Post 1922).

Table 3. The range in surface elevation of the marine layer, the calculated peat thickness (PT), the mean
subsidence and subsidence rate, and the changes in peat volume. MSE = marine surface elevation.

Surface elevation Subsidence Peat volume changes
Period
MSE (m) | PT(m) | Mean(m) Rate (cm y™) Net loss (m?) Net gain (m®)
1880 0-5.8
5010 2.3-9.6 021 1.6 1.8 116,711,981 113,959
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Figure 6 shows the total subsidence map for the
study area. It must be noted that this PT differential
map does not discriminate between true peat
subsidence due to drainage and peat extraction or
erosion. Nonetheless, for the historical period of
interest, almost all of the area had subsided to some
extent (brown shades) and only a few areas indicated
peat accumulation (green). Considerable subsidence
was observed mostly from the southern half of the
study area. In contemporary times, subsiding areas
generally coincide with intensively cropped fields
and grasslands; while areas showing the largest
magnitude of subsidence (deepest shades of brown)
correspond to intensive agriculture with temporary
crops, wet natural areas, grasslands and peat
extraction LUSs.

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Physical and oxidative subsidence estimates

Table 4 shows estimates of the TS, PS and OS based
on the number of years since drainage began. An
inverse relationship was observed between
subsidence and the time since drainage; thus, the
longer period over which the duration since drainage
was considered, the lower was the estimated SR and
vice-versa. Between the shortest and longest periods
post-drainage, estimated rates of TS ranged from 2.5
to 1.6 cm y'. For PS, the 90-year period post-
drainage resulted in the lowest estimated rate of
subsidence (0.7 cm y) while the 63-year and 23-year
periods showed higher rates (0.9 and 1.4 cm y?,
respectively). The highest SR of 1.6 cm y*! was
obtained for the shortest post-drainage period
(18 years). The contributions of PS to TS were
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Figure 6. Total peat subsidence map, calculated as the difference in estimated peat thickness between 1880
and 2010. The brown shades indicate subsided areas while green indicates areas of peat growth.
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approximately 64 %, 61%, 51% and 42 %,
respectively, from the shortest to the longest post-
drainage period. The same general trend of
decreasing SR with increasing time post-drainage
was found for OS. This corresponded to OS rates of
0.9-0.8 cm y! from the shortest (18 years) to the
longest (90 years) post-drainage period. In contrast to
PS, an increasing trend in the relative contributions
of OS and TS was observed with increasing time
since drainage. This corresponded to OS values of
approximately 36 %, 39 %, 49 % and 53 % for the
18, 23, 63 and 90-year periods, respectively.
Nevertheless, the rates of OS were lower than the
rates of PS, except for the 90-year period.

Change in the C- stock and CO; emissions

Table 5 shows the two scenarios of estimated C-stock
changes in the bog from 1880 to 2010. Both C-stock
estimations resulted in substantial C losses. The first

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

scenario, based on literature values of BD and TOC
contents, resulted in a C-stock reduction from
975tha! to 509 t ha' for the historical and
contemporary periods, respectively. This represents a
48 % decline in C-stock, lost at an annual rate of
about 5t haly?, and corresponds to CO, emissions
of 19 t ha! y'. The second scenario, based on
measured BD and TOC contents from surface and
deeper peat layers, resulted in a C-stock decline from
753 t ha' to 212 t ha?' for the historical and
contemporary periods, respectively. This reflects an
annual C-stock loss rate of 6 t ha'! y! and
corresponding CO- emissions of 22 t ha y*. While
both scenarios show comparable C-stock losses, the
first scenario tends to overestimate both the historical
and contemporary C-stocks, resulting in a slightly
lower estimated change in C-stock and CO;
emissions compared to the second scenario, which
uses more representative input data.

Table 4. Estimates of the total, physical and oxidative subsidence using empirical equations from the literature
under four scenarios for the time since drainage began in the study area. In the last two columns, values in
parentheses represent the estimated percentage physical and oxidative subsidence.

Period of legacy | Years after Total subsidence Physical subsidence | Oxidative subsidence

topographic map drainage (TS) rate (cm y?) (PS) rate (cm y?) (OS) rate (cm y™t)
1920-1938 18 251 1.60 (63.5 %) 0.92 (36.5 %)
1920-1943 23 2.34 1.44 (61.4 %) 0.90 (38.6 %)
1920-1983 63 1.73 0.89 (51.4 %) 0.84 (48.6 %)
1920-2010 90 1.56 0.74 (42.3 %) 0.82 (52.7 %)

Table 5. Estimated carbon (C) stock, annual rate of carbon stock loss and carbon dioxide (CO2) emission in
CO; equivalents, based on comparison of the total peat thicknesses in 1880 and 2010.

A Change in Rate of
C-sto;:geﬁsatrli?atlon Period C(:t Sht;)%( C-stock C-stock change (tigieql)

(t hal) (t haly?) y
1880 975

Scenario 1 466 5.2 19.0
2010 509
1880 753

Scenario 2 541 6.0 22.1
2010 212
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DISCUSSION

Anthropogenic disturbances in the bog

Between 1880 and 2010, the once pristine Store
Vildmose raised bog underwent considerable
changes. Based on the assessment of legacy
topographic maps, it is evident that the
transformation of the bog landscape was largely
driven by human activities. In particular, the rapid
evolution of drainage in the early 20" century led to
severe degradation of the bog. According to Greve et
al. (2021), conversion of the former wetland to an
agricultural site dealt a “death blow” to the bog. This
was a consequence of the State’s purchase of part of
the bog in 1920, mostly for cattle and crop farming.
Agricultural use of the site involved not only
drainage but also tilling, fencing and fertilising, all of
which contributed to the degradation of the bog
(VHM 2006). In addition to farming, both domestic
and commercial peat extraction activities
exacerbated the degradation of the bog. The high
percentage increase in extracted area over the study
period is largely due to the advent of commercial peat
extraction in the bog.

