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a b s t r a c t

Little is known about the long-term expansion of mire ecosystems, despite their importance in the global
carbon and hydrogeochemical cycles. It has been firmly established that mires do not expand linearly
over time. Despite this, mires are often assumed to have expanded at a constant rate after initiation
simply for lack of a better understanding. There has not yet been a serious attempt to determine the rate
and drivers of mire expansion at the regional, or larger spatial scales. Here we make use of a natural
chronosequence, spanning the Holocene, which is provided by the retreating coastline of Northern
Sweden. By studying an isostatic rebound area we can infer mire expansion dynamics by looking at the
portion of the landscape where mires become progressively scarce as the land becomes younger. Our
results confirms that mires expanded non-linearly across the landscape and that their expansion is
related to the availability of suitably wet areas, which, in our case, depends primarily on the hydro-
edaphic properties of the landscape. Importantly, we found that mires occupied the wettest locations
in the landscape within only one to two thousand years, while it took mires three to four thousand years
to expand into slightly drier areas. Our results imply that the lateral expansion of mires, and thus peat
accumulation is a non-linear process, occurring at different rates depending, above all else, on the
wetness of the landscape.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Mires are ubiquitous across the boreal biome (Rydin et al., 2013)
and help regulate global climate through long-term carbon
sequestration and greenhouse gas exchange. These peat-forming
wetlands are also important for landscape biodiversity (Joosten,
2003) and for regulating hydrological patterns and downstream
water chemistry (Lane et al., 2018; Sponseller et al., 2018). To un-
derstand the role mires have had in regulating past climate and
ecohydrology it is necessary to understand how they have initiated
and spread across the landscape. In this context, the main
requirement for persistence of undisturbed mires is a seasonally
positive water balance, such that the sum of water inputs exceeds
water losses (Ivanov, 1981). Climate, topography, and edaphic
properties together control the water balance of the landscape, and
thus, the potential for peat accumulation and mire growth (Ivanov,
r Ltd. This is an open access article
1981). Indeed, strong climatic influences are manifested in the
global distribution of mires within the temperature-precipitation
space, which shows, for example, that higher temperatures
require more precipitation to sustain significant areas of these
ecosystems (Romanov, 1968; Yu et al., 2009).

Lateral expansion can take place when mire margins are
waterlogged and hencemade accessible for the characteristic semi-
aquatic mire vegetation (Ivanov, 1981; Kulczy�nski, 1949; Rydin
et al., 2013). Under favourable conditions, mire margins can
expand several meters per year (Korhola, 1994; Loisel et al., 2013);
for example, mire lateral growth could previously occur in areas
that are now constrained by sloping ground (Korhola, 1996;
Mathijssen et al., 2016). Despite the clear link between landscape
topographical features and water balance, the most widely used
(e.g. Yu et al., 2010) and recent (e.g. Nichols and Peteet, 2019) es-
timates of regional and global mire carbon stocks often rely on an
assumption that mires expand at a linear rate after their initiation
(Ratcliffe et al., 2021). This could result in substantial biases and
artefacts in carbon budget estimates.

The interaction between climatic, topographic and edaphic
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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controls on mire development has been known for several decades
and is well described in the mid-20th century literature. For
example, on the west coast of Scotland annual precipitation ex-
ceeds 2500 mm, with additional occult precipitation frommist and
fog (Lindsay et al., 1988). In such settings, blanket bogs are common
and peat may be found on slopes as steep as 20% (Gorham, 1957;
Pearsall, 1950). Moving east through Scotland, into the rain shadow
of the coastal mountains, precipitation declines sharply to 650 mm
or less (Lindsay et al., 1988) and peat becomes progressively
confined to ever flatter areas (Gorham, 1957; Pearsall, 1950). Under
such conditions, purely climatic models can accurately predict the
presence or absence of blanket peat within a 2.5 km�2 grid
(Gallego-Sala et al., 2016). In the absence of strong climatic gradi-
ents, topo-edaphic controls (topography or underlying substrate)
become increasingly important for determining whether or not
peat may form (Ivanov, 1981; Kulczy�nski, 1949). For example, with
increasingly dry climatic conditions, lower terrain slopes and/or
increasingly fine-textured and less permeable soils may be required
to sustain a shallow water table to enable peat accumulation
(Ivanov, 1981). Finally, at the driest climatic boundaries, peat for-
mation is highly dependent on landscape position and only
possible on the gentlest slopes and requires extensive lateral water
inputs for initiation to occur (Kulczy�nski, 1949; Quick et al., 2022).

While broad-scale climate gradients are important from a global
perspective, the distribution of mires within a relatively homoge-
nous climatic space is shaped by topographical and edaphic con-
straints. Of these drivers, average slope (Gorham, 1957; Loisel et al.,
2013), the relative proportion between the supporting watershed
and the receiving mire area (Ivanov, 1981; Romanov, 1968), and
hydraulic conductivity of the underlying mineral soil (Gorham,
1957; Kulczy�nski, 1949; Rydin et al., 2013) are all potentially
important factors that control local wetness, plant species
composition, and biogeochemical processes (Moor et al., 2017). It is
precisely these topographic and edaphic constraints that are often
overlooked in models of mire growth (Ratcliffe et al., 2021). This is
despite strong evidence that the factors are of primary importance
for peat initiation and lateral expansion. Understanding the tem-
poral patterns of mire initiation, as well as the contemporary spatial
distribution of mires in any landscape thus requires that we
disentangle the controls of climate and topographical and edaphic
factors, respectively. Conceptually, this goal is well acknowledged
(Graniero and Price, 1999; Korhola, 1996; Weckstr€om et al., 2010),
yet in practice, distinguishing these controls is exceedingly difficult
due to the expense and difficulty of dating peat lateral expansion
across meaningful gradients of climate, soil or topographic
variation.

Stronger predictive insight into mire distribution is particularly
crucial for understanding the broader biogeochemical roles of these
ecosystems. For example, estimates of mire carbon stocks and their
development over time are commonly made with the assumption
that mires have expanded at a constant rate, from a single point up
to their present regional extent (MacDonald et al., 2006; Nichols
and Peteet, 2019; Yu, 2011). This assumption has been criticized
(Ratcliffe et al., 2021), as both circumpolar and local palae-
oecological studies have indicated that peat accumulation and
lateral expansion are dynamic, often reflecting shifts in Holocene
climate (Loisel et al., 2014; Payne et al., 2016; Ruppel et al., 2013;
Weckstr€om et al., 2010). While these previous studies have
emphasized the importance of recognizing non-linear mire lateral
expansion during the Holocene, they have focused on a relatively
small number of sites and hence are unable to separate site-specific
conditions from regional controls. Thus, the relative importance of
climatic, edaphic and topographic controls on peatland expansion
is not known beyond a small handful of individual mires.