The present study demonstrates that large areas of
an initially pristine or almost pristine peatland have
succumbed to degradation due to human activities.
Such long-term anthropogenic disturbances are
indicative of specific past land management practices
which are likely to have contributed to the subsidence
of peat, and thus provide insights about management
activities that need to be revised towards more
sustainable use of the peatland. It is evident from
Figure 4e that agricultural expansion and
intensification in the bog exerted a large influence on
its widespread transformation to the contemporary
situation in which 70 % of its area serves as pastures
and farmlands. Such LU changes contributed to the
subsidence of peat in the bog. Reports of the human
contribution to peatland subsidence and other adverse
environmental consequencs are documented in the
literature. For example, Pierik et al. (2018) reported
that human-induced landscape transformations
increase risks of flooding due to tidal ingressions and
avulsions. Furthermore, Sumarga et al. (2016)
forecasted that oil palm plantations in Indonesia will
be subjected to regular flooding due to subsidence.
Other adverse repercussions of poor human
management of peatland areas include exacerbated
peat drying, severe biodiversity loss and increased
GHG emissions (Swindles et al. 2019, Grzybowski
& Glinska-Lewczuk 2020, Taufik et al. 2020). Thus,
subsidence is generally a result of human behaviour
in exploiting peatland for both economic and non-
economic reasons (Saputra 2019).

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Subsidence and peat volume loss

Almost the entire bog had undergone subsidence over
the historical timescale considered, with minimal
areas showing peat accumulation (Figure 6). We
emphasise that the spatial distribution of subsidence
based on elevation changes observed in this study
represents the combined effects of both drainage and
peat extraction. Generally, up to 5 m of surface
subsidence and only about 0.5m of peat
accumulation had occurred. Peat subsidence and
accumulation areas represent 98.5 and 1.5 % of the
total land area, respectively. Dominant patterns of
subsidence observed in the central-eastern and
southern parts of the bog generally coincide with
intensive and extensive agriculture, as well as with
contemporary peat extraction sites. However, the
large degree of land surface lowering in peat
extraction areas results from peat mining and not
subsidence. Similarly, Erkens et al. (2016) noted that
the greatest land surface lowering over millennia in
Dutch peatlands occurred on peat extraction sites.
The SR (1.8 cm y?) estimated in this study is
comparable with rates reported from other temperate
and boreal peatland areas. For instance, Leifeld et al.
(2011) reported a SR of 0.8-1.6 cm y for drained
Swiss fens over a 140-year period; Pronger et al.
(2014) reported a SR of 2.6 cm y* for former bogs in
New Zealand over an 80-year period; and Grgnlund
et al. (2008) reported a SR of 2.5 cm y for cultivated
Norwegian peat soils. For fens in the United
Kingdom, Richardson & Smith (1977) and Dawson
et al. (2010) reported SRs of 1.37 cm ytand 1.48 cm
y1, respectively, for 30-year and 13-year periods.
Franzén (2006) reported a SR of 0.4cm y* for
Swedish bogs over a 35-year period and lkkala et al.
(2021) reported SRs ranging from 0.94 cm y* to 5.15
cm y! for a Finnish peatland over a 24-51-year
historical period.

Pedersen (1978) determined from PT and
levelling measurements that the central farm area
within the present study site subsided at a rate of
5 cm yt from 1930 to 1974, with PT decreasing from
a maximum of 3.8m to 1.6 m. An annual peat
oxidation rate of 1 cm y* was reported for the same
site. Thus, more than twice the estimated SR for the
near-centennial timescale of this study was reported
for the shorter historical timescale. This is due to the
rapid initial subsidence that occurs following
drainage, which gradually slows over time
(Armentano 1980, Hooijer et al. 2012, Erkens et al.
2016, Liu et al. 2020, Ikkala et al. 2021). The
disparity in SR between the shorter and longer
historical periods post-drainage may be due to the
initial increase in ditch depth during the former,
which facilitates the expulsion of substantial volumes
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of water from the peatland, leading to rapid
subsidence through structural collapse (Hokka et al.
2020). Evidently, this phenomenon of rapid
subsidence of peatlands post-drainage is largely due
to the control exerted by PS processes such as peat
shrinkage, compaction and consolidation (Oleszczuk
et al. 2022). For instance, a general trend of
increasing BD starting below the humified peat
topsoil and continuing with increasing depth was
observed along the transect in Figure 1 (results not
shown). This suggests that the peat has continued to
settle for many years after drainage and that the
deeper layers have been compressed and
consolidated by the weight of the overlying material
(Hooijer et al. 2012). Additionally, higher BD was
observed in the humified topsoil, suggesting
compaction of the surface peat (O’Kelly & Pichan
2013). Given that large areas of the bog are now
farmland (Figure 4e), in addition to natural settling of
the topsoil, human activities such as tillage and
livestock grazing may well have contributed to this
compaction.

The empirically estimated TS rate of 1.6 cm y*!
for the 90-year period aligns closely with the
calculated TS rate of 1.8 cm y? based on elevation
datasets, resulting in a relative error of 11.1 %.
Although the empirically estimated TS rates are
conservative and underestimate the true rate of TS,
the approach offers a valuable perspective. The
modest discrepancy between the TS estimates may be
attributed to the empirical method which focused
primarily on drainage duration. In comparison, the
elevation-based method provides a more nuanced
assessment by incorporating PT data which are
influenced by drainage and are specific to the study
area. Nevertheless, the 2010 PT measurements have
an uncertainty of 0.45 m. While this uncertainty
propagates into the elevation-based TS rate, the
consistent correlation of different LUs with either
subsidence or peat accumulation (Figures 4 and 6)
suggests that the method effectively captures real
trends in subsidence despite potential uncertainties in
individual measurements. Moreover, assuming stable
climate and groundwater levels, the results indicate
that the rates of both PS and OS were highest close to
the start of drainage but decreased with time.
Between the 18-year and 90-year post-drainage
periods, PS rates decreased by 0.9 cm y* (from 1.6 to
0.7 cm y1) and OS rates by 0.1 cm y* (from 0.9 to
0.8 cm y1), representing reductions of approximately
54 % and 11 %, respectively. These results align with
those of Sohlenius et al. (2013) who stated that, in
drained bogs, PS rates due to compaction are initially
fast but decrease over time. This reduction in PS rates
may lead to OS becoming more dominant; however,
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the latter also declines as the easily oxidisable
materials are depleted. The present results indicate
that, while subsidence due to physical processes
declines significantly over time, peat oxidation
remains a slow process that requires considerable
time to become the dominant contributor to TS
(Hooijer et al. 2012, Erkens et al. 2016).
Additionally, the estimated OS rates in this study
(0.8-0.9 cm y1) are comparable to the rate (1 cm y?)
reported for the study area by Pedersen (1978). For
drained cultivated peatlands the rate of peatland
oxidation is influenced by peat type, ditch depth, crop
type and climate (Sohlenius et al. 2013). However,
these factors are outside the focus of the present study
due to the scarcity of data for historical times. The
present study presents a snapshot of two major phases
of  subsidence.  Nevertheless, since the
aforementioned factors contribute to either PS, OS,
or both, it is likely that the subsidence estimates for
the phases investigated also reflect these.

Substantial volumes of peat have been lost from
the bog over the 130-year period considered
(Table 3). Major drivers of this reduction are
drainage for agricultural cultivation and peat
extraction. In addition to historical peat extraction by
farmers for fuel, commercial peat extraction has
contributed significantly to the total volume lost in
contemporary times. According to Pedersen et al.
(2013), part of Store Vildmose was acquired by a
horticultural peat company in 1966 (Pedersen & Lges
2022). Over time, the company has acquired
permissions to extract peat in more areas and has
consequently  expanded its  operations. In
contemporary times it is expected that about
130,000 m® of peat can be extracted per year
(https://trap.lex.dk/Store_Vildmose).  Considering
the slow natural rate of peat formation of 1 mm y*
(Parish et al. 2008), the high peat volume loss
estimated in this study may not be recovered in
millennia. Erkens et al. (2016) stated that it is vital to
differentiate between peat volume losses due to
drainage and peat extraction when estimating CO-
emissions. Over the 44-year period since commercial
peat extraction for horticulture began in Store
Vildmose, and considering the expected annual
extraction volume, up to 5.7 million m*® of peat
volume will be lost. This compares well with the 5.8
million m® estimate of peat volume loss based on
elevation differences for an existing commercial peat
extraction site located in the south-eastern part of the
study area (Figure 1). However, at present it is
difficult to clearly differentiate the contributions of
drainage and extraction to the total peat volume loss
due to the lack of high spatiotemporal resolution LU
data. Although the historical topographic maps
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provide a shapshot of various LUCs in time,
assessment of the four maps did not allow detailed
detection of LUCs for peat extraction areas at finer
spatiotemporal resolution. It is possible that previous
extraction areas were mapped as other LU classes at
the time of the surveys. Nevertheless, Erkens et al.
(2016) reported that, over long historical periods for
which data are scarce, it may be assumed that the peat
volume lost by extraction contributes to the oxidative
subsidence phase since extracted peat is eventually
oxidised.

Carbon stock changes and CO; emissions
In estimating the CO. emissions based on the amount
of C lost, consideration should be given only to the
OS phase since PS does not result in C loss (Anshari
et al. 2021, Oleszczuk et al. 2022). However, since
the rates of OS in this study were obtained from
empirical equations, we anticipate that estimating the
C loss from these values would result in additional
uncertainties. Therefore, the C loss and emissions
were estimated based on changes in C-stock. We
assumed that the difference in C-stock for the period
of interest represents the C that has been mineralised.
Between 1880 and 2010, 466 t ha! of C was lost at a
rate of 5.2 t haly?, which translates to CO, emissions
of 19 t ha'y . For the same study areas, Pedersen
(1978) reported a C mineralisation rate of 4 t haly*
for a 44-year historical period. We highlight that
estimating the C-stock using fixed BD and TC values
asinscenario 1 (Table 5) is a simplistic approach that
affects the estimates obtained. The literature offers
varying results on the trends (either increasing or
constant) in BD and TC content with depth for
northern bogs under anthropogenic management
(Anderson 2002, Koehler et al. 2011, Lewis et al.
2012, Kruger et al. 2015). However, along the
transect in Figure 1 the BD measurements throughout
the peat profile show less magnitude of variation,
which further supports the present approach. An
attempt was made to obtain depth-specific C-stock
estimates for the 2010 epoch based on sparse
measurements available for the top 120 cm of the peat
profile. C-stock estimates from this dataset showed
strong sensitivity to the variations in the BD and TOC
data and resulted in large fluctuations in our estimates
(results not shown). Using fixed values for C-stock
estimates is a simple and consistent approach that
avoids fluctuations arising from small changes in the
depth-specific data, which are limited and not
representative of the entire peatland. In any case, the
C-stock loss and CO, emissions estimations for
scenario 2 (Table 5) were less conservative and are
regarded as the primary results.