In this study, we disentangle the role of topo-edaphic controls
2

for mire establishment and lateral expansion by investigating a c.
5500 km2 region with ongoing land uplift, caused by isostatic
rebound in northern Sweden. In areas with a clear space-for-time
gradient (Walker et al., 2010), chronosequences can be used to
study mire populations, as a complement to palaeoecological
studies based on individual mires (Ecke and Rydin, 2000; Laine
et al., 2021; Tuittila et al., 2013). Assuming that climate condi-
tions are comparable across the region and that the transects
evolved similarly over time, topo-edaphic controls should hold the
key to understand local variations in mire distribution. To explore
this approach, we utilized 10 chronosequences arising from
isostatic rebound to estimate lateral expansion rates during the
Holocene. Specifically, we used estimates of current mire cover and
landscape age across the transects to test the hypotheses that mire
areal increases (i) have been non-linear, and (ii) that they are
associated with mire-available land areas, which are related to
topo-edaphic controls. To test these hypotheses, we used isostatic
displacement curves to assess when mires were established at
different contemporary elevations. We then combined information
on isostatic displacement curves with topo-edaphic landscape
properties to evaluate the relative role of topo-edaphic controls.
Our large-scale approach considers the entire mire population
present in the area and fills an important gap in our overall un-
derstanding and conceptualization of mire development at the
landscape scale.

2. Regional setting

During the last glacial maximum at c. 26 500e20 000 years
before present (BP) (Clark et al., 2009) the entire Fennoscandia
region was covered by the c. 3 km thick Scandinavian Ice Sheet,
which began to retreat c. 10 000 years BP (Stroeven et al., 2016). In
northern Sweden, the rate of isostatic relaxation, or rebound,
slowed down over the course of this deglaciation. The current
isostatic relaxation maximum of the Scandinavian Ice Sheet is
located in the Swedish province of V€asterbotten (c. 62e64� N),
where land is rising at a rate of c. 9 mmyr�1 (Nordman et al., 2020).
As a result, coastal areas of the Bothnian Bay region include chro-
nosequences that span thousands of years within only tens of kil-
ometres from the present coastline. Analogous regions with strong
isostatic relaxation are found in the Hudson Bay lowlands in Can-
ada, and in the White Sea area of Russia (Kutenkov et al., 2018;
Paulson et al., 2007). In the Bothnian Bay region the direction of the
retreat of the ice sheet has resulted in a landscape patterning
characterized by elongated wave-exposed and till covered ridges
interlaid by valleys covered by finer minerogenic deposits, mainly
of silt and clay (Lind�en et al., 2006). The characteristic elongated
landscape features, together with the rapid net shore displacement,
offers favourable conditions for mire initiation. Moving inland
along these chronosequences provides a unique opportunity to
explore how the size, arrangement, and connectivity of mires
change over thousands of years of mire succession.

The chronosequence approach has already been successfully
exploited in other regional mire studies including the Hudson Bay
Lowlands (Packalen et al., 2014), and the coastal region of the
Finnish Bothnian Bay area (Tolonen and Turunen, 1996; Clymo
et al., 1998; Tuittila et al., 2013). The latter is notable, since the
area is relatively close to our study region, and hosts a mire chro-
nosequence of a comparable age range, and a similar spatial
vegetation gradient. An early study on mires in the Finnish Both-
nian Bay area revealed that approximately 60% of all mires initiated
through primary mire formation (Huikari, 1956) following land
uplift. This pattern indicates that the chronosequence approach
should be suitable for addressingmire age at the landscape level for
the majority of mires. Although the detailed contributions of
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primary formation, terrestrialization, and paludification to mire
genesis in the Swedish Bothnian Bay still need to be quantified, all
three processes have shaped present mire patterns (Ruppel et al.,
2013). At the same time, a comparison of mire age estimated
from land-surface age versus age estimated from 14C at three mires
in this region suggests that the two approaches yield similar esti-
mates (Fig. A2). This adds additional confidence for applying the
chronosequence approach also in the western Bothnian Bay area.
Fig. 2. Example from the S€avar chronosequence on the distribution of present mires,
as well as moist mire available areas (blue, SMI >87) and semi-moist mire available
areas (green, SMI >57). Moist areas are mainly found close to contemporary mires,
while the semi-moist areas cover larger areas interlaying present-day mires.
3. Materials and methods

3.1. Study area

The ten investigated mire-chronosequences are located along
the coastal plain of the Gulf of Bothnia (Fig. 1). The chro-
nosequences are oriented perpendicularly to the coastline at
approximately 30 km intervals. The exact positions of the areas
were adjusted to exclude large rivers, as mires that have developed
on floodplains greatly differ from the remaining mire population in
terms of genesis and hydrology (Lane et al., 2018). The maximum
elevation of a chronosequence was selected to cover a landscape
age of around 0e9000 BP. Due to differences in topography and
isostatic relaxation rates, the lengths of the ten chronosequences,
Fig. 1. Chronosequence areas along the Swedish Bothnian Bay coast are marked with
rectangles. Areas below the highest coastline (HCL) are marked in blue while areas
above it are marked in white. Mires, as defined in the Swedish property map (the
Swedish Mapping, Cadastral and Land Registration Authority), are shown in black.
Historical shorelines (© SGU) are based on models developed from empirical shore-
level data and peat datings.
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measured as horizontal distances from the present coastline to the
farthest inland border, varied from 28 to 80 km and maximum el-
evations varied from 130 to 190 m above the present-day sea level
(m.a.s.l.). The ten chronosequences were distributed over c. 350 km
along the northeastern coast of Sweden along the Kvarken and the
Bothnian Bay and cover a total surface area of c. 5500 km2. The
southernmost chronosequence was delineated in the municipality
of Nordmaling (63� N), north of the geomorphologically deviating
High Coast area. The northernmost chronosequence was in
Haparanda (66� N) by the Finnish border. Chronosequences were
delimited as 10 km wide stripes of land. An exception to this is the
intensively studied S€avar chronosequence, which is 24 km wide.

All chronosequences are comparable in their geology and pre-
sent climate (Table A1). Geologically, the dominant parent material
is glacial till, but surface layers of postglacial clay, silt and sand
deposits can be found in all chronosequences. Climatically, the 30-
year average annual temperature for the 1991e2020 period ranges
from 0.8 �C (Luleå inland) to 4.6 �C (Nordmaling coast), July tem-
peratures range from 15.1 �C (Byske inland) to 16.7 �C (Skellefteå
coast) and January temperatures range from�11.9 �C (Luleå inland)
to �4.1 �C (Nordmaling coast). Annual precipitation ranges from
402 mm (Byske coast) to 741 mm (Nordmaling coast). According to
the Swedish Wetland Survey (Gunnarsson and L€ofroth, 2009) all
ten chronosequences are found in the southern aapa mire sub-
region, which is dominated by fens (Gunnarsson et al., 2014;
Gunnarsson and L€ofroth, 2009). The number of individual mire
objects ranges from c. 860 in Nordmaling to c. 3470 in S€avar
(Table A1) and the total number of mapped, individual mires across
all chronosequences is c. 18 500.
3.2. Landscape age zones