Although there was no possibility in the present
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study to assess associated uncertainties in the
estimated emissions, our primary emission estimate
(22 thaly!in CO; equivalents) is comparable to the
national emission factor (EF) of 24 t ha'y? in CO,
equivalents for drained and cultivated C-rich Danish
peatland, as reported to the Inter-governmental Panel
on Climate Change (IPCC). However, the national
EF reported to the IPCC is based on measurements of
eight annual GHG fluxes, collected biweekly and
from various agriculturally managed sites (Elsgaard
et al. 2012, Thers et al. 2023). Additionally, the
highly humified topsoil peat (Figure 5) may be
vulnerable to erosion, especially in unvegetated areas
(e.g. croplands tilled for planting) and periods of
inclement weather (e.g. winter). This may result in
another (erosional) pathway for C loss, aside from
direct mineralisation of peat, which may affect C
storage, emissions and water quality (Evans &
Warburton 2010). Given that the EF estimated in the
present study covers a diverse peatland in terms of
land use and integrates changes in the peatland over
a longer period, the present estimate provides a
snapshot of the emissions from a peat landscape that
has been heavily altered historically due to human
activities. Similar EFs may be anticipated from other
Danish peatlands which have been subjected to
similar management practices in the past. Thus, there
is a need for restoration measures to mitigate the
negative effects of past human activities in the bog.

Limitations and future perspective

This study presents a primary approach to
retrospectively assess the contribution of humans to
the degradation of a major raised bog. Substantial
peat volume reductions and C losses were estimated
at a centennial timescale. Although these estimates
provide a snapshot of the magnitude and rate of
degradation of the bog, the lack of detailed soil
property data makes any more refined estimation of
subsidence and C-stock changes for historical periods
challenging. In the context of peatland restoration,
the use of methods that allow for the monitoring of
subsidence and the acquisition of peat soil property
data at finer spatial and temporal resolution are
encouraged. For instance, the use of INSAR could be
a valuable approach to upscale the monitoring of
subsidence across all Danish peatland areas to enable
timely identification of areas that are undergoing the
most degradation (and thus require urgent attention)
in contemporary times. This would allow the
development of targeted management interventions
to reduce or halt the negative effects of subsidence.
Furthermore, proximal soil sensing methods may
offer the possibility to map peatland soil properties in
a rapid, accurate and cost-effective manner (Koganti
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et al. 2023, Minasny et al. 2023). Depending on their
management, the condition of peatlands may change
over time. However, soil sensing techniques would
enable rapid monitoring of relevant peat soil
properties, and especially of spatiotemporal changes
in C-stock. Therefore, future work should include the
monitoring of subsidence and peat soil properties
using soil sensing techniques.

ACKNOWLEDGEMENTS

The research was funded by Innovation Fund
Denmark project ReDoCO; (https://redoco2.net/)
with grant number 0177-00086A. We are grateful to
Mette Baslev Greve for guidance and interpretation
of the signatures on the legacy maps and to Rene
Larsen for his help with the historical maps. We
extend our gratitude to the two anonymous reviewers
for their valuable suggestions which helped to
enhance the quality of this article.

AUTHOR CONTRIBUTIONS

Conceptualisation: DVA, TK, AB, MHG;
methodology: DVA, MHG; investigation, formal
analysis and visualisation: DVA, IFN, CCH, RJP,
DHZ; data curation. MHG, DVA; writing
(preparation of original draft): DVA; writing (review
and editing): DVA, TK, AB, MHG, IFN, CCH, RJP,
DZ; supervision: MHG; funding acquisition: AB,
MHG.

REFERENCES

Adesiji, A., Mohammed, T., Daud, N.N., Saari, M.,
Gbadebo, A., Jacdonmi, 1. (2015) Impacts of land
use change on peatland degradation: a review.
Ethiopian Journal of Environmental Studies and
Management, 8(2), 225-234.

Andersen, R., Farrell, C., Graf, M., Muller, F.,
Calvar, E., Frankard, P., Caporn, S., Anderson, P.
(2017) An overview of the progress and
challenges of peatland restoration in Western
Europe. Restoration Ecology, 25(2), 271-282.

Anderson, D.E. (2002) Carbon accumulation and
C/N ratios of peat bogs in North-West Scotland.
Scottish Geographical Journal, 118(4), 323-341.

Andriesse, J. (1988) Nature and Management of
Tropical Peat Soils. FAO Soils Bulletin 59, Food
and Agriculture Organisation of the United
Nations (FAQ), Rome, 165 pp.

Anshari, G.Z., Gusmayanti, E., Novita, N. (2021)

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

The use of subsidence to estimate carbon loss
from deforested and drained tropical peatlands in
Indonesia. Forests, 12(6), 732, 19 pp.

Armentano, T.V. (1980) Drainage of organic soils as
a factor in the world carbon cycle. Bioscience,
30(12), 825-830.

Bechtold, M., Dettmann, U., Wo6hl, L., Durner, W.,
Piayda, A., Tiemeyer, B. (2018) Comparing
methods for measuring water retention of peat
near permanent wilting point. Soil Science Society
of America Journal, 82(3), 601-605.

Boehm, H.-D.V., Liesenberg, V., Limin, S.H. (2013)
Multi-temporal airborne LiDAR-survey and field
measurements of tropical peat swamp forest to
monitor changes. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote
Sensing, 6(3), 1524-1530.

Conroy, P., Van Diepen, S.A., Van Leijen, F.J.,
Hanssen, R.F. (2022) Hybrid INSAR processing
for rapidly deforming peatlands aided by
contextual information. In: IGARSS 2022 - 2022
IEEE International Geoscience and Remote
Sensing Symposium, Kuala Lumpur, 20-23. doi:
10.1109/IGARSS46834.2022.9883542

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

Elsgaard, L., Gorres, C.-M., Hoffmann, C.C,,
Blicher-Mathiesen, G., Schelde, K., Petersen,
S.0. (2012) Net ecosystem exchange of CO- and
carbon balance for eight temperate organic soils
under agricultural management. Agriculture,
Ecosystems & Environment, 162, 52-67.

Erkens, G., Van der Meulen, M.J., Middelkoop, H.
(2016) Double trouble: subsidence and CO;
respiration due to 1,000 years of Dutch coastal
peatlands cultivation. Hydrogeology Journal,
24(3), 551-568.

Erwin, K.L. (2009) Wetlands and global climate
change: the role of wetland restoration in a
changing world. Wetlands Ecology and
Management, 17(1), 71-84.

Evans, M.G., Warburton, J. (2010) Peatland
geomorphology and carbon cycling. Geography
Compass, 4(10), 1513-1531.

Everett, K.R. (1983) Histosols. In: Wilding, L.P.,
Smeck, N.E., Hall, G.F. (eds.) Pedogenesis and
Soil  Taxonomy: Il. The Soil Orders,
Developments in Soil Science 11B, Elsevier,
Amsterdam, 1-53.

Franzén, L. (2006) Increased decomposition of
subsurface peat in Swedish raised bogs: are
temperate peatlands still net sinks of carbon.

Mires and Peat, Volume 31 (2024), Article 10, 23 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2328103

16



D.V. Adetsu et al.

Mires and Peat, 1, 03, 16 pp.

Gravesen, P., Pedersen, S.S.A., Midtgaard, H.H.
(2011) Studies of Geological Properties and
Conditions for Deep Disposal of Radioactive
Waste, Denmark. Phase 1, Report No. 2.
Geological Survey of Denmark and Greenland,
Danish Ministry of Climate, Energy and Utilities
(GEUS), 72 pp.

Green, S.M., Page, S. (2017) Tropical peatlands:
current plight and the need for responsible
management. Geology Today, 33(5), 174-179.

Greve, M.H., Christensen, O.F., Greve, M.B., Kheir,
R.B. (2014) Change in peat coverage in Danish
cultivated soils during the past 35 years. Soil
Science, 179(5), 250-257.

Greve, M.H., Greve, M.B., Tind, S.L. (2021)
Menneskets pavirkning af Store Vildmose
kvantificeret ved brug af historiske Kkort
(Quantifying the impact of human land use on
Store Vildmose based on historical maps).
Geoforum Perspektiv, 20(38), 217-225 (in
Danish).  https://doi.org/10.5278/0js.perspektiv.
v20i38.6595

Grenlund, A., Hauge, A., Hovde, A., Rasse, D.P.
(2008) Carbon loss estimates from cultivated peat
soils in Norway: a comparison of three methods.
Nutrient Cycling in Agroecosystems, 81, 157-167.

Grzybowski, M., Glinska-Lewczuk, K. (2020) The
principal threats to the peatlands habitats, in the
continental bioregion of Central Europe - A case
study of peatland conservation in Poland. Journal
for Nature Conservation, 53, 125778, 12 pp.

Grzywna, A. (2017) The degree of peatland
subsidence resulting from drainage of land.
Environmental Earth Sciences, 76, 559, 8 pp.

Gunther, A., Barthelmes, A., Huth, V., Joosten, H.,
Jurasinski, G., Koebsch, F., Couwenberg, J. (2020)
Prompt rewetting of drained peatlands reduces
climate warming despite methane emissions.
Nature Communications, 11, 1644, 5 pp.

Han, D., Gao, C., Liu, H., Li, Y., Cong, J., Yu, X,
Wang, G. (2021) Anthropogenic and climatic-
driven peatland degradation during the past 150
years in the Greater Khingan Mountains, NE
China. Land Degradation & Development,
32(17), 4845-4857.

Harpenslager, S.F., van Den Elzen, E., Kox, M.A.,
Smolders, A.J., Ettwig, K.F., Lamers, L.P. (2015)
Rewetting former agricultural peatlands: Topsoil
removal as a prerequisite to avoid strong nutrient
and greenhouse gas emissions. Ecological
Engineering, 84, 159-168.

Hokka, H., Stenberg, L., Laurén, A. (2020) Modelling
depth of drainage ditches in forested peatlands of
Finland. Baltic Forestry, 26(2), 453, 9 pp.

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Holden, J., Chapman, P., Labadz, J. (2004) Artificial
drainage of peatlands: hydrological and
hydrochemical process and wetland restoration.
Progress in Physical Geography, 28(1), 95-123.

Hoogland, T., Van den Akker, J., Brus, D.J.G. (2012)
Modeling the subsidence of peat soils in the Dutch
coastal area. Geoderma, 171-172, 92-97.

Hooijer, A., Page, S., Jauhiainen, J., Lee, W., Lu, X,,
Idris, A., Anshari, G. (2012) Subsidence and
carbon loss in drained tropical peatlands.
Biogeosciences, 9(3), 1053-1071.

Huang, X., Silvennoinen, H., Klgve, B., Regina, K.,
Kandel, T.P., Piayda, A., Karki, S., Lerke, P.E.,
Hoglind, M. (2021) Modelling CO, and CH.
emissions from drained peatlands with grass
cultivation by the BASGRA-BGC model. Science
of the Total Environment, 765, 144385, 16 pp.

Ikkala, L., Ronkanen, A.-K., Utriainen, O., Klgve, B.,
Marttila, H. (2021) Peatland subsidence enhances
cultivated lowland flood risk. Soil & Tillage
Research, 212, 105078, 14 pp.

Joosten, H. (2009) The Global Peatland CO; Picture:
Peatland Status and Drainage Related Emissions
in all Countries of the World. Wetlands
International, Ede, 35 pp.

Joosten, H., Clarke, D. (2002) Wise Use of Mires and
Peatlands: Background and Principles Including
a Framework for Decision-Making. International
Mire Conservation Group and International Peat
Society, Saarijarvi, 304 pp.