To analyze the evolution of mire properties across the ten cho-
sen chronosequences, we subdivided each chronosequence into
nine, one-millennia long, age zones. For this, we combined the
Swedish national high-resolution digital elevation model (DEM)
generated by Lantm€ateriet (the Swedish Mapping, Cadastral and
Land Registration Authority) with local shoreline-displacement
curves modelled by the Geological Survey of Sweden. The
2 � 2 m DEM was derived from a LiDAR point cloud with a point
density of 0.5e1 points m�2, a vertical resolution of 0.3 m and a
horizontal resolution of 0.1 m. The applied shoreline-displacement
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curves are based on empirical data, specifically lake-tilting data,
shore-level curves, tide gauge data and elevations of the highest
coastline (Påsse and Daniels, 2015). Here, we estimated, landscape
age (Tage) from elevation above sea level (z) based on second-order
polynomial shoreline-displacement curves (Equation (1)) with
chronosequence-specific parameters a0, a1 and a2 (Table A.3):

Tage ¼ a0 þ a1zþ a2z
2 Eq.1

The resulting landscape-age maps were further classified and
vectorized into age zones spanning one thousand-year zones be-
tween 0- and 9000-years BP. Spatial analyses and cartography were
performed using SAGA GIS v. 7.9.0 (Conrad et al., 2015) and ArcGIS
(version 10.7.1.).

3.3. Definition of mire and land use classification

Land use data from the property map by the Swedish Mapping,
Cadastral and Land Registration Authority (Lantm€ateriet, 2020) was
used in the study. The smallest reported mire unit was c. 2500 m2.
The property map provides currently themost detailed information
on mire extent and location and also comprises information on
other land use classes. In addition to identifying mire areas, we also
used the property map to classify three more land-use types and to
analyze their proportions within each age zone across all ten
chronosequences. Selected land-use classes consisted of: (1) mires,
(2) agricultural land, (3) surface waters (lakes and large streams)
and (4) upland areas.

Mires in the property map were derived from aerial photos and
comprise both mires isolated from larger streams as well as mires
located on floodplains. Due to the adjustment of the chronose-
quence locations, which typically span the area in-between major
rivers, floodplain mires along large rivers were present only in one
of the chronosequences (S€avar, comprising in total 1.5% of the total
mire area) and visually identified and manually excluded. More-
over, mires, which were artificially split by roads or ditches are
shown as separate objects in the property map, were re-aggregated
into single mire objects in all chronosequences.

In addition to mires, agricultural lands and surface waters were
accounted for separately. Agricultural lands, including cropland and
pasture, were selected as land-use class, since between 6 and 9% of
the present agricultural land in Northern Sweden is located on
former peat soils (Berglund and Berglund, 2010). Surface water
bodies were selected as another important land-use class because
of their twofold (and contrasting) influences on mire expansion.
While on one hand, the presence of large surface water bodies can
limit mire expansion, the presence of small surface bodies can
favour mire formation through terrestrialization (Englund et al.,
2013).

Finally, upland areas were defined as all remaining areas not
covered by mires, water or agricultural land. According to the
Swedish property map the upland areas are predominantly conif-
erous forests, but areas of deciduous forest, settlements, infra-
structure and other open areas such as areas with vegetation height
below 1.5 m, open mines and bedrock outcrops associated with
water, are also found. These upland areas support mires hydro-
logically and are essential for mire formation and persistence and,
given favourable hydrological and topographical conditions, mires
can expand laterally into these areas (Ivanov, 1981; Loisel et al.,
2013). Hence, all land areas except mires, agricultural areas and
surface water were classified as upland areas.

3.4. Soil moisture classification

To account for varying local wetness conditions across the age
4

zones in the ten chronosequences, we used a newly developed
national soil moisture index (SMI; Ågren et al., 2021) as a proxy for
topo-edaphic controls. The index is calculated using a machine-
learning algorithm trained and validated on data from c. 20 000
soil plots distributed across entire Sweden. Terrain attributes at
different scales, such as the topographic wetness index (Beven and
Kirkby, 1979) or depth-to-water (Murphy et al., 2011), soil proper-
ties (e.g., soil depth and quaternary deposit type) as well as runoff
indicators were used as input data (Ågren et al., 2021). Due to its
partial dependence on the latter, the SMI is not purely topo-
edaphic. However, it can be considered primarily topo-edaphic
because topo-edaphic variables contributed most to the SMI
(Ågren et al., 2021).

The SMI ranges from0 to 100 based on the likelihood that a pixel
in the mapped landscape is wet (0 ¼ dry, 100¼wet). We chose two
thresholds to reclassify the moisture index into three classes
(moist, semi-moist, dry), with a focus on their suitability for mire
expansion. The thresholds were defined as the 5th respectively 1st
percentiles of soil moisture index values within present mires in
each chronosequence (sorted from low to high). The 5th percentile
value corresponds, hence, to the SMI value that is matched or
exceeded in 95% of all mire pixels. For each chronosequence, the
two thresholds were calculated and medians across all chro-
nosequences were extracted. The median 5th and 1st percentiles
correspond to moisture index scores of 87 and 57 respectively
(Table 1). Here, we refer to areas with an SMI score above 87 as
being moist and to areas with an SMI score above 57 as being semi-
moist. Consequently, semi-moist areas also include moist areas
were included since these have an SMI score above 57. Based on the
moist and semi-moist thresholds we identified areas with a suffi-
ciently high SMI for mire development, but that are not currently
covered by mires (exemplified in Fig. 2).

Large, wet, homogenous areas can be less accessible for mire
vegetation if they are comprised of open water bodies because
terrestrialization can be slowed or impeded by deep water and
wave action (Kulczy�nski, 1949). Since there is no simple way to
differentiate open surface waters that are suitable for mire colo-
nization from those that are not, we did not consider open surface
water bodies to be mire-available through lateral expansion. Thus,
we excluded all surfacewater from the available areas in the further
analyses.

3.5. Utilization of hydrologically available land areas

Based on the semi-moist and moist land areas cumulative mire-
available areas were calculated starting from the oldest inland age
zone and moving towards the young present coastline. Some age
zones closest to the coastal most areas had to be excluded, as soil
moisture data were not available. Since SMI data were only missing
in the youngest age zones, their exclusion does not affect the cu-
mulative curves in the older parts of the landscape. All calculations,
statistical analyses and data visualization were carried out using R
version 4.0.3 (R Core Team, 2020; Vienna, Austria).

To further study the landscape age effects on mire utilization of
available areas, we performed a series of Kendall's rank correlation
tests to visually evaluate indications for the existence (and tem-
poral persistence) of a relationship between landscape age and the
percentage of mire area per available moist or semi-moist areas. For
this, we successively increased the number of age zones included in
the correlation analysis, starting from the two youngest age zones.

3.6. Normalization of present-day mire area to potentially available
areas

To compare mire lateral expansion across all ten



Table 1
Mire moisture probabilities (%) were calculated from the national soil moisture map (Ågren et al., 2021). Chronosequence specific soil
moisture scores corresponding to the 5th and 1st percentiles are presented for each chronosequence, together with the median, mean and
standard deviation across all chronosequences.

Chronosequence Moist areas (5th percentile) Semi-moist areas (1st percentile)

Haparanda 95 81
Kalix 87 55
Luleå 87 51
Piteå 86 57
Byske 93 73
Skellefteå 87 60
Robertsfors 87 55
S€avar 93 73
H€ornefors 84 57
Nordmaling 84 52

Median 87 57
Mean 88.3 61.4
Std dev 3.7 9.9
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chronosequences (c ¼ 1 … 10), we derived the cumulative mire
area ycj,k relative to the total mire area of each chronosequence. The
cumulative mire area was calculated as the cumulative sum of mire
areas amire,c,i within each age zone starting from the oldest (farthest
inland) age zone (i ¼ 1) and moving towards younger (more
coastal) age zones (i ¼ k) (Eq. (2)).

yc;k ¼
Xk
i¼1

amire;c;i
�X10

i¼1

amire;c;i Eq. 2

While the metric ycj,k (Eq. (2)) has the advantage of being sim-
ple, it does not account for potential bias introduced by differences
in the areal extent of age-zones. The latter can result from variable
isostatic relaxation rates and variable, large-scale slope across the
chronosequences. To compensate for this potential bias, we derived
an adjusted cumulativemire-area percentage by rescaling age-zone
mire area amire,c,i, based on the corresponding age-zone ac,i, and
average age-zone area ac (Eq. (3)).

yarea;c;k ¼
Xk
i¼1

 
amire;c;i ,

ac
ac;i

!,X10
i¼1

 
amire;c;i ,

ac
ac;i

!
Eq. 3

Since not all areas within an age-zone can be considered equally
suitable for mires, we further calculated cumulative mire areas
percentages relative to the occurrence of semi-moist asemi;c;i and
moist areas amoist;c;i , respectively. Similar to before, we rescaled
mire area using the ratio of mean to age-zone-specific suitable
areas (i.e., asemi;c,a�1

semi;c;k and amoist;c,a�1
moist;c;k) and normalized by

total semi-moist (Asemi) and moist areas Amoist (Eq. (4) and 5)
respectively.

ysemi;c;k ¼
Xk
i¼1

 
amire;c;i ,

asemi;c

asemi;c;i

!,X10
i¼1

 
amire;c;i ,

asemi;c

asemi;c;i

!

Eq. 4

ymoist;c;k ¼
Xk
i¼1

 
amire;c;i ,

amoist;c

amoist;c;i

!,X10
i¼1

 
amire;c;i ,

amoist;c

amoist;c;i

!

Eq. 5
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4. Results

4.1. Mire area distribution

Present-day mire coverage and absolute area varied both in
magnitude and spatial distribution over age zones (Fig. 3). The
maximummire coverage of 44%, within any age zone, was found in
Haparanda, the northernmost chronosequence, at c. 4000e5000
years BP. In contrast, Robertsfors had the lowest mire coverage of all
chronosequences, only reaching a maximum mire coverage of 16%.
Yet, there was no apparent latitudinal gradient in total mire
coverage overall. In many of the chronosequences, such as Hapar-
anda, S€avar, Nordmaling and H€ornefors, mire coverage was high in
the landscape age zones representing primary mire initiation dur-
ing the mid-Holocene (c. 5000e3000 years BP). Peaks in mire
coverage, in the Mid-Holocene landscape age zones, in Luleå and
Robertsfors were only modest, while in other areas like Skellefteå
and Kalix the lowest mire coveragewas found in age zones released
during the mid-Holocene. Byske was unique in its almost linear
increase in mire coverage with landscape age.

All of the studied chronosequences contained agricultural land
within the individual age zones, on average 4.3% (SD 5.5%). The
highest proportions of agricultural land were found in the coastal
and central parts of the Robertsfors and H€ornefors chro-
nosequences (25% and 24% respectively). We estimated the po-
tential influence of mire drainage for agricultural purposes in each
chronosequence by comparing the coverage of agricultural lands to
moist and semi-moist land areas in each age zone using the non-
parametric Kendall's rank correlation test (Table A.4). Across all
chronosequences, we found low and non-significant Kendall's Tau
correlation coefficients of Tau < �0.01 for moist areas and Tau
<0.01 for semi-moist areas. Therefore, agricultural drainage did not
introduce systematic bias into our results. Since Robertsfors was
one of the chronosequences with the highest coverage of agricul-
tural land (Fig. A1) and at the same time is likely to be affected by
concomitant mire drainage, the mire expansion patterns in the area
might be more notably diminished due to agricultural activities
compared to the other chronosequences. Open surface waters were
found in all age zones of the studied chronosequences ranging from
0.05 to 27% of the total area within the age zones of each
chronosequence.
4.2. Distribution of contemporary mire area and land areas suitable
for mire establishment

The distribution of current mire area and potentially available



Fig. 3. Cumulative areas of current mires (solid line), as well as moist (dashed line) and semi-moist land areas (dotted line). The plots of the four northmost chronosequences were
grouped, and have identical primary and secondary vertical axes ranges of 0e350 km2 and 0e180 km2, respectively. Correspondingly, the plots of the six southern chronosequences
were grouped, and have primary and secondary vertical axes ranges of 0e150 km2 and 0e80 km2, respectively. An exception is the (wide) S€avar chronosequence with primary and
secondary vertical axes ranges of 0e600 km2 and 0e180 km2, respectively. Stacked bars in the background show the present mire area (brown), available moist areas (blue),
available semi-moist areas (green), and unavailable areas (white.) Age zone areas missing soil moisture index data in the younger age zones are highlighted with an asterisk, and
only mire area and total area information are shown for these age zones.
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areas, i.e. moist and semi-moist areas across the age classes differed
between chronosequences (Fig. 3). Many of the chronosequences
exhibited non-linear changes in the age-class-specific mire pro-
portions around mid-Holocene (4000e5000 years BP). However,
some changes in trends were associated with an increase in the
slope of the cumulative mire area (e.g. H€ornefors and Nordmaling),
while other changes were associated with decreases (e.g. Byske).
The changes in slopes corresponded to changes in age zone areas,
6

as represented by the bars in the background (Fig. 3).
If a specific age zone is larger or smaller as compared to an

adjacent younger age zone, then this will be manifested as differ-
ences in the slope of the accumulated curve of potential or current
mire areas. In order to account for varyingmire areas resulting from
differences in exposed land areas, we use the mire coverages
instead of the absolute mire areas later on in the analysis.



B. Ehnvall, J.L. Ratcliffe, E. Bohlin et al. Quaternary Science Reviews 302 (2023) 107961
4.3. Actual and potential mire coverage across age zones

The proportion of potentially available land areas (moist and
semi-moist areas) currently covered by mires varied considerably
within age classes in the chronosequences (Fig. 4). In all age classes,
potentially available land area exceeded the actual coverage of
contemporary mires. The large variability in the discrepancy be-
tween contemporary mire coverage and potentially mire-available
areas can be seen in the gap between the potential mire area and
the actual mire area. For example, for a 50% mire availability of
semi-moist land areas, the actual mire coverage ranged between c.
5% and c. 30%.