Kandel, T.P., Le&rke, P.E., Elsgaard, L. (2018)
Annual emissions of CO;,, CH4 and N2O from a
temperate peat bog: Comparison of an undrained
and four drained sites under permanent grass and
arable crop rotations with cereals and potato.
Agricultural and Forest Meteorology, 256,
470-481.

KMS/GIF (2014) Danmarks Hgjdemodel 2007,
DHM-2007/Overflade (Version 1.1). Product
specification, Kort &  Matrikelstyrelsen,
Copenhagen, 8pp. Online at: https://
dataforsyningen.dk/asset/PDF/produkt_dokumen
tation/dk_dhm-2007_overflade_okt 2014.pdf,
accessed 12 Apr 2024.

Koehler, A.K., Sottocornola, M., Kiely, G. (2011)
How strong is the current carbon sequestration of
an Atlantic blanket bog? Global Change Biology,
17(1), 309-319.

Koganti, T., Adetsu, D.V., Triantafilis, J., Greve, M.
H., Beucher, A.M. (2023) Mapping peat depth
using a portable gamma-ray sensor and terrain
attributes. Geoderma, 439, 116672, 13 pp.

Korsgaard, P. (2006) Kort som kilde: en handbog om
historiske kort og deres anvendelse (Maps as a
Source: A Handbook of Historical Maps and their

Mires and Peat, Volume 31 (2024), Article 10, 23 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2328103

17



D.V. Adetsu et al.

Use). Dansk Historisk Fellesrad Sammens-
lutningen af Lokalarkiver, Copenhagen, 147 pp.
(in Danish).

Kristensen, M.K. (1945) Vildmosearbjedet (Vildmose
Study).  Kongelig Danske  Landhushold-
ningsselskab / Danske Forlag / L.H.S. Forlag,
Copenhagen, 219 pp. (in Danish).

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

Leifeld, J., Menichetti, L. (2018) The
underappreciated potential of peatlands in global
climate change mitigation strategies. Nature
Communications, 9(1), 1071, 7 pp.

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

Levin, G. (2019) BASEMAPO03: Technical
Documentation of the Method for Elaboration of
a Land-use and Landcover Map for
Denmark. Technical Report 159, Danish Centre
for Environment and Energy (DCE), Aarhus
University, Roskilde, 86 pp. Online at: http://
dce2.au.dk/pub/TR159.pdf, accessed 16 Aug 2024.

Lewis, C., Albertson, J., Xu, X., Kiely, G. (2012)
Spatial variability of hydraulic conductivity and
bulk density along a blanket peatland hillslope.
Hydrological Processes, 26(10), 1527-1537.

Liu, H., Price, J., Rezanezhad, F., Lennartz, B. (2020)
Centennial-scale shifts in hydrophysical properties
of peat induced by drainage. Water Resources
Research, 56(10), e2020WR027538, 14 pp.

Ma, L., Zhu, G., Chen, B., Zhang, K., Niu, S., Wang,
J., Ciais, P., Zuo, H. (2022) A globally robust
relationship  between water table decline,
subsidence rate, and carbon release from peatlands.
Communications Earth & Environment, 3(1),
254, 14 pp.

Minasny, B., Adetsu, D.V., Aitkenhead, M., Artz,
R.R.E. and 39 others (2023) Mapping and
monitoring peatland conditions from global to
field scale. Biogeochemistry, 167, 383-425.

Mgller, T. (2005) Statens keb af Store Vildmose i
1921 - en analyse af forlgbet og motiverne til
kabet (The State's Purchase of Store Vildmose in
1921 - aProcess and Motivation Analysis). Student
thesis, Aalborg University, 90 pp. (in Danish).

Nielsen, O.-K., Hjorth Mikkelsen, M., Hoffmann, L.,
Gyldenkarne, S. and 17 others (2012) Denmark's
National Inventory Report 2012: Emission
Inventories 1990-2010 - Submitted under the
United Nations Framework Convention on

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Climate Change and the Kyoto Protocol.
Scientific Report 19, Danish Centre for
Environment and Energy (DCE), Aarhus
University, Roskilde, 1168 pp.

Nielsen, S.T., Clemmensen, L.B., Andreasen, F.
(1995) The middle and late Holocene barrier spit
system at Vejers, Denmark: structure and
development. Bulletin of the Geological Society of
Denmark, 42(1), 105-119.

O’Kelly, B.C., Pichan, S.P. (2013) Effects of
decomposition on the compressibility of fibrous
peat - A review. Geomechanics and
Geoengineering, 8(4), 286-296.

Oleszczuk, R., Zajac, E., Urbanski, J. (2020)
Verification of empirical equations describing
subsidence rate of peatland in Central Poland.
Wetlands Ecology and Management, 28, 495-507.

Oleszczuk, R., Lachacz, A., Kalisz, B. (2022)
Measurements versus estimates of soil subsidence
and mineralization rates at peatland over 50 years
(1966-2016). Sustainability, 14(24), 16459, 19 pp.

Page, S.E., Baird, A. (2016) Peatlands and global
change: response and resilience. Annual Review of
Environment and Resources, 41, 35-57.

Parish, F., Sirin, A., Charman, D., Joosten, H.,
Minayeva, T., Silvius, M., Stringer, L. (eds.)
(2008) Assessment on Peatlands, Biodiversity and
Climate Change: Main Report. Global
Environment Centre, Kuala Lumpur and
Wetlands International, Wageningen, 179 pp.

Pedersen, E.F. (1978) Tarvelagets sammensynkning
og mineralisering i Store Vildmose (Compression
and mineralisation of the peat layer in The Great
Bog (Store Vildmose), N. Jutland, Denmark) [part
of Statens Planteavlisforsgg 1425]. Tidsskrift for
Planteavl, 82(4), 509-520 (in Danish).