Importantly, both in old (Fig. 4a, red points) and young (Fig. 4a,
blue points) age zones the utilization of available moist land areas
was relatively high, which might indicate that mire expansion to
the wettest part of the landscape occurred within c. 2000 years
(Fig. 4). Lateral expansion into semi-moist parts of the landscape, in
turn, appears to be related to landscape ageing. Older age zones
(Fig. 4b, red points) were found closer to the marked 1:1 line, while
younger age zones (Fig. 4b, blue points) were further apart from the
1:1 line.

Generally, contemporary mires occupied 70e80% of the avail-
able moist land areas throughout the chronosequences (Fig. 5a).
Only in the youngest 0e1000 year BP age zone, mire utilization of
available moist areas was lower than 60%. For semi-moist areas, we
observed a slow, yet continuous, increase in mire utilization of
available areas over the first four age zones (Fig. 5c). These are in-
dications that mire lateral expansion into semi-moist areas may
have slowed down during the mid-Holocene. We found decreasing
Kendall's Tau coefficients for moist areas as we increased the
number of age zones from young to old, and correspondingly, only
the first two correlations (i.e. 0-2000 years BP: p < 0.05 (n ¼ 20)
and 0e3000 years BP: p < 0.1 (n¼ 30); Fig. 5b) were significant. For
semi-moist areas, the Tau correlation coefficient decreased after c.
4000 years (from young to old). For semi-moist areas, only the first
correlation (0e2000 years BP) was significant at p < 0.1 (Fig. 5d).
4.4. Cumulative mire areal increase

There was a considerable variation in the distribution of relative
Fig. 4. Contemporary mire coverage compared to the available land areas across the ten chr
zone age. For interpretation, the 1:1 line is shown, which corresponds to a hypothetical scen
the line demonstrates how large areas are still mire available in the individual age zones. A

7

coverage of contemporary mire area between age classes
throughout the ten studied chronosequences, as illustrated by the
curves on normalized cumulative mire area (Fig. 6a). In the Byske
chronosequence, for example, the mire population was dominated
by old mires and 50% of the mire area were located on areas older
than c. 7500 years BP. In contrast, 50% of the mire area in
Nordmaling were located on areas older than c. 4500 years BP.
None of the chronosequences had a constant expansion rate in
cumulative mire area over age zones, with more pronounced (e.g.,
Robertsfors) or less pronounced (e.g., S€avar) shifts in the cumula-
tive mire area.

However, the cumulative sum of mire area normalized to the
total chronosequence specific land area (Fig. 6a) were strongly
influenced by absolute areal differences between age zones, and
thus, by the total area available for mire growth. After rescaling the
cumulative mire area curves to total area within each age zone
(Equation (3)), the apparent differences between the ten chro-
nosequences decreased markedly (Fig. 6b), but still displayed
substantial differences between chronosequences. Characteristic
trends in lateral expansion remained prominent when mire area
was normalized to the total age zone area (Fig. 6b). For instance,
chronosequences dominated by oldmires (eg. Byske and Skellefteå)
remained so after rescaling to the total age zone area, while chro-
nosequences characterized by younger mires (eg. Nordmaling and
Robertsfors) remained younger after re-scaling. Differences be-
tween age zones further decreased following normalization to
semi-moist and moist areas within each age class (Equations (4)
and (5)). Especially in the latter two cases, the cumulative areal
increase along the S€avar chronosequence was close to constant
(Fig. 6c and d). Apart from S€avar, all chronosequences approached
equilibrium, i.e. close to zero expansion resulting in straight cu-
mulative curves after mire area was normalized to available moist
areas.
5. Discussion

As hypothesized, we found (i) mire lateral expansion was non-
linear with (ii) differing expansion rates associated with differ-
ences in potentially mire-available land areas. Moist locations were
rapidly occupied by mires within c. 2000 years after land exposure
onosequences. Points represent individual age zones and are coloured according to the
ario where all hydrologically available land areas are covered by mires. Deviation from
ge zones with missing wetness data are not included in the figure.



Fig. 5. Mires effectively utilize moist available land areas throughout the chronosequences (a); c. 70e80% of all areas are occupied by mires. Only in the youngest age zone (0e1000
years BP) mire utilization of available areas is lower than 60%. Landscape age effect on mire utilization of available land areas is more prominent in semi-moist areas (c), where an
increased landscape age leads to higher utilization of available areas. The strength of the relationship between landscape age and mire utilization of available areas is represented by
Kendall's Tau correlation coefficients between landscape age and mire utilization of available areas (%) for moist (b) and semi-moist (d) areas respectively. Kendall's rank correlation
test was performed for an increasing number of age zones, starting with two age classes. Significant correlations are indicated as p < 0.05 (**) and p < 0.1 (*).
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from the sea, as we inferred by the difference in mire extent in
these areas across the chronosequences. In contrast, for semi-moist
areas, mire coverage increased at a slower rate, since the utilization
of semi-moist areas stabilized only after c. 4000 years (Fig. 5). In
these areas, the rate of vertical growth and lateral expansion
resulting from it, likely determine how large areas are covered by
mires under the contemporary hydrologic regime. Vertical peat
accumulation is a prerequisite for a rise in the absolute water table,
gradually modifying the wetness of surrounding land, including
through clogging the pores of the soil with particulate matter
originating from the peat itself (Rydin et al., 2013), thus creating the
conditions through which peat can form on mineral soil.

The high proportion (c. 50%) of moist areas covered by mires in
the youngest age zone (0e1000 years BP) followed by an increase to
c. 80% in the second youngest age zone (1000e2000 years BP) point
towards a relatively rapid expansion of peat into suitably moist
areas. We conclude that there is no considerable increase in mire
expansion into moist available areas after c. 2000 years BP (Fig. 5).
Since the total area of moist areas in the youngest age zone was on
average 750 ha, the corresponding mire expansion rate based on
our approach is approximately 0.4 ha yr�1 per chronosequence.
Others have also observed rapid expansion rates of peat for indi-
vidual mires, via paludification, in connection to very flat and wet
terrain. For instance, a mire expansion rate of 0.1 ha yr�1 was re-
ported for a mire in Finland (Korhola, 1994). Linear expansion rates
reported elsewhere range from 3 to 8 m yr�1 (Loisel et al., 2013;
M€aukil€au, 1997; Peregon et al., 2009; Pluchon et al., 2014) with
estimates as high as tens of meters per year anecdotally reported by
Ivanov (1981). Our estimate is also consistent with the potential for
rapid terrestrialization of lakes, which can occur at a similar rate,
for example, 3.9 m lateral ingrowth yr�1 in Northern Sweden
(Sannel and Kuhry, 2011).
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Unlike earlier studies, our data show not only that rapid initia-
tion and spread is possible, but also that rapid expansion into wet
sites has been common during the last millennium, as evidenced by
the consistency across chronosequences (Fig. 5). It is worth noting
that the rapid expansion of mire in response to relatively wet
conditions, does not necessarily favour the rapid colonization of
these areas after deglaciation or, as in our case, emergence from the
sea. Peat formation could lag land availability considerably if sub-
strate conditionswere initially unsuitable (e.g. Gorham et al., 2007),
if the plant dispersion rates or productivity were slow (Sundberg
et al., 2006; Tiselius et al., 2019), or if the climate was historically
dryer (e.g. Morris et al., 2018).

Our data show that mire extent and coverage stabilized after
about 4000 years (Fig. 5). It is, however, important to note that the
chronosequence approach used here cannot say for certain when
mire expansion occurred, only that land suitable for mire coloni-
zation also appears to be occupied bymires to a similar degree after
about 4000 years. This implies that the availability of wet envi-
ronments becomes limiting to mire growth after this time. For
further lateral expansion, an increase in wetness is necessary.
Potentially, this can happen due to climate change, but it is unlikely
to occur due to autogenic processes linked to vertical growth. This
is consistent with earlier case studies from the Nordic region, which
have found mires in Finland and the north of Sweden to be con-
strained by their surrounding topography and to be expanding very
little, or not at all, in the present day (Korhola, 1994; Malmstr€om,
1923; Weckstr€om et al., 2010). Possible exceptions to this are
mid-Holocene mires located on very flat terrain in central Sweden
(Foster et al., 1988; Foster and Jacobson, 1990). Despite the limita-
tions of our approach, the similarity of behaviour across chro-
nosequences (which span a latitudinal gradient of ca 350 km)
suggests that peat expansion in comparable climate conditions is



Fig. 6. Cumulative mire area, normalizations relative to a.) total chronosequence specific land area, b.) specific age zone area, c.) semi-moist areas and d.) moist areas within the age
zones. When equally large mire areas are added for each age class, i.e. no lateral expansion occurs, cumulative mire area results in the marked hypothetical zero expansion line.
Chronosequences above the line experience larger areal increase in older age zones, due to constant lateral expansion rate, but increased mire area over time or because of faster
mire lateral expansion in older age zones. Chronosequences below the hypothetical zero expansion curve, in the grey shaded area, experience faster lateral expansion in young or
intermediate age zones compared to older age zones.
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occurring in the moist locations, similar to patterns reported by
Korhola (1994) for an individual wet and flat mire, but in contrast to
another mire system on permeable and sloping ground where
climate-driven variation inwetness led to changes in the expansion
rate (Korhola, 1996).

It is interesting to note that neither the moist nor the semi-
moist areas can approach 100% occupation by mires, with the
proportion stabilizing at c. 80% and c. 40% respectively. There are
several possible explanations for this observation. While the
moisture index outperforms all other currently available alterna-
tives for estimating soil wetness in Sweden (Ågren et al., 2021)
there are still be some uncertainties in the model drivers, for
instance, regarding soil permeability. In addition, the forest land-
scape of northern Sweden has been drained for forestry since the
late 1800s. It is important to note that ditches have influenced the
soil moisture map by altering surface flow paths, but also that
ditches have influenced the mire area itself. It is not possible to
estimate the extent of influence of forest ditches on the soil mois-
ture index, but they are undoubtedly captured by it. Aside from this,
there is a natural element of bi-stability between the mires and
forest landscapes, with each capable of occupying the same locale
in the landscape andmodifying conditions to suit their own growth
(Ohlson et al., 2001; Ratcliffe et al., 2017; Velde et al., 2021). Mires
in relatively flat areas can modulate their surroundings and change
the landscape hydrology as a part of the paludification process
(Ivanov, 1981; Kulczy�nski, 1949; Rydin et al., 2013). In areas drained
for forestry purposes, the overlap in suitable areas between forests
9

and mires can be even wider compared to pristine areas. An anal-
ogous situation may also exist for agricultural land. There is a sig-
nificant overlap in areas where mires might have existed and areas
that are currently, or have in the past been farmed. Mires could
have been either prevented from forming (e.g. Tipping, 2008), or
else may have been drained for agricultural activities. However,
based on our results, we conclude that the overall effect of mire
drainage for agricultural purposes is small in the study area, but
within the chronosequences, mire drainage for agriculture is more
widespread in Piteå, Robertsfors and Luleå compared to the other
studied chronosequences (Table A4). Furthermore, primary mire
initiation is widely understood to be a different process than pal-
udification (Ruppel et al., 2013), requiring greater inputs of water
from the surrounding upland (Ruppel et al., 2013). Pockets of moist
or semi-moist land that are suitable for paludification may exist,
but lack the specific locales that have continuous oversaturation of
upper soil horizons necessary for primary peat formation to occur
(Ivanov, 1981; Kulczy�nski, 1949; Malmstr€om, 1923; Rydin et al.,
2013).

It is tempting to compare the soil moisture thresholds we
describe here as moist and semi-moist with empirical data on soil
moisture content and speculate how this affects the redox state and
thus the decay of organic matter (Husen et al., 2014; Lafleur et al.,
2005). However, the wet conditions as defined by the soil mois-
ture index are based on somewhat coarse measures of soil moisture
derived from the Swedish National Forest Inventory relying on the
plant community and the wetness underfoot (Ågren et al., 2021).
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While it is not possible to directly translate the soil moisture index
into a plausible range of soil moisture conditions, there is a clear
positive relationship between the thickness of the organic layer and
the soil moisture index above 60% (Ågren et al., 2022), remarkably
similar to the semi-moist threshold of SMI >57 derived here from
our data. It thus seems likely that this moisture index threshold also
corresponds to a threshold for the occurrence of peat-forming
plants and limited organic matter decomposition, but this would
require further work to confirm. Despite this, our results clearly
support earlier assertions about the important role of soil moisture
in determining peat expansion rates. It is usually not possible to
measure soil moisture conditions prior to peat formation, since
mires, by their very nature, modify soil moisture conditions after
they initiate (Ivanov, 1981; Rydin et al., 2013). In our case, we were
able to determine past wetness conditions retrospectively by
assessing where mires are missing in the younger parts of the
landscape, relative to the older locations.

Although, we consider topo-edaphic conditions to be the
dominant control of wetness and thus mire lateral expansion,
climate has doubtlessly also influenced mire coverages across the
studied chronosequences over long time periods, as has been found
elsewhere (Graniero and Price, 1999). Given favourable conditions,
mires can expand rapidly, as we found for our moist locations, but
may expand only very slowly or not at all, under less favourable
conditions, for example on slopes, during drier climate periods, or
on well-drained soils as we found for our semi-moist locations
(Fig. 5; Almquist-Jacobson and Foster, 1995; Gorham, 1957;
Graniero and Price, 1999). Mire expansion slows or halts as slope
increases and the soil becomes better drained (Almquist-Jacobson
and Foster, 1995; Graniero and Price, 1999; Loisel et al., 2013;
Piilo et al., 2020; Pluchon et al., 2014) and expansion generally
occurs quicker on impermeable substrates, such as clay compared
to more permeable ones (Korhola, 1996). The reverse is also true:
mires can expand rapidly when wetness increases due to climate
(Korhola, 1996; Morris et al., 2018), tectonic changes (Ivanov, 1981;
L€ahteenoja et al., 2012; Morris et al., 2018), or pedogenic processes
such as the formation of impermeable iron pan soils (Gorham,
1957; Gorham et al., 2012; Rydin et al., 2013).