Pedersen, S.F., Lges, A.-K. (2022) Phasing Out Peat
in Growing Media - Results from Scandinavian
Studies. NORS@K Report 7(1), Norwegian
Centre for Organic Agriculture (NORS@K),
Tingvoll, 33 pp.

Pedersen, K., Strandskov, J., Sgrensen, P. (2013)
Pindstrup Mosebrug i hundrede ar. En studie i
forretningsudvikling (Pindstrup Mosebrug for a
hundred years. A study in business development).
Historisk Tidsskrift, 111(1), 74-120 (in Danish).

Pierik, H.J., Stouthamer, E., Schuring, T., Cohen,
K.M. (2018) Human-caused avulsion in the
Rhine-Meuse delta before historic embankment
(The Netherlands). Geology, 46(11), 935-938.

Pronger, J., Schipper, L.A., Hill, R.B., Campbell,
D.l., McLeod, M. (2014) Subsidence rates of
drained agricultural peatlands in New Zealand and
the relationship with time since drainage. Journal
of Environmental Quality, 43(4), 1442-1449.

Mires and Peat, Volume 31 (2024), Article 10, 23 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2328103

18



D.V. Adetsu et al.

Regina, K., Budiman, A., Greve, M.H., Grgnlund, A.,
Kasimir, A., Lehtonen, H., Petersen, S.0., Smith,
P., Wosten, H. (2016) GHG mitigation of
agricultural peatlands requires coherent policies.
Climate Policy, 16(4), 522-541.

Richardson, S., Smith, J. (1977) Peat wastage in the
East Anglian fens. Journal of Soil Science, 28(3),
485-4809.

Saputra, E. (2019) Beyond fires and deforestation:
Tackling land subsidence in peatland areas, a case
study from Riau, Indonesia. Land, 8, 76, 24 pp.

Schumann, M., Joosten, H. (2008) Global Peatland
Restoration Manual. Version April 18, 2008,
Institute of Botany and Landscape Ecology,
Greifswald University, Germany, 64 pp.

Sohlenius, G., Schoning, K., Baumgartner, A. (2013)
Development, Carbon Balance and Agricultural
Use of Peatlands: Overview and Examples from
Uppland Sweden. Technical Report TR-13-20,
Svensk Kérnbranslehantering AB  (Swedish
Nuclear Fuel and Waste Management Company),
Stockholm, 81 pp.

Sumarga, E., Hein, L., Hooijer, A., Vernimmen, R.
(2016) Hydrological and economic effects of oil
palm cultivation in Indonesian peatlands. Ecology
and Society, 21(2), 52, 19 pp.

Swindles, G.T., Morris, P.J., Mullan, D.J., Payne, R.J.,
Roland, T.P., Amesbury, M.J., Lamentowicz, M.,
Turner, T.E., Gallego-Sala, A., Sim, T. (2019)
Widespread drying of European peatlands in
recent centuries. Nature Geoscience, 12(11),
922-928.

Taufik, M., Minasny, B., McBratney, A.B., Van
Dam, J.C., Jones, P.D., Van Lanen, H.A.J. (2020)
Human-induced changes in Indonesian peatlands
increase  drought severity.  Environmental
Research Letters, 15(8), 084013, 10 pp.

Thers, H., Knudsen, M.T., Learke, P.E. (2023)
Comparison of GHG emissions from annual crops
in rotation on drained temperate agricultural
peatland with production of reed canary grass in
paludiculture using an LCA approach. Heliyon,
9(6), 17320, 12 pp.

Thggersen, F. (1942) Danmarks Moser. Beretning
om Hedeselskabets systematiske Eng- og
Moseundersggelser (Denmark's Moss. Report on
the Heath Association's Systematic Meadow and
Bog Surveys). Hedeselskabet, Viborg, 170 pp. (in
Danish).

LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Umarhadi, D.A., Widyatmanti, W., Kumar, P.,
Yunus, A.P., Khedher, K.M., Kharrazi, A., Avtar,
R. (2022) Tropical peat subsidence rates are
related to decadal LULC changes: Insights from
INSAR analysis. Science of the Total
Environment, 816, 151561, 16 pp.

Van Asselen, S., Stouthamer, E., Van Asch, Th.W.J.
(2009) Effects of peat compaction on delta
evolution: a review on processes, responses,
measuring and modeling. Earth-Science Reviews,
92(1-2), 35-51.

van Asselen, S., Erkens, G., Stouthamer, E.,
Woolderink, H.A., Geeraert, R.E., Hefting, M.M.
(2018) The relative contribution of peat
compaction and oxidation to subsidence in built-
up areas in the Rhine-Meuse delta, The
Netherlands. Science of the Total Environment,
636, 177-191.

van Asselen, S., Erkens, G., de Graaf, F. (2020)
Monitoring shallow subsidence in cultivated
peatlands. Proceedings of the International
Association of Hydrological Sciences, 382,
189-194.

Verhoeven, JT. (2014) Wetlands in Europe:
perspectives for restoration of a lost paradise.
Ecological Engineering, 66, 6-9.

VHM (2006) Store Vildmose. Kulturmiljg nr. 37
(Cultural Environment No. 37), Vendsyssel
Historical Museum (VHM), Hjarring, 35 pp. (in
Danish). Online at: https://www.fredninger.dk/
wp-content/uploads/2014/12/Store-Vildmose.pdf,
accessed 15 Mar 2023.

von Post, L. (1922) Sveriges Geologiska
Undersoknings torvinventering och nagra av dess
hittills vunna resultat (The Swedish Geological
Survey’s peat inventory and some of the results so
far). Svenska Mosskulturforeningens Tidskrift, 37,
1-27 (in Swedish).