During unusually wet phases of climate, mires may expand onto
dry ground previously unsuitable for peat formation and this pro-
cess can be essentially oneway, providing there is enough time for a
layer of peat with low hydraulic conductivity and transmissivity to
form (Ivanov, 1981). Such episodic expansion, linked to wet phases,
has been found to occur (Korhola, 1996; Turunen and Turunen,
2003), for instance, when peat expanded rapidly during the mid-
Holocene even over sandy sloping soils (Korhola, 1996). Episodic
expansion of individual mires in our study area cannot be excluded,
since the chronosequences approach does not say for certain when
individual mires have formed. However, a comparison of mire ages
based on the land surface elevation and peat 14C dating (Fig. A2.)
revealed a linear relation between elevation and peat age, which
indicates that our approach indeed can capture differences in mire
age at the landscape level. Even if episodic peat expansion has
occurred in the area, the core message of our results remains the
same, since we primarily compare the utilization of available wet
areas across the individual landscape age zones. In addition to long-
term climate variation, our studied chronosequences vary when it
comes to the present climate, for example, annual temperature and
precipitation vary between and within the chronosequences
(Table A1). However, present-day climate differences in the study
area are negligible given the bioclimatic envelope of boreal mires
(Yu et al., 2009). Hence, we consider topo-edaphic constrains to be
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predominant driver of soil wetness and thus lateral expansion in
the area, with Holocene climate playing a minor role, as illustrated
by increasingly linear expansion rates as wetter landscape positions
conditions are considered (Fig. 6).

Based on our results we outline three possible patterns of mire
lateral expansion in the study area (Fig. 6). If equally large mire
areas had occurred in each age class, the cumulative mire curves
would be linear, indicating zero-lateral expansion pattern (Fig. 6,
zero-expansion line). Here, we found that the chronosequences
approached close to zero expansion after mire area was rescaled to
available moist areas. In such cases, the cumulative growth in mire
area occurs mainly due to isostatic rebound and the emergence of
“new” land from the sea. This implies that mire expansion into the
wettest areas of the landscape can be very rapid. In a hypothetical
landscape with no landscape constraints and constant peat accu-
mulation rates, cumulative mire area will increase more slowly in
younger age classes and faster in older age classes because of the
increasing mire area over time, while the actual rate of lateral
expansion in each edge point remains the same. This second
pattern is characterized by cumulative curves above the hypo-
thetical zero expansion line (Fig. 6, light region). After normaliza-
tion to the total available land areas two out of ten studied
chronosequences follow this pattern (Byske and Skellefteå; Fig. 6b).
Finally, the third possible pattern can theoretically be related to
changed expansion rates in each edge point over time. If mire
lateral expansionwas initially fast, but gradually slowed down over
the Holocene, the cumulative curve would be found below the
hypothetical zero expansion curve. Reasons for this third possible
pattern could, for example, be higher primary productivity in young
nutrient rich stages favored by warmer or wetter conditions
(MacDonald et al., 2006). Three out of the ten chronosequences
follow this pattern after normalization to the total land area per age
zone (Robertsfors, H€ornefors and Nordmaling). The remaining five
chronosequences show patterns with curves oscillating around the
hypothetical zero expansion curve.

In addition to advancing our understanding of the major con-
trols of lateral peat expansion, these results also have important
implications for the way developments in mire carbon stocks and
methane emissions during Holocene are calculated. Global peat-
land carbon stocks are most commonly estimated using the time-
history approach (e.g. Loisel et al., 2017; MacDonald et al., 2006;
Nichols and Peteet, 2019; Yu et al., 2010). Following this approach,
annual carbon sequestration rates are applied to a model of peat-
land area development throughout time. The accuracy of these
carbon stock estimates is, thus, dependent on accurate estimates of
historical peatland cover (Ratcliffe et al., 2021). Peatland area is
modelled from basal radiocarbon dates, with the oldest assumed to
represent peatland initiation. After this time, peatlands are then
assumed to expand at a constant rate until they reach their present
modern-day extent, following a pattern of linear growth at the
regional scale. Thus a rapid expansion of peatland area favours a
larger carbon sink and vice versa. One major problem with this
approach is that mire expansion is not constant, rather topography,
climate and soil properties come together to place limits on mire
lateral growth as shown here at the large-scale and elsewhere for
individual mires (Gorham et al., 2012; Graniero and Price, 1999;
Korhola et al., 2010; Loisel et al., 2013; Weckstr€om et al., 2010).

If a non-linear expansion rate reflecting local topo-edaphic and
climatic conditions would instead be considered, both the esti-
mated mire development state and the maximum possible carbon
storage would likely be affected. Understanding other ecosystem
services, such as landscape biodiversity (Joosten, 2003), and
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regulation of landscape ecohydrology and downstream water
chemistry (Lane et al., 2018; Sponseller et al., 2018) can also be
affected by the long-term, non-linear lateral expansion of mires.
While peat expansion was rapid at the moist sites in our study,
these locations comprise a comparatively small part of the land-
scape. Thus, the slower, more variable rate of expansion associated
with the drier ‘semi-moist’ locations could be of greater relevance
for the rate of expansion over the Holocene, and the associated
implications for key properties of mire ecosystems.

6. Conclusions

In this large landscape-scale study, we demonstrate how mire
lateral expansion in northern Sweden is controlled by local land-
scape settings. We found that mire expansion occurred rapidly in
moist locations (within 1000e2000 years), while drier, semi-moist
areas were colonised at a much slower rate, and became occupied
after about 4000 years. As such, the rate of mire expansion in our
study areawas highly dependent on the local soil wetness, which in
turn is primarily controlled by topo-edaphic landscape conditions.
Accounting for these conditions enabled us to detect comparable
peat expansion behaviours across wide areas, which otherwise
would have seemed to be rather heterogeneous and site-specific.
This work demonstrates how we, by taking landscape constraints
into account, can achieve more realistic projections of mire lateral
expansion, compared to commonly assumed linear mire expansion
rates. Our novel large-scale approach to assess mire lateral
expansion is an important step in being able to scale up various
mire properties to the landscape scale and conceptualize mire
development over the Holocene time-scale.
Table A.1
Mire chronosequence attributes related to geography, climate (averages for 1991e2020)
provided along with the total number of mires in parentheses. Temperature and precipi
coastline, and, in parentheses, for the weather station closest to the oldest inland border o
for the dominant rock type correspond to GP¼ granite, pergamitite, M¼metagreywacke,
amphibolite and C ¼ granitoid and subordinate syenitoid.