Zak, D., Wagner, C., Payer, B., Augustin, J.,
Gelbrecht, J. (2010) Phosphorus mobilization in
rewetted fens: the effect of altered peat properties
and implications for their restoration. Ecological
Applications, 20, 1336-1349.

Zeitz, J., Velty, S.J. (2002) Soil properties of drained
and rewetted fen soils. Journal of Plant Nutrition
and Soil Science, 165(5), 618-626.

Submitted 16 Nov 2023, revision 19 Jun 2024
Editor: Gerald Jurasinski

Author for correspondence: Diana Vigah, Adetsu, Department of Agroecology, Aarhus University, Blichers
Allé 20, 8830 Tjele, Denmark. Tel: +45 52675563; Email: dianavigah.adetsu@agro.au.dk

Mires and Peat, Volume 31 (2024), Article 10, 23 pp., http://www.mires-and-peat.net/, ISSN 1819-754X
International Mire Conservation Group and International Peatland Society, DOI: 10.19189/MaP.2023.0MB.Sc.2328103

19



D.V.Adetsu et al. LONG TERM SOIL SUBSIDENCE AND C LOSSES AT STORE VILDMOSE BOG

Appendix

Description

Deep blue-filled polygons indicate areas
where peat was extracted.
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-h : _ »~ Mixture of grassland and heather vegetation
N Ry . under wet conditions.

Giaa Mixture of grassland and heather vegetation

o i under drained conditions.
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Includes farmhouses and others.

Figure A1. Examples of typical signatures (symbolisations) on a historical (19" century) map from Korsgaard
(2006) the on the left, with explanations of a few of the signatures on the right.

Table Al. Detailed description of digitised map signatures which were classified into specific land use types.

Signature Description Land use

Olsen signature | Indicates presence of heath. Heather, large and small scale, respectively

Indicated by cluster of short, uneven

Grass NS
vertical lines arranged randomly.

Grass, large and small scale, respectively

Blue-filled

Indicate areas where peat has been dug | Peat extraction areas
small polygons

Features showing short dashed | Heather, grasslands, heath and grassland

Wetland - . ;
horizontal lines on maps mixtures
. Absence of short horizontal broken | Heather, grass, heath and grass mixture in
Drained/dry . ;
lines features on the maps drier places
fPIantatlons and Trees drawn in rows These are classified as forests
orests
Moors Mainly constitutes Calluna vulgaris I;r(;caa;ted in few wetland areas and drained
Bog Oligotrophic peat deposit
Others Buildings, water bodies, roads, ditches
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Figure A2. Relationship between subsidence rate and drainage duration derived from a dataset for temperate
bog aeras compiled from literature.
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Figure A3. Relationship between the percentage oxidative subsidence and drainage duration derived from a
dataset for temperate bog aeras compiled from literature.
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Table A2. The von Post peat humification scale, adapted from Andriesse (1988).

Symbol

Description

H1

Completely undecomposed peat which, when squeezed, releases almost clear water.
Plant remains easily identifiable. No amorphous material present.

H2

Almost entirely undecomposed peat which, when squeezed, releases clear or yellowish
water. Plant remains still easily identifiable. No amorphous material present.

H3

Very slightly decomposed peat which, when squeezed, releases muddy brown water but
from which no peat passes between the fingers. Plant remains still identifiable and no
amorphous material present.

H4

Slightly decomposed peat which, when squeezed, releases very muddy brown water. No
peat is passed between the fingers but plant remains are slightly pasty and have lost some
of their identifiable features.

H5

Moderately decomposed peat which, when squeezed, releases very muddy water with a
very small amount of amorphous granular peat escaping between the fingers. The
structure of the plant remains is quite indistinct although it is still possible to recognise
certain features. The residue is very pasty.

H6

Moderately highly decomposed peat with a very indistinct plant structure. When
squeezed, about one-third of the peat escapes between the fingers. The residue is very
pasty but shows the plant structure more distinctly than before squeezing.

H7

Highly decomposed peat. Contains a lot of amorphous material with very faintly
recognisable plant structure. When squeezed, about one-half of the peat escapes between
the fingers. The water, if any is released, is very dark and almost pasty.

H8

Very highly decomposed peat with a large quantity of amorphous material and very
indistinct plant structure. When squeezed, about two-thirds of the peat escapes between
the fingers. A small quantity of pasty water may be released. The plant material
remaining in the hand consists of residues such as roots and fibres that resist
decomposition.

H9

Practically fully decomposed peat in which there is hardly any recognisable plant
structure. When squeezed, it is a fairly uniform paste.

H10

Completely decomposed peat with no discernible plant structure. When squeezed, all the
wet peat escapes between the fingers.
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Land use (2018)
110000 Building
121000 Low built up
121110 Low built up; Building
125000 Industry / business
125110 Industry / business; Building
130000 Recreation area / sports ground
141000 Road, paved
142000 Road, not paved

211000 Agriculture, intensive, temporary crops
212000 Agriculture, intensive, permanent crops

220000 Agriculture, extensive

230000 Agriculture, not classified

311000 Forest

312000 Forest, wet

321000 Nature, dry

322000 Nature, wet

322220 Nature, wet; Agriculture, extensive
411000 Lake

412000 Stream

800000 Unmapped

Study area

ggregated land use and land cover map from 2011

0 2018, clipped to the study extent.

redits: Levin, G. (2019). BASEMAPO3: Technical
ocumentation of the method for elaboration of
land-use and landcover map for Denmark.

Figure A4. Land use and land cover map of the Store Vildmose raised bog, which shows a diversified peatland
mostly dominated by farmland in contemporary times. Map adapted from Levin (2019).
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