Chrono-
sequence

Centroid
Latitude

Centroid
longitude

Coverage5 [%
mire]

Abundance1 and 5 [nr
mire/ km2]

Length
[km]

Haparanda 66� 060

2500 N
23� 390 1600 E 25 2.3 (1706) 76

Kalix 65� 580

3200 N
22� 450 3600 E 21 4.1 (2602) 60

Luleå 65� 590

4700 N
21� 510 2100 E 12 3.5 (2786) 80

Piteå 65� 380

0900 N
21� 210 1800 E 17 3.3 (2575) 75

Byske 65� 070

0400 N
21� 160 4900 E 24 3.7 (1162) 31

Skellefteå 64� 470

5700 N
20� 540 2200 E 11 4.3 (1477) 41

Robertsfors 64� 170

3600 N
20� 560 1400 E 9 3.5 (944) 28

S€avar 64� 000

2800 N
20� 300 4900 E 25 3.3 (3469) 47

H€ornefors 63� 460

0500 N
19� 570 6000 E 11 3.0 (927) 33

Nordmaling 63� 350

0600 N
19� 340 3400 E 16 2.8 (860) 35

1 Mire units based on mires as defined in the Swedish property map (the Swedish M
provided in brackets.

2 Maximum elevation of chronosequence.
3 30-year average temperature and precipitation for weather station closest to the cent

brackets. Data from the Swedish Meteorological and Hydrological Institute.
4 Data from the Geological Survey of Sweden.
5 Data from the Swedish Mapping, Cadastral and Land Registration Authority.
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Appendix
and geology. Chronosequence-wide mire coverage (%) and abundance (nr/km2) is
tation ranges are shown for the weather station closest to the center of the present
f each chronosequence. Theweather stations are provided in Table A.2. Abbreviations
mica schist, graphite- and/or sulphide-bearing scist, paragneiss, migmatite, quartzite,

Elevation2 and 5

[m.a.s.l.]
TAnnual3

[oC]
TJuly3

[oC]
TJan3 [oC] PAnnual3

[mm]
PJuly3

[mm]
PJan3

[mm]
Rock4

140 2.5 (1.6) 16.3
(15.8)

�9.2
(�11.1)

608 (625) 50 (77) 60 (47) GP

130 2.6 (1.5) 15.7
(15.9)

�8.5
(�11.4)

613 (602) 61 (74) 47 (45) M

130 1.5 (0.8) 15.8
(15.0)

�11.4
(�11.9)

620 (539) 71 (79) 51 (35) GS

170 2.9 (1.5) 16.3
(16.0)

�8.5
(�11.7)

601 (552) 68 (90) 50 (37) GS

170 3.4 (2.4) 15.3
(15.1)

�6.2
(�8.0)

402 (687) 52 (90) 20 (50) M

170 3.8 (3.2) 16.7
(15.9)

�6.9
(�7.4)

591 (600) 74 (80) 43 (42) M

190 3.6 (3.3) 15.5
(15.7)

�6.3
(�6.9)

670 (632) 66 (80) 50 (44) M

170 3.9 (3.0) 16.0
(15.4)

�6.2
(�7.4)

672 (635) 69 (89) 52 (43) M

170 3.9 (3.1) 16.0
(15.4)

�6.2
(�7.2)

672 (685) 69 (84) 52 (54) M

170 4.6 (4.1) 15.9
(15.7)

�4.1
(�5.4)

714 (539) 60 (82) 35 (54) M

apping, Cadastral and Land Registration Authority). The total number of mires is

er of the present coastline, as well as the station closest to the oldest inland border in



Table A.2
30-year average temperature and precipitation data used to describe themire chronosequence climate originate from the sites named in the table (the SwedishMeteorological
and Hydrological Institute). Coordinates are given as Sweref TM. For Skellefteå two different coastal climate stations were used, since only temperature data was available from
the more coastal station (Ursviken). Hence, precipitation data for the coastal parts of the Skellefteå chronosequence originate from the climate station called Skellefteå.

Chrono-sequence Coastal climate station Inland climate station

Name North East Elevation Name Lat. Long. Elevation

Haparanda Haparanda 7 331 911 915 081 5 €Overtorneå 884 122 7 389 468 60
Kalix Stor€ohamn 7 313 777 870 338 7 €Overkalix-Svartbyn 851 240 7 371 437 46
Luleå Orrbyn 7 332 089 823 115 15 Lakatr€ask A 774 757 7 364 464 185
Piteå Luleå airport 7 287 598 828 551 20 Vidsel 733 786 7 316 109 180
Byske Pite R€onnsk€ar 7 228 282 808 561 5 F€allfors 771 351 7 235 584 195
Skellefteå Ursviken (T), Skellefteå (P) 7 191 095, 7 194 817 792 724, 782 685 5, 40 Klutmark 767 853 7 192 516 80
Robertsfors L€ovånger 7 152 682 804 483 21 Bygdsiljum 765 392 7 147 511 131
S€avar Umeå airport 7 084 942 760 504 14 Vindeln -Sunnansj€on€as 731 590 7 121 126 237
H€ornefors Umeå airport 7 084 942 760 504 14 V€ann€as 730 328 7 096 444 87
Nordmaling J€arn€asklubb 7 042 574 733 017 6 Nordmaling 722 692 7 057 349 4

Table A.3
Chronosequence specific parameters for the shore displacement curves. Landscape age can be calculated using the formula Tage ¼ a0 þ a1zþ a2z2, where z corresponds to the
elevation above sea level (m).

Chronosequence a0 a1 a2

Haparanda 244.26 122.16 �0.4037
Kalix 140.48 120.83 �0.4037
Luleå 165.42 118.61 �0.3890
Piteå 236.64 94.556 �0.2513
Byske 225.16 95.922 �0.2599
Skellefteå 169.63 90.864 �0.2288
Robertsfors 203.19 89.364 �0.2255
S€avar 421.07 82.713 �0.1818
H€ornefors 435.85 82.088 �0.1791
Nordmaling 426.63 81.157 �0.1746
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Fig. A.1. Land use coverage (%) variations in ten mire chronosequences across ages
zones.

Fig. A.2. Comparison of land surface ages and calibrated 14C ages (Klarqvist et al.,
2001) for three mires from different chronosequences in the study area: Stor-
Åmyran, Sjulsmyran and Rismyran from the H€ornefors, S€avar and Kalix chro-
nosequences. Elevation based mire ages are linearly related to 14C ages (R2 ¼ 0.98),
although, in all mires the modelled mires ages are overestimating the actual ages (cal
BP) with several hundreds of years.

B. Ehnvall, J.L. Ratcliffe, E. Bohlin et al. Quaternary Science Reviews 302 (2023) 107961
Table A.4
Kendall's rank correlation coefficients are based on the percentage of agriculture and
residuals between the present mire coverage and the available land areas (mire % -
available %) for moist and semi-moist areas respectively. Significance levels are
indicated as: p ¼ 0.1 (*), p ¼ 0.05 (**) and p ¼ 0.001 (***). In 5b. surface water was
removed from the available areas and correlation coefficients, as well as p-values
were calculated between the present coverage of agricultural land and the residuals
in mire available land currently not covered by mires (mire % - available %).

Chronosequence Mire drainage for agriculture

Moist areas Semi-moist areas

Haparanda e �0.6
Kalix �0.4* �0.3
Luleå �0.5* �0.6*
Piteå �0.6** �0.9***
Byske 0.4 0.1
Skellefteå �0.4 �0.3
Robertsfors �0.1 �0.6***
S€avar 0.4 �0.1
H€ornefors �0.5** �0.4*
Nordmaling �0.6** �0.5**
All < �0.01 <0.01
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